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José Galı́zia Tundisi, President, International Institute of Ecology
Axel Wenblad, Vice President Environmental Affairs, Skanska AB
Xu Guanhua, Minister, Ministry of Science and Technology, China
Muhammad Yunus, Managing Director, Grameen Bank

Prabhu Pingali, Food and Agriculture Organization of the United Nations
Cristián Samper, National Museum of Natural History, United States
Robert Scholes, Council for Scientific and Industrial Research
Robert T. Watson, The World Bank (ex officio)
A.H. Zakri, United Nations University (ex officio)
Zhao Shidong, Chinese Academy of Sciences

• Scientific Committee on Problems of the Environment (SCOPE), France
• UNEP-World Conservation Monitoring Centre, United Kingdom
• University of Pretoria, South Africa
• University of Wisconsin-Madison, United States
• World Resources Institute (WRI), United States
• WorldFish Center, Malaysia

................. 11432$ $$FM 10-11-05 14:48:09 PS



Ecosystems and Human Well-being:
Current State and Trends, Volume 1

Edited by:

Rashid Hassan Robert Scholes Neville Ash
University of Pretoria Council for Science and Industrial Research UNEP World Conservation

South Africa South Africa Monitoring Centre
United Kingdom

Findings of the Condition and Trends Working Group
of the Millennium Ecosystem Assessment

Washington • Covelo • London

PAGE v................. 11432$ $$FM 10-11-05 14:48:28 PS



The Millennium Ecosystem Assessment Series
Ecosystems and Human Well-being: A Framework for Assessment
Ecosystems and Human Well-being: Current State and Trends, Volume 1
Ecosystems and Human Well-being: Scenarios, Volume 2
Ecosystems and Human Well-being: Policy Responses, Volume 3
Ecosystems and Human Well-being: Multiscale Assessments, Volume 4
Our Human Planet: Summary for Decision-makers

Synthesis Reports (available at MAweb.org)
Ecosystems and Human Well-being: Synthesis
Ecosystems and Human Well-being: Biodiversity Synthesis
Ecosystems and Human Well-being: Desertification Synthesis
Ecosystems and Human Well-being: Human Health Synthesis
Ecosystems and Human Well-being: Wetlands and Water Synthesis
Ecosystems and Human Well-being: Opportunities and Challenges for Business and Industry

No copyright claim is made in the work by: N.V. Aladin, Rob Alkemade, Vyacheslav Aparin, Andrew Balmford, Andrew J. Beattie, Victor Brovkin, Elena Bykova,
John Dixon, Nikolay Gorelkin, Terry Griswold, Ward Hagemeijer, Jack Ives, Jacques Lemoalle, Christian Leveque, Hassane Mahamat, Anthony David McGuire,
Eduardo Mestre Rodriguez, Mwelecele-Malecela-Lazaro, Oladele Osibanjo, Joachim Otte, Reidar Persson, Igor Plotnikov, Alison Power, Juan Pulhin, Inbal Reshef,
Ulf Riebesell, Alan Rodgers, Agnes Rola, Raisa Toryannikova, employees of the Australian government (C. Max Finlayson), employees of the Canadian government
(Randy G. Miltion, Ian D. Thompson), employees of WHO (Robert Bos), employees of the U.K. government (Richard Betts, John Chilton), and employees of
the U.S. government (Jill Baron, Kenneth R. Hinga, William Perrin, Joshua Rosenthal, Keith Wiebe). The views expressed in this report are those of the authors
and do not necessarily reflect the position of the organizations they are employees of.

Copyright � 2005 Millennium Ecosystem Assessment

All rights reserved under International and Pan-American Copyright Conventions. No part of this book may be reproduced in any form or by any means without
permission in writing from the publisher: Island Press, 1718 Connecticut Avenue, Suite 300, NW, Washington, DC 20009.

ISLAND PRESS is a trademark of The Center for Resource Economics.

Library of Congress Cataloging-in-Publication data.

Ecosystems and human well-being : current state and trends : findings of
the Condition and Trends Working Group / edited by Rashid Hassan, Robert
Scholes, Neville Ash.

p. cm.—(The millennium ecosystem assessment series ; v. 1)
Includes bibliographical references and index.
ISBN 1-55963-227-5 (cloth : alk. paper)—ISBN 1-55963-228-3 (pbk. : alk. paper)
1. Human ecology. 2. Ecosystem management. 3. Biotic communities.

4. Biological diversity. 5. Ecological assessment (Biology) I. Hassan,
Rashid M. II. Scholes, Robert. III. Ash, Neville. IV. Millennium Ecosystem
Assessment (Program). Condition and Trends Working Group. V. Series.
GF50.E264 2005
333.95—dc22

2005017196

British Cataloguing-in-Publication data available.

Printed on recycled, acid-free paper

Book design by Maggie Powell
Typesetting by Coghill Composition, Inc.

Manufactured in the United States of America
10 9 8 7 6 5 4 3 2 1

PAGE vi................. 11432$ $$FM 10-11-05 14:48:32 PS



Millennium Ecosystem Assessment:
Objectives, Focus, and Approach

The Millennium Ecosystem Assessment was carried out between 2001 and
2005 to assess the consequences of ecosystem change for human well-being
and to establish the scientific basis for actions needed to enhance the conser-
vation and sustainable use of ecosystems and their contributions to human
well-being. The MA responds to government requests for information received
through four international conventions—the Convention on Biological Diversity,
the United Nations Convention to Combat Desertification, the Ramsar Conven-
tion on Wetlands, and the Convention on Migratory Species—and is designed
to also meet needs of other stakeholders, including the business community,
the health sector, nongovernmental organizations, and indigenous peoples.
The sub-global assessments also aimed to meet the needs of users in the
regions where they were undertaken.

The assessment focuses on the linkages between ecosystems and human
well-being and, in particular, on ‘‘ecosystem services.’’ An ecosystem is a
dynamic complex of plant, animal, and microorganism communities and the
nonliving environment interacting as a functional unit. The MA deals with the
full range of ecosystems—from those relatively undisturbed, such as natural
forests, to landscapes with mixed patterns of human use and to ecosystems
intensively managed and modified by humans, such as agricultural land and
urban areas. Ecosystem services are the benefits people obtain from ecosys-
tems. These include provisioning services such as food, water, timber, and
fiber; regulating services that affect climate, floods, disease, wastes, and water
quality; cultural services that provide recreational, aesthetic, and spiritual bene-
fits; and supporting services such as soil formation, photosynthesis, and nutri-
ent cycling. The human species, while buffered against environmental changes
by culture and technology, is fundamentally dependent on the flow of ecosys-
tem services.

The MA examines how changes in ecosystem services influence human well-
being. Human well-being is assumed to have multiple constituents, including
the basic material for a good life, such as secure and adequate livelihoods,
enough food at all times, shelter, clothing, and access to goods; health, includ-
ing feeling well and having a healthy physical environment, such as clean air
and access to clean water; good social relations, including social cohesion,
mutual respect, and the ability to help others and provide for children; security,
including secure access to natural and other resources, personal safety, and
security from natural and human-made disasters; and freedom of choice and
action, including the opportunity to achieve what an individual values doing
and being. Freedom of choice and action is influenced by other constituents of
well-being (as well as by other factors, notably education) and is also a precon-
dition for achieving other components of well-being, particularly with respect to
equity and fairness.

The conceptual framework for the MA posits that people are integral parts of
ecosystems and that a dynamic interaction exists between them and other
parts of ecosystems, with the changing human condition driving, both directly
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and indirectly, changes in ecosystems and thereby causing changes in human
well-being. At the same time, social, economic, and cultural factors unrelated
to ecosystems alter the human condition, and many natural forces influence
ecosystems. Although the MA emphasizes the linkages between ecosystems
and human well-being, it recognizes that the actions people take that influence
ecosystems result not just from concern about human well-being but also from
considerations of the intrinsic value of species and ecosystems. Intrinsic value
is the value of something in and for itself, irrespective of its utility for someone
else.

The Millennium Ecosystem Assessment synthesizes information from the sci-
entific literature and relevant peer-reviewed datasets and models. It incorpo-
rates knowledge held by the private sector, practitioners, local communities,
and indigenous peoples. The MA did not aim to generate new primary knowl-
edge but instead sought to add value to existing information by collating, evalu-
ating, summarizing, interpreting, and communicating it in a useful form.
Assessments like this one apply the judgment of experts to existing knowledge
to provide scientifically credible answers to policy-relevant questions. The
focus on policy-relevant questions and the explicit use of expert judgment
distinguish this type of assessment from a scientific review.

Five overarching questions, along with more detailed lists of user needs devel-
oped through discussions with stakeholders or provided by governments
through international conventions, guided the issues that were assessed:

• What are the current condition and trends of ecosystems, ecosystem ser-
vices, and human well-being?

• What are plausible future changes in ecosystems and their ecosystem
services and the consequent changes in human well-being?

• What can be done to enhance well-being and conserve ecosystems?
What are the strengths and weaknesses of response options that can be
considered to realize or avoid specific futures?

• What are the key uncertainties that hinder effective decision-making con-
cerning ecosystems?

• What tools and methodologies developed and used in the MA can
strengthen capacity to assess ecosystems, the services they provide, their
impacts on human well-being, and the strengths and weaknesses of re-
sponse options?

The MA was conducted as a multiscale assessment, with interlinked assess-
ments undertaken at local, watershed, national, regional, and global scales. A
global ecosystem assessment cannot easily meet all the needs of decision-
makers at national and sub-national scales because the management of any
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particular ecosystem must be tailored to the particular characteristics of that
ecosystem and to the demands placed on it. However, an assessment focused
only on a particular ecosystem or particular nation is insufficient because some
processes are global and because local goods, services, matter, and energy
are often transferred across regions. Each of the component assessments was
guided by the MA conceptual framework and benefited from the presence of
assessments undertaken at larger and smaller scales. The sub-global assess-
ments were not intended to serve as representative samples of all ecosystems;
rather, they were to meet the needs of decision-makers at the scales at which
they were undertaken. The sub-global assessments involved in the MA proc-
ess are shown in the Figure and the ecosystems and ecosystem services
examined in these assessments are shown in the Table.

The work of the MA was conducted through four working groups, each of
which prepared a report of its findings. At the global scale, the Condition and
Trends Working Group assessed the state of knowledge on ecosystems, driv-
ers of ecosystem change, ecosystem services, and associated human well-
being around the year 2000. The assessment aimed to be comprehensive with
regard to ecosystem services, but its coverage is not exhaustive. The Scenar-
ios Working Group considered the possible evolution of ecosystem services
during the twenty-first century by developing four global scenarios exploring
plausible future changes in drivers, ecosystems, ecosystem services, and
human well-being. The Responses Working Group examined the strengths
and weaknesses of various response options that have been used to manage
ecosystem services and identified promising opportunities for improving human
well-being while conserving ecosystems. The report of the Sub-global Assess-
ments Working Group contains lessons learned from the MA sub-global as-
sessments. The first product of the MA—Ecosystems and Human Well-being:
A Framework for Assessment, published in 2003—outlined the focus, concep-
tual basis, and methods used in the MA. The executive summary of this publi-
cation appears as Chapter 1 of this volume.

Approximately 1,360 experts from 95 countries were involved as authors of
the assessment reports, as participants in the sub-global assessments, or as
members of the Board of Review Editors. The latter group, which involved 80
experts, oversaw the scientific review of the MA reports by governments and
experts and ensured that all review comments were appropriately addressed
by the authors. All MA findings underwent two rounds of expert and govern-
mental review. Review comments were received from approximately 850 indi-
viduals (of which roughly 250 were submitted by authors of other chapters in
the MA), although in a number of cases (particularly in the case of govern-
ments and MA-affiliated scientific organizations), people submitted collated
comments that had been prepared by a number of reviewers in their govern-
ments or institutions.
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The MA was guided by a Board that included representatives of five interna-
tional conventions, five U.N. agencies, international scientific organizations,
governments, and leaders from the private sector, nongovernmental organiza-
tions, and indigenous groups. A 15-member Assessment Panel of leading so-
cial and natural scientists oversaw the technical work of the assessment,
supported by a secretariat with offices in Europe, North America, South
America, Asia, and Africa and coordinated by the United Nations Environment
Programme.

The MA is intended to be used:

• to identify priorities for action;

• as a benchmark for future assessments;

• as a framework and source of tools for assessment, planning, and man-
agement;

• to gain foresight concerning the consequences of decisions affecting eco-
systems;

• to identify response options to achieve human development and sustain-
ability goals;

• to help build individual and institutional capacity to undertake integrated
ecosystem assessments and act on the findings; and

• to guide future research.

Because of the broad scope of the MA and the complexity of the interactions
between social and natural systems, it proved to be difficult to provide definitive
information for some of the issues addressed in the MA. Relatively few ecosys-
tem services have been the focus of research and monitoring and, as a conse-
quence, research findings and data are often inadequate for a detailed global
assessment. Moreover, the data and information that are available are gener-
ally related to either the characteristics of the ecological system or the charac-
teristics of the social system, not to the all-important interactions between
these systems. Finally, the scientific and assessment tools and models avail-
able to undertake a cross-scale integrated assessment and to project future
changes in ecosystem services are only now being developed. Despite these
challenges, the MA was able to provide considerable information relevant to
most of the focal questions. And by identifying gaps in data and information
that prevent policy-relevant questions from being answered, the assessment
can help to guide research and monitoring that may allow those questions to
be answered in future assessments.
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Foreword

The Millennium Ecosystem Assessment was called for by United
Nations Secretary-General Kofi Annan in 2000 in his report to
the UN General Assembly, We the Peoples: The Role of the United
Nations in the 21st Century. Governments subsequently supported
the establishment of the assessment through decisions taken by
three international conventions, and the MA was initiated in
2001. The MA was conducted under the auspices of the United
Nations, with the secretariat coordinated by the United Nations
Environment Programme, and it was governed by a multistake-
holder board that included representatives of international institu-
tions, governments, business, NGOs, and indigenous peoples.
The objective of the MA was to assess the consequences of eco-
system change for human well-being and to establish the scientific
basis for actions needed to enhance the conservation and sustain-
able use of ecosystems and their contributions to human well-
being.

This volume has been produced by the MA Condition and
Trends Working Group and assesses the state of knowledge on
ecosystems and their services, the drivers of ecosystem change,
and the consequences of ecosystem change for human well-being.
The material in this report has undergone two extensive rounds
of peer review by experts and governments, overseen by an inde-
pendent Board of Review Editors.

This is one of four volumes (Current State and Trends, Scenarios,
Policy Responses, and Multiscale Assessments) that present the tech-
nical findings of the Assessment. Six synthesis reports have also
been published: one for a general audience and others focused on
issues of biodiversity, wetlands and water, desertification, health,
and business and ecosystems. These synthesis reports were pre-
pared for decision-makers in these different sectors, and they syn-
thesize and integrate findings from across all of the Working
Groups for ease of use by those audiences.

This report and the other three technical volumes provide a
unique foundation of knowledge concerning human dependence
on ecosystems as we enter the twenty-first century. Never before
has such a holistic assessment been conducted that addresses mul-
tiple environmental changes, multiple drivers, and multiple link-
ages to human well-being. Collectively, these reports reveal both
the extraordinary success that humanity has achieved in shaping
ecosystems to meet the needs of growing populations and econo-
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mies and the growing costs associated with many of these changes.
They show us that these costs could grow substantially in the
future, but also that there are actions within reach that could dra-
matically enhance both human well-being and the conservation
of ecosystems.

A more exhaustive set of acknowledgments appears later in
this volume but we want to express our gratitude to the members
of the MA Board, Board Alternates, Exploratory Steering Com-
mittee, Assessment Panel, Coordinating Lead Authors, Lead Au-
thors, Contributing Authors, Board of Review Editors, and
Expert Reviewers for their extraordinary contributions to this
process. (The list of reviewers is available at www.MAweb.org.)
We also would like to thank the MA Secretariat and in particular
the staff of the Condition and Trends Working Group Technical
Support Unit for their dedication in coordinating the production
of this volume, as well as the World Conservation Monitoring
Centre, which housed this TSU.

We would particularly like to thank the Co-chairs of the Con-
dition and Trends Working Group, Dr. Rashid Hassan and Dr.
Robert Scholes, and the TSU Coordinator, Neville Ash, for their
skillful leadership of this Working Group and their contributions
to the overall assessment.

Dr. Robert T. Watson
MA Board Co-chair
Chief Scientist, The World Bank

Dr. A.H. Zakri
MA Board Co-chair
Director, Institute for Advanced Studies
United Nations University
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Preface

The Current State and Trends assessment presents the findings of
the Condition and Trends Working Group of the Millennium
Ecosystem Assessment. This volume documents the current con-
dition and recent trends of the world’s ecosystems, the services
they provide, and associated human well-being around the year
2000. Its primary goal is to provide decision-makers, ecosystem
managers, and other potential users with objective information
and analyses of historical trends and dynamics of the interaction
between ecosystem change and human well-being. This assess-
ment establishes a baseline for the current condition of ecosystems
at the turn of the millennium. It also assesses how changes in
ecosystems have affected the underlying capacity of ecosystems to
continue to provide these services in the near future, providing a
link to the Scenarios Working Group’s report. Finally, it considers
recent trends in ecosystem conditions that have been the result of
historical responses to ecosystem service problems, providing a
link to the Responses Working Group’s report.

Although centered on the year 2000, the temporal scope of
this assessment includes the ‘‘relevant past’’ to the ‘‘foreseeable
future.’’ In practice, this means analyzing trends during the latter
decades of the twentieth century and extrapolating them forward
for a decade or two into the twenty-first century. At the point
where the projections become too uncertain to be sustained, the
Scenarios Working Group takes over the exploration of alternate
futures.

The Condition and Trends assessment aims to synthesize and
add to information already available from other sources, whether
in the primary scientific literature or already in assessment form.
In many instances this information is not reproduced in this vol-
ume but is built upon to report additional findings here. So this
volume does not, for example, provide an assessment of the sci-
ence of climate change per se, as that is reported in the findings
of the Intergovernmental Panel on Climate Change, but the
findings of the IPCC are used here as a basis to present informa-
tion on the consequences of climate change for ecosystem ser-
vices.

A summary of the process leading to this document is pro-
vided in Figure A.

The document has three main parts plus a synthesis chapter
and supporting material. (See Figure B.) After the introductory
material in Part I, the findings from the technical assessments are
presented in two orthogonal ways: Part II deals with individual
categories of ecosystem services, viewed across all the ecosystem
types from which they are derived, while Part III analyses the
various systems from which bundles of services are derived. Such
organization allows the chapters to be read as standalone docu-
ments and assists readers with thematic interests. In Part IV, the
synthesis chapter pulls out the key threads of findings from the
earlier parts to construct an integrated narrative of the key issues
relating ecosystem change (through changes in ecosystem ser-
vices) to impacts on human well-being.
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2000

2001

2002

2003

2004

2005

Initial planning

   Publication of 
 Ecosystems and 

Human Well-being

    Publication in four technical reports and Summaries

Syntheses documents published

First technical design meeting, Bilthoven

Funds secured, Board appointed, and MA launched

Publication of Pilot Assessment 

        of  Global Ecosystems 

WG chairs and scientific panel appointed

Second technical design meeting, Cape Town

Condition and Trends 

    Working GroupConceptual 
Framework
discussions 
and review First meeting: Frascatti

Second meeting: São Carlos

Third meeting: Chantilly, VA

     Scenarios, Responses, and 
     Sub-global Working Groups 
        undergo similar process

Fourth meeting: Prague

Two rounds of  expert and
governmental review, and
      incorporation of  
     review comments

Figure A. Schedule of the Condition and Trends Working Group
Assessment

Appendices provide an extensive glossary of terms, abbrevia-
tions, and acronyms; information on authors; and color graphics.

Part I: General Concepts and Analytical
Approaches
The first part of this report introduces the overarching concep-
tual, methodological, and crosscutting themes of the MA inte-
grated approach, and for this reason it precedes the technical
assessment parts. Following the executive summary of the MA
conceptual framework volume (Ecosystems and Human Well-being:
A Framework for Assessment), which is Chapter 1, the analytical
approaches to a global assessment of ecosystems and ecosystem
services are outlined in Chapter 2. Chapter 3 provides a sum-
mary assessment of the most important changes in key indirect
and direct drivers of ecosystem change over the last part of the
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xvi Ecosystems and Human Well-being: Current State and Trends

 General concepts and analytical approaches

Ecosystem Services
•  Fresh water
•  Food
•  Timber, fuel, and fiber
•  New biodiversity products
      and industries
•  Biological regulation
•  Nutrient cycling
•  Climate and air quality
•  Ecosystem regulation of
      infectious diseases
•  Waste processing and 
      detoxification
•  Regulation of  floods and fires
•  Cultural and amenity services

•  MA conceptual framework
•  Analytical approaches
•  Drivers of  change
•  Biodiversity
•  Ecosystem conditions and human well-being
•  Vulnerable peoples and places

     Systems

•  Marine
•  Coastal
•  Inland water
•  Forest and woodland
•  Dryland
•  Island
•  Mountain
•  Polar
•  Cultivated
•  Urban

Synthesis

Figure B. Structure of the Condition and Trends Working Group
Assessment Report

twentieth century, and considers some of the key interactions be-
tween these drivers (the full assessment of drivers, of which this
chapter is a summary, can be found in the Scenarios volume, Chap-
ter 7). The remaining chapters in Part I—on biodiversity (Chap-
ter 4), human well-being (Chapter 5), and vulnerability (Chapter
6)—introduce issues at a global scale but also contain a synthesis
of material drawn from chapters in Parts II and III.

Each of these introductory overarching chapters aims to deal
with the general issues related to its topic, leaving the specifics
embedded in later chapters. This is intended to enhance readabil-
ity and to help reduce redundancy across the volume. For exam-
ple, Chapter 2 seeks to give an overview of the types of analytical
approaches and methods used in the assessment, but not provide
a recipe for conducting specific assessments, and Chapter 3 aims
to provide the background to the various drivers that would
otherwise need to be discussed in multiple subsequent chapters.

Biodiversity provides composition, structure, and function to
ecosystems. The amount and diversity of life is an underlying ne-
cessity for the provision of all ecosystem services, and for this
reason Chapter 4 is included in the introductory section rather
than as a chapter in the part on ecosystem services. It outlines
the key global trends in biodiversity, our state of knowledge on
biodiversity in terms of abundance and distribution, and the role
of biodiversity in the functioning of ecosystems. Later chapters
consider more fully the role of biodiversity in the provision of
ecosystem services.

The consequences of ecosystem change for human well-being
are the core subject of the MA. Chapter 5 presents our state of
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knowledge on the links between ecosystems and human well-being
and outlines the broad patterns in well-being around the world.

Neither the distribution of ecosystem services nor the change
in these services is evenly distributed across places and societies.
Certain ecosystems, locations, and people are more at risk from
changes in the supply of services than others. Chapter 6, on vul-
nerable peoples and places, identifies these locations and groups
and examines why they are particularly vulnerable to changes in
ecosystems and ecosystem services.

Part II: An Assessment of Ecosystem Services
The Condition and Trends assessment sets out to be comprehen-
sive in its treatment of ecosystem services but not exhaustive. The
list of ‘‘benefits that people derive from ecosystems’’ grows con-
tinuously with further investigation. The 11 groups of services
covered by this assessment deal with issues that are of vital impor-
tance almost everywhere in the world and represent, in the opin-
ion of the Working Group, the main services that are most
important for human well-being and are most affected by changes
in ecosystem conditions. The MA only considers ecosystem ser-
vices that have a nexus with life on Earth (biodiversity). For
example, while gemstones and tidal energy can both provide ben-
efits to people, and both are found within ecosystems, they are
not addressed in this report since their generation does not de-
pend on the presence of living organisms. The ecosystem services
assessed and the chapter titles in this part are:

Provisioning services:
• Fresh Water
• Food
• Timber, Fiber, and Fuel
• New Products and Industries from Biodiversity

Regulating and supporting services:
• Biological Regulation of Ecosystem Services
• Nutrient Cycling
• Climate and Air Quality
• Human Health: Ecosystem Regulation of Infectious Diseases
• Waste Processing and Detoxification
• Regulation of Natural Hazards: Floods and Fires

Cultural services:
• Cultural and Amenity Services

Each of the chapters in this section in fact deals with a cluster
of several related ecosystem services. For instance, the chapter on
food covers the provision of numerous cereal crops, vegetables
and fruits, beverages, livestock, fish, and other edible products;
the chapter on nutrient cycling addresses the benefits derived
from a range of nutrient cycles, but with a focus on nitrogen; and
the chapter on cultural and amenity services covers a range of
such services, including recreation, aesthetic, and spiritual ser-
vices. The length of the treatment afforded to each service reflects
several factors: our assessment of its relative importance to human
well-being; the scope and complexity of the topic; the degree to
which it has been treated in other assessments (thus reducing the
need for a comprehensive treatment here); and the amount of
information that is available to be assessed.

Part II considers services from each of the four MA categories:
provisioning, regulating, cultural, and supporting services. Each
service chapter has been developed to cover the same types of
information. First the service is defined. Then, for each service,
the spatial distribution of supply and demand is quantified, along
with recent trends. The direct and indirect drivers of change in
the service are analyzed. And finally the consequences of the
changes in the service for human well-being are examined and
quantified to the degree possible.
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Examples are given of the responses by decision-makers at
various levels (from the individual to the international) to issues
relating to change in service supply. Both successful and unsuc-
cessful interventions are described, as supportive material for the
Policy Responses volume.

Part III: An Assessment of Systems from which
Ecosystem Services Are Derived
The Condition and Trends Working Group uses the term ‘‘sys-
tems’’ in describing these chapters rather than the term ‘‘ecosys-
tems.’’ This is for several reasons. First, the ‘‘systems’’ used are
essentially reporting units, defined for pragmatic reasons. They
represent easily recognizable broad categories of landscape or sea-
scape, with their included human systems, and typically represent
units or themes of management or intervention interest. Ecosys-
tems, on the other hand, are theoretically defined by the interac-
tions of their components.

The 10 selected systems assessed here cover much larger areas
than most ecosystems in the strict sense and include areas of sys-
tem type that are far apart (even isolated) and that thus interact
only weakly. In fact, there may be stronger local interactions with
embedded fragments of ecosystems of a different type rather than
within the nominal type of the system. The ‘‘cultivated system,’’
for instance, considers a landscape where crop farming is a pri-
mary activity but that probably includes, as an integral part of that
system, patches of rangeland, forest, water, and human settle-
ments.

Second, while it is recognized that humans are always part of
ecosystems, the definitions of the systems used in this report take
special note of the main patterns of human use. The systems are
defined around the main bundles of services they typically supply
and the nature of the impacts that human use has on those ser-
vices.

Information within the systems chapters is frequently pre-
sented by subsystems where appropriate. For example, the forest
chapter deals separately with tropical, temperate, and boreal for-
ests because they deliver different services; likewise, the coastal
chapter deals explicitly with various coastal subsystems, such as
mangroves, corals, and seagrasses.

The 10 system categories and the chapter titles in this part are:
• Marine Fisheries Systems
• Coastal Systems
• Inland Water Systems
• Forest and Woodland Systems
• Dryland Systems
• Island Systems
• Mountain Systems
• Polar Systems
• Cultivated Systems
• Urban Systems

Definitions for these system categories can be found in Box 1.3
in Chapter 1. These system categories are not mutually exclusive,
and some overlap spatially. For instance, mountain systems contain
areas of forest systems, dryland systems, inland water systems, culti-
vated systems, and urban systems, while coastal systems include com-
ponents of all of the above, including mountain systems. Due to this
overlap, simple summations of services across systems for global totals
should be avoided (an exercise that the MA has avoided in general):
some may be double-counted, while others may be underrepre-
sented. Notwithstanding these caveats, the systems have been de-
fined to cover most of the Earth’s surface and not to overlap
unnecessarily. In many instances the boundaries between systems are
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diffuse, but not arbitrary. For instance, the coastal system blends
seamlessly into the marine system on the one hand and the land
systems on the other. The 50-meter depth distinction between
coastal and marine separates the systems strongly influenced by ac-
tions on the land from those overwhelmingly influenced by fishing.
There is significant variation in the area of coverage of each system.

The system definitions are also not exhaustive, and no attempt
has been made to cover every part of the global surface. Although
�99% of global surface area has been covered in this assessment,
there are just over 5 million square kilometers of terrestrial land
surface not included spatially within any of the MA system bound-
aries. These areas are generally found within grassland, savanna, and
forest biomes, and they contain a mix of land cover classes—
generally grasslands, degraded forests, and marginal agricultural
lands—that are not picked up within the mapping definitions for
the system boundaries. However, while these excluded areas may
not appear in the various statistics produced along system bound-
aries, the issues occurring in these areas relating to ecosystem services
are well covered in the various services chapters, which do not ex-
clude areas of provision outside MA system boundaries.

The main motivation for dealing with ‘‘systems’’ as well as
‘‘services’’ is that the former perspective allows us to examine
interactions between the services delivered from a single location.
These interactions can take the form of trade-offs (that is, where
promoting one service reduces the supply of another service),
win-win situations (where a single management package en-
hances the supply of several services), or synergies, where the si-
multaneous use of services raises or depresses both more than if
they were independently used.

The chapters in Part III all present information in a broadly
similar manner: system description, including a map and descrip-
tive statistics for the system and its subsystems; quantification of
the services it delivers and their contribution to well-being; recent
trends in the condition of the system and its capacity to provide
services; processes leading to changes in the system; the choices
and resultant trade-offs between systems and between services
within the system; and the contributions of the system to human
well-being.

Part IV: Synthesis
Chapter 28 does not intend to be a summary. That task is left to
the summaries or Main Messages of each chapter and to the Sum-
mary at the start of this volume. Instead, the synthesis chapter
constructs an integrated narrative, tracing the principal causes of
ecosystem change, the consequences for ecosystems and ecosys-
tem services, and the resultant main impacts on human well-
being. The chapter considers the key intellectual issues arising
from the Condition and Trends assessment and presents an assess-
ment of our underlying knowledge on the consequences of eco-
system change for people.

Supporting material for many of the chapters, and further de-
tails of the Millennium Ecosystem Assessment, including of the
various sub-global assessments, plus a full list of reviewers, can be
found at the MA Web site at www.MAweb.org.

Rashid Hassan
University of Pretoria, South Africa

Robert Scholes
Council for Science and Industrial Research, South Africa

Neville J. Ash
UNEP-World Conservation Monitoring Centre
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Reader’s Guide

The four technical reports present the findings of each of the MA
Working Groups: Condition and Trends, Scenarios, Responses,
and Sub-global Assessments. A separate volume, Our Human
Planet, presents the summaries of all four reports in order to offer
a concise account of the technical reports for decision-makers. In
addition, six synthesis reports were prepared for ease of use by
specific audiences: Synthesis (general audience), CBD (biodiver-
sity), UNCCD (desertification), Ramsar Convention (wetlands),
business and industry, and the health sector. Each MA sub-global
assessment will also produce additional reports to meet the needs
of its own audiences.

All printed materials of the assessment, along with core data and a
list of reviewers, are available at www.MAweb.org. In this volume,
Appendix A contains color maps and figures. Appendix B lists all
the authors who contributed to this volume. Appendix C lists the
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acronyms and abbreviations used in this report and Appendix D
is a glossary of terminology used in the technical reports. Through-
out this report, dollar signs indicate U.S. dollars and ton means
tonne (metric ton). Bracketed references within the Summary are
to chapters within this volume.

In this report, the following words have been used where ap-
propriate to indicate judgmental estimates of certainty, based on
the collective judgment of the authors, using the observational
evidence, modeling results, and theory that they have examined:
very certain (98% or greater probability), high certainty (85–98%
probability), medium certainty (65%–58% probability), low cer-
tainty (52–65% probability), and very uncertain (50–52% proba-
bility). In other instances, a qualitative scale to gauge the level of
scientific understanding is used: well established, established but
incomplete, competing explanations, and speculative. Each time
these terms are used they appear in italics.
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2 Ecosystems and Human Well-being: Current State and Trends

Human Well-being and Life on Earth

• Human well-being depends, among other things, on the contin-
ued supply of services obtained from ecosystems.

• Human actions during the last 50 years have altered ecosys-
tems to an extent and degree unprecedented in human history.
The consequences for human well-being have been mixed.
Health and wealth have, on average, improved, but the benefits
are unevenly distributed and further improvement may be lim-
ited by an insufficient supply of key ecosystem services.

• Biological diversity is a necessary condition for the delivery of
all ecosystem services. In most cases, greater biodiversity is
associated with a larger or more dependable supply of ecosys-
tem services. Diversity of genes and populations is currently
declining in most places in the world, along with the area of
near-natural ecosystems.

Inescapable Link between Ecosystem Condition and
Human Well-being

All people depend on the services supplied by ecosystems,
either directly or indirectly. Services are delivered both by
‘‘near-natural’’ ecosystems, such as rangelands, oceans, and forests,
and by highly managed ecosystems such as cultivated or urban
landscapes.

Human well-being, by several measures and on average
across and within many societies, has improved substan-
tially over the past two centuries and continues to do so.
The human population in general is becoming better nourished.
People live longer, and incomes have risen. Political institutions
have become more participatory. In part these gains in well-being
have been made possible by exploiting certain ecosystem services
(the provisioning services, such as timber, grazing, and crop pro-
duction), sometimes to the detriment of the ecosystem and its
underlying capacity to continue to provide these and other ser-
vices. Some gains have been made possible by the unsustainable
use of other resources. For example, the increases in food produc-
tion have been partly enabled by drawing on the finite supply of
fossil fuels, an ecosystem service laid down millions of years ago.

The gains in human well-being are not distributed
evenly among individuals or social groups, nor among the
countries they live in or the ecosystems of the world. The
gap between the advantaged and the disadvantaged is in-
creasing. For example, a child born in sub-Saharan Africa is 20
times more likely to die before age five than a child born in an
industrial country, and this ratio is higher than it was a decade
ago. People living in urban areas, near coasts, and in systems with
high ecosystem productivity in general have above-average well-
being. People living in drylands and mountainous areas,
both characterized by lower ecosystem productivity, tend
to have below-average, and more variable, well-being.

Populations are growing faster in ecosystems character-
ized by low well-being and low ecosystem productivity
than in high well-being, high productivity areas. Figure C1,
which uses GDP as a proxy for human well-being, illustrates this
situation. Trends are similar for other measures of human well-
being, such as infant mortality rate. [5, 6, 16, 22]

Many human and ecological systems are under multiple
severe and mutually reinforcing stresses. The causes include
the direct and indirect impacts of extraction of services them-
selves, as well as the unintended side effects of other human activ-
ities. Certain linked ecological-human systems, by virtue of their
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structure or location, are more sensitive to stress than others. Ex-
amples include freshwater, coastal, mountain, island, and dryland
systems.

Some groups of people are disproportionately likely to
experience loss of well-being associated with declining lev-
els of ecosystem services. The billion people poorest people in
the world mostly live in rural areas where they are directly depen-
dent on croplands, rangelands, rivers, seas, and forests for their
livelihoods. For them especially, mismanagement of ecosystems
threatens survival. Among better-off and urban populations, eco-
system changes affect well-being in less direct ways, but they re-
main important. They are partly buffered by technology and the
ability to substitute some resources with others, but they also re-
main ultimately dependent on ecosystems for the basic necessities
of life. Impacts are experienced differentially as a function of
adaptive capacity, which can be manifested at the individual,
household, community, national, or regional level. The groups
ultimately responsible for the loss or decline of ecosystem services are
often not the ones that bear the immediate impacts of their decline.

A large and growing number of people are at high risk
of adverse ecosystem changes. The world is experiencing a
worsening trend of human suffering and economic losses
from natural disasters. Over the past four decades, for example,
the number of weather-related disasters affecting at least a million
people has increased fourfold, while economic losses have in-
creased tenfold. The greatest loss of life has been concentrated
in developing countries. Ecosystem transformation has played a
significant, but not exclusive, role in increasing the vulnerability
of people to such disasters. Examples are the increased susceptibil-
ity of coastal populations to tropical storms when mangrove for-
ests are cleared and the increase in downstream flooding that
followed land use changes in the upper Yangtze River. [16]

Special Role of Biodiversity in Supplying Ecosystem
Services

In some cases, biodiversity can be treated as an ecosystem service
in its own right, such as when it is the basis of nature-based tour-
ism or the regulation of diseases. In other respects, it is a necessary
condition underpinning the long-term provision of other ser-
vices, such as food and clean fresh water. Variation among
genes, populations, and species and the variety of structure,
function, and composition of ecosystems are necessary to
maintain an acceptable and resilient level of ecosystem ser-
vices in the long term. [1]

For ecosystem functions such as productivity and nutri-
ent cycling, the level, constancy of the service over time,
and resilience to shocks all decline over the long term if
biodiversity declines (established but incomplete). In general, there
is no sudden biodiversity threshold below which ecosystem ser-
vices fail. Quantifying the relationship between biodiversity and
levels of ecosystem function has only been achieved in a few ex-
perimental situations and remains an area of active research. The
amount and type of biodiversity required varies from service to
service. Regulatory services generally need higher levels of
biodiversity than provisioning services do. [11]

Changes in species composition can alter ecosystem
processes even if the number of species present remains
unchanged or increases. Thus, conserving the composition of
communities rather than simply maximizing species numbers is
more likely to maintain higher levels of ecosystem services. Re-
duction of the number of species, especially if the species lost
are locally rare, may have a hardly detectable effect on ecosystem
services in the short term. However, there is evidence from terres-
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trial and aquatic systems that a rich regional species pool is needed
to maintain ecosystem stability in the face of a changing environ-
ment in the long term. [11]

The integrity of the interactions between species is crit-
ical for the long-term preservation of human food produc-
tion on land and in the sea. For example, pollination is an
essential link in the production of food and fiber. Plant-eating
insects and pathogens control the populations of many potentially
harmful organisms. The services provided by coral reefs, such as
habitat and nurseries for fish, sediment stabilization, nutrient cy-
cling, and carbon fixing in nutrient-poor environments, can only
be maintained if the interaction between corals and their obligate
symbiotic algae is preserved. [11]

The preservation of genetic variation among crop spe-
cies and their wild relatives and spatial heterogeneity in
agricultural landscapes are considered necessary for the
long-term viability of agriculture. Genetic variability is the
raw material on which plant breeding for increased production
and greater resilience depends. In general practice, agriculture un-
dermines biodiversity and the regulating and supporting ecosys-
tem services it provides in two ways: through transforming
ecosystems by converting them to cultivated lands (extensifica-
tion) and through the unintended negative impacts of increased
levels of agricultural inputs, such as fertilizers, biocides, irrigation,
and mechanical tillage (intensification). Agroforestry systems,
crop rotations, intercropping, and conservation tillage are some
of the agricultural techniques that maintain yields and protect
crops and animals from pests without heavy investment in chemi-
cal inputs. [11]

A large proportion of the world’s terrestrial species are
concentrated in a small fraction of the land area, mostly
in the tropics, and especially in forests and on mountains.
Marine species are similarly concentrated, with the limited
area of coral reefs, for example, having exceptionally high
biodiversity. Most terrestrial species have small geographical
ranges, and the ranges are often clustered, leading to diagnosable
‘‘hotspots’’ of both richness and endemism. These are frequently,
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but not exclusively, concentrated in isolated or topographically
variable regions such as islands, peninsulas, and mountains. The
African and American tropics have the highest recorded species
numbers in both absolute terms and per unit of area. Endemism
is also highest there and, as a consequence of its isolation, in Aus-
tralasia. Locations of species richness hotspots broadly correspond
with centers of evolutionary diversity. Available evidence suggests
that across the major taxa, tropical humid forests are especially
important for both overall diversity and their unique evolutionary
history. [4]

Among plants and vertebrates, the great majority of
species are declining in distribution, abundance, or both,
while a small number are expanding. Studies of African
mammals, birds in cultivated landscapes, and commercially im-
portant fish all show the majority of species to be declining in
range or number. Exceptions can be attributed to management
interventions such as protection in reserves and elimination of
threats such as overexploitation, or they are species that thrive in
human-dominated landscapes. In some regions there may be an
increase in local biodiversity as a result of species introductions,
the long-term consequences of which are hard to foresee. [4]

The observed rates of species extinction in modern
times are 100 to 1,000 times higher than the average rates
for comparable groups estimated from the fossil record
(medium certainty). (See Figure C2.) The losses have occurred in
all taxa, regions, and ecosystems but are particularly high in
some—for instance, among primates, in the tropics, and in fresh-
water habitats. Of the approximately 1,000 recorded historical ex-
tinctions, most have been on islands. Currently and in the future,
the most threatened species are found on the mainland, particu-
larly in locations of habitat change and degradation. The current
rate of biodiversity loss, in aggregate and at a global scale,
gives no indication of slowing, although there have been
local successes in some groups of species. The momentum
of the underlying drivers of biodiversity loss, and the con-
sequences of this loss, will extend many millennia into the
future. [4]
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Figure C2. Species Extinction Rates Determined from the Fossil Record, from Observation, and from Estimation of Projected Rates

Less than a tenth of known plant and vertebrate species have
been assessed in terms of their vulnerability to extinction (‘‘con-
servation status’’). Birds have the lowest proportion (12%) threat-
ened with global extinction (defined as a high certainty of loss
from throughout its range) in the near-to-medium term (high cer-
tainty). Among mammal species, 23% are threatened with extinction
(high certainty). Of the amphibia for which sufficient information
is available to make an assessment, 32% are threatened (medium
certainty). For cycads (an ancient group of plants), 52% of the spe-
cies are threatened, as are 25% of conifer species (high certainty).
[4]

The taxonomic groups with the highest proportion of
threatened species tend to be those that rely on freshwater
habitats. Extinction rates, based on the frequency of threatened
species, are broadly similar across terrestrial biomes (broad ecosys-
tem types). Most terrestrial extinctions during the coming century
are predicted to occur in tropical forests, because of their high
species richness. [4]

Factors Causing Changes in Ecosystems

Increasing Demand for Ecosystem Services

Increasing consumption per person, multiplied by a grow-
ing human population, are the root causes of the increas-
ing demand for ecosystem services. The global human
population continues to rise, but at a progressively slower rate.
The population increased from 3 billion to 6 billion between
1960 and 2000 and is likely to peak at 8.2–9.7 billion around
the middle of the twenty-first century. Migration to cities and
population growth within cities continue to be major demo-
graphic trends. The world’s urban population increased from
about 200 million to 2.9 billion over the past century, and the
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number of cities with populations in excess of 1 million increased
from 17 to 388. (See Figure C3.) [3]

Overall demand for food, fiber, and water continue to
rise. Improvements in human well-being, enabled by economic
growth, almost invariably lead to an increase in the per capita
demand for provisioning ecosystem services such as food, fiber,
and water and in the consumption of energy and minerals and the
production of waste. In general, the increase in demand for
provisioning services is satisfied at the expense of support-
ing, regulating, and cultural ecosystem services. Efficiency
gains permitted by new technology reduce per capita consump-
tion levels below what they would have been without technolog-
ical and behavioral adaptation, but they have tended not to keep
pace with growth in demand for provisioning services. [3]

Increasing Pollution and Waste
Ecosystem problems associated with contaminants and
wastes are in general growing. Some wastes are produced in
nearly direct proportion to population size (such as sewage). Oth-
ers, such as domestic trash and home-use chemicals, reflect the
affluence of society. Where there is significant economic develop-
ment, waste loadings tend to increase faster than population
growth. In some cases the per capita waste production subse-
quently decreases, but seldom to the pre-growth level. The gen-
eration of industrial wastes does not necessarily increase with
population or development state, and it may often be reduced by
adopting alternate manufacturing processes. The neglect of waste
management leads to impairment of human health and well-
being, economic losses, aesthetic value losses, and damages to bio-
diversity and ecosystem function. [3, 15]

The oversupply of nutrients (eutrophication) is an
increasingly widespread cause of undesirable ecosystem
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Figure C3. Human Population Density in 1995 and the Most Populated and Rapidly Changing Cities in 1990-2000

change, particularly in rivers, lakes, and coastal systems.
Nutrient additions on the land, including synthetic fertilizers, ani-
mal manures, the enhancement of N-fixation by planted legumes,
and the deposition of airborne pollutants, have resulted in approx-
imately a doubling of the natural inputs for reactive nitrogen in
terrestrial ecosystems and an almost fivefold increase in phospho-
rus accumulation. The reduction of biodiversity at the species and
landscape levels has permitted nutrients to leak from the soil into
rivers, the oceans, and the atmosphere. Emissions to the atmo-
sphere are a significant driver of regional air pollution and the
buildup of the greenhouse gas nitrous oxide (and, to a small ex-
tent, methane). [3, 12, 19, 20]

Global Trade

The increasing volume of goods and services that are traded inter-
nationally, the distance that they are moved, the mobility of peo-
ple, and the connectivity of local and global economies have all
increased the spatial separation between cause and effect in eco-
system change. Without appropriate regulation, global trade
can be a key driver of overharvesting of resources such as
high-value timber and marine resources. Trade pressures and
opportunities underlie patterns of land use change in many parts
of the world. The movement of people and goods is an important
vector in the spread of diseases and non-native invasive organ-
isms. [3]

Changing Climate

The effects of climate change on ecosystems are becoming appar-
ent, especially in polar regions, where on average temperatures
are now warmer than at any time in the last 400 years and the
Antarctic peninsular is one of the most rapidly warming regions
on the planet; in mountains, where there has been widespread
glacier retreat and loss of snowpack; and in coastal systems, where
coral reefs in particular have been affected by sea temperature
warming and increased carbon dioxide concentrations. Although
many of the potential effects of climate change on ecosystem ser-
vice provision to date have not been clearly distinguishable from
short-term variations, climate change over the next century
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is projected to affect, directly and indirectly, all aspects of
ecosystem service provision. [3, 13, 19, 24, 25]

Overexploitation of Natural Resources

If a renewable natural resource is used at a faster rate than it is
replenished, the result is a decline in the stock and eventually a
decrease in the quantity of the resource that is available for human
use. Overfishing, overgrazing, and overlogging are widespread
examples of overexploitation. In the process of fishing, logging,
mining, cultivation, and many other human activities, unintended
collateral damage is done to ecosystems, affecting the supply of
both the target resource and other services as well. When the net
supply of ecosystem services is so damaged that it fails to recover
spontaneously within a reasonable period after the level of the
action causing the damage is reduced, the ecosystem is degraded.
Significant areas of forest, cultivated land, dryland range-
lands, and coastal and marine systems are now degraded,
and the degraded area continues to expand. [4]

Changing Land Use and Land Cover

Current rates of land cover change are greatest for tropical
moist forests and for temperate, tropical, and flooded
grasslands, with �14% of each of these lost between 1950 and
1990. Temperate broadleaf forests, Mediterranean forests, and
grasslands had already lost more than 70% of their original extent
by 1950. The rates of loss in these forest types have now slowed,
and in some cases the forest area has expanded. Deforestation and
forest degradation are currently focused in the tropics. Data on
changes in boreal forests are especially limited. [4, 21]

Habitat loss is the fastest-growing threat to species and
populations on land and will continue to be the dominant
factor for the next few decades. Fishing is the dominant factor
reducing populations and fragmenting the habitats of marine spe-
cies and is predicted to lead to local extinctions, especially among
large, long-lived, slow-growing species and endemic species. [4]

Habitat fragmentation (the reduction of natural cover into
smaller and more disconnected patches) compounds the effects of
habitat loss. The disruptive effects of fragmentation extend hun-
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dreds of meters inwards from the edges of the patches, making
small patches highly vulnerable to loss of species and functions.
[11]

Invasion by Alien Species

In a wide range of terrestrial, marine, and freshwater ecosystems,
accidental or voluntary introduction of non-native species by hu-
mans has altered local biological community interactions, trigger-
ing dramatic and often unexpected changes in ecosystem
processes and causing large monetary and cultural losses. [3, 4, 23]

Trends in Ecosystem Services

• The supply of certain ecosystem services has increased at the
expense of others. Significant gains in the provision of food
and fiber have been achieved through habitat conversion, in-
creased abstraction and degradation of inland waters, and re-
duced biodiversity.

• Fish cannot continue to be harvested from wild populations at
the present rate. Deep-ocean and coastal fish stocks have
changed substantially in most parts of the world and the har-
vests have begun to decline and will continue to do so.

• The supply of fresh water to people is already inadequate to
meet human and ecosystem needs in large areas of the world,
and the gap between supply and demand will continue to widen
if current patterns of water use will continue.

• Declining trends in the capacity of ecosystems to render pollut-
ants harmless, keep nutrient levels in balance, give protection
from natural disasters, and control the outbreaks of pests, dis-
eases, and invasive organisms are apparent in many places.

The main trends in key ecosystem services over the last 50 years
are summarized in Table C1. Individual ecosystem services are
discussed below in further detail.

Provisioning Services

Food

Major inequalities exist in access to food despite the more
than doubling of global production over the past 40 years.
An estimated 852 million people were undernourished in
2000–02, up 37 million from 1997–99. [8] There are impor-
tant differences in the regional trends: the number of undernour-
ished people in China is declining, while the number in Africa
continues to increase. Of the global undernourished, 1% live in
industrial countries, 4% live in countries in transition, and the
remaining 95% are found in developing countries.

Figure C4 demonstrates that the economic value of food pro-
duction is also not evenly distributed around the world, both be-
cause of the uneven distribution of natural factors such as climate
and nutrient supply and because the prices obtained for food
products vary according to demand and wealth. The impacts of
activities associated with food production on other ecosystem ser-
vices are unevenly distributed as well.

New cultivars of wheat, maize, and rice, coupled with in-
creased inputs of fertilizers, irrigation, and an expansion of the
cultivated area, were the main factors underlying the 250% in-
crease in total cereal production since 1960. The rate of increase
of cereal production has slowed over the last decade, for
reasons that are uncertain but that include a long-term decline
in the real price of cereals, a saturation in the per capita cereal
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consumption in many countries, a temporary decline in the use
of cereals as livestock feed in the 1970s and 1980s, the declining
quality of land in agricultural production, and diminishing returns
to efforts aimed at improving yields of maize, wheat, and rice.

Adequate nutrition requires a diverse diet, containing suffi-
cient micronutrients and protein as well as calories. The world’s
poorest people continue to rely on starchy staples, which leads to
protein, vitamin, and mineral deficiencies. Demand for high-
value, protein-rich products such as livestock and fish has
increased with rising incomes in East and Southeast Asia (7%
annual growth in livestock production over past 30 years). The
accelerating demand for animal protein is increasingly met
by intensive (‘‘industrial’’ or ‘‘landless’’) production sys-
tems, especially for chicken and pigs. While these systems have
contributed to large increases in production, they create serious
waste problems and put increased pressure on cultivated systems
and fisheries to provide feed inputs (and are thus not truly ‘‘land-
less’’).

The dietary changes that accompany increasing income can
improve health; however, overconsumption, leading to obesity
and heart disease, is also a growing health problem (65% of
Americans and more than 17 million children in developing
countries are overweight). Calorie intake is only 20% higher per
capita in industrial countries than in developing countries on av-
erage, but protein intake is 50% higher and fat intake is almost
twice as high.

Harvest pressure has exceeded maximum sustainable
levels of exploitation in one quarter of all wild fisheries and
is likely to exceed this limit in most other wild fisheries in
the near future. In every ocean in the world, one or more im-
portant targeted stocks have been classified as collapsed, over-
fished, or fished to their maximum sustainable levels, and at least
one quarter of important commercial fish stocks are overharvested
(high certainty). Although fish consumption has doubled in devel-
oping countries in the last three decades, the per capita annual
consumption has declined by 200 grams since 1985, to 9.2 kilo-
grams per person (excluding China). Fish products are heavily
traded, and approximately 50% of fish exports are from develop-
ing countries. Exports from developing countries and the South-
ern Hemisphere presently offset much of the demand shortfall in
European, North American, and East Asian markets.

The growth in demand for fish protein is being met in part by
aquaculture, which now accounts for 22% of total fish production
and 40% of fish consumed as food. Marine aquaculture has not
to date relieved pressure on wild fisheries, because the food
provided to captive fish is partly based on wild-harvested
fish products.

Government policies are significant drivers of food
production and consumption patterns, both locally and
globally. Investments in rural roads, irrigation, credit systems,
and agricultural research and extension serve to stimulate food
production. Improved access to input and export markets boosts
productivity. Opportunities to gain access to international markets
are conditioned by international trade and food safety regulations
and by a variety of tariff and non-tariff barriers. Selective produc-
tion and export subsidies stimulate overproduction of many food
crops. This translates into relatively cheap food exports that bene-
fit international consumers at the expense of domestic taxpayers
and that undermine the welfare of food producers in poorer
countries.

Wild terrestrial foods are locally important in many de-
veloping countries, often bridging the hunger gap created
by stresses such as droughts and floods and social unrest.
Wild foods are important sources of diversity in some diets, in
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Table C1. Trends in the Human Use of Ecosystem Services and Enhancement or Degradation of the Service around the Year 2000

Human Enhanced or MA
Service Sub-category Usea Degradedb Notes Chapter

Provisioning Services

Food Crops Food provision has grown faster than overall popula- C8.2
tion growth. Primary source of growth from increase in
production per unit area but also significant expansion

r r
in cropland. Still persistent areas of low productivity
and more rapid area expansion, e.g., sub-Saharan Af-
rica and parts of Latin America.

Livestock Significant increase in area devoted to livestock in C8.2
some regions, but major source of growth has been

r r
more intensive, confined production of chicken, pigs,
and cattle.

Capture Fish- Marine fish harvest increased until the late 1980s and C18
eries has been declining since then. Currently, one quarter C8.2.2

of marine fish stocks are overexploited or significantly C19
o o depleted. Freshwater capture fisheries have also de-

clined. Human use of capture fisheries has declined
because of the reduced supply, not because of re-
duced demand.

Aquaculture Aquaculture has become a globally significant source C8
of food in the last 50 years and, in 2000, contributed Table 8.4

r r 27% of total fish production. Use of fish feed for carniv-
orous aquaculture species places an additional burden
on capture fisheries.

Wild plant and Provision of these food sources is generally declining C8.3.1
animal food as natural habitats worldwide are under increasing

NA o
products pressure and as wild populations are exploited for

food, particularly by the poor, at unsustainable levels.

Fiber Timber Global timber production has increased by 60% in the C9.ES
last four decades. Plantations provide an increasing C21.1
volume of harvested roundwood, amounting to 35% of
the global harvest in 2000. Roughly 40% of forest area
has been lost during the industrial era, and forests con-

r �/�
tinue to be lost in many regions (thus the service is
degraded in those regions), although forest is now re-
covering in some temperate countries and thus this
service has been enhanced (from this lower baseline)
in these regions in recent decades.

Cotton, hemp, Cotton and silk production have doubled and tripled C9.ES
silk �/� �/� respectively in the last four decades. Production of

other agricultural fibers has declined.

Wood fuel Global consumption of fuelwood appears to have C9.ES
peaked in the 1990s and is now believed to be slowly�/� o
declining buts remains the dominant source of domes-
tic fuel in some regions.

Genetic resources Traditional crop breeding has relied on a relatively nar- C26.2.1
row range of germplasm for the major crop species,
although molecular genetics and biotechnology provide
new tools to quantify and expand genetic diversity in
these crops. Use of genetic resources also is growing

r o
in connection with new industries base on biotechnol-
ogy. Genetic resources have been lost through the
loss of traditional cultivars of crop species (due in part
to the adoption of modern farming practices and varie-
ties) and through species extinctions.

(continues)
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Table C1. continued

Human Enhanced or MA
Service Sub-category Usea Degradedb Notes Chapter

Biochemicals, natural Demand for biochemicals and new pharmaceuticals is C10
medicines, and growing, but new synthetic technologies compete with
pharmaceuticals natural products to meet the demand. For many other

natural products (cosmetics, personal care,
r o

bioremediation, biomonitoring, ecological restoration),
use is growing. Species extinction and overharvesting
of medicinal plants is diminishing the availability of
these resources.

Fresh water Human modification to ecosystems (e.g., reservoir C7
creation) has stabilized a substantial fraction of
continental river flow, making more fresh water
available to people but in dry regions reducing river
flows through open water evaporation and support to
irrigation that also loses substantial quantities of water.
Watershed management and vegetation changes have
also had an impact on seasonal river flows. From 5%
to possible 25% of global freshwater use exceeds
long-term accessible supplied and require supplied

r o either through engineered water transfers of overdraft
of groundwater supplies. Between 15% and 35% of
irrigation withdrawals exceed supply rates. Fresh water
flowing in rivers also provides a service in the form of
energy that is exploited through hydropower. The
construction of dams has not changed the amount of
energy, but it has made the energy more available to
people. The installed hydroelectric capacity doubled
between 1960 and 2000. Pollution and biodiversity loss
are defining features of modern inland water systems
in many populated parts of the world.

Regulating Services

Air quality regulation The ability of the atmosphere to cleanse itself of C13.ES
pollutants has declined slightly since preindustrial
times but likely not by more than 10%. Then net

r o contribution of ecosystems to this change is not known.
Ecosystems are also a sink for tropospheric ozone,
ammonia, NOx, SO2, particulates, and CH4, but
changes in these sinks were not assessed.

Climate regulation Global Terrestrial ecosystems were on average a net source C13.ES
of CO2 during the nineteenth and early twentieth
century and became a net sink sometime around the
middle of the last century. The biophysical effect of

r r historical land cover changes (1750 to present) is net
cooling on a global scale due to increased albedo,
partially offsetting the warming effect of associated
carbon emissions from land cover change over much
of that period.

Regional and Changes in land cover have affected regional and local C13.3
local climates both positively and negatively, but there is a C11.3

r o preponderance of negative impacts. For example,
tropical deforestation and desertification have tended
to reduce local rainfall.

Water regulation The effect of ecosystem change on the timing and C7.4.4
magnitude of runoff, flooding, and aquifer recharge

r �/�
depends on the ecosystem involved and on the
specific modifications made to the ecosystem.
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9Summary: Ecosystems and Their Services around the Year 2000

Erosion regulation Land use and crop/soil management practices have C26
exacerbated soil degradation and erosion, although
appropriate soil conservation practices that reduce

r o
erosion, such as minimum tillage, are increasingly
being adopted by farmers in North America and Latin
America.

Water purification and Globally, water quality is declining, although in most C7.2.5
waste treatment industrial countries pathogen and organic pollution of C19

surface waters has decreased over the last 20 years.
Nitrate concentration has grown rapidly in the last 30

r o years. The capacity of ecosystems to purify such
wastes in limited, as evidenced by widespread reports
of inland waterway pollution. Loss of wetlands has
further decreased the ability of ecosystems to filter and
decompose wastes.

Disease regulation Ecosystem modifications associated with development C14
have often increased the local incidence of infectious

r �/� diseases, although major changes in habitats can both
increase or decrease the risk of particular infectious
diseases.

Pest regulation In many agricultural areas, pest control provided by C11.3
natural enemies has been replaced by the use of
pesticides. Such pesticide use has itself degraded the
capacity of agroecosystems to provide pest control. In

r o other systems, pest control provided by natural
enemies is being used and enhanced through
integrated pest management. Crops containing pest-
resistant genes can also reduce the need for
application of toxic synthetic pesticides.

Pollination There is established but incomplete evidence of a C11
global decline in the abundance of pollinators. Box 11.2
Pollinator declines have been reported in at least one
region or country on every continent except for
Antarctica, which has no pollinators. Declines in

r oc abundance of pollinators have rarely resulted in
complete failure to produce seed or fruit, but more
frequently resulted in fewer seeds or in fruit of reduced
viability or quantity. Losses in populations of
specialized pollinators have directly affected the
reproductive ability of some rare plants.

Natural hazard People are increasingly occupying regions and C16
regulation localities that are exposed to extreme events, thereby C19

exacerbating human vulnerability to natural hazards.
r o This trend, along with the decline in the capacity of

ecosystems to buffer from extreme events, has led to
continuing high loss of life globally and rapidly rising
economic losses from natural disasters.

Cultural Services

Cultural diversity NA NA

Spiritual and religious There has been a decline in the numbers of sacred C17.2.3
values groves and other such protected areas. The loss of

particular ecosystem attributes (sacred species or
sacred forests), combined with social and economic
changes, can sometimes weaken the spiritual benefits

r r
people obtain from ecosystems. On the other hand,
under some circumstances (e.g., where ecosystem
attributes are causing significant threats to people), the
loss of some attributes may enhance spiritual
appreciation for what remains.

(continues)
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Table C1. continued

Human Enhanced or MA
Service Sub-category Usea Degradedb Notes Chapter

Knowledge systems NA NA

Educational values NA NA

Inspiration NA NA

Aesthetic values The demand for aesthetically pleasing natural C17.2.5
landscapes has increased in accordance with
increased urbanization. There has been a decline in

r o quantity and quality of areas to meet this demand. A
reduction in the availability of and access to natural
areas for urban residents may have important
detrimental effects on public health and economies.

Social relations NA NA

Sense of place NA NA

Cultural heritage values NA NA

Recreation and The demand for recreational use of landscapes is C17.2.6
ecotourism increasing, and areas are increasingly being managed C19

to cater for this use, to reflect changing cultural values
r �/�

and perceptions. However, many naturally occurring
features of the landscape (e.g., coral reefs) have been
degraded as resources for recreation.

Supporting Services

Soil formation † †

Photosynthesis † †

Primary production Several global MA systems, including drylands, forest, C22.2.1
and cultivated systems, show a trend of NPP increase

† † for the period 1981 to 2000. However, high seasonal
and inter-annual variations associated with climate
variability occur within this trend on the global scale

Nutrient cycling There have been large-scale changes in nutrient C12
cycles in recent decades, mainly due to additional
inputs from fertilizers, livestock waste, human wastes,
and biomass burning. Inland water and coastal

† †
systems have been increasingly affected by
eutrophication due to transfer of nutrients from
terrestrial to aquatic systems as biological buffers that
limit these transfers have been significantly impaired.

Water cycling Humans have made major changes to water cycles C7
† † through structural changes to rivers, extraction of water

from rivers, and, more recently, climate change.

a For provisioning services, human use increases if the human consumption of the service increases (e.g., greater food consumption); for regulating and
cultural services, human use increases if the number of people affected by the service increases. The time frame is in general the past 50 years, although if
the trend has changed within that time frame, the indicator shows the most recent trend.
b For provisioning services, we define enhancement to mean increased production of the service through changes in area over which the service is provided
(e.g., spread of agriculture) or increased production per unit area. We judge the production to be degraded if the current use exceeds sustainable levels. For
regulating and supporting services, enhancement refers to a change in the service that leads to greater benefits for people (e.g., the service of disease
regulation could be improved by eradication of a vector known to transmit a disease to people). Degradation of a regulating and supporting service means a
reduction in the benefits obtained from the service, either through a change in the service (e.g., mangrove loss reducing the storm protection benefits of an
ecosystem) or through human pressures on the service exceeding its limits (e.g., excessive pollution exceeding the capability of ecosystems to maintain
water quality). For cultural services, degradation refers to a change in the ecosystem features that decreases the cultural (recreational, aesthetic, spiritual,
etc.) benefits provided by the ecosystem. The time frame is in general the past 50 years, although if the trend has changed within that time frame the
indicator shows the most recent trend.
c Low to medium certainty. All other trends are medium to high certainty.
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Legend
r � Increasing (for human use column) or enhanced (for enhanced or degraded column)

o � Decreasing (for human use column) or degraded (for enhanced or degraded column)

�/� � Mixed (trend increases and decreases over past 50 years or some components/regions increase while others decrease)

NA � Not assessed within the MA. In some cases, the service was not addressed at all in the MA (such as ornamental resources), while in other cases the
service was included but the information and data available did not allow an assessment of the pattern of human use of the service or the status of the
service.

† � The categories of ‘‘human use’’ and ‘‘enhanced or degraded’’ do not apply for supporting services since, by definition, these services are not directly
used by people. (Their costs or benefits would be double-counted if the indirect effects were included). Changes in supporting services influence the supply
of provisioning, cultural, or regulating services that are then used by people and may be enhanced or degraded.

Figure C4. Spatial Distribution of Value of Food Production for Crops, Livestock, and Fisheries, 2000. This Figure was constructed by
multiplying the harvest derived from all regions of the world by the average product price obtained in that region. (Data for Iceland were only
available aggregated to the rectangular area shown.) A color version of this map appears in Appendix A (see Figure 8.2).

that they are highly nutritious and are often not labor-intensive
to collect or prepare. Although they have significant economic
value, in most cases wild foods are excluded from economic anal-
ysis of natural resource systems as well as official statistics, so the
full extent of their importance is poorly quantified.

Wood for Timber and Pulp

The absolute harvest of timber is projected, with medium
certainty, to increase in the future, albeit at a slower rate than
over the past four decades. [9] The high growth in timber harvests
since 1960 (60% and 300% for sawlogs and pulpwood respec-
tively) has slowed in recent years. Total forest biomass in temper-
ate and boreal regions increased over this period but decreased in
mid-latitude and tropical forests. Demand for hardwoods is a fac-
tor in tropical deforestation, but is typically not the main driver.
Conversion to agricultural land, a trend often underlain by policy
decisions, is overall the major cause. A third of timber is har-
vested from plantations rather than naturally regenerating
forests, and this fraction is projected to grow. Plantations

PAGE 11

currently constitute 5% of the global forest area. In general, plan-
tations provide a less diverse set of ecosystem services than natural
forests do.

Most trade in forest products is within-country, with only
about 25% of global timber production entering international
trade. However, international trade in forest products has in-
creased three times faster in value than in harvested volume. The
global value of timber harvested in 2000 was around $400 billion,
about one quarter of which entered in world trade, representing
some 3% of total merchandise traded. Much of this trade is among
industrial countries: the United States, Germany, Japan, the
United Kingdom, and Italy were the destination of more than
half of the imports in 2000, while Canada, the United States,
Sweden, Finland, and Germany account for more than half of the
exports.

The global forestry sector annually provides subsistence and
wage employment of 60 million work years, with 80% in the
developing world. There is a trend in increasing employment in
sub-tropical and tropical regions and declining employment in
temperate and boreal regions.
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Biomass Energy

Wood and charcoal remain the primary source of energy
for heating and cooking for 2.6 billion people. [9] Global
consumption appears to have peaked in the 1990s and is now
believed to be slowly declining as a result of switching to alternate
fuels and, to a lesser degree, more-efficient biomass energy tech-
nologies. Accurate data on fuelwood production and consump-
tion are difficult to collect, since much is produced and consumed
locally by households. The global aggregate value of fuelwood
production per capita has declined in recent years, easing concerns
about a widespread wood energy crisis, although local and re-
gional shortages persist.

Serious human health damages are caused by indoor
pollution associated with the use of traditional biomass
fuels in homes of billions of the rural and urban poor that
lack adequate smoke venting. In 2000, 1.6 million deaths and
the equivalent of 39 million person-years of ill health (disability-
adjusted life years) were attributed to the burning of traditional
biomass fuels, with women and children most affected. Health
hazards increase where wood shortages lead to poor families using
dung or agricultural residues for heating and cooking. Where ade-
quate fuels are not available, the consumption of cooked foods
declines, with adverse effects on nutrition and health. Local fuel-
wood shortages contribute to deforestation and result in lengthy
and arduous travel to collect wood in rural villages, largely by
women.

While examples of full commercial exploitation of modern
biomass-based energy technologies are still fairly modest, their
production and use is likely to expand over the next decades.

Agricultural Fibers

Global cotton production has doubled and silk production
has tripled since 1961, with major shifts in the production
regions. [9] The total land area devoted to cotton production has
stayed virtually constant; area expansion in India and the United
States was offset by large declines in Pakistan and the former So-
viet Union. These shifts have impacts on land available for food
crops and on water resources, since much of the cotton crop is
irrigated. Silk production shifted from Japan to China. Production
of wool, flax, hemp, jute, and sisal has declined.

Fresh Water

Water scarcity has become globally significant over the last
four decades and is an accelerating condition for roughly
1–2 billion people worldwide, leading to problems with food
production, human health, and economic development. Rates of
increase in a key water scarcity measure (water use relative to
accessible supply) from 1960 to the present averaged nearly 20%
per decade globally, with values of 15% to more than 30% per
decade for individual continents. Although a slowing in the global
rate of increase in use is projected between 2000 and 2010, to
10% per decade, the relative use ratio for some regions is likely to
remain high, with the Middle East and North Africa at 14% per
decade, Latin America at 16%, and sub-Saharan Africa at 20%. [7]

Contemporary water withdrawal is approximately 10% of
global continental runoff, although this amounts to between 40%
and 50% of the continental runoff to which the majority of the
global population has access during the year.

Population growth and economic development have driven
per capita levels of water availability down from 11,300 to about
5,600 cubic meters per person per year between 1960 and 2000.
Global per capita water availability is projected (based on a 10%
per decade rate of growth of water use, which is slower than the
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past decades) to drop below 5,000 cubic meters per person per
year by 2010 (high certainty).

Terrestrial ecosystems are the major global source of
accessible, renewable fresh water. Forest and mountain eco-
systems are associated with the largest amounts of fresh water—
57% and 28% of the total runoff, respectively. These systems each
provide renewable water supplies to at least 4 billion people, or
two thirds of the global population. Cultivated and urban systems
generate only 16% and 0.2%, respectively, of global runoff, but
due to their close proximity to humans they serve from 4.5–5
billion people. Such proximity is associated with nutrient and in-
dustrial water pollution.

More than 800 million people currently live in locations
so dry that there is no appreciable recharge of groundwater
or year-round contribution by the landscape to runoff in
rivers. They are able to survive there by drawing on ‘‘fossil’’
groundwater, by having access to piped water, or by living along
rivers that have their source of water elsewhere. From 5% to pos-
sibly 25% of global freshwater use exceeds long-term accessible
supplies and is now met either through engineered water transfers
or overdraft of groundwater supplies (medium certainty). In North
Africa and the Middle East, nonsustainable use (use in excess of
the long-term accessible renewable supply) represents 43% of all
water use, and the current rate of use is 40% above that of the
sustainable supply (medium certainty).

Growing competition for water is sharpening policy attention
on the need to allocate and use water more efficiently. Irrigation
accounts for 70% of global water withdrawals (over 90% in
developing countries), but chronic inefficiencies in irrigated
systems result in less than half of that water being used by crops.

The burden of disease from inadequate water, sanita-
tion, and hygiene totals 1.7 million deaths and the loss of
up to 54 million healthy life years per year. Some 1.1 billion
people lack access to improved water supply and more than 2.6
billion lack access to improved sanitation. It is well established that
investments in clean drinking water and sanitation show a close
correspondence with improvement in human health and eco-
nomic productivity. Half of the urban population in Africa, Asia,
and Latin America and the Caribbean suffer from one or more
diseases associated with inadequate water and sanitation.

The management of fresh water through dams, levees,
canals, and other infrastructure has had predominantly
negative impacts on the biodiversity of inland waters and
coastal ecosystems, including fragmentation and destruction of
habitat, loss of species, and reduction of sediments destined for
the coastal zone. The 45,000 existing large dams (more than 15
meters high) generate both positive and negative effects on
human well-being. Positive effects include flow stabilization for
irrigation, flood control, and hydroelectricity. Negative effects in-
clude health issues associated with stagnant water and the loss of
services derived from land that has become inundated. A signifi-
cant economic consequence of soil erosion is the reduction of the
useful life of dams lower in the drainage basin due to siltation.

Genetic Resources

The exploration of biodiversity for new products and in-
dustries has yielded major benefits for humanity and has
the potential for even larger future benefits. [10] The diver-
sity of living things, at the level of the gene, is the fundamental
resource for such ‘‘bioprospecting.’’ While species-rich environ-
ments such as the tropics are in the long term expected to supply
the majority of pharmaceutical products derived from ecosystems,
bioprospecting to date has yielded valuable products from a wide
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variety of environments, including temperate forests and grass-
lands, arid and semiarid lands, freshwater ecosystems, mountain
and polar regions, and cold and warm oceans.

The continued improvements of agricultural yields through
plant breeding and the adaptation of crops to new and changing
environments, such as increased temperatures, droughts, and
emerging pests and diseases, requires the conservation of genetic
diversity in the wild relatives of domestic species and in produc-
tive agricultural landscapes themselves.

Regulating Services

The Regulation of Infectious Diseases

Ecosystem changes have played a significant role in the
emergence or resurgence of several infectious diseases of
humans. [14] The most important drivers are logging, dam
building, road building, expansion of agriculture (especially irri-
gated agriculture), urban sprawl, and pollution of coastal zones.
There is evidence that ecosystems that maintain a higher diversity
of species reduce the risks of infectious diseases in humans living
within them; the pattern of Lyme disease in North America is
one example. Natural systems with preserved structure and
characteristics are not receptive to the introduction of in-
vasive human and animal pathogens brought by human
migration and settlement. This is indicated for cholera, kala-
azar, and schistosomiasis (medium certainty).

Increased human contact with ecosystems containing foci of
infections raises the risk of human infections. Examples occur
where urban systems are in close contact with forest systems (asso-
ciated with malaria and yellow fever) and where cultivated lands
are opened in forest systems (hemorrhagic fevers or hantavirus).
Major changes in habitats can both increase or decrease the risk
of a particular infectious disease, depending on the type of land
use, the characteristics of the cycle of disease, and the characteris-
tics of the human populations. Although disease emergence and
re-emergence due to ecosystem alteration can occur anywhere,
people in the tropics are more likely to be affected in the future
due to their greater exposure to reservoirs of potential disease
and their greater vulnerability due to poverty and poorer health
infrastructure.

Regulation of Climate, Atmospheric Composition, and Air
Quality
Ecosystems are both strongly affected by and exert a strong influ-
ence on climate and air quality. [13] Ecosystem management
has significantly modified current greenhouse gas concen-
trations. Changes in land use and land cover, especially defores-
tation and agricultural practices such as paddy rice cultivation and
fertilizer use, but also rangeland degradation and dryland agricul-
ture, made a contribution of 15–25% to the radiative forcing of
global climate change from 1750 to present.

Ecosystems are currently a net sink for CO2 and tropospheric
ozone, while they remain a net source of methane and nitrous
oxide. About 20% of CO2 emissions in the 1990s originated from
changes in land use and land management, primarily deforesta-
tion.

Terrestrial ecosystems were on average a net source of CO2

during the nineteenth and early twentieth centuries; they became
a net sink sometime around the middle of the last century (high
certainty) and were a sink for about a third of total emissions in the
1990s (energy plus land use). The sink may be explained partially
by afforestation, reforestation, and forest management in North
America, Europe, China, and other regions and partially by the
fertilizing effects of nitrogen deposition and increasing atmo-
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spheric CO2. The net impact of ocean biology changes on global
CO2 fluxes is unknown.

The potential of terrestrial ecosystem management to
alter future greenhouse gas concentrations is significant
through, for instance, afforestation, reduced deforestation,
and conservation agriculture. However, the potential reduc-
tions in greenhouse gases remain much smaller than the projected
fossil fuel emissions over the next century (high certainty). The
management of ecosystems for climate mitigation can yield other
benefits as well, such as biodiversity conservation.

Ecosystems also modify climate through alteration of the
physical properties of Earth’s surface. For instance, deforestation
in snowy regions leads to regional cooling of land surface during
the snow season due to increase in surface albedo and to warming
during summer due to reduction in transpiration (water recycled
by plants to atmosphere). Positive feedbacks involving sea surface
temperature and sea ice propagate this cooling to the global scale.
The net physically mediated effect of conversion of high-latitude
forests to more open landscapes is to cool the atmosphere (medium
certainty). Observations and models indicate, with medium certainty,
that large-scale tropical and sub-tropical deforestation and
desertification decrease the precipitation in the affected re-
gions. The mechanism involves reduction in within-region
moisture recycling and an increase in surface albedo. [14]

Tropospheric ozone is both a greenhouse gas and an impor-
tant pollutant. It is both produced and destroyed by chemical re-
actions in the atmosphere, and about a third of the additional
tropospheric ozone produced as a result of human activities is
destroyed by surface absorption in ecosystems. The capacity of
the atmosphere to convert pollutants harmful to humans and
other life forms into less harmful chemicals is largely controlled
by the availability of hydroxyl radicals. The global concentration
of these is believed to have declined by about 10% over the past
centuries.

Detoxification of Wastes

Depending on the properties of the contaminant and its location
in the environment, wastes can be rendered harmless by natural
processes at relatively fast or extremely slow rates. The more
slowly a contaminant is detoxified, the greater the possibility that
harmful levels of the contaminant will occur. Some wastes, such
as nutrients and organic matter, are normal components of natural
ecosystem processes, but the anthropogenic loading rates are often
so much higher than the natural throughput that they significantly
modify the ecosystem and impair its ability to provide a range of
services, such as recreation and appropriate-quality fresh water
and air. The costs of reversing damages to waste-degraded
ecosystems are typically large, and the time scale for reme-
diation is long. In some cases, rehabilitation is effectively
impossible. [15]

Protection from Floods

The impact of extreme weather events is increasing in
many regions around the world. [7, 16, 19] For example,
flood damage recorded in Europe in 2002 was higher than in any
previous year. Increasing human vulnerability, rather than increas-
ing physical magnitude or frequency of the events themselves, is
overall the primary factor underlying the rising impact. People are
increasingly occupying regions and locations that are exposed to
flooding—settling on coasts and floodplains, for instance—thus
exacerbating their vulnerability to extreme events. Ecosystem
changes have in some cases increased the severity of floods,
however, for example as a result of deforestation in upland areas
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and the loss of mangroves. Local case studies have shown that
appropriate management of ecosystems contributes to reduction
of vulnerability to extreme events.

Cultural Services

Human societies have developed in close interaction with the
natural environment, which has shaped their cultural identity,
their value systems, and indeed their economic well-being.
Human cultures, knowledge systems, religions, heritage values,
social interactions, and the linked amenity services (such as aes-
thetic enjoyment, recreation, artistic and spiritual fulfillment, and
intellectual development) have always been influenced and
shaped by the nature of the ecosystem and ecosystem conditions
in which culture is based. Rapid loss of culturally valued eco-
systems and landscapes has led to social disruptions and
societal marginalization in many parts of the world. [17]

The world is losing languages and cultures. At present,
the greatest losses are occurring in situations where languages are
not officially recognized or populations are marginalized by rapid
industrialization, globalization, low literacy, or considerable eco-
system degradation. Especially threatened are the languages of 350
million indigenous peoples, representing over 5,000 linguistic
groups in 70 countries, which contain most of humankind’s tradi-
tional knowledge. Much of the traditional knowledge that existed
in Europe (such as knowledge on medicinal plants) has also gradu-
ally eroded due to rapid industrialization in the last century. [17]

The complex relationships that exist between ecologi-
cal and cultural systems can best be understood through
both ‘‘formal knowledge’’ and ‘‘traditional knowledge.’’
Traditional knowledge is a key element of sustainable develop-
ment, particularly in relation to plant medicine and agriculture,
and the understanding of tangible benefits derived from tradi-
tional ecological knowledge such as medicinal plants and local
species of food is relatively well developed. However, under-
standing of the linkages between ecological processes and social
processes and their intangible benefits (such as spiritual and reli-
gious values), as well as the influence on sustainable natural re-
source management at the landscape level, remains relatively
weak. [17]

Many cultural and amenity services are not only of di-
rect and indirect importance to human well-being, they
also represent a considerable economic resource. (For ex-
ample, nature- and culture-based tourism employs approximately
60 million people and generates approximately 3% of global
GDP.) Due to changing cultural values and perceptions, there is
an increasing tendency to manage landscapes for high amenity
values (such as recreational use) at the expense of traditional land-
scapes with high cultural and spiritual values. [17]

Supporting Services

There are numerous examples of both overabundance and insuf-
ficiency of nutrient supply. Crop yields and nutritional value in
parts of Africa, Latin America, and Asia are strongly limited by
poor soils, which have become even more depleted by farming
with low levels of nutrient replenishment. On the other hand,
overfertilization is a major contributor to environmental pollution
through excess nutrients in many areas of commercial farming in
both industrial and developing countries.

The capacity of terrestrial ecosystems to absorb and re-
tain the nutrients supplied to them either as fertilizers or
from the deposition of airborne nitrogen and sulfur has
been undermined by the radical simplification of ecosystems
into large-scale, low-diversity agricultural landscapes. Ex-

PAGE 14

cess nutrients leak into the groundwater, rivers, and lakes and are
transported to the coast. Treated and untreated sewage released
from urban areas adds to the load. The consequence of the exces-
sive and imbalanced nutrient load in aquatic ecosystems is an ex-
plosion of growth of certain plants (particularly algae) and a loss
of many other forms of life, a syndrome known as eutrophication.
The decomposing residues of the plants (often compounded by
organic pollutants) deplete the water of oxygen, creating anaero-
bic ‘‘dead zones’’ devoid of life forms that depend on oxygen.
Such dead zones have been discovered in many lakes and estuaries
and off the mouths of several large rivers, and they are expanding.

How Are Key Ecological Systems Doing?

The systems where multiple problems are occurring at the same
time, seriously affecting the well-being of hundreds of millions of
people, are:
• wetlands, including rivers, lakes, and salt and saltwater marshes,

where water abstraction, habitat loss and fragmentation, and
pollution by nutrients, sediments, salts, and toxins have sig-
nificantly impaired ecosystem function and biodiversity in most
major drainage basins;

• the arid parts of the world, where a large, growing, and poor
population often coincides with water scarcity, cultivation on
marginal lands, overgrazing, and overharvesting of trees;

• particular coastal systems, notably coral reefs, estuaries, man-
groves, and urbanized coasts, where habitat loss and fragmen-
tation, overharvesting, pollution, and climate change are the
key issues; and

• tropical forests, where unsustainable harvesting and clearing
for agriculture threatens biodiversity and the global climate.

The majority of ecosystems have been greatly modified by
humans. Within 9 of the 14 broad terrestrial ecosystem types
(biomes), one fifth to one half of the area has been transformed to
croplands, mostly over the past two centuries. Tropical dry forests
are the most affected by cultivation, with almost half of the bi-
ome’s native habitats replaced with cultivated lands. Temperate
grasslands, temperate broadleaf forests, and Mediterranean forests
have each experienced more than 35% conversion. Only the bi-
omes unsuited to crop plants (deserts, boreal forests, and tundra)
are relatively intact. (See Table C2.) [4]

Freshwater Systems: Wetlands, Rivers, and Lakes

It is established but incomplete that inland water ecosystems are
in worse condition overall than any other broad ecosystem
type, and it is speculated that about half of all freshwater wetlands
have been lost since 1900 (excluding lakes, rivers, and reservoirs).
The degradation and loss of inland water habitats and species is
driven by water abstraction, infrastructure development (dams,
dikes, levees, diversions, and so on), land conversion in the catch-
ment, overharvesting and exploitation, introduction of exotic
species, eutrophication and pollution, and global climate change.
[20]

Clearing or drainage for agricultural development is the prin-
cipal cause of wetland loss worldwide. It is estimated that by 1985,
56–65% of available wetland had been drained for intensive agri-
culture in Europe and North America, 27% in Asia, 6% in South
America, and 2% in Africa. The construction of dams and
other structures along rivers has resulted in fragmentation
of almost 40% of the large river systems in the world. This
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Table C2. Comparative Table of Systems as Reported by the Millennium Ecosystem Assessment. Note that these are linked human
and ecological systems and often are spatially overlapping. They can therefore be compared but they should not be added up. Figure C1
presents data on human well-being by system type graphically.

Population Mean NPP
Share of (kg. Share ofDensity

Areaa Terrestrial Infant Mortality carbon Systems(people per
(million Surface of Growth rate GDP per Rateb (deaths per sq. Covered Share of Areasquare km.)

System and sq. Earth (percent Capita pers 1,000 live meter per by PAsc Transformedd

Subsystem km.) (percent) Urban Rural 1990–2000) (dollars) births) year) (percent) (percent)

Marine 349.3 68.6e – – – – – 0.15 0.3 -
Coastal 17.2 4.1 1,105 70 15.9 8,960 41.5 – 7 –

Terrestrial 6.0 4.1 1,105 70 15.9 8,960 41.5 0.52 4 11
Marine 11.2 2.2e – – – – – 0.14 9 –

Inland waterf 10.3 7.0 817 26 17 7,300 57.6 0.36 12 11
Forest/woodlands 41.9 28.4 472 18 13.5 9,580 57.7 0.68 10 42

Tropical/sub-tropical 23.3 15.8 565 14 17 6,854 58.3 0.95 11 34
Temperate 6.2 4.2 320 7 4.4 17,109 12.5 0.45 16 67
Boreal 12.4 8.4 114 0.1 �3.7 13,142 16.5 0.29 4 25

Dryland 59.9 40.6 750 20 18.5 4,930 66.6 0.26 7 18
Hyperarid 9.6 6.5 1,061 1 26.2 5,930 41.3 0.01 11 1
Arid 15.3 10.4 568 3 28.1 4,680 74.2 0.12 6 5
Semiarid 22.3 15.3 643 10 20.6 5,580 72.4 0.34 6 25
Dry subhumid 12.7 8.6 711 25 13.6 4,270 60.7 0.49 7 35

Island 7.1 4.8 1,020 37 12.3 11,570 30.4 0.54 17 17
Island states 4.7 3.2 918 14 12.5 11,148 30.6 0.45 18 21

Mountain 35.8 24.3 63 3 16.3 6,470 57.9 0.42 14 12
300–1,000m 13.0 8.8 58 3 127 7,815 48.2 0.47 11 13

1,000–2,500m 11.3 7.7 69 3 20.0 5,080 67.0 0.45 14 13
2,500–4,500m 9.6 6.5 90 2 24.2 4,144 65.0 0.28 18 6
� 4,500m 1.8 1.2 104 0 25.3 3,663 39.4 0.06 22 0.3

Polar 23.0 15.6 161g 0.06g �6.5 15,401 12.8 0.06 42g 0.3g

Cultivated 35.3 23.9 786 70 14.1 6,810 54.3 0.52 6 47
Pasture 0.1 0.1 419 10 28.8 15,790 32.8 0.64 4 11
Cropland 8.3 5.7 1,014 118 15.6 4,430 55.3 0.49 4 62
Mixed (crop and

other) 26.9 18.2 575 22 11.8 11,060 46.5 0.6 6 43
Urban 3.6 2.4 681 – 12.7 12,057 36.5 0.47 0 100
GLOBAL 510 – 681 13 16.7 7,309 57.4 – 4 38

a Area estimates based on GLC2000 dataset for the year 2000 except for cultivated systems where area is based on GLCCD v2 dataset for the years
1992–93 (C26 Box 1).
b Deaths of children less than one year old per 1,000 live births.
c Includes only natural protected areas in IUCN categories I to VI.
d For all systems except forest/woodland, area transformed is calculated from land depicted as cultivated or urban areas by GLC2000 land cover dataset.
The area transformed for forest/woodland systems is calculated as the percentage change in area between potential vegetation (forest biomes of the WWF
ecoregions) and current forest/woodland areas in GLC2000. Note: 22% of the forest/woodland system falls outside forest biomes and is therefore not included
in this analysis.
e Percent of total surface of Earth.
f Population density, growth rate, GDP per capita, and growth rate for the inland water system have been calculated with an area buffer of 10 kilometers.
g Excluding Antarctica.

is particularly the case in river systems with parts of their basins in
arid and semiarid areas. [20]

The water requirements of aquatic ecosystems are in competi-
tion with human water demands. Changes in flow regime, trans-
port of sediments and chemical pollutants, modification of habitat,
and disruption of the migration routes of aquatic biota are some
of the major consequences of this competition. Through con-
sumptive use and interbasin transfers, several of the world’s
largest rivers no longer run all the way to the sea for all or
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part of the year (such as the Nile, the Yellow, and the Colo-
rado). [7]

The declining condition of inland waters is putting the ser-
vices derived from these ecosystems at risk. The increase in pollu-
tion to waterways, combined with the degradation of wetlands,
has reduced the capacity of inland waters to filter and assimilate
waste. Water quality degradation is most severe in areas where
water is scarce—arid, semiarid, and dry subhumid regions. Toxic
substances and chemicals novel to the ecosystem are reaching wa-
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terways in increasing amounts with highly uncertain long-term
effects on ecosystems and humans. [20]

Estimates are that between 1.5 billion and 3 billion peo-
ple depend on groundwater supplies for drinking. Ground-
water is the source of water for 40% of industrial use and 20% of
irrigation globally. In arid countries this dependency is even
greater; for example, Saudi Arabia supplies nearly 100% of its irri-
gation requirement through groundwater. Overuse and contami-
nation of groundwater aquifers are known to be widespread and
growing problems in many parts of the world, although many
pollution and contamination problems that affect groundwater
supplies have been more difficult to detect and have only recently
been discovered. [7]

Inland waters have high aesthetic, artistic, educational, cul-
tural, and spiritual values in virtually all cultures and are a focus of
growing demand for recreation and tourism. [20]

Dryland Systems: Deserts, Semiarid, and Dry
Subhumid Rangelands

Drylands cover 41% of Earth’s land surface and are inhabited by
more than 2 billion people, about one third of the human popula-
tion. Semiarid drylands are the most vulnerable to loss of
ecosystem services (medium certainty), because they have a rela-
tively high population in relation to the productive capacity of
the system. [22].

Desertification is the process of degradation in drylands,
where degradation is defined as a persistent net loss of capacity to
yield provisioning, regulating, and supporting ecosystem services.
Worldwide, about 10–20% of drylands are judged to be de-
graded (medium certainty). The main causes of dryland degrada-
tion are grazing with domestic livestock and cutting of trees at
rates exceeding the regrowth capacity of the ecosystem, inappro-
priate cultivation practices that lead to erosion and salinization of
the soil, and climate change, which is affecting rates of evapo-
transpiration and precipitation.

Where the limits to sustainable cultivation and pastoralism
have been reached, the promotion of alternative livelihoods such
as production of crafts, tourism-related activities, and even aqua-
culture (such as aquatic organisms of high market value, cultured
in often abundant drylands’ low-quality water, within evapora-
tion-proof containers) can take some pressure off dryland ecosys-
tems and their services. [22]

Wetlands in drylands, such as oases, rivers, and marshes, are
disproportionately important in terms of the biodiversity that they
support and the ecosystem services they provide. [20, 22]

It is well established that desertification has adverse im-
pacts in non-dryland areas, often many thousands of kilome-
ters away. For example, dust storms resulting from reduced
vegetative cover lead to air quality problems, both locally and far
away. Drought and loss of land productivity are dominant factors
that cause people to migrate from drylands to better-serviced
areas. [22]

Forests, Including Woodlands and Tree Plantations

The global area of naturally regenerating forest has declined
throughout human history and has halved over the past three cen-
turies. Forests have effectively disappeared in 25 countries,
and more 90% of the former forest cover has been lost in a
further 29 countries. [21]

Following severe deforestation in past centuries, forest cover
and biomass in North America, Europe, and North Asia are cur-
rently increasing due to the expansion of forest plantations and
regeneration of natural forests. From 1990 to 2000, the global
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area of temperate forest increased by almost 3 million hectares per
year, of which approximately 1.2 million hectares were was
planted forest. The main location of deforestation is now in the
tropics, where it has occurred at an average rate exceeding 12
million hectares per year over the past two decades. (See Figure
C5.) Taken as a whole, the world’s forests are not managed
in a sustainable way, and there is a total net decrease in
global forest area, estimated at 9.4 million hectares per
year. In absolute terms, the rate and extent of woodland loss ex-
ceeds that of forests.

The decline in forest condition is caused, among other factors,
by the low political power of human communities in forest areas
in many countries; deforestation due to competitive land use and
poor management; slow change of traditional, wood-oriented
forest management paradigms; the lack of forest management on
landscape-ecosystem basis; acceleration of natural and human-
induced disturbance regimes during the last decade (possibly
linked to climate change); and illegal harvest in many developing
countries and countries with economies in transition, often linked
to corruption. [21]

In addition to the 3.3 billion cubic meters of wood delivered
by forests annually, numerous non-wood forest products are im-
portant in the lives of hundreds of millions people. Several studies
show that the combined economic value of ‘‘nonmarket’’ (social
and ecological) services often exceeds the economic value of di-
rect use of the timber, but the nonmarket values are usually not
considered in the determination of forest use. Wooded landscapes
are home to about 1.2 billion people, and 350 million of the
world’s people, mostly the poor, depend substantially for
their subsistence and survival on local forests. Forests and
woodlands constitute the natural environment and almost sole
source of livelihood for 60 million indigenous people and are
important in the cultural, spiritual, and recreational life of com-
munities worldwide. [21]

Terrestrial ecosystems, and wooded lands in particular, are tak-
ing up about a fifth of the global anthropogenic emissions of car-
bon dioxide, and they will continue to play a significant role in
limiting global climate change over the first decades of this cen-
tury. Tree biomass constitutes about of 80% of terrestrial biomass,
and forests and woodlands contain about half of the world’s
terrestrial organic carbon stocks. Forests and woodlands pro-
vide habitat for half or more of the world’s known terrestrial plant
and animal species, particularly in the tropics. [21]

Marine and Coastal Systems

All the oceans of the world, no matter how remote, are
now affected by human activities. Ecosystem degradation as-
sociated with fishing activities is the most widespread and domi-
nant impact, with pollution as an additional factor on coastal
shelves, and habitat loss a factor in populated coastal areas. [18,
19]

Global fish landings peaked in the late 1980s and are
now declining (medium certainty). There is little likelihood of this
declining trend reversing under current practices. Fishing pressure
is so strong in some marine systems that the biomass of targeted
species, especially larger fishes as well as those caught incidentally,
has been reduced by 10 times or more relative to levels prior to
the onset of industrial fishing. In addition to declining land-
ings, the average trophic level of global landings is declin-
ing (in other words, the high-value top-predator fish are being
replaced in catches by smaller, less preferred species), and the
mean size of caught fish is diminishing in many species, including
yellowfin and bigeye tuna. [18]
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Source: Millennium Ecosystem Assessment

spots

Figure C5. Locations Reported by Various Studies as Undergoing High Rates of Land Cover Change in the Past Few Decades. In
the case of forest cover change, the studies refer to the period 1980–2000 and are based on national statistics, remote sensing, and to a
limited degree expert opinion. In the case of land cover change resulting from degradation in drylands (desertification), the period is unspeci-
fied but inferred to be within the last half-century, and the major study was entirely based on expert opinion, with associated high levels of
uncertainty. Change in cultivated area is not shown. Note that areas showing little current change are often locations that have already
undergone major change.

Industrial fleets are fishing further offshore and deeper to meet
the global demand for fish. Until a few decades ago, depth and
distance from coasts protected much of the deep-ocean fauna
from the effect of fishing. Massive investments in the develop-
ment of fishing capacity has led to fleets that now operate in all
parts of the world’s oceans, including polar areas, at great depths,
and in low-productivity tropical zones. These trawl catches are
extracted from easily depleted accumulations of long-lived spe-
cies. The biomass of large pelagic fishes exploited by long liners,
purse seiners, and drift netters have also plummeted. Some
fisheries that collapsed in recent decades show no signs of
recovering, such as Newfoundland cod stocks in the northwest
Atlantic and orange roughy in New Zealand. [18]

Oil spills, depletions of marine mammals and seabirds, and
ocean dumping also contribute to degradation in marine systems,
especially at local and regional scales. Although major oils spills
are infrequent, their impacts are severe when they do occur.
Overfishing and pollution affect marine mammals and seabirds
through declining food availability. An estimated 313,000 con-
tainers of low-intermediate radioactive waste dumped in the At-
lantic and Pacific Oceans since 1970 pose a significant threat to
deep-sea ecosystems should the containers leak. [18]

Coastal ecosystems are among the most productive yet highly
threatened systems in the world. Approximately 35% of man-
groves for which data are available and 20% of coral reefs are
estimated to have been destroyed, and a further 20% of corals
degraded globally since 1960. Degradation is also a severe prob-
lem, both from pressures originating within the coastal zones and
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from the negative impacts of upstream land uses. Upstream fresh-
water diversion has meant a 30% decrease worldwide in water
and sediment delivery to estuaries, which are key nursery areas
and fishing grounds. [19] Knowledge of cold-water corals is lim-
ited, and new large reefs are still being discovered. Cold-water
coral reefs are estimated to have high species diversity, the biggest
threat to which comes from fishery trawling activities.

The main indirect drivers of coastal ecosystem change are re-
lated to development activities on the land, particularly in areas
adjacent to the coast. Approximately 17% of the world lives
within the boundaries of the MA coastal system (up to an eleva-
tion of 50 meters above sea level and no further than 100 kilome-
ters from a coast), and approximately 40% live in the full area
within 100 kilometers of a coast. The absolute number is increas-
ing through a combination of in-migration, high reproduction
rates, and tourism. Physical demand on coastal space is increasing
through urban sprawl, resort and port development, and aquacul-
ture, the impacts of which extend beyond the direct footprints
due to pollution, sedimentation, and changes in coastal dynamics.
Destructive fishing practices, overharvesting, climate change, and
associated sea level rise are also important threats to coastal habi-
tats, including forests, wetlands, and coral reefs.

Nearly half of the coastal population has no access to
improved sanitation and thus faces increasing risks of dis-
ease as well as decreasing ecosystem services as a result of
pollution by human wastes. Harmful algal blooms and other
pathogens affecting the health of both humans and marine organ-
isms are on the rise. [19] Nitrogen loading to the coastal zone has
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doubled worldwide and has driven coral reef community shifts.
Alien species invasions have also altered coastal ecosystems and
threaten both marine species and human well-being. [18]

Island Systems

The ability of island systems to meet the rising demands of local
populations for services has declined considerably, such that some
islands are now unable to meet such demands without importing
significant services from elsewhere. Biodiversity loss and habi-
tat destruction on islands can have more immediate and
serious repercussions than on continental systems, as a con-
sequence of the relatively restricted genetic diversity, small popu-
lation sizes and narrow distribution ranges of plants and animals
on islands. Many studies show that specialization, coupled with
isolation and endemism, make island ecosystems especially sensi-
tive to disturbances. Island species have become extinct at rates
that have exceeded those observed on continents, and the most
important driver of wild population declines and species extinc-
tion on islands has been the introduction of invasive alien species.
Although the idea that islands are more susceptible to biological
invasion is poorly supported by current information, the impacts
of invasive species once they are established are usually more rapid
and more pronounced on islands. [23]

In recent years tourism, especially nature-based tourism, has
been the largest area of economic diversification for inhabited
islands. However, unplanned and unregulated development has
resulted in ecosystem degradation, including pollution, and loss of
coral reefs, which is undermining the very resource on which the
tourism sector is based. Alternative, more environmentally and
culturally sensitive forms of tourism (‘‘ecotourism’’) have devel-
oped in some areas. [23]

Cultivated Systems: Croplands, Planted Pastures,
and Agroforestry

Cultivated lands are ecosystems highly transformed and managed
by humans for the purpose of providing food and fiber, often at
the expense of other ecosystem services. More land was con-
verted to cropland in the 30 years after 1950 than in the 150
years between 1700 and 1850, and one quarter of Earth’s
terrestrial surface is now occupied by cultivated systems.
(See Figure C6.) Within this area, one fifth is irrigated. [26]

As the demand for food, feed, and fiber has increased, farmers
have responded both by expanding the area under cultivation (ex-
tensification) and by raising yields per unit land and per unit time
(intensification). Over the past 40 years, in global aggregate,
intensification has been the primary source of increased
output, and in many regions (including in the European Union,
North America, Australia, and recently China) the extent of land
under cultivation has stabilized or even contracted. However,
countries with low productivity and high population pressure—
conditions that apply in much of sub-Saharan Africa—continue
to rely mainly on expansion of cultivated areas for increasing food
productivity. In Asia (outside of China), almost no high-productivity
land remains available for the expansion of agriculture. Area
expansion usually brings more marginal land (steeper slopes,
poorer soils, and harsher climates) into production, often with
unwelcome social and environmental consequences. Urban
expansion is a growing cause of displacement of cultivation, but
the area involved remains small in global terms. [26]

Increases in the yields of crop production systems due
to increased use of inputs over the past 40 years have re-
duced the pressure to convert other ecosystems into crop-
land. Twenty million square kilometers of natural ecosystem have
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been protected from conversion to farmland since 1950 due to
more intensive production. On the other hand, intensification has
increased pressure on inland water ecosystems due to increased
water withdrawals for irrigation and to nutrient and pesticide
leakage from cultivated lands, with negative consequences for
freshwater and coastal systems, such as eutrophication. Inten-
sification also generally reduces biodiversity within agricultural
landscapes and requires higher energy inputs in the form of mech-
anization and the production of chemical fertilizers. Especially in
systems that are already highly intensified, the marginal value of
further increased production must be weighed against the addi-
tional environmental impacts. [26]

The intrinsic capacity of cultivated systems to support
crop production is being undermined by soil erosion and
salinization and by loss of agricultural biodiversity, but their
effect on food production is masked by increasing use of fertilizer,
water, and other agricultural inputs. (See Figure C7.) [8, 22, 26]

National policies, international agreements, and market forces
play a significant role in determining the fate of ecosystems ser-
vices as a consequence of cultivation. They all influence farmer
choices about the scale and type of cultivation as well as the level
and mix of production inputs that, in turn, influence trade-offs
among the mix and level of ecosystem services that cultivated
systems can deliver. [26]

Urban Systems

Urban areas currently cover less than 3% of the total land area
of Earth, but they contain an increasing fraction of the world’s
population. Currently about half of the world’s people live in
urban areas. The urban requirements for ecosystem services are
high, but it could be just as stressful if the same number of people,
with similar consumption and production patterns, were dispersed
over the rural landscape. In general, the well-being of urban
dwellers is higher than that of their rural neighbors, as mea-
sured by wealth, health, and education indicators. Urban centers
facilitate human access to and management of certain ecosystem
services through, for example, the scale economies of piped water
systems. [27]

Nevertheless, urban developments pose significant challenges
with respect to ecosystem services and human well-being. The
problems include inadequate and inequitable access to ecosystem
services within urban areas, degradation of ecosystems adjoining
urban areas, and pressures on distant ecosystems resulting from
production, consumption, and trade originating in urban areas.
[27]

In affluent countries, the negative impacts of urban set-
tlements on ecosystem services and human well-being
have been delayed and passed on to future generations or
displaced onto locations away from the urban area. While
urban developments in other parts of the world have been quite
different, this trend and its political implication remain significant.
[27]

Interrelated problems involving local water, sanitation, waste,
and pests contribute a large share of the urban burden of disease,
especially in low-income settlements. The consumption and pro-
duction activities driving long-term, global ecosystem change are
concentrated in urban centers, especially upper-income settle-
ments. [27]

Urbanization is not inherently bad for ecosystems: eco-
systems in and around urban areas can provide a high level of
biodiversity, food production, water services, comfort, amenities,
cultural values, and so on if well managed. When the loss of eco-
system services due to urban activities is systematically addressed,
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Figure C6. Extent of Cultivated Systems in 2000. Cultivated systems (defined in the MA to be areas in which at least 30% of the landscape
comes under cultivation in any particular year) cover 24% of the terrestrial surface.

Figure C7. Trends in the Factors Related to Global Food Production since 1961. There have been significant trade-offs in cultivated
systems between food production and water availability for other uses (due to irrigation), as well as water quality (due to increased nutrient
loading). The role of improved crop varieties has also been extremely significant since 1961.

these losses can be greatly reduced. With a few exceptions, how-
ever, there is little evidence of cities taking significant steps to
reduce their global ecosystem burdens. A city may be sustained
by ecosystem services derived from an area up to 100 times larger
than the city itself. [27]
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Polar Systems

Direct, locally caused impacts of human activities on polar
regions have been modest, and the most significant causes
of change mainly originate outside the polar region. These
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global drivers must be addressed if loss of polar ecosystem services
and human well-being is to be avoided, but in the immediate
term, mitigation of impacts is the most feasible and urgent strat-
egy. Polar regions have a high potential to continue providing key
ecosystem services, particularly in wetlands, where biodiversity
and use of subsistence resources are concentrated. [25]

The climate has warmed more quickly in portions of the Arc-
tic (particularly in the western North American Arctic and central
Siberia) and Antarctic (especially the Antarctic peninsula) than
in any other region on Earth. As a consequence of regional
warming, ecosystem services and human well-being in
polar regions have been substantially affected (high certainty).
Warming-induced thaw of permafrost is widespread in Arctic
wetlands, causing threshold changes in ecosystem services, includ-
ing subsistence resources and climate feedbacks (energy and trace
gas fluxes) and support for industrial and residential infrastructure.

Regional warming interacts with socioeconomic change to
reduce the subsistence activities of indigenous and other rural
people, the segment of society with greatest cultural and eco-
nomic dependence on these resources. Warming has reduced ac-
cess to marine mammals due to there being less sea ice and has
made both the physical and the biotic environment less predict-
able. Industrial development has further reduced the capacity of
ecosystems to support subsistence activities in some locations. The
net effect is generally to increase the economic disparity between
rural subsistence users and urban residents in polar regions. [25]

Changes in polar biodiversity are affecting the resources on
which Arctic people depend for their livelihoods. Important
changes include increased shrub dominance in Arctic wetlands,
which contributes to summer warming trends and alters forage
available to caribou; changes in insect abundance that alter food
availability to wetland birds and energy budgets of reindeer and
caribou; increased abundance of snow geese that are degrading
Arctic wetlands; and overgrazing by domestic reindeer in parts of
Fennoscandia and Russia. There has also been a reduction of top
predators in Antarctic food webs, altering marine food resources
in the Southern Ocean. [25]

Increases in persistent organic pollutants and radionuclides in
subsistence foods have increased health risks in some regions of
the Arctic, but diet changes associated with the decline in harvest
of these foods are usually a greater health risk. [25]

Mountain Systems

Mountain systems straddle all geographical zones and contain
many different ecosystem types. Ninety percent of the 720 mil-
lion people in the global mountain population live in developing
and transition countries, with one third of them in China. Al-
most all of the people living above 2,500 meters (about 70
million people) live in poverty and are especially vulnera-
ble to food insecurity.

Human well-being in lowland areas often depends on re-
sources originating in mountain areas, such as timber, hydroelec-
tricity, and water. Indeed, river basins from mountain systems
supply nearly half of the human population with water, including
in some regions far from the mountains themselves, and loss of
ecosystem functions in mountains increases environmental
risks in both mountains and adjacent lowland areas. How-
ever, there is rarely a systematic reinvestment of benefits derived
from mountain systems in the conservation of upland resources.
Mountains often represent political borders, narrow key transport
corridors, or refuges for minorities and political opposition, and
as such they are often focal areas of armed conflicts. [24]
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The compression of climatic zones along an elevation gradient
in mountains results in large habitat diversity and species richness
in mountains, which commonly exceeds that found in lowlands.
Rates of endemism are also relatively high in mountains due to
topographic isolation. Mountains occupy about one fifth of the
terrestrial surface but host a quarter of terrestrial biodiversity,
nearly half of the world’s biodiversity ‘‘hotspots,’’ and 32% of the
global area designated for biodiversity protection. Mountains also
have high ethnocultural diversity. Scenic landscapes and clean air
make mountains target regions for recreation and tourism. [24]

Mountain ecosystems are unusually exposed and sensitive to a
variety of stresses, specifically climate-induced vegetative changes,
volcanic and seismic events, flooding, loss of soil and vegetation
caused by extractive industries, and inappropriate agricultural
practices. On average, glaciers have lost 6–7 meters of depth
(thickness) over the last 20 years, and this reduction in glacier
volume is expected to have a strong impact on dry-season river
flows in rivers fed largely by ice melt. The specialized nature
of mountain biota and low temperatures in mountain sys-
tems make recovery from disturbances typically very slow.
[24]

Limits, Trade-offs, and Knowledge

• The growing demand for provisioning services, such as water,
food, and fiber, has largely been met at the expense of support-
ing, regulating, and cultural ecosystem services.

• For some provisioning services, notably fresh water and wild-
harvested fish, demand exceeds the available supply in large
and expanding parts of the world.

• Some ongoing, large-scale human-induced ecosystem
changes, such as those involving loss of biodiversity, climate
change, excessive nutrient supply, and desertification, are ef-
fectively irreversible. Urgent mitigation action is needed to limit
the degree of change and its negative impacts on human well-
being.

• Enough is known to begin to make wiser decisions regarding
protection and use of ecosystem services. Making this informa-
tion available to decision-makers is the purpose of the Millen-
nium Ecosystem Assessment.

Limits and Thresholds in Coupled Human-
Ecological Systems

The current demand for many ecosystems services is un-
sustainable. If current trends in ecosystem services are
projected, unchanged, to the middle of the twenty-first
century, there is a high likelihood that widespread con-
straints on human well-being will result. This highlights the
need for globally coordinated adaptive responses, a topic further
explored in the MA Scenarios and Policy Responses volumes.

Some limits to the degree of acceptable ecosystem change rep-
resent the level of tolerance by society, reflecting the trade-offs
that people are willing (or forced) to make between different as-
pects of well-being. They are ‘‘soft limits,’’ since they are socially
determined and thus move as social circumstances change. Many
such limits are currently under international negotiation, indicat-
ing that some key ecosystem services are approaching levels of
concern. Examples are the amounts of fresh water allocated to
different countries in shared basins, regional air quality norms, and
the acceptable level of global climate change.
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Other limits are a property of the ecological system itself and
can be considered ‘‘hard limits.’’ Two types of hard limit are of
concern. The first is nonlinearity, which represents a point be-
yond which the loss of ecosystem services accelerates, sometimes
abruptly. An example is the nitrogen saturation of watersheds:
once the absorptive capacity of the ecosystem is exceeded, there
is a sudden increase in the amount of nitrogen leaking into the
aquatic environment. The second type is a true system threshold
that, if crossed, leads to a new regime from which return is diffi-
cult, expensive, or even impossible. An example is the minimum
habitat area required to sustain a viable population of a given spe-
cies. If the area falls below this, eventual extinction is inevitable.
We have fallen below this limit for many thousands of species
(medium certainty).

Abrupt and possibly irreversible change may not be
widely apparent until it is too late to do much about it. The
dynamics of both ecological and human systems have intrinsic
inertia—the tendency to continue changing even when the forces
causing the change are relieved. The complexity of coupled
human–ecological systems, together with our state of partial
knowledge, make it hard to predict precisely at what point such
thresholds lie. The overexploitation of wild fisheries is an example
of a threshold that has already been crossed in many regions. [6,
13, 18, 25]

Thresholds of abrupt and effectively irreversible change
are known to exist in the climate-ocean-land system (high
certainty), although their location is only known with low to
medium certainty. For example, it is well established that a decrease
in the vegetation cover in the Sahara several thousand years ago
was linked to a decrease in rainfall, promoting further loss of
cover, leading to the current dry Sahara. It is speculated that a simi-
lar mechanism may have been involved in the abrupt decrease in
rainfall in the Sahel in the mid-1970s. There are potential thresh-
olds associated with climate feedbacks on the global carbon cycle,
but large uncertainties remain regarding the strength of the feed-
back processes involved (such as the extent of warming-induced
increases in soil respiration, the risk of large-scale dieback of tropi-
cal forests, and the effects of CO2, nitrogen, and dust fertilization
on carbon uptake by terrestrial and marine ecosystems). [12, 13,
22, 25]

Current human-induced greenhouse gas emissions to
the atmosphere are greater than the capacity of global eco-
systems to absorb them (high certainty). The oceans and ter-
restrial ecosystems are currently absorbing only about half of the
carbon emissions resulting from fossil fuel combustion. As a result,
the atmospheric concentration of CO2 is rising, along with other
greenhouse gases, leading to climate change. Although land use
management can have a significant impact on CO2 concentrations
in the short term, future trends in atmospheric CO2 are likely to
depend more on fossil fuel emissions than on ecosystem change.
[13]

Nitrogen additions to the environment are approaching
critical limits in many regions. The increasing extent of oxy-
gen-poor ‘‘dead zones’’ in freshwater or coastal ecosystems that
have received elevated inputs of nutrients—nitrogen and phos-
phorus, in particular—over long periods of time is a symptom of
the degree to which the nutrient retention capacity of terrestrial
and freshwater systems has been overloaded. [12]

The capacity of Earth as a whole to render other waste
products of human activities relatively harmless is un-
known. It is well established that at high loading rates of wastes
such as persistent organic pollutants, heavy metals, and radionu-
clides, the local ecosystem capacity can be overwhelmed, allowing
waste accumulation to the detriment of human well-being and
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the loss of ecosystem biodiversity [15]. A potential nonlinear re-
sponse, currently the subject of intensive scientific research, is the
atmospheric capacity to cleanse itself of air pollution (in particular,
hydrocarbons and reactive nitrogen compounds). This capacity
depends on chemical reactions involving the hydroxyl radical, the
atmospheric concentration of which has declined by about 10%
(medium certainty) since preindustrial times. [13]

Understanding the Trade-offs Associated with Our
Actions

The growth in human well-being over the last several dec-
ades has come in large part through increases in provision-
ing services, usually at the expense of other services. In
particular:
• The substantial increase in the production of food and fiber

has expanded the area of cultivated systems (including planta-
tion forests) at the expense of semi-natural ecosystems such as
forests, rangelands, and wetlands. It has largely been achieved
as a result of large inputs of nutrients, water, energy, and pesti-
cides, with deleterious consequences for other ecosystems and
the global climate.

• Clearing and transformation of previously forested land for
agricultural and timber production, especially in tropical and
sub-tropical forests, has reduced the land’s capacity to regulate
flows of water, store carbon, and support biological diversity
and the livelihoods of forest-dwelling people.

• Harvesting of fish and other resources from coastal and marine
systems (which are simultaneously under pressure from ele-
vated flows of nutrients, sediments, and pollutants from the
land) has impaired these systems’ capacity to continue to de-
liver food in the future.
This assessment has shown that although we have many

of the conceptual and analytical tools to illustrate the exis-
tence of trade-offs, the detailed information required to
quantify adequately even the main trade-offs in economic
terms is generally either lacking or inaccessible. An example
of a tool useful for trade-off analysis is the valuation of ecosystem
services, but such valuations have only been done for a few ser-
vices and in a few places. The MA has also shown that failure to
fully comprehend the trade-offs associated with particular actions
has, in many instances, resulted either in a net decrease in human
well-being or in an increase that is substantially less than it could
have been. Examples of this include the loss of non-wood prod-
ucts and watershed services from overlogged forests, the loss of
timber and the declines in offshore fisheries and storm protection
from conversion of mangroves to aquaculture, and the loss of
wetland products from conversion to intensive agriculture. (See
Figure C8.) The continued tendency to make decisions on a sec-
toral basis prevents trade-offs from being fully considered.

Several independently derived international goals and
commitments are interconnected via the ecosystems they
affect. Thoughtful and informed consideration of trade-
offs and synergies would be best achieved by coordinated
implementation. An example of the importance of ecosystem
service trade-offs in the pursuit of human well-being is provided
by the Millennium Development Goals. In meeting the goal of
reducing hunger, for instance, progress toward the goal of envi-
ronmental sustainability could be compromised, and vice versa. A
narrowly sectoral approach often simply displaces problems to
other sectors. Ecosystem approaches, as adopted by the Conven-
tion on Biological Diversity, the Ramsar Convention on Wet-
lands, the Food and Agriculture Organization, and others, show
promise for improving the future condition of services and human
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Figure C8. Economic Benefits under Alternate Management
Practices. In each case, the net benefits from the more sustainably
managed ecosystem are greater than those from the converted eco-
system even though the private (market) benefits would be greater
from the converted ecosystem. (Where ranges of values are given in
the original source, lower estimates are plotted here.)

well-being as a whole, specifically by balancing the objectives of
economic development and ecosystem integrity. In managing
ecosystems, a balance needs to be found between provisioning
services on the one hand and supporting, regulating, cultural and
amenity services on the other hand. [7, 28]

Knowledge and Uncertainty

The experience of this assessment has been that it is hard to
demonstrate, quantitatively and unequivocally, the widely
accepted and intuitive link between ecosystem changes
and changes in human well-being. There are several reasons
for this. First, the impacts of ecosystem change on well-being are
often subtle, which is not to say unimportant; impacts need not
be blatant to be significant. Second, human well-being is affected
by many factors in addition to the effects of ecosystem services.
Health outcomes, for example, are the combined result of ecosys-
tem condition, access to health care, economic status, and myriad
other factors. Unequivocally linking ecosystem changes to changes
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in well-being, and vice versa, is especially difficult when the data
are patchy in both cases, as they usually are. Analyses linking well-
being and ecosystem condition are most easily carried out at a
local scale, where the linkages can be most clearly identified, but
information on ecosystems and human well-being is often only
available in highly aggregated form, for instance at the national
level. Spatially explicit data with sub-national resolution would
greatly facilitate future assessments. [2]

The availability and accuracy of data sources and methods for
this assessment were greatest for provisioning services, such as
crop yield and timber production. Direct data on regulating, sup-
porting, and cultural services such as nutrient cycling, climate
regulation, or aesthetic value are difficult to obtain, making it
necessary to use proxies, modeled results, or extrapolations from
case studies. Data on biodiversity have strong biases toward the
species level, large organisms, temperate systems, and species used
directly by people. [2, 4, 28]

Knowledge for quantifying ecosystem responses to stress is
equally uneven. Methods to estimate crop yield responses to fer-
tilizer application, for example, are well developed, but methods
to quantify relationships between ecosystem services and human
well-being, such as the effects of altered levels of biodiversity on
the incidence of diseases in humans, are at an earlier stage of de-
velopment. Thousands of novel chemicals, including long-lived
synthetic pharmaceuticals, are currently entering the biosphere,
but there are few systematic studies to understand their impact on
ecosystems and human well-being. [2, 28]

Observation systems relating to ecosystem services are
generally inadequate to support informed decision-making.
Some previously more-extensive observation systems have de-
clined in recent decades. For example, substantial deterioration of
hydrographic networks is occurring throughout the world. The
same is true for standard water quality monitoring and the record-
ing of biological indicators. [7]

Both ‘‘traditional’’ and ‘‘formal’’ knowledge systems
have considerable value for achieving the conservation and
sustainable use of ecosystems. The loss of traditional knowl-
edge has significantly weakened the linkages between ecosystems
and cultural diversity and cultural identity. This loss has also had
a direct negative effect on biodiversity and the degradation of
ecosystems, for instance by exceeding traditionally established
norms for resource use. This knowledge is largely oral. As sig-
nificant is the loss of languages, which are the vehicle by which
cultures are communicated and reproduced. [17]

A Call for Action

Despite the gaps in knowledge, enough is known to indicate
the need for urgent collective action, building on existing
activities, to mitigate the further loss of ecosystem ser-
vices. It is well established that inadequate access to ecosystem ser-
vices currently is an important factor in the low well-being of a
large fraction of the global population and is likely to constrain
improvements in well-being in the future.

Urgency is indicated because in situations where the proba-
bility of effectively irreversible, negative impacts is high, where
the human and natural systems involved have high inertia, and
where knowledge of the consequences is incomplete, early action
to reduce the rate of change is more rational than waiting until
conditions become globally intolerable and potentially irrevers-
ible. Collective action is required because uncoordinated indi-
vidual action is necessary but insufficient to mitigate the many
issues that have large-scale underlying causes, mechanisms, or
consequences. Coordinated action at all levels of social organiza-
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tion—from local to global—is called for if the many islands of
local failure are not to coalesce into expanding regions of degrada-
tion and if problems with global reach are to be managed. Coor-
dinated action is also required to enable islands of local success to
be expanded and propagated in distant locations.

The history of human civilization has many examples of social
upheaval associated with ecosystem service failure at the local or
regional scale. There are many current examples where the de-
mands on ecosystems are exceeding the limits of the system to
supply ecosystem services. Global-scale examples are given in this
report, and local and regional examples are found in the Multiscale
Assessments volume. Two things are different now compared
with any other time in history: human impacts are now
ubiquitous and of greater intensity than at any time in the
past, and in most cases we can no longer plead ignorance
of the consequences. Whereas in the past, natural disasters, pol-
lution, or resource depletion led to local hardships, realignment
of power, and the regional migration of people to better-serviced
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areas, in the present era the impacts are global in reach. Displace-
ment of the problem to other places and future generations, or
starting afresh in a new place, are no longer viable options.

A turning point in the growth of the human population on
Earth is likely by mid-century. As the Scenarios and Policy Responses
volumes show, the opportunity and technical means exist to pro-
vide food, water, shelter, a less-hazardous environment, and a bet-
ter life to the existing population, and even to the additional 3
billion people likely to inhabit Earth by the middle of the twenty-
first century, but we are currently failing to achieve this. We are
also undermining our capacity to do so in the future by failing to
take actions that will reduce the risk of adverse changes in Earth’s
ecological systems that will be difficult and costly to reverse.

Reducing the pressure on critical systems and services
will be neither easy nor cost-free, but it is certain that net
human well-being is better served by maintaining ecosys-
tems in a condition that is capable of providing adequate
levels of essential services than by trying to restore such
functions at some future time.
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Main Messages

Human well-being and progress toward sustainable development are vi-
tally dependent upon improving the management of Earth’s ecosystems
to ensure their conservation and sustainable use. But while demands for
ecosystem services such as food and clean water are growing, human actions
are at the same time diminishing the capability of many ecosystems to meet
these demands.

Sound policy and management interventions can often reverse ecosys-
tem degradation and enhance the contributions of ecosystems to human
well-being, but knowing when and how to intervene requires substantial un-
derstanding of both the ecological and the social systems involved. Better
information cannot guarantee improved decisions, but it is a prerequisite for
sound decision-making.

The Millennium Ecosystem Assessment was established to help provide
the knowledge base for improved decisions and to build capacity for
analyzing and supplying this information.

This chapter presents the conceptual and methodological approach that
the MA used to assess options that can enhance the contribution of
ecosystems to human well-being. This same approach should provide a
suitable basis for governments, the private sector, and civil society to factor
considerations of ecosystems and ecosystem services into their own planning
and actions.

1.1 Introduction
Humanity has always depended on the services provided by the
biosphere and its ecosystems. Further, the biosphere is itself the
product of life on Earth. The composition of the atmosphere and
soil, the cycling of elements through air and waterways, and many
other ecological assets are all the result of living processes—and all
are maintained and replenished by living ecosystems. The human
species, while buffered against environmental immediacies by cul-
ture and technology, is ultimately fully dependent on the flow of
ecosystem services.

In his April 2000 Millennium Report to the United Nations
General Assembly, in recognition of the growing burden that de-
graded ecosystems are placing on human well-being and eco-
nomic development and the opportunity that better managed
ecosystems provide for meeting the goals of poverty eradication
and sustainable development, United Nations Secretary-General
Kofi Annan stated that:

It is impossible to devise effective environmental policy unless it is
based on sound scientific information. While major advances in data
collection have been made in many areas, large gaps in our knowledge
remain. In particular, there has never been a comprehensive global
assessment of the world’s major ecosystems. The planned Millennium
Ecosystem Assessment, a major international collaborative effort to
map the health of our planet, is a response to this need.

The Millennium Ecosystem Assessment was established with
the involvement of governments, the private sector, nongovern-
mental organizations, and scientists to provide an integrated as-
sessment of the consequences of ecosystem change for human
well-being and to analyze options available to enhance the con-
servation of ecosystems and their contributions to meeting human
needs. The Convention on Biological Diversity, the Convention
to Combat Desertification, the Convention on Migratory Spe-
cies, and the Ramsar Convention on Wetlands plan to use the
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findings of the MA, which will also help meet the needs of others
in government, the private sector, and civil society. The MA
should help to achieve the United Nations Millennium Develop-
ment Goals and to carry out the Plan of Implementation of the
2002 World Summit on Sustainable Development. It has mobi-
lized hundreds of scientists from countries around the world to
provide information and clarify science concerning issues of
greatest relevance to decision-makers. The MA has identified
areas of broad scientific agreement and also pointed to areas of
continuing scientific debate.

The assessment framework developed for the MA offers deci-
sion-makers a mechanism to:
• Identify options that can better achieve core human develop-

ment and sustainability goals. All countries and communities
are grappling with the challenge of meeting growing demands
for food, clean water, health, and employment. And decision-
makers in the private and public sectors must also balance eco-
nomic growth and social development with the need for envi-
ronmental conservation. All of these concerns are linked
directly or indirectly to the world’s ecosystems. The MA
process, at all scales, was designed to bring the best science to
bear on the needs of decision-makers concerning these links
between ecosystems, human development, and sustainability.

• Better understand the trade-offs involved—across sectors and
stakeholders—in decisions concerning the environment. Eco-
system-related problems have historically been approached
issue by issue, but rarely by pursuing multisectoral objectives.
This approach has not withstood the test of time. Progress
toward one objective such as increasing food production has
often been at the cost of progress toward other objectives such
as conserving biological diversity or improving water quality.
The MA framework complements sectoral assessments with
information on the full impact of potential policy choices
across sectors and stakeholders.

• Align response options with the level of governance where they
can be most effective. Effective management of ecosystems will
require actions at all scales, from the local to the global.
Human actions now directly or inadvertently affect virtually
all of the world’s ecosystems; actions required for the manage-
ment of ecosystems refer to the steps that humans can take to
modify their direct or indirect influences on ecosystems. The
management and policy options available and the concerns of
stakeholders differ greatly across these scales. The priority
areas for biodiversity conservation in a country as defined
based on ‘‘global’’ value, for example, would be very different
from those as defined based on the value to local communi-
ties. The multiscale assessment framework developed for the
MA provides a new approach for analyzing policy options at
all scales—from local communities to international conven-
tions.

1.2 What Is the Problem?
Ecosystem services are the benefits people obtain from ecosys-
tems, which the MA describes as provisioning, regulating, sup-
porting, and cultural services. (See Box 1.1.) Ecosystem services
include products such as food, fuel, and fiber; regulating services
such as climate regulation and disease control; and nonmaterial
benefits such as spiritual or aesthetic benefits. Changes in these
services affect human well-being in many ways. (See Figure 1.1.)

The demand for ecosystem services is now so great that trade-
offs among services have become the rule. A country can increase
food supply by converting a forest to agriculture, for example, but
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BOX 1.1

Key Definitions

Ecosystem. An ecosystem is a dynamic complex of plant, animal, and
microorganism communities and the nonliving environment interacting
as a functional unit. Humans are an integral part of ecosystems. Eco-
systems vary enormously in size; a temporary pond in a tree hollow
and an ocean basin can both be ecosystems.
Ecosystem services. Ecosystem services are the benefits people ob-
tain from ecosystems. These include provisioning services such as
food and water; regulating services such as regulation of floods,
drought, land degradation, and disease; supporting services such as
soil formation and nutrient cycling; and cultural services such as recre-
ational, spiritual, religious and other nonmaterial benefits.
Well-being. Human well-being has multiple constituents, including basic
material for a good life, freedom of choice and action, health, good
social relations, and security. Well-being is at the opposite end of a
continuum from poverty, which has been defined as a ‘‘pronounced
deprivation in well-being.’’ The constituents of well-being, as experi-
enced and perceived by people, are situation-dependent, reflecting
local geography, culture, and ecological circumstances.

in so doing it decreases the supply of services that may be of equal
or greater importance, such as clean water, timber, ecotourism
destinations, or flood regulation and drought control. There are
many indications that human demands on ecosystems will grow
still greater in the coming decades. Current estimates of 3 billion
more people and a quadrupling of the world economy by 2050
imply a formidable increase in demand for and consumption of
biological and physical resources, as well as escalating impacts on
ecosystems and the services they provide.

The problem posed by the growing demand for ecosystem
services is compounded by increasingly serious degradation in the
capability of ecosystems to provide these services. World fisheries
are now declining due to overfishing, for instance, and a signifi-
cant amount of agricultural land has been degraded in the past
half-century by erosion, salinization, compaction, nutrient deple-
tion, pollution, and urbanization. Other human-induced impacts
on ecosystems include alteration of the nitrogen, phosphorous,
sulfur, and carbon cycles, causing acid rain, algal blooms, and fish
kills in rivers and coastal waters, along with contributions to cli-
mate change. In many parts of the world, this degradation of eco-
system services is exacerbated by the associated loss of the
knowledge and understanding held by local communities—
knowledge that sometimes could help to ensure the sustainable
use of the ecosystem.

This combination of ever-growing demands being placed on
increasingly degraded ecosystems seriously diminishes the pros-
pects for sustainable development. Human well-being is affected
not just by gaps between ecosystem service supply and demand
but also by the increased vulnerability of individuals, communi-
ties, and nations. Productive ecosystems, with their array of ser-
vices, provide people and communities with resources and
options they can use as insurance in the face of natural catastro-
phes or social upheaval. While well-managed ecosystems reduce
risks and vulnerability, poorly managed systems can exacerbate
them by increasing risks of flood, drought, crop failure, or disease.

Ecosystem degradation tends to harm rural populations more
directly than urban populations and has its most direct and severe
impact on poor people. The wealthy control access to a greater
share of ecosystem services, consume those services at a higher
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per capita rate, and are buffered from changes in their availability
(often at a substantial cost) through their ability to purchase scarce
ecosystem services or substitutes. For example, even though a
number of marine fisheries have been depleted in the past century,
the supply of fish to wealthy consumers has not been disrupted
since fishing fleets have been able to shift to previously underex-
ploited stocks. In contrast, poor people often lack access to alter-
nate services and are highly vulnerable to ecosystem changes that
result in famine, drought, or floods. They frequently live in loca-
tions particularly sensitive to environmental threats, and they lack
financial and institutional buffers against these dangers. Degrada-
tion of coastal fishery resources, for instance, results in a decline
in protein consumed by the local community since fishers may
not have access to alternate sources of fish and community mem-
bers may not have enough income to purchase fish. Degradation
affects their very survival.

Changes in ecosystems affect not just humans but countless
other species as well. The management objectives that people set
for ecosystems and the actions that they take are influenced not
just by the consequences of ecosystem changes for humans but
also by the importance people place on considerations of the in-
trinsic value of species and ecosystems. Intrinsic value is the value
of something in and for itself, irrespective of its utility for some-
one else. For example, villages in India protect ‘‘spirit sanctuaries’’
in relatively natural states, even though a strict cost-benefit calcu-
lation might favor their conversion to agriculture. Similarly, many
countries have passed laws protecting endangered species based
on the view that these species have a right to exist, even if their
protection results in net economic costs. Sound ecosystem man-
agement thus involves steps to address the utilitarian links of peo-
ple to ecosystems as well as processes that allow considerations
of the intrinsic value of ecosystems to be factored into decision-
making.

The degradation of ecosystem services has many causes, in-
cluding excessive demand for ecosystem services stemming from
economic growth, demographic changes, and individual choices.
Market mechanisms do not always ensure the conservation of
ecosystem services either because markets do not exist for services
such as cultural or regulatory services or, where they do exist,
because policies and institutions do not enable people living
within the ecosystem to benefit from services it may provide to
others who are far away. For example, institutions are now only
beginning to be developed to enable those benefiting from carbon
sequestration to provide local managers with an economic incen-
tive to leave a forest uncut, while strong economic incentives
often exist for managers to harvest the forest. Also, even if a mar-
ket exists for an ecosystem service, the results obtained through
the market may be socially or ecologically undesirable. Properly
managed, the creation of ecotourism opportunities in a country
can create strong economic incentives for the maintenance of the
cultural services provided by ecosystems, but poorly managed
ecotourism activities can degrade the very resource on which they
depend. Finally, markets are often unable to address important
intra- and intergenerational equity issues associated with manag-
ing ecosystems for this and future generations, given that some
changes in ecosystem services are irreversible.

The world has witnessed in recent decades not just dramatic
changes to ecosystems but equally profound changes to social sys-
tems that shape both the pressures on ecosystems and the oppor-
tunities to respond. The relative influence of individual nation-
states has diminished with the growth of power and influence
of a far more complex array of institutions, including regional
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Figure 1.1. Linkages between Ecosystem Services and Human Well-being. This Figure depicts the strength of linkages between catego-
ries of ecosystem services and components of human well-being that are commonly encountered and includes indications of the extent to
which it is possible for socioeconomic factors to mediate the linkage. (For example, if it is possible to purchase a substitute for a degraded
ecosystem service, then there is a high potential for mediation.) The strength of the linkages and the potential for mediation differ in different
ecosystems and regions. In addition to the influence of ecosystem services on human well-being depicted here, other factors—including other
environmental factors as well as economic, social, technological, and cultural factors—influence human well-being, and ecosystems are in
turn affected by changes in human well-being. (Millennium Ecosystem Assessment)

governments, multinational companies, the United Nations, and
civil society organizations. Stakeholders have become more in-
volved in decision-making. Given the multiple actors whose de-
cisions now strongly influence ecosystems, the challenge of
providing information to decision-makers has grown. At the same
time, the new institutional landscape may provide an
unprecedented opportunity for information concerning ecosys-
tems to make a major difference. Improvements in ecosystem
management to enhance human well-being will require new in-
stitutional and policy arrangements and changes in rights and ac-
cess to resources that may be more possible today under these
conditions of rapid social change than they have ever been before.

Like the benefits of increased education or improved gover-
nance, the protection, restoration, and enhancement of ecosystem
services tends to have multiple and synergistic benefits. Already,
many governments are beginning to recognize the need for more
effective management of these basic life-support systems. Exam-
ples of significant progress toward sustainable management of bio-
logical resources can also be found in civil society, in indigenous
and local communities, and in the private sector.
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1.3 Conceptual Framework
The conceptual framework for the MA places human well-being
as the central focus for assessment, while recognizing that biodiv-
ersity and ecosystems also have intrinsic value and that people take
decisions concerning ecosystems based on considerations of well-
being as well as intrinsic value. (See Box 1.2.) The MA concep-
tual framework assumes that a dynamic interaction exists between
people and other parts of ecosystems, with the changing human
condition serving to both directly and indirectly drive change in
ecosystems and with changes in ecosystems causing changes in
human well-being. At the same time, many other factors indepen-
dent of the environment change the human condition, and many
natural forces are influencing ecosystems.

The MA focuses particular attention on the linkages between
ecosystem services and human well-being. The assessment deals
with the full range of ecosystems—from those relatively undis-
turbed, such as natural forests, to landscapes with mixed patterns
of human use and ecosystems intensively managed and modified
by humans, such as agricultural land and urban areas.
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A full assessment of the interactions between people and eco-
systems requires a multiscale approach because it better reflects
the multiscale nature of decision-making, allows the examination
of driving forces that may be exogenous to particular regions, and
provides a means of examining the differential impact of ecosys-
tem changes and policy responses on different regions and groups
within regions.

This section explains in greater detail the characteristics of
each of the components of the MA conceptual framework, mov-
ing clockwise from the lower left corner of the Figure in Box 1.2.

1.3.1 Ecosystems and Their Services

An ecosystem is a dynamic complex of plant, animal, and micro-
organism communities and the nonliving environment interact-
ing as a functional unit. Humans are an integral part of
ecosystems. Ecosystems provide a variety of benefits to people,
including provisioning, regulating, cultural, and supporting ser-
vices. Provisioning services are the products people obtain from
ecosystems, such as food, fuel, fiber, fresh water, and genetic re-
sources. Regulating services are the benefits people obtain from
the regulation of ecosystem processes, including air quality main-
tenance, climate regulation, erosion control, regulation of human
diseases, and water purification. Cultural services are the nonma-
terial benefits people obtain from ecosystems through spiritual en-
richment, cognitive development, reflection, recreation, and
aesthetic experiences. Supporting services are those that are nec-
essary for the production of all other ecosystem services, such as
primary production, production of oxygen, and soil formation.

Biodiversity and ecosystems are closely related concepts. Bio-
diversity is the variability among living organisms from all sources,
including terrestrial, marine, and other aquatic ecosystems and the
ecological complexes of which they are part. It includes diversity
within and between species and diversity of ecosystems. Diversity
is a structural feature of ecosystems, and the variability among
ecosystems is an element of biodiversity. Products of biodiversity
include many of the services produced by ecosystems (such as
food and genetic resources), and changes in biodiversity can in-
fluence all the other services they provide. In addition to the im-
portant role of biodiversity in providing ecosystem services, the
diversity of living species has intrinsic value independent of any
human concern.

The concept of an ecosystem provides a valuable framework
for analyzing and acting on the linkages between people and the
environment. For that reason, the ‘‘ecosystem approach’’ has been
endorsed by the Convention on Biological Diversity, and the MA
conceptual framework is entirely consistent with this approach.
The CBD states that the ecosystem approach is a strategy for the
integrated management of land, water, and living resources that
promotes conservation and sustainable use in an equitable way.
This approach recognizes that humans, with their cultural diver-
sity, are an integral component of many ecosystems.

In order to implement the ecosystem approach, decision-
makers need to understand the multiple effects on an ecosystem of
any management or policy change. By way of analogy, decision-
makers would not make a decision about financial policy in a
country without examining the condition of the economic sys-
tem, since information on the economy of a single sector such as
manufacturing would be insufficient. The same need to examine
the consequences of changes for multiple sectors applies to eco-
systems. For instance, subsidies for fertilizer use may increase food
production, but sound decisions also require information on
whether the potential reduction in the harvests of downstream
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fisheries as a result of water quality degradation from the fertilizer
runoff might outweigh those benefits.

For the purpose of analysis and assessment, a pragmatic view
of ecosystem boundaries must be adopted, depending on the
questions being asked. A well-defined ecosystem has strong inter-
actions among its components and weak interactions across its
boundaries. A useful choice of ecosystem boundary is one where
a number of discontinuities coincide, such as in the distribution
of organisms, soil types, drainage basins, and depth in a water-
body. At a larger scale, regional and even globally distributed eco-
systems can be evaluated based on a commonality of basic
structural units. The global assessment being undertaken by the
MA reports on marine, coastal, inland water, forest, dryland, is-
land, mountain, polar, cultivated, and urban regions. These re-
gions are not ecosystems themselves, but each contains a number
of ecosystems. (See Box 1.3.)

People seek multiple services from ecosystems and thus per-
ceive the condition of given ecosystems in relation to their ability
to provide the services desired. Various methods can be used to
assess the ability of ecosystems to deliver particular services. With
those answers in hand, stakeholders have the information they
need to decide on a mix of services best meeting their needs. The
MA considers criteria and methods to provide an integrated view
of the condition of ecosystems. The condition of each category
of ecosystem services is evaluated in somewhat different ways,
although in general a full assessment of any service requires con-
siderations of stocks, flows, and resilience of the service.

1.3.2 Human Well-being and Poverty Reduction

Human well-being has multiple constituents, including the basic
material for a good life, freedom of choice and action, health,
good social relations, and security. Poverty is also multidimen-
sional and has been defined as the pronounced deprivation of
well-being. How well-being, ill-being, or poverty are experi-
enced and expressed depends on context and situation, reflecting
local physical, social, and personal factors such as geography, envi-
ronment, age, gender, and culture. In all contexts, however, eco-
systems are essential for human well-being through their
provisioning, regulating, cultural, and supporting services.

Human intervention in ecosystems can amplify the benefits to
human society. However, evidence in recent decades of escalating
human impacts on ecological systems worldwide raises concerns
about the spatial and temporal consequences of ecosystem changes
detrimental to human well-being. Ecosystem changes affect
human well-being in the following ways:
• Security is affected both by changes in provisioning services,

which affect supplies of food and other goods and the likeli-
hood of conflict over declining resources, and by changes in
regulating services, which could influence the frequency and
magnitude of floods, droughts, landslides, or other catastro-
phes. It can also be affected by changes in cultural services as,
for example, when the loss of important ceremonial or spiri-
tual attributes of ecosystems contributes to the weakening of
social relations in a community. These changes in turn affect
material well-being, health, freedom and choice, security, and
good social relations.

• Access to basic material for a good life is strongly linked to
both provisioning services such as food and fiber production
and regulating services, including water purification.

• Health is strongly linked to both provisioning services such as
food production and regulating services, including those that
influence the distribution of disease-transmitting insects and
of irritants and pathogens in water and air. Health can also be
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BOX 1.2

Millennium Ecosystem Assessment Conceptual Framework

Changes in factors that indirectly affect ecosystems, such as population, These interactions can take place at more than one scale and can cross
technology, and lifestyle (upper right corner of figure), can lead to changes scales. For example, a global market may lead to regional loss of forest
in factors directly affecting ecosystems, such as the catch of fisheries or cover, which increases flood magnitude along a local stretch of a river.
the application of fertilizers to increase food production (lower right cor- Similarly, the interactions can take place across different time scales. Ac-
ner). The resulting changes in the ecosystem (lower left corner) cause the tions can be taken either to respond to negative changes or to enhance
ecosystem services to change and thereby affect human well-being. positive changes at almost all points in this framework (black cross bars).

Source: Millennium Ecosystem Assessment

linked to cultural services through recreational and spiritual
benefits.

• Social relations are affected by changes to cultural services,
which affect the quality of human experience.

• Freedom of choice and action is largely predicated on the exis-
tence of the other components of well-being and are thus
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influenced by changes in provisioning, regulating, or cultural
services from ecosystems.
Human well-being can be enhanced through sustainable

human interactions with ecosystems supported by necessary in-
struments, institutions, organizations, and technology. Creation of
these through participation and transparency may contribute to
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BOX 1.3

Reporting Categories Used in the Millennium Ecosystem Assessment

The MA used 10 categories of systems to report its global findings. (See differ across categories. Because these reporting categories overlap, any
Table.) These categories are not ecosystems themselves; each contains place on Earth may fall into more than one category. Thus, for example,
a number of ecosystems. The MA reporting categories are not mutually a wetland ecosystem in a coastal region may be examined both in the MA
exclusive: their areas can and do overlap. Ecosystems within each cate- analysis of ‘‘coastal systems’’ as well as in its analysis of ‘‘inland water
gory share a suite of biological, climatic, and social factors that tend to systems.’’

Millennium Ecosystem Assessment Reporting Categories

Category Central Concept Boundary Limits for Mapping

Marine Ocean, with fishing typically a major Marine areas where the sea is deeper than 50 meters.
driver of change

Coastal Interface between ocean and land, Area between 50 meters below mean sea level and 50 meters above the high tide level or
extending seawards to about the extending landward to a distance 100 kilometers from shore. Includes coral reefs, intertidal
middle of the continental shelf and zones, estuaries, coastal aquaculture, and seagrass communities.
inland to include all areas strongly
influenced by the proximity to the
ocean

Inland water Permanent water bodies inland from Rivers, lakes, floodplains, reservoirs, and wetlands; includes inland saline systems. Note that
the coastal zone, and areas whose the Ramsar Convention considers ‘‘wetlands’’ to include both inland water and coastal catego-
ecology and use are dominated by ries.
the permanent, seasonal, or inter-
mittent occurrence of flooded condi-
tions

Forest Lands dominated by trees; often A canopy cover of at least 40% by woody plants taller than 5 meters. The existence of many
used for timber, fuelwood, and non- other definitions is acknowledged, and other limits (such as crown cover greater than 10%, as
timber forest products used by the Food and Agriculture Organization of the United Nations) are also reported. In-

cludes temporarily cut-over forests and plantations; excludes orchards and agroforests where
the main products are food crops.

Dryland Lands where plant production is lim- Drylands as defined by the Convention to Combat Desertification, namely lands where annual
ited by water availability; the domi- precipitation is less than two thirds of potential evaporation, from dry subhumid areas (ratio
nant uses are large mammal ranges 0.50–0.65), through semiarid, arid, and hyper-arid (ratio �0.05), but excluding polar
herbivory, including livestock graz- areas; drylands include cultivated lands, scrublands, shrublands, grasslands, semi-deserts, and
ing, and cultivation true deserts.

Island Lands isolated by surrounding Islands of at least 1.5 hectares included in the ESRI ArcWorld Country Boundary dataset.
water, with a high proportion of
coast to hinterland

Mountain Steep and high lands As defined by Mountain Watch using criteria based on elevation alone, and at lower elevation,
on a combination of elevation, slope, and local elevation range. Specifically, elevation �2,500
meters, elevation 1,500–2,500 meters and slope �2 degrees, elevation 1,000–1,500 meters
and slope �5 degrees or local elevation range (7 kilometers radius) �300 meters, elevation
300–1,000 meters and local elevation range (7 kilometers radius) �300 meters, isolated inner
basins and plateaus less than 25 square kilometers extent that are surrounded by mountains.

Polar High-latitude systems frozen for Includes ice caps, areas underlain by permafrost, tundra, polar deserts, and polar coastal
most of the year areas. Excludes high-altitude cold systems in low latitudes.

Cultivated Lands dominated by domesticated Areas in which at least 30% of the landscape comes under cultivation in any particular year.
plant species, used for and substan- Includes orchards, agroforestry, and integrated agriculture-aquaculture systems.
tially changed by crop, agroforestry,
or aquaculture production

Urban Built environments with a high Known human settlements with a population of 5,000 or more, with boundaries delineated by
human density observing persistent night-time lights or by inferring areal extent in the cases where such

observations are absent.
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freedoms and choice as well as to increased economic, social, and
ecological security. By ecological security, we mean the minimum
level of ecological stock needed to ensure a sustainable flow of
ecosystem services.

Yet the benefits conferred by institutions and technology are
neither automatic nor equally shared. In particular, such opportu-
nities are more readily grasped by richer than poorer countries
and people; some institutions and technologies mask or exacer-
bate environmental problems; responsible governance, while es-
sential, is not easily achieved; participation in decision-making, an
essential element of responsible governance, is expensive in time
and resources to maintain. Unequal access to ecosystem services
has often elevated the well-being of small segments of the popula-
tion at the expense of others.

Sometimes the consequences of the depletion and degradation
of ecosystem services can be mitigated by the substitution of
knowledge and of manufactured or human capital. For example,
the addition of fertilizer in agricultural systems has been able to
offset declining soil fertility in many regions of the world where
people have sufficient economic resources to purchase these in-
puts, and water treatment facilities can sometimes substitute for
the role of watersheds and wetlands in water purification. But
ecosystems are complex and dynamic systems and there are limits
to substitution possibilities, especially with regulating, cultural,
and supporting services. No substitution is possible for the extinc-
tion of culturally important species such as tigers or whales, for
instance, and substitutions may be economically impractical for
the loss of services such as erosion control or climate regulation.
Moreover, the scope for substitutions varies by social, economic,
and cultural conditions. For some people, especially the poorest,
substitutes and choices are very limited. For those who are better
off, substitution may be possible through trade, investment, and
technology.

Because of the inertia in both ecological and human systems,
the consequences of ecosystem changes made today may not be
felt for decades. Thus, sustaining ecosystem services, and thereby
human well-being, requires a full understanding and wise man-
agement of the relationships between human activities, ecosystem
change, and well-being over the short, medium, and long term.
Excessive current use of ecosystem services compromises their fu-
ture availability. This can be prevented by ensuring that the use is
sustainable.

Achieving sustainable use requires effective and efficient insti-
tutions that can provide the mechanisms through which concepts
of freedom, justice, fairness, basic capabilities, and equity govern
the access to and use of ecosystem services. Such institutions may
also need to mediate conflicts between individual and social inter-
ests that arise.

The best way to manage ecosystems to enhance human well-
being will differ if the focus is on meeting needs of the poor and
weak or the rich and powerful. For both groups, ensuring the
long-term supply of ecosystem services is essential. But for the
poor, an equally critical need is to provide more equitable and
secure access to ecosystem services.

1.3.3 Drivers of Change

Understanding the factors that cause changes in ecosystems and
ecosystem services is essential to designing interventions that cap-
ture positive impacts and minimize negative ones. In the MA, a
‘‘driver’’ is any factor that changes an aspect of an ecosystem. A
direct driver unequivocally influences ecosystem processes and
can therefore be identified and measured to differing degrees of
accuracy. An indirect driver operates more diffusely, often by al-
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tering one or more direct drivers, and its influence is established
by understanding its effect on a direct driver. Both indirect and
direct drivers often operate synergistically. Changes in land cover,
for example, can increase the likelihood of introduction of alien
invasive species. Similarly, technological advances can increase
rates of economic growth.

The MA explicitly recognizes the role of decision-makers
who affect ecosystems, ecosystem services, and human well-
being. Decisions are made at three organizational levels, although
the distinction between those levels is often diffuse and difficult
to define:
• by individuals and small groups at the local level (such as a

field or forest stand) who directly alter some part of the eco-
system;

• by public and private decision-makers at the municipal, pro-
vincial, and national levels; and

• by public and private decision-makers at the international
level, such as through international conventions and multilat-
eral agreements.
The decision-making process is complex and multidimen-

sional. We refer to a driver that can be influenced by a decision-
maker as an endogenous driver and one over which the decision-
maker does not have control as an exogenous driver. The amount
of fertilizer applied on a farm is an endogenous driver from the
standpoint of the farmer, for example, while the price of the fertil-
izer is an exogenous driver, since the farmer’s decisions have little
direct influence on price. The specific temporal, spatial, and orga-
nizational scale dependencies of endogenous and exogenous driv-
ers and the specific linkages and interactions among drivers are
assessed in the MA.

Whether a driver is exogenous or endogenous to a decision-
maker is dependent upon the spatial and temporal scale. For ex-
ample, a local decision-maker can directly influence the choice of
technology, changes in land use, and external inputs (such as fer-
tilizers or irrigation), but has little control over prices and markets,
property rights, technology development, or the local climate. In
contrast, a national or regional decision-maker has more control
over many factors, such as macroeconomic policy, technology de-
velopment, property rights, trade barriers, prices, and markets.
But on the short time scale, that individual has little control over
the climate or global population. On the longer time scale, drivers
that are exogenous to a decision-maker in the short run, such
as population, become endogenous since the decision-maker can
influence them through, for instance, education, the advance-
ment of women, and migration policies.

The indirect drivers of change are primarily:
• demographic (such as population size, age and gender struc-

ture, and spatial distribution);
• economic (such as national and per capita income, macroeco-

nomic policies, international trade, and capital flows);
• sociopolitical (such as democratization, the roles of women,

of civil society, and of the private sector, and international
dispute mechanisms);

• scientific and technological (such as rates of investments in
research and development and the rates of adoption of new
technologies, including biotechnologies and information
technologies); and

• cultural and religious (such as choices individuals make about
what and how much to consume and what they value).
The interaction of several of these drivers, in turn, affects lev-

els of resource consumption and differences in consumption both
within and between countries. Clearly these drivers are chang-
ing—population and the world economy are growing, for in-
stance, there are major advances in information technology and
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biotechnology, and the world is becoming more interconnected.
Changes in these drivers are projected to increase the demand for
and consumption of food, fiber, clean water, and energy, which
will in turn affect the direct drivers. The direct drivers are primar-
ily physical, chemical, and biological—such as land cover change,
climate change, air and water pollution, irrigation, use of fertiliz-
ers, harvesting, and the introduction of alien invasive species.
Change is apparent here too: the climate is changing, species
ranges are shifting, alien species are spreading, and land degrada-
tion continues.

An important point is that any decision can have conse-
quences external to the decision framework. These consequences
are called externalities because they are not part of the decision-
making calculus. Externalities can have positive or negative ef-
fects. For example, a decision to subsidize fertilizers to increase
crop production might result in substantial degradation of water
quality from the added nutrients and degradation of downstream
fisheries. But it is also possible to have positive externalities. A
beekeeper might be motivated by the profits to be made from
selling honey, for instance, but neighboring orchards could pro-
duce more apples because of enhanced pollination arising from
the presence of the bees.

Multiple interacting drivers cause changes in ecosystem ser-
vices. There are functional interdependencies between and
among the indirect and direct drivers of change, and, in turn,
changes in ecological services lead to feedbacks on the drivers of
changes in ecological services. Synergetic driver combinations are
common. The many processes of globalization lead to new forms
of interactions between drivers of changes in ecosystem services.

1.3.4 Cross-scale Interactions and Assessment

An effective assessment of ecosystems and human well-being can-
not be conducted at a single temporal or spatial scale. Thus the
MA conceptual framework includes both of these dimensions.
Ecosystem changes that may have little impact on human well-
being over days or weeks (soil erosion, for instance) may have
pronounced impacts over years or decades (declining agricultural
productivity). Similarly, changes at a local scale may have little
impact on some services at that scale (as in the local impact of
forest loss on water availability) but major impacts at large scales
(forest loss in a river basin changing the timing and magnitude of
downstream flooding).

Ecosystem processes and services are typically most strongly
expressed, are most easily observed, or have their dominant con-
trols or consequences at particular spatial and temporal scales.
They often exhibit a characteristic scale—the typical extent or
duration over which processes have their impact. Spatial and tem-
poral scales are often closely related. For instance, food produc-
tion is a localized service of an ecosystem and changes on a weekly
basis, water regulation is regional and changes on a monthly or
seasonal basis, and climate regulation may take place at a global
scale over decades.

Assessments need to be conducted at spatial and temporal
scales appropriate to the process or phenomenon being examined.
Those done over large areas generally use data at coarse resolu-
tions, which may not detect fine-resolution processes. Even if
data are collected at a fine level of detail, the process of averaging
in order to present findings at the larger scale causes local patterns
or anomalies to disappear. This is particularly problematic for
processes exhibiting thresholds and nonlinearities. For example,
even though a number of fish stocks exploited in a particular area
might have collapsed due to overfishing, average catches across all
stocks (including healthier stocks) would not reveal the extent of
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the problem. Assessors, if they are aware of such thresholds and
have access to high-resolution data, can incorporate such infor-
mation even in a large-scale assessment. Yet an assessment done at
smaller spatial scales can help identify important dynamics of the
system that might otherwise be overlooked. Likewise, phenom-
ena and processes that occur at much larger scales, although ex-
pressed locally, may go unnoticed in purely local-scale
assessments. Increased carbon dioxide concentrations or decreased
stratospheric ozone concentrations have local effects, for instance,
but it would be difficult to trace the causality of the effects with-
out an examination of the overall global process.

Time scale is also very important in conducting assessments.
Humans tend not to think beyond one or two generations. If
an assessment covers a shorter time period than the characteristic
temporal scale, it may not adequately capture variability associated
with long-term cycles, such as glaciation. Slow changes are often
harder to measure, as is the case with the impact of climate change
on the geographic distribution of species or populations. More-
over, both ecological and human systems have substantial inertia,
and the impact of changes occurring today may not be seen for
years or decades. For example, some fisheries’ catches may in-
crease for several years even after they have reached unsustainable
levels because of the large number of juvenile fish produced be-
fore that level was reached.

Social, political, and economic processes also have characteris-
tic scales, which may vary widely in duration and extent. Those of
ecological and sociopolitical processes often do not match. Many
environmental problems originate from this mismatch between
the scale at which the ecological process occurs, the scale at which
decisions are made, and the scale of institutions for decision-mak-
ing. A purely local-scale assessment, for instance, may discover
that the most effective societal response requires action that can
occur only at a national scale (such as the removal of a subsidy
or the establishment of a regulation). Moreover, it may lack the
relevance and credibility necessary to stimulate and inform na-
tional or regional changes. On the other hand, a purely global
assessment may lack both the relevance and the credibility neces-
sary to lead to changes in ecosystem management at the local scale
where action is needed. Outcomes at a given scale are often heav-
ily influenced by interactions of ecological, socioeconomic, and
political factors emanating from other scales. Thus focusing solely
on a single scale is likely to miss interactions with other scales that
are critically important in understanding ecosystem determinants
and their implications for human well-being.

The choice of the spatial or temporal scale for an assessment
is politically laden, since it may intentionally or unintentionally
privilege certain groups. The selection of assessment scale with
its associated level of detail implicitly favors particular systems of
knowledge, types of information, and modes of expression over
others. For example, non-codified information or knowledge sys-
tems of minority populations are often missed when assessments
are undertaken at larger spatial scales or higher levels of aggrega-
tion. Reflecting on the political consequences of scale and bound-
ary choices is an important prerequisite to exploring what multi-
and cross-scale analysis in the MA might contribute to decision-
making and public policy processes at various scales.

1.4 Values Associated with Ecosystems
Current decision-making processes often ignore or underestimate
the value of ecosystem services. Decision-making concerning
ecosystems and their services can be particularly challenging be-
cause different disciplines, philosophical views, and schools of
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thought assess the value of ecosystems differently. One paradigm
of value, known as the utilitarian (anthropocentric) concept, is
based on the principle of humans’ preference satisfaction (wel-
fare). In this case, ecosystems and the services they provide have
value to human societies because people derive utility from their
use, either directly or indirectly (use values). Within this utilitar-
ian concept of value, people also give value to ecosystem services
that they are not currently using (non-use values). Non-use val-
ues, usually known as existence values, involve the case where
humans ascribe value to knowing that a resource exists even if
they never use that resource directly. These often involve the
deeply held historical, national, ethical, religious, and spiritual val-
ues people ascribe to ecosystems—the values that the MA recog-
nizes as cultural services of ecosystems.

A different, non-utilitarian value paradigm holds that some-
thing can have intrinsic value—that is, it can be of value in and
for itself—irrespective of its utility for someone else. From the
perspective of many ethical, religious, and cultural points of view,
ecosystems may have intrinsic value, independent of their contri-
bution to human well-being.

The utilitarian and non-utilitarian value paradigms overlap
and interact in many ways, but they use different metrics, with no
common denominator, and cannot usually be aggregated, al-
though both paradigms of value are used in decision-making
processes.

Under the utilitarian approach, a wide range of methodologies
has been developed to attempt to quantify the benefits of different
ecosystem services. These methods are particularly well devel-
oped for provisioning services, but recent work has also improved
the ability to value regulating and other services. The choice of
valuation technique in any given instance is dictated by the char-
acteristics of the case and by data availability. (See Box 1.4.)

Non-utilitarian value proceeds from a variety of ethical, cul-
tural, religious, and philosophical bases. These differ in the spe-
cific entities that are deemed to have intrinsic value and in the
interpretation of what having intrinsic value means. Intrinsic
value may complement or counterbalance considerations of utili-
tarian value. For example, if the aggregate utility of the services
provided by an ecosystem (as measured by its utilitarian value)
outweighs the value of converting it to another use, its intrinsic
value may then be complementary and provide an additional im-
petus for conserving the ecosystem. If, however, economic valua-
tion indicates that the value of converting the ecosystem
outweighs the aggregate value of its services, its ascribed intrinsic
value may be deemed great enough to warrant a social decision
to conserve it anyway. Such decisions are essentially political, not
economic. In contemporary democracies these decisions are made
by parliaments or legislatures or by regulatory agencies mandated
to do so by law. The sanctions for violating laws recognizing an
entity’s intrinsic value may be regarded as a measure of the degree
of intrinsic value ascribed to them. The decisions taken by busi-
nesses, local communities, and individuals also can involve con-
siderations of both utilitarian and non-utilitarian values.

The mere act of quantifying the value of ecosystem services
cannot by itself change the incentives affecting their use or mis-
use. Several changes in current practice may be required to take
better account of these values. The MA assesses the use of infor-
mation on ecosystem service values in decision-making. The goal
is to improve decision-making processes and tools and to provide
feedback regarding the kinds of information that can have the
most influence.

1.5 Assessment Tools
The information base exists in any country to undertake an assess-
ment within the framework of the MA. That said, although new
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BOX 1.4

Valuation of Ecosystem Services

Valuation can be used in many ways: to assess the total contribution
that ecosystems make to human well-being, to understand the incen-
tives that individual decision-makers face in managing ecosystems in
different ways, and to evaluate the consequences of alternative
courses of action. The MA uses valuation primarily in the latter sense:
as a tool that enhances the ability of decision-makers to evaluate trade-
offs between alternative ecosystem management regimes and courses
of social actions that alter the use of ecosystems and the multiple
services they provide. This usually requires assessing the change in
the mix (the value) of services provided by an ecosystem resulting
from a given change in its management.

Most of the work involved in estimating the change in the value of
the flow of benefits provided by an ecosystem involves estimating the
change in the physical flow of benefits (quantifying biophysical rela-
tions) and tracing through and quantifying a chain of causality between
changes in ecosystem condition and human welfare. A common prob-
lem in valuation is that information is only available on some of the
links in the chain and often in incompatible units. The MA can make a
major contribution by making various disciplines better aware of what
is needed to ensure that their work can be combined with that of others
to allow a full assessment of the consequences of altering ecosystem
state and function.

The ecosystem values in this sense are only one of the bases on
which decisions on ecosystem management are and should be made.
Many other factors, including notions of intrinsic value and other objec-
tives that society might have (such as equity among different groups
or generations), will also feed into the decision framework. Even when
decisions are made on other bases, however, estimates of changes in
utilitarian value provide invaluable information.

data sets (for example, from remote sensing) providing globally
consistent information make a global assessment like the MA
more rigorous, there are still many challenges that must be dealt
with in using these data at global or local scales. Among these
challenges are biases in the geographic and temporal coverage of
the data and in the types of data collected. Data availability for
industrial countries is greater than that for developing ones, and
data for certain resources such as crop production are more readily
available than data for fisheries, fuelwood, or biodiversity. The
MA makes extensive use of both biophysical and socioeconomic
indicators, which combine data into policy-relevant measures that
provide the basis for assessment and decision-making.

Models can be used to illuminate interactions among systems
and drivers, as well as to make up for data deficiencies—for in-
stance, by providing estimates where observations are lacking.
The MA makes use of environmental system models that can be
used, for example, to measure the consequences of land cover
change for river flow or the consequences of climate change for
the distribution of species. It also uses human system models that
can examine, for instance, the impact of changes in ecosystems on
production, consumption, and investment decisions by house-
holds or that allow the economy-wide impacts of a change in
production in a particular sector like agriculture to be evaluated.
Finally, integrated models, combining both the environmental
and human systems linkages, can increasingly be used at both
global and sub-global scales.

The MA incorporates both formal scientific information and
traditional or local knowledge. Traditional societies have nurtured
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and refined systems of knowledge of direct value to those societies
but also of considerable value to assessments undertaken at re-
gional and global scales. This information often is unknown to
science and can be an expression of other relationships between
society and nature in general and of sustainable ways of managing
natural resources in particular. To be credible and useful to deci-
sion-makers, all sources of information, whether scientific, tradi-
tional, or practitioner knowledge, must be critically assessed and
validated as part of the assessment process through procedures rel-
evant to the form of knowledge.

Since policies for dealing with the deterioration of ecosystem
services are concerned with the future consequences of current
actions, the development of scenarios of medium- to long-term
changes in ecosystems, services, and drivers can be particularly
helpful for decision-makers. Scenarios are typically developed
through the joint involvement of decision-makers and scientific
experts, and they represent a promising mechanism for linking
scientific information to decision-making processes. They do not
attempt to predict the future but instead are designed to indicate
what science can and cannot say about the future consequences
of alternative plausible choices that might be taken in the coming
years.

The MA uses scenarios to summarize and communicate the
diverse trajectories that the world’s ecosystems may take in future
decades. Scenarios are plausible alternative futures, each an exam-
ple of what might happen under particular assumptions. They can
be used as a systematic method for thinking creatively about com-
plex, uncertain futures. In this way, they help us understand the
upcoming choices that need to be made and highlight develop-
ments in the present. The MA developed scenarios that connect
possible changes in drivers (which may be unpredictable or un-
controllable) with human demands for ecosystem services. The
scenarios link these demands, in turn, to the futures of the services
themselves and the aspects of human welfare that depend on
them. The scenario building exercise breaks new ground in sev-
eral areas:
• development of scenarios for global futures linked explicitly to

ecosystem services and the human consequences of ecosystem
change,

• consideration of trade-offs among individual ecosystem ser-
vices within the ‘‘bundle’’ of benefits that any particular eco-
system potentially provides to society,

• assessment of modeling capabilities for linking socioeconomic
drivers and ecosystem services, and

• consideration of ambiguous futures as well as quantifiable un-
certainties.
The credibility of assessments is closely linked to how they

address what is not known in addition to what is known. The
consistent treatment of uncertainty is therefore essential for the
clarity and utility of assessment reports. As part of any assessment
process, it is crucial to estimate the uncertainty of findings even if
a detailed quantitative appraisal of uncertainty is unavailable.

1.6 Strategies and Interventions
The MA assesses the use and effectiveness of a wide range of
options for responding to the need to sustainably use, conserve,
and restore ecosystems and the services they provide. These op-
tions include incorporating the value of ecosystems in decisions,
channeling diffuse ecosystem benefits to decision-makers with fo-
cused local interests, creating markets and property rights, educat-
ing and dispersing knowledge, and investing to improve
ecosystems and the services they provide. As seen in Box 1.2 on
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the MA conceptual framework, different types of response op-
tions can affect the relationships of indirect to direct drivers, the
influence of direct drivers on ecosystems, the human demand for
ecosystem services, or the impact of changes in human well-being
on indirect drivers. An effective strategy for managing ecosystems
will involve a mix of interventions at all points in this conceptual
framework.

Mechanisms for accomplishing these interventions include
laws, regulations, and enforcement schemes; partnerships and col-
laborations; the sharing of information and knowledge; and public
and private action. The choice of options to be considered will
be greatly influenced by both the temporal and the physical scale
influenced by decisions, the uncertainty of outcomes, cultural
context, and the implications for equity and trade-offs. Institu-
tions at different levels have different response options available
to them, and special care is required to ensure policy coherence.

Decision-making processes are value-based and combine po-
litical and technical elements to varying degrees. Where technical
input can play a role, a range of tools is available to help decision-
makers choose among strategies and interventions, including cost-
benefit analysis, game theory, and policy exercises. The selection
of analytical tools should be determined by the context of the
decision, key characteristics of the decision problem, and the cri-
teria considered to be important by the decision-makers. Infor-
mation from these analytical frameworks is always combined with
the intuition, experience, and interests of the decision-maker in
shaping the final decisions.

Risk assessment, including ecological risk assessment, is an es-
tablished discipline and has a significant potential for informing
the decision process. Finding thresholds and identifying the po-
tential for irreversible change are important for the decision-mak-
ing process. Similarly, environmental impact assessments designed
to evaluate the impact of particular projects and strategic environ-
mental assessments designed to evaluate the impact of policies
both represent important mechanisms for incorporating the find-
ings of an ecosystem assessment into decision-making processes.

Changes also may be required in decision-making processes
themselves. Experience to date suggests that a number of mecha-
nisms can improve the process of making decisions about ecosys-
tem services. Broadly accepted norms for decision-making process
include the following characteristics. Did the process:
• bring the best available information to bear?
• function transparently, use locally grounded knowledge, and

involve all those with an interest in a decision?
• pay special attention to equity and to the most vulnerable

populations?
• use decision analytical frameworks that take account of the

strengths and limits of individual, group, and organizational
information processing and action?

• consider whether an intervention or its outcome is irreversible
and incorporate procedures to evaluate the outcomes of ac-
tions and learn from them?

• ensure that those making the decisions are accountable?
• strive for efficiency in choosing among interventions?
• take account of thresholds, irreversibility, and cumulative,

cross-scale, and marginal effects and of local, regional, and
global costs, risk, and benefits?
The policy or management changes made to address problems

and opportunities related to ecosystems and their services,
whether at local scales or national or international scales, need to
be adaptive and flexible in order to benefit from past experience,
to hedge against risk, and to consider uncertainty. The under-
standing of ecosystem dynamics will always be limited, socioeco-
nomic systems will continue to change, and outside determinants
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can never be fully anticipated. Decision-makers should consider
whether a course of action is reversible and should incorporate,
whenever possible, procedures to evaluate the outcomes of ac-
tions and learn from them. Debate about exactly how to do this
continues in discussions of adaptive management, social learning,
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safe minimum standards, and the precautionary principle. But the
core message of all approaches is the same: acknowledge the limits
of human understanding, give special consideration to irreversible
changes, and evaluate the impacts of decisions as they unfold.
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Main Messages
Many tools are available to assess ecosystem condition and support pol-
icy decisions that involve trade-offs among ecosystem services. Clearing
forested land, for example, affects multiple ecosystem services (such as food
production, biodiversity, carbon sequestration, and watershed protection), each
of which affects human well-being (such as increased income from crops,
reduced tourism value of biodiversity, and damage from downstream flooding).
Assessing these trade-offs in the decision-making process requires scientifi-
cally based analysis to quantify the responses to different management alter-
natives. Scientific advances over the past few decades, particularly in
computer modeling, remote sensing, and environmental economics, make it
possible to assess these linkages.

The availability and accuracy of data sources and methods for this as-
sessment are unevenly distributed for different ecosystem services and
geographic regions. Data on provisioning services, such as crop yield and
timber production, are usually available. On the other hand, data on regulating,
supporting, and cultural services such as nutrient cycling, climate regulation,
or aesthetic value are seldom available, making it necessary to use indicators,
model results, or extrapolations from case studies as proxies. Systematic data
collection for carefully selected indicators reflecting trends in ecosystem condi-
tion and their services would provide an improved basis for future assess-
ments. Methods for quantifying ecosystem responses are also uneven.
Methods to estimate crop yield responses to fertilizer application, for example,
are well developed. But methods to quantify relationships between ecosystem
services and human well-being, such as the effects of deteriorating biodiversity
on human disease, are at an earlier stage of development.

Ecosystems respond to management changes on a range of time and
space scales, and careful definition of the scales included in analyses is
critical. Soil nutrient depletion, for example, occurs over decades and would
not be captured in an analysis based on a shorter time period. Some of the
impact of deforestation is felt in reduced water quality far downstream; an
analysis that only considers the forest area itself would miss this impact. Ide-
ally, analysis at varying scales would be carried out to assess trade-offs prop-
erly. In particular, it is essential to consider nonlinear responses of ecosystems
to perturbations in analysis of trade-offs, such as loss of resilience to climate
variability below a threshold number of plant species.

Ecosystem condition is only one of many factors that affect human well-
being, making it challenging to assess linkages between them. Health
outcomes, for example, are the combined result of ecosystem condition, ac-
cess to health care, economic status, and myriad other factors. Interpretations
of trends in indicators of well-being must appropriately account for the full
range of factors involved. The impacts of ecosystem change on well-being are
often subtle, which is not to say unimportant; impacts need not be drastic to
be significant. A small increase in food prices resulting from lower yields will
affect many people, even if none starve as a result. Tracing these impacts is
often difficult, particularly in aggregate analyses where the signal of the effect
of ecosystem change is often hidden by multiple confounding factors. Analyses
linking well-being and ecosystem condition are most easily carried out at a
local scale, where the linkages can be most clearly identified.

Ultimately, decisions about trade-offs in ecosystem services require bal-
ancing societal objectives, including utilitarian and non-utilitarian objec-
tives, short- and long-term objectives, and local- and global-scale
objectives. The analytical approach for this report aims to quantify, to the
degree possible, the most important trade-offs within different ecosystems and
among ecosystem services as input to weigh societal objectives based on
comprehensive analysis of the full suite of ecosystem services.
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2.1 Introduction
This report systematically assesses the current state of and recent
trends in the world’s ecosystems and their services and the sig-
nificance of these changes for human livelihoods, health, and
well-being. The individual chapters draw on a wide variety of
data sources and analytical methods from both the natural and
social sciences. This chapter provides an overview of many of
these data and methods, their basis in the scientific literature, and
the limitations and possibilities for application to the assessment
of ecosystem condition, trends, and implications for human well-
being. (See Figure 2.1.)

The Millennium Ecosystem Assessment’s approach is prem-
ised on the notion that management decisions generally involve
trade-offs among ecosystem services and that quantitative and sci-
entifically based assessment of the trade-offs is a necessary ingredi-
ent for sound decision-making. For example, decisions to clear
land for agriculture involve trade-offs between food production
and protection of biological resources; decisions to extract timber
involve trade-offs between income from timber sales and water-
shed protection; and decisions to designate marine protected areas
involve trade-offs between preserving fish stocks and the avail-
ability of fish or jobs for local populations. Accounting for these
trade-offs involves quantifying the effects of the management de-
cision on ecosystem services and human-well being in comparable
units over varying spatial and temporal scales.

The next section of this chapter discusses data and methods for
assessing conditions and trends in ecosystems and their services.
Individual chapters of this report apply these methods to identify
the implications of changes in ecosystem condition (such as forest
conversion to cropland) for ecosystem services (such as flood pro-
tection). Rigorous analyses of these linkages are a key prerequisite
to quantifying the effects on human well-being (such as damage
from downstream flooding).

The third section discusses data and methods for quantifying
the effects of changes in ecosystem services on human well-being,
including human health, economic costs and benefits, and pov-
erty and other measures of well-being, and on the intrinsic value
of ecosystems. These methods provide a framework for assessing
management decisions or policies that alter ecosystems, based on
comprehensive information about the repercussions for human
well-being from intentional or unintentional alteration of ecosys-
tem services.

The final section of this chapter discusses approaches for as-
sessing trade-offs from management decisions. These approaches
aim to quantify, in comparable units, the repercussions of a deci-
sion for the full range of ecosystem services. The approaches must
also account for the varying spatial and temporal scale over which
management decisions alter ecosystem services. Decisions to clear
forests, for example, provide immediate economic benefits for
local interests but contribute to an increase of greenhouse gases in
the atmosphere, with longer-term implications at the global scale.

While this chapter provides a general overview of the avail-
able methods and data sources and their applicability to the assess-
ment, individual chapters provide detailed descriptions of data
sources used in reference to a particular ecosystem or service.
Core data sets used by all chapters to ensure consistency and com-
parability among the different ecosystems are described in Appen-
dix 2.1.

The data sources and methods used in this report were gener-
ally not developed explicitly for this assessment. Yet the combina-
tion of approaches—including computer modeling, natural
resource and biodiversity inventories, remote sensing and geo-
graphic information systems, traditional knowledge, case studies,
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Figure 2.1. Linking Ecosystem Condition to Well-being Requires Assessing Ecosystem Condition and Its Effect on Services, the
Impact on Human Well-being and Other Forms of Value, and Trade-offs among Objectives

indicators of ecosystem conditions and human well-being, and
economic valuation techniques—provides a strong scientific
foundation for the assessment. Systematic data collection for care-
fully selected indicators reflecting trends in ecosystem condition
and their services would provide a basis for future assessments.

2.2 Assessing Ecosystem Condition and Trends
The foundation for analysis is basic information about each eco-
system service (Chapters 7–17) and spatially defined ecosystem
(Chapters 18–27). Deriving conclusions about the important
trends in ecosystem condition and trade-offs among ecosystem
services requires the following basic information:
• What are the current spatial extent and condition of ecosys-

tems?
• What are the quality, quantity, and spatial distributions of ser-

vices provided by the systems?
• Who lives in the ecosystem and what ecosystem services do

they use?
• What are the trends in ecosystem condition and their services

in the recent (decades) and more distant past (centuries)?
• How does ecosystem condition, and in turn ecosystem ser-

vices, respond to the drivers of change for each system?
The availability of data and applicability of methods to derive

this basic information (see Table 2.1) vary from ecosystem to eco-
system, service to service, and even region to region within an
ecosystem type. For example, the U.N. Food and Agriculture
Organization reports data on agricultural products, timber, and
fisheries at the national level (e.g., FAO 2000a). Although data
reliability is sometimes questionable due to known problems such
as definitions that vary between data-submitting countries, data
on provisioning ecosystem services with value as commodities are
generally available. On the other hand, data on the spatial distri-
bution, quantity, and quality of regulating, supporting, and cul-
tural services such as nutrient cycling, climate regulation, or
aesthetic value have generally not been collected, and it is neces-
sary to use indicators, modeled results, or extrapolations from case
studies as proxy data. Within a given ecosystem service or geo-
graphic system, resource inventories and census data are generally
more readily available and reliable in industrial than developing
countries.

The following sections provide overviews of each of these
data sources and analytical approaches used throughout the report.
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2.2.1 Remote Sensing and Geographic Information
Systems

The availability of data to monitor ecosystems on a global scale is
the underpinning for the MA. Advances in remote sensing tech-
nologies over the past few decades now enable repeated observa-
tions of Earth’s surface. The potential to apply these data for
assessing trends in ecosystem condition is only beginning to be
realized. Moreover, advances in analytical tools such as geographic
information systems allow data on the physical, biological, and
socioeconomic characteristics of ecosystems to be assembled and
interpreted in a spatial framework, making it feasible to establish
linkages between drivers of change and trends in ecosystem ser-
vices.

2.2.1.1 Remote Sensing

Ground-based surveys for mapping vegetation and other biophys-
ical characteristics can be carried out over limited areas, but it
would be an enormous undertaking to carry out globally compre-
hensive ground-based surveys over the entire surface of Earth.
Remote sensing—broadly defined as the science of obtaining in-
formation about an object without being in direct physical con-
tact (Colwell 1983)—is the primary data source for mapping the
extent and condition of ecosystems over large areas. Moreover,
remote sensing provides measurements that are consistent over
the entire area being observed and are not subject to varying data
collection methods in different locations, unlike ground-based
measurements. Repeated observations using the same remote
sensing instrument also provide measurements that are consistent
through time as well as through space.

Most remote sensing data useful to assess ecosystem conditions
and trends are obtained from sensors on satellites. (See Table 2.2.)
Satellite data are generally digital and consequently amenable to
computer-based analysis for classifying land cover types and assess-
ing trends. There are several types of digital remotely sensed data
(Jensen 2000). Optical remote sensing provides digital images of
the amount of electromagnetic energy reflected or emitted from
Earth’s surface at various wavelengths. Active remote sensing of
long-wavelengths microwaves (radar), short-wavelength laser
light (lidar), or sound waves (sonar) measures the amount of back-
scatter from electromagnetic energy emitted from the sensor itself.

The spatial resolution (area of ground observed in a picture
element or pixel), temporal resolution (how often the sensor re-
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Table 2.1. Data Sources and Analytical Approaches for Assessing Ecosystem Condition and Trends

Data Source or Analytical Method

Type of Information Required
Current spatial extent and 
condition of ecosystem 

X X X

Quality, quantity, and spatial distributions 
of services provided by system

X X

Human populations residing in and deriving 
livelihoods from system

X X X

Trends in ecosystem conditions and services X X X X X X

Response of ecosystem condition and services 
to drivers

X X X X
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cords imagery from a particular area), spectral resolution (number
of specific wavelength intervals in the electromagnetic spectrum
to which the sensor is sensitive), and radiometric resolution (pre-
cision in the detected signal) determine the utility of the data for
a specific application. For example, data with very high spatial
resolution can be used to map habitats over local areas, but low
temporal resolution limits the ability to map changes over time.

A key element in the interpretation of remote sensing data is
calibration and validation with in situ data. Ground-based data
aids the interpretation of satellite data by identifying locations of
specific features in the land surface. These locations can then be
pinpointed on the satellite image to obtain the spectral signatures
of different features. Ground-based data are also critical to test
the accuracy and reliability of the interpretation of satellite data.
Linking ground-based with satellite data poses logistical challenges
if the locations required are inaccessible. Moreover, the land sur-
face is often heterogeneous so that a single pixel observed by the
satellite contains multiple vegetation types. The ground observa-
tions then need to be scaled to the spatial resolution of the sensor.
Despite these challenges, ground-based data for calibration and
validation are central to the effective use of satellite data for eco-
system assessment.

Analyses of satellite data are a major contribution to assess-
ments of ecosystem conditions and trends, especially over large
areas where it is not feasible to perform ground surveys. Techno-
logical challenges such as sensor drift and sensor degradation over
time, lack of data continuity, and persistent cloud cover, particu-
larly in humid tropics, are challenges to routine application of
satellite data to monitor ecosystem condition. Ground observa-
tions and local expertise are critical to accurate interpretation of
satellite data.

Satellite data contribute to several types of information needs
for assessments of ecosystem condition, including land cover and
land cover change mapping, habitat mapping for biodiversity,
wetland mapping, land degradation assessments, and measure-
ments of land surface attributes as input to ecosystem models.
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2.2.1.1.1 Mapping of land cover and land cover change

Over the last few decades, satellite data have increasingly been
used to map land cover at national, regional, continental, and
global scales. During the 1980s, pioneering research was con-
ducted to map vegetation at continental scales, primarily with data
acquired by the U.S. National Oceanographic and Atmospheric
Administration’s meteorological satellite, the Advanced Very
High Resolution Radiometer. Multitemporal data describing sea-
sonal variations in photosynthetic activity were used to map vege-
tation types in Africa (Tucker 1985) and South America
(Townshend 1987). In the 1990s, AVHRR data were used to map
land cover globally at increasingly higher spatial resolution, with
the first global land cover classification at 1x1 degree resolution
(approximately 110x110 kilometers) (DeFries and Townshend
1994), followed by 8x8 kilometer resolution (DeFries 1998) and
finally 1x1 kilometer resolution (Loveland and Belward 1997;
Hansen 2000).

Global satellite data also have enabled mapping of fractional
tree cover to further characterize the distributions of forests over
Earth’s surface (DeFries 2000). At pantropical scales, AVHRR
data have been used to map the distribution of humid forests
(Malingreau 1995; Mayaux 1998), and radar data provide useful
information for mapping land cover types where frequent cloud
cover presents difficulties for optical data (DeGrandi 2000; Saatchi
2000; Mayaux et al. 2002). A suite of recently launched sensors,
including MODIS, SPOT Vegetation, and GLI, provide globally
comprehensive data to map vegetation types with greater accu-
racy due to improved spectral, spatial, and radiometric resolutions
of these sensors (Friedl 2002). The GLC2000 land cover map
derived from SPOT Vegetation data provides the basis for the
MA’s geographic designation of ecosystems (Bartholome and Bel-
ward 2004; Fritz et al. 2004). (See Appendix 2.1.)

One of the most significant contributions to be gained from
satellite data is the identification and monitoring of land cover
change, an important driver of changes in ecosystem services.
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Table 2.2. Satellite Sensors for Monitoring Land Cover, Land Surface Properties, and Land and Marine Productivity

Platform Sensor
Spatial Resolution 
at Nadir

Date of 
Observations

Coarse Resolution Satellite Sensors (> 1 km)
NOAA–TIROS (National Oceanic and Atmospheric
Administration–Television and Infrared Observation
Satellite)

AVHRR (Advanced Very High Resolution
Radiometer)

1.1km (local area coverage) 
8km (global area coverage)

1978–present

SPOT (Systéme Probatoire pour la Observation de
la Terre)

VEGETATION 1.15km 1998–present

ADEOS-II (Advanced Earth Observing Satellite) POLDER (Polarization and Directionality of
the Earth’s Reflectances)

7km x 6km 2002–present

SeaStar SeaWIFS (Sea viewing Wide Field of View) 1km (local coverage);
4km (global coverage)

1997–present

Moderate Resolution Satellite Sensors (250 m–1 km)

ADEOS-II (Advanced Earth Observing Satellite) GLI (Global Imager) 250m–1km 2002–present

EOS AM and PM (Earth Observing System) MODIS (Moderate Resolution
Spectroradiometer)

250–1,000m 1999–present

EOS AM and PM (Earth Observing System) MISR (Multi-angle Imaging
Spectroradiometer)

275m 1999–present

Envisat MERIS (Medium Resolution Imaging
Spectroradiometer)

350–1,200m 2002–present

Envisat ASAR (Advanced Synthetic Aperature Radar) 150–1,000m 2002–present

High Resolution Satellite Sensors (20 m–250 m)a

SPOT (Systéme Probatoire  pour la Observation de
la Terre)

HRV (High Resolution Visible 
Imaging System)

20m;
10m (panchromatic) 

1986–present

ERS (European Remote Sensing Satellite) SAR (Synthetic Aperture Radar) 30m 1995–present

Radarsat 10–100m 1995–present

Landsat (Land Satellite) MSS (Multispectral Scanner) 83m 1972–97

Landsat (Land Satellite) TM (Thematic Mapper) 30m
(120m thermal-infrared band)

1984–present

Landsat (Land Satellite) ETM+ (Enhanced Thematic Mapper) 30m 1999–present

EOS AM and PM (Earth Observing System) ASTER (Advanced Spaceborne Thermal
Emission and Reflection Radiometer)

15–90m 1999–present

IRS (Indian Remote Sensing) LISS 3 (Linear Imaging Self-scanner) 23m; 5.8m (panchromatic) 1995–present

Very High Resolution Satellite Sensors (< 20 m) a

JERS (Japanese Earth Resources Satellite) SAR (Synthetic Aperature Radar) 18m 1992–98

JERS (Japanese Earth Resources Satellite) OPS 18mx24m 1992–98

IKONOS 1m panchromatic;
4m multispectral

1999–present

QuickBird 0.61m panchromatic;
2.44m multispectral

2001–present

SPOT–5 HRG–HRS 10m; 2.5m (panchromatic) 2002–present

Note: The list is not intended to be comprehensive.
a Data were not acquired continuously within the time period.
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Data acquired by Landsat and SPOT HRV have been the primary
sources for identifying land cover change in particular locations.
Incomplete spatial coverage, infrequent temporal coverage, and
large data volumes have precluded global analysis of land cover
change. With the launch of Landsat 7 in April 1999, data are
obtained every 16 days for most parts of Earth, yielding more
comprehensive coverage than previous Landsat sensors. Time se-
ries of Landsat and SPOT imagery have been applied to identify
and measure deforestation and regrowth mainly in the humid
tropics (Skole and Tucker 1993; FAO 2000a; Achard 2002). De-
forestation is the most measured process of land cover change at
the regional scale, although major uncertainties exist about abso-
lute area and rates of change (Lepers et al. 2005).

Data continuity is a key requirement for effectively identifying
land cover change. With the exception of the coarse resolution
AVHRR Global Area Coverage observations over the past 20
years, continuous global coverage has not been possible. DeFries
et al. (2002) and Hansen and DeFries (2004) have applied the
AVHRR time series to identify changes in forest cover over the
last two decades, illustrating the feasibility of using satellite data to
detect these changes on a routine basis. Continuity of observa-
tions in the future is an essential component for monitoring land
cover change and identifying locations with rapid change. For
long-term data sets that cover time periods longer than the life-
time of a single sensor, cross calibration for a period of overlap is
necessary. Moreover, classification schemes used to interpret the
satellite data need to be clearly defined and flexible enough to
allow comparisons over time.

2.2.1.1.2 Applications for biodiversity

There are two approaches for applying remote sensing to biodiv-
ersity assessments: direct observations of organisms and communi-
ties and indirect observations of environmental proxies of
biodiversity (Turner et al. 2003). Direct observations of individual
organisms, species assemblages, or ecological communities are
possible only with hyperspatial, very high resolution (�1m) data.
Such data can be applied to identify large organisms over small
areas. Airborne observations have been used for censuses of large
mammal abundances spanning several decades, for example in
Kenya (Broten and Said 1995).

Indirect remote sensing of biodiversity relies on environmen-
tal parameters as proxies, such as discrete habitats (for example,
woodland, wetland, grassland, or seabed grasses) or primary pro-
ductivity. This approach has been employed in the US GAP anal-
ysis program (Scott and Csuti 1997). Another important indirect
use of remote sensing is the detection of habitat loss and frag-
mentation to estimate the implications for biodiversity based on
species-area relationships or other model approaches. (See Chap-
ter 4.)

2.2.1.1.3 Wetland mapping

A wide range of remotely sensed data has been used to map wet-
land distribution and condition (Darras et al. 1998; Finlayson et
al. 1999; Phinn et al. 1999). The utility of such data is a function
of spatial and spectral resolutions, and careful choices need to be
made when choosing such data (Lowry and Finlayson in press).
The NOAA AVHRR, for example, observes at a relatively coarse
nominal spatial resolution of 1.1 kilometer and allows only the
broad distribution of wetlands to be mapped. More detailed ob-
servations of the extent of wetlands can be obtained using finer
resolution Landsat TM (30 meters) and SPOT HRV (20 meters)
data. As with all optical sensors, the data are frequently affected by
atmospheric conditions, especially in tropical coastal areas where
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humidity is high and the presence of water beneath the vegetation
canopy cannot be observed.

Remotely sensed data from newer spaceborne hyperspectral
sensors, Synthetic Aperture Radar, and laser altimeters provide
more comprehensive data on wetlands. Although useful for pro-
viding present-day baselines, however, the historical archive is
limited, in contrast to the optical Landsat, AVHRR, and SPOT
sensors, which date back to 1972, 1981, and 1986 respectively.

Aerial photographs have been acquired in many years for over
half a century at fine spatial resolutions and when cloud cover is
minimal. Photographs are available in a range of formats, includ-
ing panchromatic black and white, near-infrared black and white,
true color, and color infrared. Stereo pairs of photographs can be
used to assess the vertical structure of vegetation and detect, for
example, changes in the extent and height of mangroves (Lucas
et al. 2002).

The European Space Agency’s project Treaty Enforcement
Services using Earth Observation has assessed the use of remote
sensing for wetland inventory, assessment, and monitoring using
combinations of sensors in support of wetland management. The
approach has been extended through the GlobWetland project
and its Global Wetland Information Service project to provide
remotely sensed products for over 50 wetlands across 21 countries
in Africa, Europe, and North and Central America. The project
is designed to support on-the-ground implementation of the
Ramsar Convention on Wetlands.

2.2.1.1.4 Assessing land degradation in drylands

Interpretation of remotely sensed data to identify land degradation
in drylands is difficult because of large variations in vegetation
productivity from year-to-year variations in climate. This vari-
ability makes it problematic to distinguish trends in land produc-
tivity attributable to human factors such as overgrazing, soil
salinization, or burning from variations in productivity due to
inter-annual climate variability or cyclical drought events (Reyn-
olds and Smith 2002). Land degradation is defined by the Con-
vention to Combat Desertification as ‘‘reduction or loss, in arid,
semi-arid and dry sub-humid areas, of the biological or economic
productivity of rainfed cropland, irrigated cropland, or ranges,
pastures, forests, and woodlands resulting from land uses or from
a process or combination of processes, including processes arising
from human activities and habitation patterns.’’ Quantifying
changes in productivity involves an established baseline of land
productivity against which changes can be assessed. Such a base-
line is often not available. Furthermore, the inherent variability in
year-to-year and even decade-to-decade fluctuations complicates
the definition of a baseline.

One approach to assess land productivity is through rain-use
efficiency, which quantifies net primary production (in units of
biomass per unit time per unit area) normalized to the rainfall for
that time period (Prince et al. 1990). Rain-use efficiency makes it
possible to assess spatial and temporal differences in land produc-
tivity without the confounding factor of climate variability. Sev-
eral models are available to estimate net primary production, as
described later, with some using remotely sensed vegetation indi-
ces such as the Normalized Difference Vegetation Index (ratio of
red to infrared reflectance indicating vegetative activity) as input
data for the models. Studies have examined patterns in NDVI,
rain-use efficiency, climate, and land use practices to investigate
possible trends in land productivity and causal factors (e.g., Prince
et al. 1990; Tucker et al. 1991; Nicholson et al. 1998).

The European Space Agency’s TESEO project has examined
the utility of remote sensing for mapping and monitoring deserti-
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fication and land degradation in support of the Convention to
Combat Desertification (TESEO 2003). Geostationary satellites
such as Meteosat operationally provide basic climatological data,
which are necessary to estimate rain-use efficiency and distinguish
climatic from land use drivers of land degradation. Operational
meteorological satellites, most notably the Advanced Very High
Resolution Radiometer, have provided the longest continuous
record for NDVI from the 1980s to the present. More recently
launched sensors such as VEGETATION on-board SPOT and
MODIS on-board the Earth Observation System have been de-
signed specifically to monitor vegetation. Satellite data also iden-
tify locations of fire events and burn scars to provide information
on changes in dryland condition related to changes in fire regime
(Giglio et al. 1999). Applications of microwave sensors such as
ERS are emerging as possible approaches to map and monitor
primary production. Microwave sensors are sensitive to the
amount of living aboveground vegetation and moisture content
of the upper soil profile and are appropriate for identifying
changes in semiarid and arid conditions.

Advancements in the application of remote sensing for map-
ping and monitoring land degradation involve not just technical
issues but institutional issues as well (TESEO 2003). National ca-
pacities to use information and technology transfer currently limit
the possible applications.

2.2.1.1.5 Measurements of land surface and marine attributes as input
to ecosystem models

Satellite data, applied in conjunction with ecosystem models, pro-
vide spatially comprehensive estimates of parameters such as
evapotranspiration, primary productivity, fraction of solar radia-
tion absorbed by photosynthetic activity, leaf area index, percent-
age of solar radiation reflected by the surface (albedo) (Myneni
1992; Sellers 1996), ocean chlorophyll (Doney et al. 2003), and
species distributions (Raxworthy et al. 2003). These parameters
are related to several ecosystem services. For example, a decrease
in evapotranspiration from the conversion of part of a forest to an
urban system alters the ability of the forest system to regulate cli-
mate. A change in primary production relates to the food available
for humans and other species. The satellite-derived parameters
provide an important means for linking changes in ecosystem
condition with implications for their services—for example, link-
ing changes in climate regulation with changes in land and marine
surface properties. (See Chapter 13.)

2.2.1.2 Geographic Information Systems

To organize and analyze remote sensing and other types of infor-
mation in a spatial framework, many chapters in this report rely
on geographic information systems. A GIS is a computer system
consisting of computer hardware and software for entering, stor-
ing, retrieving, transforming, measuring, combining, subsetting,
and displaying spatial data that have been digitized and registered
to a common coordinate system (Heywood 1998; Johnston
1998). GIS allows disparate data sources to be analyzed spatially.
For example, human population density can be overlain with data
on net primary productivity or species endemism to identify loca-
tions within ecosystems where human demand for ecosystem ser-
vices may be correlated with changes in ecosystem condition.
Locations of roads can be entered into a GIS along with areas of
deforestation to examine possible relationships between the two
variables. The combination of remote sensing, GIS, and Global
Positioning Systems for field validation is powerful for assessing
trends in ecosystem condition (Hoffer 1994; ICSU 2002a).
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GIS can be used in conjunction with remote sensing to iden-
tify land cover change. A common approach is to compare recent
and historical high-resolution satellite images (such as Landsat
Thematic Mapper). For example, Figure 2.2 illustrates the
changes in forest cover between 1992 and 2001 in Mato Grosso,
Brazil. Achard et al. (2002) have used this approach in 100 sample
sites located in the humid tropical forests to estimate tropical de-
forestation.

GIS has also been applied in wilderness mapping, also known
as ‘‘mapping human impact.’’ These exercises estimate human in-
fluence through geographic proxies such as human population
density, settlements, roads, land use, and other human-made fea-
tures. All factors are integrated within the GIS and either summed
up with equal weights (Sanderson 2002) or weighted according
to perceptions of impact (Carver 2002). This exercise has been
carried out at regional scales (for example Lesslie and Maslen
1995; Aplet 2000; Fritz 2001) as well as on a global scale (for
example, UNEP 2001; Sanderson 2002). Sanderson et al. (2002)
used the approach to estimate the 10% wildest areas in each biome
of the world. The U.N. Environment Programme’s Global Bio-
diversity (GLOBIO) project uses a similar methodology and ex-
amines human influence in relation to indicators of biodiversity
(UNEP 2001).

A further application of GIS and remote sensing is to test
hypotheses and responses of ecosystem services to future scenarios
(Cleland 1994; Wadsworth and Treweek 1999). For example,
GIS is used in the MA’s sub-global assessment of Southern Africa
to predict the degree of fuelwood shortages for the different dis-
tricts of Northern Sofala Province, Mozambique, in 2030. This is
done by using the GIS database showing available fuelwood per
district in 1995 and projecting availability in 2030, assuming that
the current trend of forest degradation of 0.05 hectares per person
per year will continue. This allows identification of districts
where fuelwood would be most affected.

GIS is also applicable for assessing relationships between health
outcomes and environmental conditions (see Chapter 14) and for
mapping risks of vulnerable populations to environmental stres-
sors (see Chapter 6). The spatial displays aim to delineate the
places, human groups, and ecosystems that have the highest risk
associated with them. Examples include the ‘‘red data’’ maps de-
picting critical environmental situations (Mather and Sdasyuk
1991), maps of ‘‘environmentally endangered areas’’ (National
Geographic Society 1989), and locations under risk from infra-
structure expansion (Laurance et al. 2001), biodiversity loss
(Myers et al. 2000), natural hazards, impacts from armed conflicts
(Gleditsch et al. 2002), and rapid land cover change (Lepers et al.
2005). The analytical and display capabilities can draw attention
to priority areas that require further analysis or urgent attention.
Interactive Internet mapping is a promising approach for risk
mapping but is currently in its infancy.

2.2.2 Inventories of Ecosystem Components

Inventories provide data on various ecosystem components rele-
vant to this assessment. The most common and thorough types of
inventories relate to the amount and distribution of provisioning
services such as timber and agricultural products. Species invento-
ries also provide information useful for assessing biodiversity, and
demographic data provide essential information on human popu-
lations living within the systems.

2.2.2.1 Natural Resource Inventories

Many countries routinely conduct inventories of their natural
resources. These generally assess the locations and amounts of
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Figure 2.2. Subset of Landsat ETM+ Scenes for an Area in the State of Mato Grosso, Brazil Acquired August 6, 1992 (left) and July
30, 2001 (middle). Light to dark shades represent radiance in band 3 (.63–.62). The difference between the dates indicates deforestation in
black (right). The area includes approximately 5534’25’’W, 1154’20’’S (bottom right corner).

economically important ecosystem services such as timber, ag-
ricultural products, and fisheries. FAO periodically publishes
compilations of the national-level statistics in forest resources, ag-
ricultural production, fisheries production, and water resources.
(See Table 2.3.) These statistics are widely used throughout this
report. They are in many cases the only source of globally com-
prehensive data on these ecosystem services. Meta-analyses of
local natural resource inventories also provide information on
ecosystem condition and trends (Gardner et al. 2003), although
they are not spatially comprehensive.

Although the assessment of ecosystem conditions and trends
relies heavily on data from resource inventories, there are a num-
ber of limitations. First, questions remain about varying methods
and definitions used by different countries for data collection
(Matthews 2001). For example, several studies based on analysis
of satellite data indicate that the FAO Forest Resource Assessment
overestimates the rate of deforestation in some countries (Steinin-
ger 2001; Achard 2002; DeFries 2002). For fisheries, there are no
globally consistent inventories of fisheries and fishery resources.
Efforts to develop them are only starting, with the implementa-
tion of the FAO Strategy for Improving Information on Status
and Trends of Capture Fisheries, which was adopted in 2003 in
response to concerns about the reliability of fishery data (FAO
2000b).

Second, resource inventories are often aggregated to the na-
tional level or by sub-national administrative units. This level of
aggregation does not match the ecosystem boundaries used as the
reporting unit for the MA. Third, data quality is highly uneven,
with greater reliability in industrial than developing countries. In
many countries, deforestation ‘‘data’’ are actually projections
based on models rather than empirical observations (Kaimowitz
and Angelsen 1998). Fourth, statistics on the production of an
ecosystem service do not necessarily provide information about
the capacity of the ecosystem to continue to provide the service.
For example, fisheries catches can increase for years through
‘‘mining’’ of the stocks even though the underlying biological
capability of producing fish is declining, eventually resulting in a
collapse. Finally, inventories for noncommodity ecosystem ser-
vices, particularly the regulating, supporting, and cultural services,
have not been systematically carried out.

2.2.2.2 Biodiversity Inventories

Inventories of the biodiversity of ecosystems are far less extensive
than those of individual natural resources with value as commodi-
ties. Only a small fraction of biodiversity is currently monitored
and assessed. This is probably because there are few perceived
economic incentives to inventory biodiversity per se and because
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biodiversity is a complex phenomenon that is difficult to quantify
and measure. (See Chapter 4.) Nonetheless, biodiversity invento-
ries can provide a general sense of the relative biodiversity impor-
tance (such as richness, endemism) of ecosystems; they can
illuminate the impacts of different human activities and manage-
ment policies on biodiversity; and, when targeted at service-
providing taxa or functional groups (pollinators, for instance),
they can link changes in biodiversity within these groups directly
to changes in the service provided.

Biodiversity inventories are conducted at a range of spatial
scales, which are chosen to best address the issue or question at
hand. Most, however, can be usefully grouped into three distinct
categories: global inventories, regional inventories, and local in-
ventories. Because biodiversity is complex, inventories typically
focus on one aspect of biodiversity at a time, such as species rich-
ness or habitat diversity. A few examples of inventories at each of
these scales illustrate their relative strengths, limitations, and utili-
ties for the MA.

At the global scale, only a handful of biodiversity inventories
exist. These typically provide species lists for relatively well-
known taxa, based on relatively large spatial units. For example,
the World Conservation Monitoring Centre (1992) compiled
species inventories of mammals, birds, and swallowtail butterflies
for all nations in the world. The World Wild Fund for Nature is
conducting an inventory of all vertebrates and plants in each of
the world’s 867 terrestrial ecoregions (defined by WWF as rela-
tively large units of land or water containing a distinct assemblage
of natural communities and species, with boundaries that approxi-
mate the original extent of natural communities prior to major
land use change).

These inventories are useful for documenting overall patterns
of biodiversity on Earth, in order to indicate global priorities for
biodiversity conservation or areas of high-expected threat (Sisk et
al. 1994; Ceballos and Brown 1995; Dinerstein 1995). Their util-
ity for focused analyses is limited, however, by the coarse units on
which they are based and their restriction to mostly vertebrate
taxa (which are not often the most important for the provision of
ecosystem services).

In addition, the World Conservation Union–IUCN has been
producing Red Data Books and Red Lists of Threatened Species
since the 1960s. Currently, the IUCN Red List is updated annu-
ally (see www.redlist.org). The criteria for listing are transparent
and quantitative. The IUCN Red List is global in coverage and is
the most comprehensive list of threatened species, with almost all
known bird, mammal, and amphibian species evaluated; there are
plans for complete coverage of reptiles in the next few years. Data
on fish species include FISHBASE (Frose and Pauly 2000), Ceph-
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Table 2.3. Examples of Resource Inventories Applicable to Assessing Ecosystem Condition and Trends

Type Source Description

Forest Resources
Forest area and
change

FAO, Global Forest Resources
Assessment

Published every 10 years (1980, 1990, 2000). Provides national and global estimates of
total forest area and net changes during the preceding decade, as well as information on
plantations, forest ownership, management, and environmental parameters such as forest
fires and biomass volumes.

Forest products FAO, State of the World’s Forests Published every two years. Provide summary tables of national and regional production
statistics for major categories of industrial roundwood, pulp, and paper.

ITTO, Annual Review and Assessment
of the World Timber Situation 

Published annually. Tabular databases on volume and value of production, consumption,
and trade among ITTO producer and consumer countries. Time series for five years prior
to publication.

Wood energy IEA, Energy Statistics and Balances
of OECD and Non-OECD Countries
(four reports)

Published every two years. IEA data since 1994–95 have covered combustible renewables
and waste in national energy balances, including disaggregated data for production and
consumption of wood, charcoal, black liquor, and other biomass. Data provided at national
and various regional aggregate levels.

Agricultural Resources

Agricultural land,
products, and yields

FAOSTAT-Agriculture
(data available on-line)

Time series data since 1961 on extent of agricultural land use by country and region, pro-
duction of primary and processed crops, live animals, primary and processed animal prod-
ucts, imports and exports, food balance sheets, agricultural inputs, and nutritional yield of
many agricultural products.

Specific products Member organizations of the
Consultative Group on International
Agricultural Research 

Issue-specific datasets on crops, animals, animal products, agricultural inputs, and genetic
resources. Variety of spatial and temporal scales.

Fish Resources
Fish stocks FAO, Review of the State of World

Fishery Resources: Marine Fisheries
Tabular information on the state of exploitation, total production, and nominal catches by
selected species groups for major world fisheries.

Marine and inland
fisheries

FAO, FISHSTAT (data available on-line
at www.fao.org/fi/statist/statist.asp)

Databases on fishery production from marine capture and aquaculture, fish commodity
production, and trade. Global, regional, and national data. Time series range from 20 to 50
years.

FAO, The State of World Fisheries
and Aquaculture

Published every two years. Data on five-year trends in fisheries production, utilization, and
trade for the world and for geographic and economic regions. National data for major fish-
ing countries. Also provides extensive analysis of fishery issues.

FAO, Yearbook of Fishery Statistics Updated annually. Includes aquaculture production and capture production by country, fish-
ing area, principal producers, and principal species. Also trade data in fishery products.

FAO, Fisheries Global Information
System, at www.fao.org/fi/figis

Information on aquatic species, marine fisheries, fisheries issues, and, under development
in collaboration with regional fishery bodies, the state of marine resources and inventories
of fisheries and fishery resources.

International Center for Living Aquatic
Management, FishBase 2000

Database on more than 27,000 fish species and references. Many datasets incomplete.

Freshwater/Inland Water Resources
Water resources FAO, AQUASTAT Global data on water resources and irrigation by country and region. Information on aver-

age precipitation, total internal water resources, renewable groundwater and surface
water, total renewable water resources, and total exploitable water resources.

State Hydrological Institute (Russia)
and UNESCO, World Water
Resources and Their Use, 1999 

Global database on surface water resources and sectoral use. Includes water use fore-
casts to 2025.
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BASE (Wood et al. 2000), ReefBase (Oliver et al.), and the Cen-
sus of Marine Life (O’Dor 2004). Freshwater fish species are also
being evaluated on a region basis for inclusion in the IUCN Red
Lists.

Inventories at regional or continental scales are generally of
higher overall quality and are more common than global data.
Many of these data sets are based on grids of varying resolution.
Examples include data on vertebrates in sub-Saharan Africa (grid
size 1 degree or approximately 110 square kilometers) (Balmford
et al. 2001), birds in the Americas (grid size 611,000 square ki-
lometers) (Blackburn and Gaston 1996), several taxa of plants and
animals in Britain (grid size 10 square kilometers) (Prendergast et
al. 1993), and terrestrial vertebrates and butterflies in Australia
(grid size 1 degree) (Luck et al. 2004). These grid-based invento-
ries, as well as others based on political boundaries (countries,
states) are based on arbitrary units that rarely reflect ecosystem
boundaries. As a result, their utility is limited in assessing the bio-
diversity of a particular ecosystem. Some regional-scale invento-
ries are based on ecological units, including a study on vertebrates,
butterflies, tiger beetles, and plants for 116 WWF ecoregions in
North America (Ricketts et al. 1999).

All these regional inventories can be used to understand pat-
terns of biodiversity and endangerment (e.g., Ceballos and Brown
1995) and to link these patterns to threats and drivers operating at
regional scales (e.g., Balmford et al. 2001; Ricketts in press). As is
often the case, these data sets are most complete and dependable
in the industrial world, although data are improving in many de-
veloping regions.

Because many ecosystem services (such as pollination and
water purification) are provided locally, local-scale biodiversity
inventories are often the most directly valuable for assessing those
services. There are thousands of local inventories in the literature,
comparing biodiversity between ecosystem types, among land use
intensities, and along various environmental gradients. This litera-
ture has not been systematically compiled, and it is not possible to
list all the studies here.

We illustrate the types of available data here with biodiversity
studies in agricultural landscapes dominated by coffee cultivation.
Local inventories in these landscapes have quantified the decline
in both bird (Greenberg et al. 1997) and arthropod (Perfecto et
al. 1997) diversity with increasing intensification of coffee pro-
duction. Other studies have shown a decline in moth (Ricketts et
al. 2001) and bird (Luck and Daily 2003) diversity with increasing
distance from remnant patches of forest. Most relevant to ecosys-
tem services supporting coffee production, the diversity and
abundance of coffee-visiting bees declines with increasing dis-
tance from forest (Ricketts in press) and with increasing intensi-
fication (Klein et al. 2002).

Local inventories offer data that can directly inform land use
policies and illuminate trade-offs among ecosystem services for
decision-makers. Unfortunately, they are often time- and resource-
intensive. In addition, the results are only relevant to the specific
taxon and location under study, so general lessons are often diffi-
cult to glean. However, the collective results of many such studies
can lead to useful general guidelines and principles.

Another method of compiling results from many biodiversity
inventories is to examine the collections of museums and herbaria
(Ponder et al. 2001). These house enormous amounts of informa-
tion, accumulated sometimes over centuries of study. Further-
more, museums are beginning to use information technologies
and the Internet to pool their information into aggregate data-
bases, such that records from any museum can be searched (e.g.,
Edwards et al. 2000). These aggregate databases are an invaluable
resource for studying the distribution of biodiversity. Museum
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and herbaria records, however, often contain a variety of spatial,
temporal, and taxonomic biases and gaps due to the ad hoc and
varying interests of collecting scientists (Ponder et al. 2001).
These biases must be carefully considered when using museum
data to assess biodiversity status and trends.

Ideally, data for characterizing biodiversity in the individual
systems and its response to changes in ecosystem condition would
be collected routinely according to an appropriate sampling strat-
egy that meets the needs of the specified measures. Most often
this is not the case, however, and data assimilated for other pur-
poses are used, such as routine or sporadic surveys and observa-
tions made by naturalists. Generally such observations relate only
to the most obvious and common species, especially birds and
sometimes mammals, butterflies, and so on.

2.2.2.3 Demographic and Socioeconomic Data on Human
Populations

Because the MA considers human populations as integral compo-
nents of ecosystems, data on the populations living within the
systems are one of the foundations for this analysis. Demographic
and socioeconomic data provide information on the distributions
of human populations within ecosystems, a prerequisite to analyz-
ing the dependence of human well-being on ecosystem services.

Most information on the distribution and characteristics of
human population is collected through population censuses and
surveys. Nearly all countries of the world conduct periodic cen-
suses (see www.census.gov/ipc/www/cendates/cenall.pdf ); most
countries conduct them once per decade. Census data are col-
lected and reported by administrative or political units, such as
counties, provinces, or states. These administrative boundaries
generally do not correspond to the geographic boundaries of eco-
systems.

To address this mismatch, the most recent version of the Grid-
ded Population of the World (version 3) (CIESIN et al. 2004;
CIESIN and CIAT 2004) contains population estimates for over
350,000 administrative units converted to a grid of latitude-
longitude quadrilateral cells at a nominal spatial resolution of 5
square kilometers at the equator (Deichmann et al. 2001). The
accuracy depends on the quality and year of the input census data
and the resolution of the administrative units. Other data sets
show how population is distributed relative to urban areas, roads,
and other likely population centers, such as LandScan, which uses
many types of ancillary data, including land cover, roads, night-
time lights, elevation and slope, to reallocate populations within
administrative areas to more specific locations (Dobson 2000).

There are large data gaps on poverty distribution and access to
ecosystem services such as fresh water (UNDP 2003). Some cen-
sus data include resource use such as fuelwood and water source
(Government of India 2001), but inventories on the use of eco-
systems services are not generally available to establish trends.
Increasingly, however, censuses and large-scale surveys are begin-
ning to include questions on resource use. The World Bank’s
Living Standards Measurement Survey, for example, is introduc-
ing modules on resource use (Grosh and Glewwe 1995). As most
nationally representative socioeconomic and demographic surveys
are not georeferenced beyond administrative units, they must be
used with care when making inferences at the moderate and high
resolutions often used in ecological data analysis.

By combining census information about human settlements
with geographic information, such as city night-time lights from
satellite data, a new global database indicates urban areas from
rural ones (CIESIN et al. 2004). These can be applied to distin-
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guish urban and rural land areas in different ecosystems and to
infer implications for resource use. (See Chapter 27.)

2.2.3 Numerical Simulation Models

Numerical models are mathematical expressions of processes op-
erating in the real world. The ecological and human interactions
within and among ecosystems are complex, and they involve
physical, biological, and socioeconomic processes occurring over
a range of temporal and spatial scales. Models are designed as sim-
plified representations to examine assumptions and responses to
driving forces.

Models span a wide range in complexity with regard to proc-
esses and spatial and temporal scales. Simple correlative models
use statistical associations established where data are adequate in
order to predict responses where data are lacking. For example,
the CLIMEX model (Sutherst 1995) predicts the performance of
an insect species in a given location and year in response to cli-
mate change based on previously established correlations from
comparable locations and previous years. Dynamic, process-based
models, on the other hand, are sets of mathematical expressions
describing the interactions among components of a system at a
specified time step. For example, the CENTURY model simu-
lates fluxes of carbon, water, and nitrogen among plant and soil
pools within a grassland ecosystem (Parton 1988). An emerging
class of models, such as IBIS (Foley 1996) and LPJ (Sitch et al.
2003), incorporate dynamic processes but also simulate the dy-
namics of interacting species or plant functional types. Such mod-
els have been applied at the site, regional, and global scales to
investigate ecosystem responses to climate change scenarios and
increasing atmospheric carbon dioxide concentrations (e.g.,
Cramer et al. 2004).

Table 2.4 lists categories of models useful for the assessment of
ecosystem condition and services. These models address various
aspects of ecosystem condition. For example, hydrologic models
can be used to investigate the effects of land cover changes on
flood protection, population models can assess the effects of habi-
tat loss on biodiversity, and integrated assessment models can syn-
thesize this information for assessing effects of policy alternatives
on ecosystem condition. Assessments rely on models to:
• Fill data gaps. As noted, data to assess trends in ecosystem

condition and their services are often inadequate, particularly
for regulating, supporting, and cultural services. Models are
used to address these deficiencies. For example, Chapter 13
uses results from four ecosystem models (McGuire 2001) to
estimate the impacts of changes in land use, climate, and at-
mospheric composition on carbon dioxide emissions from
ecosystems.

• Quantify responses of ecosystem services to manage-
ment decisions. One of the major tasks for the MA is to
assess how changes in ecosystem condition alter services. Does
removal of forest cover within a watershed alter flood protec-
tion? Does conversion to cropland alter climate regulation?
Models can be used to simulate changes in the ecosystem con-
dition (such as land cover) and estimate the response (in
stream flow, for instance). A hydrologic model (e.g., Liang
1996) can quantify the change in stream flow in response to
removal of forest cover. A land surface model linked to a cli-
mate model (e.g., Sellers 1986) can quantify the change in
water and energy fluxes to the atmosphere from a specified
change in land cover and the resulting effect on surface tem-
perature. To the extent that models are adequate representa-
tions of reality, they provide an important tool for quantifying
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the effects of alternative management decisions on ecosystem
services.

• Predict long-term ecological consequences of altered
ecosystem condition. Many human activities affect ecosys-
tem condition only after a time lag. As a consequence, some
effects of ecosystem management are not observed for many
years. In such cases, models can be used to predict long-term
ecological consequences. For example, the effect of timber
harvest on the persistence of threatened species such as the
spotted owl can be assessed using habitat-based metapopula-
tion models (Akçakaya and Raphael 1998).

The reliability of long-term model predictions depends on
the level of understanding of the system, the amount and qual-
ity of available data, the time horizon, and the incorporation
of uncertainty. Predictions about simpler systems (such as
single-species dynamics) are more reliable than those about
complex systems (such as community composition and dy-
namics), because of the higher level of understanding ecolo-
gists have for simpler systems. The amount and quality of the
data determine the uncertainty in input parameters, which in
turn affect the reliability of the output. Longer-term predic-
tions are less reliable because these uncertainties are com-
pounded over time. Even uncertain predictions can be useful,
however, if the level of uncertainty can be objectively quanti-
fied. Complex models can also identify shifts in ecosystem re-
gime, such as the sudden loss of submerged vegetation in
shallow lakes subject to eutrophication (Scheffer et al. 2001),
and nonlinear responses to drivers.

• Test sensitivities of ecosystem condition to individual
drivers or future scenarios. Observed changes in ecosystem
condition result from the combined responses to multiple
drivers. Changes in soil fertility in a rangeland, for example,
reflect the combined response to grazing pressure, climate
variations, and changes in plant species. Direct observations of
soil fertility do not enable understanding of which driver is
causing the response or how the drivers interact. A series of
model simulations, changing one or more drivers for each
model run, facilitates understanding of the response of soil
fertility to each of the drivers. To the extent that models rep-
resent processes realistically, model simulations can identify
nonlinear and threshold responses of ecosystems to multiple
drivers. For example, neither overfishing nor pollution alone
may lead to precipitous declines in fish stocks, but the com-
bined response could have unanticipated effects on fish stocks.

• Assess future viability of species. Quantitative methods
and models for assessing the chances of persistence of species
in the future are collectively called population viability analy-
sis. Models used in PVAs range from unstructured single-
population models to metapopulation models with explicit
spatial structure based on the distribution of suitable habitat
(Boyce 1992; Burgman 1993). PVA provides a rigorous meth-
odology that can use different types of data, incorporate un-
certainties and natural variabilities, and make predictions that
are relevant to conservation goals. PVA is most useful when
its level of detail is consistent with the available data and when
it focuses on relative (comparative) rather than absolute results
and on risks of decline rather than extinction (Akçakaya and
Sjogren-Gulve 2000). An important advantage of PVA is its
rigor. In a comprehensive validation study, Brook et al. (2000)
found the risk of population decline predicted by PVA closely
matched observed outcomes, there was no significant bias, and
population size projections did not differ significantly from
reality. Further, the predictions of five PVA software packages
they tested were highly concordant. PVA results can also be
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Table 2.4. Examples of Numerical Models for Assessing Condition and Trends in Ecosystems and Their Services

Type of Model Description Examples of Models
Climate and land-
atmosphere models

Land surface models of exchanges of water, energy, and momentum between land surface and 
atmosphere.

Sellers et al. 1986; Liang
et al. 1996

Watershed and
hydrologic models

Large basin models of hydrologic processes and biogeochemical exchanges in watersheds. Fekete et al. 2002; Green
et al. in press; Seitzinger
and Kroeze 1998

Population and
metapopulation
models

Models of dynamics of single populations predicting future abundance and trends, risk of decline or
extinction, and chance of growth. They can be scalar, structured (e.g., age-, stage-, and/or sex-based),
or individual-based and incorporate variability, density dependence, and genetics. Metapopulation mod-
els focus on the dynamics of and interactions among multiple populations, incorporating spatial structure
and dispersal and internal dynamics of each population. Their spatial structure can be based on the dis-
tribution and suitability of habitat, and they can be used to assess species extinction risks and recovery
chances.

Akçakaya 2002;
Lacy 1993

Community or food-
web models

Models focusing on the interactions among different trophic levels (producers, herbivores, carnivores) or
different species (e.g., predator-prey models).

Park 1998; USDA 1999

Ecosystem process
models

Models that include both biotic and abiotic components and that represent physical, chemical, and bio-
logical processes in coastal, freshwater, marine, or terrestrial systems. They can predict, for example,
vegetation dynamics, including temporal changes in forest species and age structure.

Pastorok et al. 2002

Global terrestrial
ecosystem models

Models of biogeochemical cycling of carbon, nitrogen, and other elements between the atmosphere and
biosphere at the global scale, including vegetation dynamics, productivity, and response to climate vari-
ability.

Field et al. 1995; Foley et
al. 1996; McGuire et al.
2001; Sitch et al. 2003

Multi-agent models Agents are represented by rules for behavior based on interactions with other actors or physical processes. Moss et al. 2001

Integrated assess-
ment models

Models that assemble, summarize, and interpret information to communicate to decision-makers. Alcamo et al. 1994

tested for single models by comparing predicted values with
those observed or measured in the field (McCarthy 2001).

• Understand the dynamics of social environmental in-
teractions. Individually based methods such as multiagent
modeling are increasingly used to understand social and envi-
ronmental interactions. Multiagent behavioral systems seek to
model social-environment interactions as dynamic processes
(see Moss et al. 2001). Human actors are represented as soft-
ware agents with rules for their own behavior, interactions
with other social agents, and responses to the environment.
Physical processes (such as soil erosion) and institutions or or-
ganizations (such as an environmental regulator) may also be
represented as agents. A multiagent system could represent
multiple scales of vulnerability and produce indicators of mul-
tiple dimensions of vulnerability for different populations.
Multiagent behavioral systems have an intuitive appeal in par-
ticipatory integrated assessment. Stakeholders may identify
with particular agents and be able to validate a model in quali-
tative ways that is difficult to do for econometric or complex
dynamic simulation models. However, such systems require
significant computational resources (proportional to the num-
ber of agents), and a paucity of data for validation of individual
behavior is a constraint.
Models are useful tools for ecosystem assessments if the selec-

tion of models, input data, and validation are considered carefully
for particular applications. A model developed with data from one
location is not directly applicable to other locations. Moreover,
data to calibrate and validate models are often difficult to obtain.
The appropriateness of a model for an assessment task also de-
pends as much on the capacity of the model variables to capture

PAGE 49

the values and interests of the decision-making and stakeholding
communities as on the accuracy of the underlying scientific data.

2.2.4 Indicators of Ecosystem Condition and
Services

An indicator is a scientific construct that uses quantitative data to
measure ecosystem condition and services, drivers of changes, and
human well-being. Properly constituted, an indicator can convey
relevant information to policymakers. In this assessment, indica-
tors serve many purposes, for example:
• as easily measured quantities to serve as surrogates for more

difficult to measure characteristics of ecosystem condition—
for example, the presence of fecal coliform in a stream is rela-
tively easy to measure and serves a surrogate for poor
sanitation in the watershed, which is more difficult to mea-
sure.

• as a means to incorporate several measured quantities into a
single attribute as an indicator of overall condition—for exam-
ple, the widely used Index of Biotic Integrity is an indicator
of aquatic ecosystem condition (Karr et al. 1986). The IBI is
an additive index combining measures of abundances of dif-
ferent taxa. The individual measures can be weighted accord-
ing to the importance of each taxa for aquatic health.

• as a means to communicate effectively with policy-makers re-
garding trends in ecosystem conditions and services—for ex-
ample, information on trends in disease incidence reflects
trends in disease control as a ‘‘regulating’’ ecosystem service.
The former can be readily communicated to a policymaker.

• as a means to measure the effectiveness of policy implementa-
tion.

................. 11432$ $CH2 10-11-05 14:52:26 PS



50 Ecosystems and Human Well-being: Current State and Trends

Identifying and quantifying the appropriate indicators is one
of the most important aspects of the chapters in this report be-
cause it is simply not possible to measure and report all aspects
of ecosystems and their relation to human well-being. It is also
important to identify appropriate indicators to establish a baseline
against which future ecosystem assessments can be compared.

Indicators are designed to communicate information quickly
and easily to policy-makers. Economic indicators, such as GDP,
are highly influential and well understood by decision-makers.
Measures of poverty, life expectancy, and infant mortality directly
convey information about human well-being. Some environ-
mental indicators, such as global mean temperature and atmo-
spheric carbon dioxide concentrations, are becoming widely
accepted as measures of anthropogenic effects on global climate.
Measures of ecosystem condition are far less developed, although
some biophysical measures such as spatial extent of an ecosystem
and agricultural output are relatively easy to quantify. There are
at this time no widely accepted indicators to measure trends in
supporting, regulating, or cultural ecosystem services, much less
indicators that measure the effect of changes in these services on
human well-being. Effective indicators meet a number of criteria
(NRC 2000). (See Box 2.1.)

The U.S. National Research Council (NRC 2000) identifies
three categories of ecological indicators. First, the extent and
status of ecosystems (such as land cover and land use) indicate the
coverage of ecosystems and their ecological attributes. Second,
ecological capital, further divided into biotic raw material (such
as total species diversity) and abiotic raw materials (such as soil
nutrients), indicates the amount of resources available for provid-
ing services. Finally, indicators of ecological functioning (such as
lake trophic status) measure the performance of ecosystems.

Table 2.5 provides examples of three major types of indicators
used in this report. (Indicators of human well-being and their
utility for measuring how well-being responds to changes in eco-
system services are described later in this chapter.)
• Indicators of direct drivers of change. No single indicator

represents the totality of the various drivers. Some direct driv-
ers of change (see MA 2003 and Chapter 3) have relatively
straightforward indicators, such as fertilizer usage, water con-
sumption, irrigation, and harvests. Indicators for other drivers,
including invasion by non-native species, climate change, land
cover conversion, and landscape fragmentation, are not as well
developed, and data to measure them are not as readily avail-
able. Measures such as the per capita ‘‘ecological footprint,’’
defined as the area of arable land and aquatic ecosystems re-

BOX 2.1

Criteria for Effective Ecological Indicators (NRC 2000)

• Does the indicator provide information about changes in important
processes?

• Is the indicator sensitive enough to detect important changes but not
so sensitive that signals are masked by natural variability?

• Can the indicator detect changes at the appropriate temporal and
spatial scale without being overwhelmed by variability?

• Is the indicator based on well-understood and generally accepted
conceptual models of the system to which it is applied?

• Are reliable data available to assess trends and is data collection a
relatively straightforward process?

• Are monitoring systems in place for the underlying data needed to
calculate the indicator?

• Can policymakers easily understand the indicator?
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quired to produce the resources used and assimilate wastes
produced per person (Rees 1992), attempt to quantify the de-
mand on ecosystem services into a single indicator. (See Chap-
ter 27.)

• Indicators of ecosystem condition. Indicators of biophysi-
cal condition of ecosystems do not directly reflect the cause
and effect of the drivers but nevertheless can contribute to
policy formulation by directing attention to changes of impor-
tance. To determine causal relationships, models of interac-
tions among variables must be used. As an analogy with
human health, an increase in body temperature indicates in-
fection that warrants further examination. As an example in
the biophysical realm, declining trends in fish stocks can trig-
ger investigations of possible causal mechanisms and policy
alternatives. Indicators of ecosystem condition include many
dimensions, ranging from the extent of the ecosystem to de-
mographic characteristics of human populations to amounts of
chemical contaminants (The H. John Heinz III Center for
Science, Economics, and the Environment 2002).

• Indicators of ecosystem services. Indicators for the provi-
sioning services discussed in Chapters 7–17 generally relate to
commodity outputs from the system (such as crop yields or
fish) and are readily communicable to policy-makers. Indica-
tors related to the underlying biological capability of the sys-
tem to maintain the production through supporting and
regulating services are a greater challenge. For example, indi-
cators measuring the capability of a system to regulate climate,
such as evapotranspiration or albedo, are not as readily inter-
pretable for a policy-maker.
Indicators are essential, but they need to be used with caution

(Bossel 1999). Over-reliance on indicators can mask important
changes in ecosystem condition. Second, while it is important
that indicators are based on measurable quantities, the selection of
indicators can be biased toward attributes that are easily quantifi-
able rather than truly reflective of ecosystem condition. Third,
comparing indicators and indices from different temporal and spa-
tial scales is challenging because units of measurement are often
inconsistent. Adding up and combining factors has to be done
very carefully and it is crucial that the method for combining
individual indicators is well understood.

Indicators of biodiversity are particularly important for this
assessment. Indicators of the amount and variability of species
within a defined area can take many forms. The most common
measures are species richness—the number of species—and spe-
cies diversity, which is the number of species weighted by their
relative abundance, biomass, or other characteristic, as in Shannon-
Weiner or other similar indices (Rosenzweig 1995).

These two simple measures do not capture many aspects of
biodiversity, however. They do not differentiate between native
and invasive or introduced species, do not differentiate among
species in terms of sensitivity or resilience to change, and do not
focus on species that fulfill significant roles in the ecosystem (such
as pollinators and decomposers). Moreover, the result depends on
the definition of the area and may be scale-dependent. The mea-
sures also may not always reflect biodiversity trends accurately.
For example, ecosystem degradation by human activities may
temporarily increase species richness in the limited area of the
impact. Thus refinements of these simple measures provide more
insights into the amount of biodiversity. (See Box 2.2.)

Aggregate indicators of trends in species populations such as
the Index of Biotic Integrity for aquatic systems (Karr and Dudley
1981) and the Living Planet Index (Loh 2002) use existing data
sets to identify overall trends in species abundance and, by impli-
cation, the condition of the ecosystems in which they occur. The
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Table 2.5. Examples of Indicators to Assess Ecosystem Condition and Trends

Characteristic
Described by Indicator Example of Indicator

Category of
Indicator

Availability of 
Data for Indicator Units

Direct drivers of change
Land cover conversion area undergoing urbanization ecological state high hectares

Invasive species native vs. non-native species ecological capital medium percent of plant species

Climate change annual rainfall ecological state high millimeters per year

Irrigation water usage ecological functioning high cubic meters per year

Ecosystem condition
Condition of vegetation landscape fragmentation ecological state medium mean patch size

Condition of soil soil nutrients ecological capital medium nutrient concentration

soil salinization ecological state low salt concentration

Condition of biodiversity species richness ecological capital low number of species/unit area

threatened species ecological functioning medium percent of species at risk

visibility of indicator species ecological functioning low-medium probability of extinction

Condition of fresh water presence of contaminants ecological state high concentration of pollutants index of
biotic integrity

Ecosystem service
Production service food production ecological functioning high yield (kilograms per hectare per year)

Capacity to mitigate floods change in stream flow per unit
precipitation

ecological capital low discharge (cubic meters per second)

Capacity for cultural services spiritual value ecological capital low ?

Capacity to provide biological
products

biological products of potential
value

ecological capital low number of products or economic value

Note: See section 2.3.4 for indicators of human well-being.

BOX 2.2

Indicators of Biodiversity

The following is a sample of the types of indicators that can be used to increased with both high species richness and high levels of taxo-
monitor status and trends in biodiversity. The list is not exhaustive, and nomic diversity among species. Care is needed that the indicator
specific choice of indicators will depend on particular scale and goals of of taxonomic diversity represents lineage in evolutionary history.
the monitoring program. • Endemism: the number of species found only in the specific

area (e.g., Ricketts in press). Note that this is a scale-dependent
• Threatened species: the number of species that are in decline measure: as the area assessed increases, higher levels of ende-

or otherwise classified as under threat of local or global extinc- mism will result.
tion. • Ecological role: species with particular ecological roles, such as

• Indicator species: species that can be shown to represent the pollinators and top predators (e.g., Kremen et al. 2002).
status or diversity of other species in the same ecosystem. Indi- • Sensitive or sentinel species: trends in species that react to
cator species have been explored as proxies for everything from changes in the environment before other species, especially
whole ecosystem restoration (e.g., Carignan and Villard 2002) to changes due to human activities (e.g., de Freitas Rebelo et al.
overall species richness (e.g., MacNally and Fleishman 2002). 2003). Similar to the famous ‘‘canary in the coal mine,’’ monitor-
The phrase ‘‘indicator species’’ is also used broadly to include ing these sensitive species is thought to provide early warning of
several of the other categories listed here. ecosystem disruption.

• Umbrella species: species whose conservation is expected to • Aggregate indicators: indices that combine information about
confer protection of other species in the same ecosystem (for trends in multiple species, such as the Living Planet Index, which
example, species with large area requirements). If these species aggregates trends in species abundances in forest, fresh water,
persist, it is assumed that others persist as well (Roberge and and marine species (Loh 2002), and the Index of Biotic Integrity,
Angelstam 2004). which combines measures of abundances of different taxa in

• Taxonomic diversity: the number of species weighted by their aquatic systems (Karr and Dudley 1981).
evolutionary distinctiveness (Mace et al. 2003). This indicator is
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Living Planet Index is an aggregation of three separate indices,
each the average of trends in species abundances in forest, fresh-
water, and marine biomes. It can be applied at national, regional,
and global levels. The effectiveness of such an aggregate indicator
depends on availability and access to data sets on a representative
number of species, which is particularly problematic in many de-
veloping countries.

The number of species threatened with extinction is an im-
portant indicator of biodiversity trends. Using this indicator re-
quires that a number of conditions to be met, however. First,
the criteria used to categorize species into threat classes must be
objective and transparent and have a scientific basis. Second, the
changes in the status of species must reflect genuine changes in
the conservation status of the species (rather than changes in
knowledge or taxonomy, for example). Third, the pool of species
evaluated in two different time periods must be comparable (if
more threatened species are evaluated first, the proportion of
threatened species may show a spurious decline).

The IUCN Red List of Threatened Species mentioned earlier
meets these conditions. The criteria used in assigning species to
threat categories (IUCN 2001) is quantitative and transparent yet
allows for flexibility and can incorporate data uncertainties (Akça-
kaya 2000). The IUCN Red List database also records whether
or not a species has been evaluated for the first time. For species
evaluated previously, the assessment includes reasons for any
change in status, such as genuine change in the status of the spe-
cies, new or better information available, incorrect information
used previously, taxonomic change affecting the species, and pre-
vious incorrect application of the Red List criteria. Finally, the
complete coverage of some taxonomic groups helps make evalua-
tions comparable, although the fact that new species are being
evaluated for other groups must be considered when calculating
measures such as the proportion of threatened species in those
groups.

2.2.5 Indigenous, Traditional, and Local
Knowledge

Traditional knowledge broadly represents information from a va-
riety of sources including indigenous peoples, local residents, and
traditions. The term indigenous knowledge is also widely used
referring to the knowledge held by ethnic minorities from the
approximately 300 million indigenous people worldwide (Emery
2000). The International Council for Science defines TK as ‘‘a
cumulative body of knowledge, know-how, practices and repre-
sentation maintained and developed by peoples with extended
histories of interaction with the natural environment. These so-
phisticated sets of understandings, interpretations and meanings
are part and parcel of a cultural complex that encompasses lan-
guage, naming and classification systems, resource use practices,
ritual, spirituality and worldview’’ (ICSU 2002b).

TK and IK are receiving increased interest as valuable sources
of information (Martello 2001) about ecosystem condition, sus-
tainable resource management (Johannes 1998; Berkes 1999;
2002), soil classification (Sandor and Furbee 1996), land use in-
vestigations (Zurayk et al. 2001), and the protection of biodiver-
sity (Gadgil et al. 1993). Traditional ecological knowledge is a
subset of TK that deals specifically with environmental issues.

Pharmaceutical companies, agribusiness, and environmental
biologists have all found TEK to be a rich source of information
(Cox 2000; Kimmerer 2000). TEK provides empirical insight
into crop domestication, breeding, and management. It is particu-
larly important in the field of conservation biology for developing
conservation strategies appropriate to local conditions. TEK is also
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useful for assessing trends in ecosystem condition (Mauro and
Hardinson 2000) and for restoration design (Kimmerer 2000), as
it tends to have qualitative information of a single local record
over a long time period.

Oral histories can play an important role in the field of vulner-
ability assessment, as they are especially effective at gathering in-
formation on local vulnerabilities over past decades. Qualitative
information derived from oral histories can be further developed
as storylines for further trends and can lead into role playing simu-
lations of new vulnerabilities or adaptations (Downing et al.
2001).

However, TK has for a long time not been treated equally to
knowledge derived from formal science. Although Article 27 of
the Universal Declaration of Human Rights of 1948 protects In-
tellectual Property, the intellectual property rights of indigenous
people have often been violated (Cox 2000). The Convention on
Biological Diversity of 1992 for the first time established interna-
tional protocols on the protection and sharing of national biologi-
cal resources and specifically addressed issues of traditional
knowledge. In particular, the parties to the convention agree to
respect and preserve TK and to promote wide applications and
equitable sharing of its benefits (Antweiler 1998; Cox 2000; Sin-
ghal 2000).

The integration of TEK with formal science can provide a
number of benefits, particularly in sustainable resource manage-
ment (Johannes 1998; Berkes 2002). However, integrating TEK
with formal science is sometimes problematic (Antweiler 1998;
Fabricus et al. 2004). Johnson (1992) cites the following as reasons
why integrating TEK is difficult:
• Traditional environmental knowledge is disappearing and

there are few resources to document it before it is lost.
• Translating concepts and ideas from cultures based on TEK

(mainly oral-based knowledge systems) into the concepts and
ideas of formal science is difficult.

• Appropriate methods to document and integrate TEK are
lacking, and natural scientists often criticize the lack of rigor
of the traditional anthropological methods for interviewing
and participant observation

• Integrating TEK and formal science is linked to political
power, and TEK is often seen as subordinate.
Moreover, existing practices of TEK, such as forest manage-

ment, are not necessarily sustainable (Antweiler 1998).
It has been repeatedly pointed out that if TEK is integrated it

needs to be understood within its historical, socioeconomic, po-
litical, environmental, and cultural location (Berkes 2002). This
implies that the ratio of local to scientific knowledge will vary
depending on the case and situation (Antweiler 1998). The limi-
tations and shortcomings of integrating TEK and formal science
must be addressed, and the methods chosen to collect this knowl-
edge should take the location-specific environments in which
they operate into account (Singhal 2000). Integration can also be
hindered by different representations of cross-scale interactions,
nonlinear feedbacks, and uncertainty in TEK and formal science
(Gunderson and Holling 2002). Due to this high degree of uncer-
tainty, it is essential to validate and compare both formal and in-
formal knowledge (Fabricus et al. 2004).

There have been general concerns about scaling up TEK to
broader spatial scales, as this traditional knowledge is seldom rele-
vant outside the local context (Forsyth 1999; Lovell et al. 2002).
Moreover, analysts warn of a downplaying of environmental
problems when TEK is overemphasized. On the other hand,
researchers have also warned that efforts to integrate or bridge
different knowledge systems will lead inevitably to the compart-
mentalization and distillation of traditional knowledge into a form
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that is understandable and usable by scientists and resource man-
agers alone (Nadasdy 1999).

Despite these limitations, TEK—if interpreted carefully and
assessed appropriately—can provide important data on ecosystem
conditions and trends. The most promising methods of data col-
lection are participatory approaches, in particular Participatory
Rural Appraisal (Catley 1996). PRA is an alternative to unstruc-
tured visits to communities, which may be biased toward more
accessible areas, and to costly, time-consuming questionnaire sur-
veys (Chambers 1994). PRA was developed during the early
1990s from Rapid Rural Appraisal, a cost-effective and rapid way
of gathering information. RRA was criticized as being too ‘‘quick
and dirty’’ and not sufficiently involved with local people. PRA
tries to overcome the criticisms of RRA by allowing recipients
more control of problem definition and solution design and by
carrying out research over a longer period (Zarafshani 2002;
Scoones 1995). Activities such as interviewing, transects, map-
ping, measuring, analysis, and planning are done jointly with local
people (Cornwall and Pratt 2003).

Participatory methods have their limitations: First, they only
produce certain types of information, which can be brief and su-
perficial. Second, the information collected may reflect peoples’
own priorities and interests. Third, there might be an unequal
power relation among participants and between participants and
researchers (Cooke and Kothari 2001). Glenn (2003) warns that a
rush to obtain traditional knowledge can be biased toward pre-
existing stereotypes and attention to vocal individuals who do not
necessarily reflect consensus.

The MA sub-global assessments used a wide range of partici-
patory research techniques to collect and integrate TEK and local
knowledge into the assessment process. In addition to PRA (Per-
eira 2004), techniques such as focus group workshops (Borrini-
Feyerabend 1997), semi-structured interviews with key infor-
mants (Pretty 1995), forum theater, free hand and GIS mapping,
pie charts, trend lines, timelines, ranking, Venn diagrams, problem
trees, pyramids, role playing, and seasonal calendars were used
(Borrini-Feyerabend 1997; Jordan and Shrestha 1998; Motteux
2001).

2.2.6 Case Studies of Ecosystem Responses to
Drivers

Case studies provide in-depth analyses of responses of ecosystem
conditions and services to drivers in particular locations. For ex-
ample, the study of the Yaqui Valley in Mexico illustrates the
response of birds, marine mammals, and fisheries to upland runoff
generated by increasing fertilizer use in the heavily irrigated valley
(Turner II et al. 2003). Evidence generated from a sufficient num-
ber of case studies allows general principles to emerge about eco-
system responses to drivers. Case studies, which can analyze
relationships in more detail than would be possible with nationally
aggregated statistics or coarse resolution data, also illustrate the
range of ecosystem responses to drivers in different locations or
under different biophysical conditions.

Few studies have been undertaken to synthesize information
from case studies. One such effort analyzed 152 sub-national case
studies investigating the response of tropical deforestation to eco-
nomic, institutional, technological, cultural, and demographic
drivers (Geist and Lambin 2001, 2002). The analysis revealed
complex relationships between drivers and deforestation in differ-
ent regions of the tropics, indicating challenges for generic and
widely applicable land-use policies to control deforestation. The
MA does not carry out such extensive meta-analyses, but rather
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uses their results where available as well as results from individual
case studies from the scientific literature.

Drawing conclusions from case studies must be done with
caution. First, individual studies do not generally use standard
protocols for data collection and analysis, so comparisons across
case studies are difficult. Second, researchers make decisions about
where to carry out a case study on an individual basis, so biases
might be introduced from inadequate representation from differ-
ent locations. Third, unless a sufficient number of case studies
are available it is not prudent to draw general conclusions and
extrapolate results from one location to another. In spite of these
limitations, case studies can illustrate possible linkages between
ecosystem response and drivers and can fill gaps generated by lack
of more comprehensive data when necessary.

2.3 Assessing the Value of Ecosystem Services
for Human Well-being
This section addresses the data and methods for assessing the link-
ages between ecosystem services and human well-being.

2.3.1 Linking Ecosystem Condition and Trends to
Well-being

Ecosystem condition is only one of many factors that affect
human well-being, making it challenging to assess linkages be-
tween them. Health outcomes, for example, are the combined
result of ecosystem condition, access to health care, economic
status, and myriad other factors. Interpretations of trends in indi-
cators of well-being must appropriately account for the full range
of factors involved.

The impacts of ecosystem change on well-being are often sub-
tle, which is not to say unimportant; impacts need not be drastic
to be significant. A small increase in food prices resulting from
lower yields as a result of land degradation will affect the well-
being of many people, even if none starve as a result.

Two basic approaches can be used to trace the linkages be-
tween ecosystem condition and trends and human well-being.
The first attempts to correlate trends in ecosystem condition to
changes in human well-being directly, while the second attempts
to trace the impact to the groups affected through biophysical
and socioeconomic processes. For example, the impact of water
contamination on the incidence of human disease could be esti-
mated by correlating measures of contaminants in water supplies
with measures of the incidence of gastrointestinal illnesses in the
general population, controlling for other factors that might affect
the relationship. Alternatively, the impact could be estimated by
using a dose-response function that relates the incidence of illness
to the concentration of contaminants to estimate the increase in
the probability of illness, then combining that with estimates of
the population served by the contaminated water to arrive at a
predicted total number of illnesses.

Both approaches face considerable problems. Efforts to corre-
late ecosystem condition with human well-being directly are dif-
ficult because of the presence of multiple confounding factors.
Thus the incidence of respiratory illness depends not only on the
concentration of airborne contaminants but also on predisposition
to illness through factors such as nutritional status or the preva-
lence of smoking, exposure factors such as the proportion of time
spent outdoors, and so on. Analyses linking well-being and eco-
system condition are most easily carried out at a local scale, where
the linkages can be most clearly identified.
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2.3.2 Measuring Well-being

Human well-being has several key components: the basic material
needs for a good life, freedom and choice, health, good social
relations, and personal security. Well-being exists on a continuum
with poverty, which has been defined as ‘‘pronounced depriva-
tion in well-being.’’ One of the key objectives of the MA is to
identify the direct and indirect pathways by which ecosystem
change can affect human well-being, whether positively or nega-
tively.

Well-being is multidimensional, and so very hard to measure.
All available measures have problems, both conceptual (are they
measuring the right thing, in the right way?) and practical (how
do we actually implement them?). Moreover, most available mea-
sures are extremely difficult to relate to ecosystem services.

Economic valuation offers a way both to value a wide range
of individual impacts (some quite accurately and reliably, others
less so) and, potentially but controversially, to assess well-being as
a whole by expressing the disparate components of well-being in
a single unit (typically a monetary unit). It has the advantage that
impacts denominated in monetary units are readily intelligible and
comparable to other benefits or to the costs of intervention. It can
also be used to provide information to examine distributional,
equity, and intergenerational aspects. Economic valuation tech-
niques are described in the next section.

Health indicators address a key subset of impacts of ecosystem
services on well-being. They are an important complement to
economic valuation because they concern impacts that are very
difficult and controversial to value. Some health indicators address
specific types of health impacts; others attempt to aggregate a
number of health impacts. Likewise, poverty indicators measure a
dimension of well-being that is often of particular interest. These,
too, are described later in the chapter.

Numerous other well-being indicators (such as the Human
Development Index) have been developed in an effort to capture
the multidimensionality of well-being into a single number, with
varying degrees of success. Although these indicators are arguably
better measures of well-being, they tend not to be very useful for
assessing the impact of ecosystems, as many of the dimensions
they add (literacy, for instance) tend not to be sensitive to ecosys-
tem condition. These aggregate indicators and the limitations they
face are described near the end of this chapter.

2.3.3 Economic Valuation

One of the main reasons we worry about the loss of ecosystems is
that they provide valuable services—services that may be lost or
diminished as ecosystems degrade. The question then immedi-
ately arises: how valuable are these services? Or, put another way,
how much worse off would we be if we had less of these services?
We need to be able to answer these questions to inform the
choices we make in how to manage ecosystems.

Economic valuation attempts to answer these questions. It is
based on the fact that human beings derive benefit (or ‘‘utility’’)
from the use of ecosystem services either directly or indirectly,
whether currently or in the future, and that they are willing to
‘‘trade’’ or exchange something for maintaining these services. As
utility cannot be measured directly, economic valuation tech-
niques are based on observation of market and nonmarket ex-
change processes. Economic valuation usually attempts to
measure all services in monetary terms, in order to provide a com-
mon metric in which to express the benefits of the diverse variety
of services provided by ecosystems. This explicitly does not mean
that only services that generate monetary benefits are taken into
consideration in the valuation process. On the contrary, the es-
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sence of most work on valuation of environmental and natural
resources has been to find ways to measure benefits that do not
enter markets and so have no directly observable monetary bene-
fits. The concept of Total Economic Value is a framework widely
used to disaggregate the utilitarian value of ecosystems into com-
ponents (Pearce 1993). (See Box 2.3.)

Valuation can be used in many different ways (Pagiola et al.
2004). The MA uses valuation primarily to evaluate trade-offs
between alternative ecosystem management regimes that alter the
use of ecosystems and the multiple services they provide. This
approach focuses on assessing the value of changes in ecosystem
services resulting from management decisions or other human ac-

BOX 2.3

Total Economic Value

The concept of total economic value is widely used by economists
(Pearce and Warford 1993). This framework typically disaggregates the
utilitarian value of ecosystems into direct and indirect use values and
non-use values:

• Direct use values are derived from ecosystem services that are
used directly by humans. They include the value of consumptive
uses, such as harvesting of food products, timber for fuel or
construction, medicinal products, and hunting of animals for con-
sumption, and of non-consumptive uses, such as the enjoyment
of recreational and cultural amenities like wildlife and bird watch-
ing, water sports, and spiritual and social utilities that do not
require harvesting of products. Direct use values correspond
broadly to the MA notion of provisioning and cultural services.
They are typically enjoyed by people located in the ecosystem
itself.

• Indirect use values are derived from ecosystem services that
provide benefits outside the ecosystem itself. Examples include
the natural water filtration function of wetlands, which often bene-
fits people far downstream; the storm protection function of
coastal mangrove forests, which benefits coastal properties and
infrastructure; and carbon sequestration, which benefits the entire
global community by abating climate change. This category of
benefits corresponds broadly to the MA notion of regulating and
supporting services.

• Option values are derived from preserving the option to use in
the future services that may not be used at present, either by
oneself (option value) or by others or heirs (bequest value). Pro-
visioning, regulating, and cultural services may all form part of
option value to the extent that they are not used now but may be
used in the future.

• Non-use values refer to the value people may have for knowing
that a resource exists even if they never use that resource di-
rectly. This kind of value is usually known as existence value (or,
sometimes, passive use value). This is one area of partial over-
lap with non-utilitarian sources of value (see the section on intrin-
sic value).

The TEV framework does not have any direct analog to the MA
notion of supporting services of ecosystems. Rather, these services
are valued indirectly, through their role in enabling the ecosystem to
provide provisioning and enriching services.

Valuation is usually relatively simple in the case of direct use value,
and then increasingly difficult as one moves on to indirect use value,
option value, and non-use value.
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Millennium Ecosystem Assessment:
Objectives, Focus, and Approach

The Millennium Ecosystem Assessment was carried out between 2001 and
2005 to assess the consequences of ecosystem change for human well-being
and to establish the scientific basis for actions needed to enhance the conser-
vation and sustainable use of ecosystems and their contributions to human
well-being. The MA responds to government requests for information received
through four international conventions—the Convention on Biological Diversity,
the United Nations Convention to Combat Desertification, the Ramsar Conven-
tion on Wetlands, and the Convention on Migratory Species—and is designed
to also meet needs of other stakeholders, including the business community,
the health sector, nongovernmental organizations, and indigenous peoples.
The sub-global assessments also aimed to meet the needs of users in the
regions where they were undertaken.

The assessment focuses on the linkages between ecosystems and human
well-being and, in particular, on ‘‘ecosystem services.’’ An ecosystem is a
dynamic complex of plant, animal, and microorganism communities and the
nonliving environment interacting as a functional unit. The MA deals with the
full range of ecosystems—from those relatively undisturbed, such as natural
forests, to landscapes with mixed patterns of human use and to ecosystems
intensively managed and modified by humans, such as agricultural land and
urban areas. Ecosystem services are the benefits people obtain from ecosys-
tems. These include provisioning services such as food, water, timber, and
fiber; regulating services that affect climate, floods, disease, wastes, and water
quality; cultural services that provide recreational, aesthetic, and spiritual bene-
fits; and supporting services such as soil formation, photosynthesis, and nutri-
ent cycling. The human species, while buffered against environmental changes
by culture and technology, is fundamentally dependent on the flow of ecosys-
tem services.

The MA examines how changes in ecosystem services influence human well-
being. Human well-being is assumed to have multiple constituents, including
the basic material for a good life, such as secure and adequate livelihoods,
enough food at all times, shelter, clothing, and access to goods; health, includ-
ing feeling well and having a healthy physical environment, such as clean air
and access to clean water; good social relations, including social cohesion,
mutual respect, and the ability to help others and provide for children; security,
including secure access to natural and other resources, personal safety, and
security from natural and human-made disasters; and freedom of choice and
action, including the opportunity to achieve what an individual values doing
and being. Freedom of choice and action is influenced by other constituents of
well-being (as well as by other factors, notably education) and is also a precon-
dition for achieving other components of well-being, particularly with respect to
equity and fairness.

The conceptual framework for the MA posits that people are integral parts of
ecosystems and that a dynamic interaction exists between them and other
parts of ecosystems, with the changing human condition driving, both directly
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and indirectly, changes in ecosystems and thereby causing changes in human
well-being. At the same time, social, economic, and cultural factors unrelated
to ecosystems alter the human condition, and many natural forces influence
ecosystems. Although the MA emphasizes the linkages between ecosystems
and human well-being, it recognizes that the actions people take that influence
ecosystems result not just from concern about human well-being but also from
considerations of the intrinsic value of species and ecosystems. Intrinsic value
is the value of something in and for itself, irrespective of its utility for someone
else.

The Millennium Ecosystem Assessment synthesizes information from the sci-
entific literature and relevant peer-reviewed datasets and models. It incorpo-
rates knowledge held by the private sector, practitioners, local communities,
and indigenous peoples. The MA did not aim to generate new primary knowl-
edge but instead sought to add value to existing information by collating, evalu-
ating, summarizing, interpreting, and communicating it in a useful form.
Assessments like this one apply the judgment of experts to existing knowledge
to provide scientifically credible answers to policy-relevant questions. The
focus on policy-relevant questions and the explicit use of expert judgment
distinguish this type of assessment from a scientific review.

Five overarching questions, along with more detailed lists of user needs devel-
oped through discussions with stakeholders or provided by governments
through international conventions, guided the issues that were assessed:

• What are the current condition and trends of ecosystems, ecosystem ser-
vices, and human well-being?

• What are plausible future changes in ecosystems and their ecosystem
services and the consequent changes in human well-being?

• What can be done to enhance well-being and conserve ecosystems?
What are the strengths and weaknesses of response options that can be
considered to realize or avoid specific futures?

• What are the key uncertainties that hinder effective decision-making con-
cerning ecosystems?

• What tools and methodologies developed and used in the MA can
strengthen capacity to assess ecosystems, the services they provide, their
impacts on human well-being, and the strengths and weaknesses of re-
sponse options?

The MA was conducted as a multiscale assessment, with interlinked assess-
ments undertaken at local, watershed, national, regional, and global scales. A
global ecosystem assessment cannot easily meet all the needs of decision-
makers at national and sub-national scales because the management of any
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particular ecosystem must be tailored to the particular characteristics of that
ecosystem and to the demands placed on it. However, an assessment focused
only on a particular ecosystem or particular nation is insufficient because some
processes are global and because local goods, services, matter, and energy
are often transferred across regions. Each of the component assessments was
guided by the MA conceptual framework and benefited from the presence of
assessments undertaken at larger and smaller scales. The sub-global assess-
ments were not intended to serve as representative samples of all ecosystems;
rather, they were to meet the needs of decision-makers at the scales at which
they were undertaken. The sub-global assessments involved in the MA proc-
ess are shown in the Figure and the ecosystems and ecosystem services
examined in these assessments are shown in the Table.

The work of the MA was conducted through four working groups, each of
which prepared a report of its findings. At the global scale, the Condition and
Trends Working Group assessed the state of knowledge on ecosystems, driv-
ers of ecosystem change, ecosystem services, and associated human well-
being around the year 2000. The assessment aimed to be comprehensive with
regard to ecosystem services, but its coverage is not exhaustive. The Scenar-
ios Working Group considered the possible evolution of ecosystem services
during the twenty-first century by developing four global scenarios exploring
plausible future changes in drivers, ecosystems, ecosystem services, and
human well-being. The Responses Working Group examined the strengths
and weaknesses of various response options that have been used to manage
ecosystem services and identified promising opportunities for improving human
well-being while conserving ecosystems. The report of the Sub-global Assess-
ments Working Group contains lessons learned from the MA sub-global as-
sessments. The first product of the MA—Ecosystems and Human Well-being:
A Framework for Assessment, published in 2003—outlined the focus, concep-
tual basis, and methods used in the MA. The executive summary of this publi-
cation appears as Chapter 1 of this volume.

Approximately 1,360 experts from 95 countries were involved as authors of
the assessment reports, as participants in the sub-global assessments, or as
members of the Board of Review Editors. The latter group, which involved 80
experts, oversaw the scientific review of the MA reports by governments and
experts and ensured that all review comments were appropriately addressed
by the authors. All MA findings underwent two rounds of expert and govern-
mental review. Review comments were received from approximately 850 indi-
viduals (of which roughly 250 were submitted by authors of other chapters in
the MA), although in a number of cases (particularly in the case of govern-
ments and MA-affiliated scientific organizations), people submitted collated
comments that had been prepared by a number of reviewers in their govern-
ments or institutions.

PAGE x

The MA was guided by a Board that included representatives of five interna-
tional conventions, five U.N. agencies, international scientific organizations,
governments, and leaders from the private sector, nongovernmental organiza-
tions, and indigenous groups. A 15-member Assessment Panel of leading so-
cial and natural scientists oversaw the technical work of the assessment,
supported by a secretariat with offices in Europe, North America, South
America, Asia, and Africa and coordinated by the United Nations Environment
Programme.

The MA is intended to be used:

• to identify priorities for action;

• as a benchmark for future assessments;

• as a framework and source of tools for assessment, planning, and man-
agement;

• to gain foresight concerning the consequences of decisions affecting eco-
systems;

• to identify response options to achieve human development and sustain-
ability goals;

• to help build individual and institutional capacity to undertake integrated
ecosystem assessments and act on the findings; and

• to guide future research.

Because of the broad scope of the MA and the complexity of the interactions
between social and natural systems, it proved to be difficult to provide definitive
information for some of the issues addressed in the MA. Relatively few ecosys-
tem services have been the focus of research and monitoring and, as a conse-
quence, research findings and data are often inadequate for a detailed global
assessment. Moreover, the data and information that are available are gener-
ally related to either the characteristics of the ecological system or the charac-
teristics of the social system, not to the all-important interactions between
these systems. Finally, the scientific and assessment tools and models avail-
able to undertake a cross-scale integrated assessment and to project future
changes in ecosystem services are only now being developed. Despite these
challenges, the MA was able to provide considerable information relevant to
most of the focal questions. And by identifying gaps in data and information
that prevent policy-relevant questions from being answered, the assessment
can help to guide research and monitoring that may allow those questions to
be answered in future assessments.
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Foreword

The Millennium Ecosystem Assessment was called for by United
Nations Secretary-General Kofi Annan in 2000 in his report to
the UN General Assembly, We the Peoples: The Role of the United
Nations in the 21st Century. Governments subsequently supported
the establishment of the assessment through decisions taken by
three international conventions, and the MA was initiated in
2001. The MA was conducted under the auspices of the United
Nations, with the secretariat coordinated by the United Nations
Environment Programme, and it was governed by a multistake-
holder board that included representatives of international institu-
tions, governments, business, NGOs, and indigenous peoples.
The objective of the MA was to assess the consequences of eco-
system change for human well-being and to establish the scientific
basis for actions needed to enhance the conservation and sustain-
able use of ecosystems and their contributions to human well-
being.

This volume has been produced by the MA Condition and
Trends Working Group and assesses the state of knowledge on
ecosystems and their services, the drivers of ecosystem change,
and the consequences of ecosystem change for human well-being.
The material in this report has undergone two extensive rounds
of peer review by experts and governments, overseen by an inde-
pendent Board of Review Editors.

This is one of four volumes (Current State and Trends, Scenarios,
Policy Responses, and Multiscale Assessments) that present the tech-
nical findings of the Assessment. Six synthesis reports have also
been published: one for a general audience and others focused on
issues of biodiversity, wetlands and water, desertification, health,
and business and ecosystems. These synthesis reports were pre-
pared for decision-makers in these different sectors, and they syn-
thesize and integrate findings from across all of the Working
Groups for ease of use by those audiences.

This report and the other three technical volumes provide a
unique foundation of knowledge concerning human dependence
on ecosystems as we enter the twenty-first century. Never before
has such a holistic assessment been conducted that addresses mul-
tiple environmental changes, multiple drivers, and multiple link-
ages to human well-being. Collectively, these reports reveal both
the extraordinary success that humanity has achieved in shaping
ecosystems to meet the needs of growing populations and econo-
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mies and the growing costs associated with many of these changes.
They show us that these costs could grow substantially in the
future, but also that there are actions within reach that could dra-
matically enhance both human well-being and the conservation
of ecosystems.

A more exhaustive set of acknowledgments appears later in
this volume but we want to express our gratitude to the members
of the MA Board, Board Alternates, Exploratory Steering Com-
mittee, Assessment Panel, Coordinating Lead Authors, Lead Au-
thors, Contributing Authors, Board of Review Editors, and
Expert Reviewers for their extraordinary contributions to this
process. (The list of reviewers is available at www.MAweb.org.)
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Preface

The Current State and Trends assessment presents the findings of
the Condition and Trends Working Group of the Millennium
Ecosystem Assessment. This volume documents the current con-
dition and recent trends of the world’s ecosystems, the services
they provide, and associated human well-being around the year
2000. Its primary goal is to provide decision-makers, ecosystem
managers, and other potential users with objective information
and analyses of historical trends and dynamics of the interaction
between ecosystem change and human well-being. This assess-
ment establishes a baseline for the current condition of ecosystems
at the turn of the millennium. It also assesses how changes in
ecosystems have affected the underlying capacity of ecosystems to
continue to provide these services in the near future, providing a
link to the Scenarios Working Group’s report. Finally, it considers
recent trends in ecosystem conditions that have been the result of
historical responses to ecosystem service problems, providing a
link to the Responses Working Group’s report.

Although centered on the year 2000, the temporal scope of
this assessment includes the ‘‘relevant past’’ to the ‘‘foreseeable
future.’’ In practice, this means analyzing trends during the latter
decades of the twentieth century and extrapolating them forward
for a decade or two into the twenty-first century. At the point
where the projections become too uncertain to be sustained, the
Scenarios Working Group takes over the exploration of alternate
futures.

The Condition and Trends assessment aims to synthesize and
add to information already available from other sources, whether
in the primary scientific literature or already in assessment form.
In many instances this information is not reproduced in this vol-
ume but is built upon to report additional findings here. So this
volume does not, for example, provide an assessment of the sci-
ence of climate change per se, as that is reported in the findings
of the Intergovernmental Panel on Climate Change, but the
findings of the IPCC are used here as a basis to present informa-
tion on the consequences of climate change for ecosystem ser-
vices.

A summary of the process leading to this document is pro-
vided in Figure A.

The document has three main parts plus a synthesis chapter
and supporting material. (See Figure B.) After the introductory
material in Part I, the findings from the technical assessments are
presented in two orthogonal ways: Part II deals with individual
categories of ecosystem services, viewed across all the ecosystem
types from which they are derived, while Part III analyses the
various systems from which bundles of services are derived. Such
organization allows the chapters to be read as standalone docu-
ments and assists readers with thematic interests. In Part IV, the
synthesis chapter pulls out the key threads of findings from the
earlier parts to construct an integrated narrative of the key issues
relating ecosystem change (through changes in ecosystem ser-
vices) to impacts on human well-being.
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2000

2001

2002

2003

2004

2005

Initial planning

   Publication of 
 Ecosystems and 

Human Well-being

    Publication in four technical reports and Summaries

Syntheses documents published

First technical design meeting, Bilthoven

Funds secured, Board appointed, and MA launched

Publication of Pilot Assessment 

        of  Global Ecosystems 

WG chairs and scientific panel appointed

Second technical design meeting, Cape Town

Condition and Trends 

    Working GroupConceptual 
Framework
discussions 
and review First meeting: Frascatti

Second meeting: São Carlos

Third meeting: Chantilly, VA

     Scenarios, Responses, and 
     Sub-global Working Groups 
        undergo similar process

Fourth meeting: Prague

Two rounds of  expert and
governmental review, and
      incorporation of  
     review comments

Figure A. Schedule of the Condition and Trends Working Group
Assessment

Appendices provide an extensive glossary of terms, abbrevia-
tions, and acronyms; information on authors; and color graphics.

Part I: General Concepts and Analytical
Approaches
The first part of this report introduces the overarching concep-
tual, methodological, and crosscutting themes of the MA inte-
grated approach, and for this reason it precedes the technical
assessment parts. Following the executive summary of the MA
conceptual framework volume (Ecosystems and Human Well-being:
A Framework for Assessment), which is Chapter 1, the analytical
approaches to a global assessment of ecosystems and ecosystem
services are outlined in Chapter 2. Chapter 3 provides a sum-
mary assessment of the most important changes in key indirect
and direct drivers of ecosystem change over the last part of the

................. 11432$ PREF 10-11-05 14:49:16 PS



xvi Ecosystems and Human Well-being: Current State and Trends

 General concepts and analytical approaches

Ecosystem Services
•  Fresh water
•  Food
•  Timber, fuel, and fiber
•  New biodiversity products
      and industries
•  Biological regulation
•  Nutrient cycling
•  Climate and air quality
•  Ecosystem regulation of
      infectious diseases
•  Waste processing and 
      detoxification
•  Regulation of  floods and fires
•  Cultural and amenity services

•  MA conceptual framework
•  Analytical approaches
•  Drivers of  change
•  Biodiversity
•  Ecosystem conditions and human well-being
•  Vulnerable peoples and places

     Systems

•  Marine
•  Coastal
•  Inland water
•  Forest and woodland
•  Dryland
•  Island
•  Mountain
•  Polar
•  Cultivated
•  Urban

Synthesis

Figure B. Structure of the Condition and Trends Working Group
Assessment Report

twentieth century, and considers some of the key interactions be-
tween these drivers (the full assessment of drivers, of which this
chapter is a summary, can be found in the Scenarios volume, Chap-
ter 7). The remaining chapters in Part I—on biodiversity (Chap-
ter 4), human well-being (Chapter 5), and vulnerability (Chapter
6)—introduce issues at a global scale but also contain a synthesis
of material drawn from chapters in Parts II and III.

Each of these introductory overarching chapters aims to deal
with the general issues related to its topic, leaving the specifics
embedded in later chapters. This is intended to enhance readabil-
ity and to help reduce redundancy across the volume. For exam-
ple, Chapter 2 seeks to give an overview of the types of analytical
approaches and methods used in the assessment, but not provide
a recipe for conducting specific assessments, and Chapter 3 aims
to provide the background to the various drivers that would
otherwise need to be discussed in multiple subsequent chapters.

Biodiversity provides composition, structure, and function to
ecosystems. The amount and diversity of life is an underlying ne-
cessity for the provision of all ecosystem services, and for this
reason Chapter 4 is included in the introductory section rather
than as a chapter in the part on ecosystem services. It outlines
the key global trends in biodiversity, our state of knowledge on
biodiversity in terms of abundance and distribution, and the role
of biodiversity in the functioning of ecosystems. Later chapters
consider more fully the role of biodiversity in the provision of
ecosystem services.

The consequences of ecosystem change for human well-being
are the core subject of the MA. Chapter 5 presents our state of
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knowledge on the links between ecosystems and human well-being
and outlines the broad patterns in well-being around the world.

Neither the distribution of ecosystem services nor the change
in these services is evenly distributed across places and societies.
Certain ecosystems, locations, and people are more at risk from
changes in the supply of services than others. Chapter 6, on vul-
nerable peoples and places, identifies these locations and groups
and examines why they are particularly vulnerable to changes in
ecosystems and ecosystem services.

Part II: An Assessment of Ecosystem Services
The Condition and Trends assessment sets out to be comprehen-
sive in its treatment of ecosystem services but not exhaustive. The
list of ‘‘benefits that people derive from ecosystems’’ grows con-
tinuously with further investigation. The 11 groups of services
covered by this assessment deal with issues that are of vital impor-
tance almost everywhere in the world and represent, in the opin-
ion of the Working Group, the main services that are most
important for human well-being and are most affected by changes
in ecosystem conditions. The MA only considers ecosystem ser-
vices that have a nexus with life on Earth (biodiversity). For
example, while gemstones and tidal energy can both provide ben-
efits to people, and both are found within ecosystems, they are
not addressed in this report since their generation does not de-
pend on the presence of living organisms. The ecosystem services
assessed and the chapter titles in this part are:

Provisioning services:
• Fresh Water
• Food
• Timber, Fiber, and Fuel
• New Products and Industries from Biodiversity

Regulating and supporting services:
• Biological Regulation of Ecosystem Services
• Nutrient Cycling
• Climate and Air Quality
• Human Health: Ecosystem Regulation of Infectious Diseases
• Waste Processing and Detoxification
• Regulation of Natural Hazards: Floods and Fires

Cultural services:
• Cultural and Amenity Services

Each of the chapters in this section in fact deals with a cluster
of several related ecosystem services. For instance, the chapter on
food covers the provision of numerous cereal crops, vegetables
and fruits, beverages, livestock, fish, and other edible products;
the chapter on nutrient cycling addresses the benefits derived
from a range of nutrient cycles, but with a focus on nitrogen; and
the chapter on cultural and amenity services covers a range of
such services, including recreation, aesthetic, and spiritual ser-
vices. The length of the treatment afforded to each service reflects
several factors: our assessment of its relative importance to human
well-being; the scope and complexity of the topic; the degree to
which it has been treated in other assessments (thus reducing the
need for a comprehensive treatment here); and the amount of
information that is available to be assessed.

Part II considers services from each of the four MA categories:
provisioning, regulating, cultural, and supporting services. Each
service chapter has been developed to cover the same types of
information. First the service is defined. Then, for each service,
the spatial distribution of supply and demand is quantified, along
with recent trends. The direct and indirect drivers of change in
the service are analyzed. And finally the consequences of the
changes in the service for human well-being are examined and
quantified to the degree possible.

................. 11432$ PREF 10-11-05 14:49:19 PS



xviiPreface

Examples are given of the responses by decision-makers at
various levels (from the individual to the international) to issues
relating to change in service supply. Both successful and unsuc-
cessful interventions are described, as supportive material for the
Policy Responses volume.

Part III: An Assessment of Systems from which
Ecosystem Services Are Derived
The Condition and Trends Working Group uses the term ‘‘sys-
tems’’ in describing these chapters rather than the term ‘‘ecosys-
tems.’’ This is for several reasons. First, the ‘‘systems’’ used are
essentially reporting units, defined for pragmatic reasons. They
represent easily recognizable broad categories of landscape or sea-
scape, with their included human systems, and typically represent
units or themes of management or intervention interest. Ecosys-
tems, on the other hand, are theoretically defined by the interac-
tions of their components.

The 10 selected systems assessed here cover much larger areas
than most ecosystems in the strict sense and include areas of sys-
tem type that are far apart (even isolated) and that thus interact
only weakly. In fact, there may be stronger local interactions with
embedded fragments of ecosystems of a different type rather than
within the nominal type of the system. The ‘‘cultivated system,’’
for instance, considers a landscape where crop farming is a pri-
mary activity but that probably includes, as an integral part of that
system, patches of rangeland, forest, water, and human settle-
ments.

Second, while it is recognized that humans are always part of
ecosystems, the definitions of the systems used in this report take
special note of the main patterns of human use. The systems are
defined around the main bundles of services they typically supply
and the nature of the impacts that human use has on those ser-
vices.

Information within the systems chapters is frequently pre-
sented by subsystems where appropriate. For example, the forest
chapter deals separately with tropical, temperate, and boreal for-
ests because they deliver different services; likewise, the coastal
chapter deals explicitly with various coastal subsystems, such as
mangroves, corals, and seagrasses.

The 10 system categories and the chapter titles in this part are:
• Marine Fisheries Systems
• Coastal Systems
• Inland Water Systems
• Forest and Woodland Systems
• Dryland Systems
• Island Systems
• Mountain Systems
• Polar Systems
• Cultivated Systems
• Urban Systems

Definitions for these system categories can be found in Box 1.3
in Chapter 1. These system categories are not mutually exclusive,
and some overlap spatially. For instance, mountain systems contain
areas of forest systems, dryland systems, inland water systems, culti-
vated systems, and urban systems, while coastal systems include com-
ponents of all of the above, including mountain systems. Due to this
overlap, simple summations of services across systems for global totals
should be avoided (an exercise that the MA has avoided in general):
some may be double-counted, while others may be underrepre-
sented. Notwithstanding these caveats, the systems have been de-
fined to cover most of the Earth’s surface and not to overlap
unnecessarily. In many instances the boundaries between systems are
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diffuse, but not arbitrary. For instance, the coastal system blends
seamlessly into the marine system on the one hand and the land
systems on the other. The 50-meter depth distinction between
coastal and marine separates the systems strongly influenced by ac-
tions on the land from those overwhelmingly influenced by fishing.
There is significant variation in the area of coverage of each system.

The system definitions are also not exhaustive, and no attempt
has been made to cover every part of the global surface. Although
�99% of global surface area has been covered in this assessment,
there are just over 5 million square kilometers of terrestrial land
surface not included spatially within any of the MA system bound-
aries. These areas are generally found within grassland, savanna, and
forest biomes, and they contain a mix of land cover classes—
generally grasslands, degraded forests, and marginal agricultural
lands—that are not picked up within the mapping definitions for
the system boundaries. However, while these excluded areas may
not appear in the various statistics produced along system bound-
aries, the issues occurring in these areas relating to ecosystem services
are well covered in the various services chapters, which do not ex-
clude areas of provision outside MA system boundaries.

The main motivation for dealing with ‘‘systems’’ as well as
‘‘services’’ is that the former perspective allows us to examine
interactions between the services delivered from a single location.
These interactions can take the form of trade-offs (that is, where
promoting one service reduces the supply of another service),
win-win situations (where a single management package en-
hances the supply of several services), or synergies, where the si-
multaneous use of services raises or depresses both more than if
they were independently used.

The chapters in Part III all present information in a broadly
similar manner: system description, including a map and descrip-
tive statistics for the system and its subsystems; quantification of
the services it delivers and their contribution to well-being; recent
trends in the condition of the system and its capacity to provide
services; processes leading to changes in the system; the choices
and resultant trade-offs between systems and between services
within the system; and the contributions of the system to human
well-being.

Part IV: Synthesis
Chapter 28 does not intend to be a summary. That task is left to
the summaries or Main Messages of each chapter and to the Sum-
mary at the start of this volume. Instead, the synthesis chapter
constructs an integrated narrative, tracing the principal causes of
ecosystem change, the consequences for ecosystems and ecosys-
tem services, and the resultant main impacts on human well-
being. The chapter considers the key intellectual issues arising
from the Condition and Trends assessment and presents an assess-
ment of our underlying knowledge on the consequences of eco-
system change for people.

Supporting material for many of the chapters, and further de-
tails of the Millennium Ecosystem Assessment, including of the
various sub-global assessments, plus a full list of reviewers, can be
found at the MA Web site at www.MAweb.org.

Rashid Hassan
University of Pretoria, South Africa

Robert Scholes
Council for Science and Industrial Research, South Africa

Neville J. Ash
UNEP-World Conservation Monitoring Centre
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Reader’s Guide

The four technical reports present the findings of each of the MA
Working Groups: Condition and Trends, Scenarios, Responses,
and Sub-global Assessments. A separate volume, Our Human
Planet, presents the summaries of all four reports in order to offer
a concise account of the technical reports for decision-makers. In
addition, six synthesis reports were prepared for ease of use by
specific audiences: Synthesis (general audience), CBD (biodiver-
sity), UNCCD (desertification), Ramsar Convention (wetlands),
business and industry, and the health sector. Each MA sub-global
assessment will also produce additional reports to meet the needs
of its own audiences.

All printed materials of the assessment, along with core data and a
list of reviewers, are available at www.MAweb.org. In this volume,
Appendix A contains color maps and figures. Appendix B lists all
the authors who contributed to this volume. Appendix C lists the
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acronyms and abbreviations used in this report and Appendix D
is a glossary of terminology used in the technical reports. Through-
out this report, dollar signs indicate U.S. dollars and ton means
tonne (metric ton). Bracketed references within the Summary are
to chapters within this volume.

In this report, the following words have been used where ap-
propriate to indicate judgmental estimates of certainty, based on
the collective judgment of the authors, using the observational
evidence, modeling results, and theory that they have examined:
very certain (98% or greater probability), high certainty (85–98%
probability), medium certainty (65%–58% probability), low cer-
tainty (52–65% probability), and very uncertain (50–52% proba-
bility). In other instances, a qualitative scale to gauge the level of
scientific understanding is used: well established, established but
incomplete, competing explanations, and speculative. Each time
these terms are used they appear in italics.
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Main Messages

Biodiversity—the diversity of genes, populations, species, communities,
and ecosystems—underlies all ecosystem processes. Ecological proc-
esses interacting with the atmosphere, geosphere, and hydrosphere determine
the environment on which organisms, including people, depend. Direct benefits
such as food crops, clean water, clean air, and aesthetic pleasures all depend
on biodiversity, as does the persistence, stability, and productivity of natural
systems.

For many ecosystem services, local population extinctions are more sig-
nificant than global extinctions—human communities depend for their well-
being on populations of species that are accessible to them. The most appro-
priate measures and indicators of biodiversity depend on the value or service
being assessed and involve a consideration of the components of biodiversity
that are involved (from genes, individuals, populations, species, and communi-
ties to ecosystems) and the service that is being delivered.

Knowledge of biodiversity is uneven, with strong biases toward the species
level, large animals, temperate systems, and components of biodiversity used
by people. This results in gaps in knowledge, especially regarding the status
of tropical systems, marine and freshwater biota, plants, invertebrates, micro-
organisms, and subterranean biota.

Most estimates of the total number of species on Earth lie between 5
million and 30 million. Of this total, roughly 2 million species have been
formally described; the remainder are unknown or unnamed. The overall
total could be higher than 30 million if poorly known groups such as deep-sea
organisms, fungi, and microorganisms including parasites have more species
than currently estimated.

Most macroscopic organisms have small, often clustered, geographical
ranges, leading to diagnosable centers of both diversity and endemism,
which are frequently concentrated in isolated or topographically variable
regions (islands, mountains, peninsulas). A large proportion of the world’s
terrestrial biodiversity at the species level is concentrated in a small area of
the world, mostly in the tropics. The Neotropics and Afrotropics have the high-
est species richness. Endemism is also high in these regions and, as a conse-
quence of its isolation, in Australasia. Even among the larger and more mobile
species such as the terrestrial vertebrates, more than one third of all species
have ranges less than 1,000 square kilometers. In contrast, local and regional
diversity of microorganisms appears to be more similar to large-scale and
global diversity, indicating greater dispersal, larger range sizes, and lower lev-
els of regional species clustering.

Across a range of measures, tropical forests are outstanding in their
levels of biodiversity at and above the species level. Regions of high spe-
cies richness broadly correspond with centers of evolutionary diversity, and
available evidence suggests that across major taxa, tropical moist forests are
especially important for both overall variability and unique evolutionary history.
Species richness, family richness, and species endemism are all highest for
this biome, even after accounting for area and productivity.

Over the past few hundred years humans may have increased the spe-
cies extinction rate by as much as three orders of magnitude. This esti-
mate is uncertain because the extent of extinctions in undescribed taxa is
unknown, because the status of many described species is poorly known,
because it is difficult to document the final disappearance of very rare species,
and because there are extinction lags between the impact of a threatening
process and the resulting extinction. However, the most definite information,
based on recorded extinctions of known species over the past 100 years,
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indicates extinction rates are around 100 times greater than rates characteristic
of species in the fossil record. Other less direct estimates, some of which refer
to extinctions hundreds of years into the future, estimate extinction rates 1,000
to 10,000 times higher than rates recorded among fossil lineages.

Between 12% and 52% of species within well-studied higher taxa are
threatened with extinction, according to the IUCN Red List. Less than 10%
of named species have been assessed in terms of their conservation status.
Of those that have, birds have the lowest percentage of threatened species at
12%. The patterns of threat are broadly similar for mammals and conifers,
which have 23% and 25% of species threatened, respectively. The situation
with amphibians looks similar, with 32% threatened, but information is more
limited. so this may be an underestimate. Cycads have a much higher propor-
tion of threatened species, with 52% globally threatened. In regional assess-
ments, taxonomic groups with the highest proportion of threatened species
tended to be those that rely on freshwater habitats. Threatened species show
continuing declines in conservation status, and species threat rates tend to be
highest in the realms with highest species richness.

The main causes of species extinction are changing from a historical
trend of introductions and overexploitation affecting island species to
present-day habitat loss and degradation affecting continental species.
While the vast majority of recorded extinctions since 1500 have occurred on
oceanic islands, continental extinctions are now as common as island extinc-
tions. Approximately 50% of extinctions over the past 20 years occurred on
continents. This trend is consistent with the observation that most terrestrial
species threatened with extinction are continental. Despite the growing impor-
tance of habitat loss and degradation, species introductions and overexploita-
tion also remain significant threats to biodiversity on continents and islands.

Climate change, which contributes to habitat change, is becoming the
dominant driver, particularly in vulnerable habitats. Under climate change,
endemic montane, island, and peninsula species are especially vulnerable,
and coastal habitats such as mangroves, coral reefs, and coastal wetlands are
especially at risk from resulting sea level rises. Both recent empirical evidence
and predictive modeling studies suggest that climate change will increase pop-
ulation losses. In some regions there may be an increase in local biodiversity—
usually as a result of species introductions, the long-term consequences of
which are hard to foresee.

Among a range of higher taxa, the majority of species are currently in
decline. Studies of amphibians globally, African mammals, birds in intensively
managed agricultural lands, British butterflies, Caribbean corals, waterbirds,
and fishery species show the majority of species to be declining in range or
number. Those species that are increasing have benefited from management
interventions such as protection in reserves or elimination of threats such as
overexploitation or are species that tend to thrive in human-dominated land-
scapes.

The majority of biomes have been greatly modified by humans. Between
20% and 50% of 9 of the 14 biomes have been transformed to croplands.
Tropical dry forests are the most reduced by cultivation, with almost half of the
biome’s native habitats replaced with cultivated lands. Three other biomes—
temperate grasslands, temperate broadleaf forests, and Mediterranean for-
ests—have experienced 35% or more conversion. Biomes least reduced by
cultivation include deserts, boreal forests, and tundra. While cultivated lands
provide many provisioning services, such as grains, fruits, and meat, habitat
conversion to agriculture typically leads to reductions in native biodiversity.

Homogenization, the process whereby species assemblages become in-
creasingly dominated by a small number of widespread, human-adapted
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species, represents further losses in biodiversity that are often missed
when only considering changes in absolute numbers of species. The
many species that are declining as a result of human activities tend to be
replaced by a much smaller number of expanding species that thrive in human-
altered environments.

We lack comprehensive global-scale measures to assess whether the
internationally agreed target of significantly reducing the rate of loss of
biodiversity by 2010 will be met. However, our understanding of the dy-
namics of drivers, and particularly of lag times from changes in drivers
to eventual impacts on biodiversity, suggest it is most unlikely to be
achievable. The 2010 target, as agreed at WSSD in 2002 and adopted by
the parties to the Convention on Biological Diversity, is an important goal for
biodiversity management. It is probably too late to reverse the near-term trends
in biodiversity loss given the lag times in ecosystem responses. Until critical
drivers are mitigated, most declines seem likely to continue at the same or
increased rates, although there is evidence that biodiversity loss is slowing or
even recovering for some habitats (such as temperate woodlands) and species
(temperate birds, for example).

4.1 Introduction
Biodiversity is fundamental to ecosystem functioning. Extrinsic or
abiotic factors, such as climate and geophysical conditions, help to
determine the boundaries of ecosystems (Colwell and Lees 2000;
Gaston 2000). But within these boundaries, intrinsic or biotic fac-
tors such as the abundance, distribution, dynamics, and functional
variation among biodiversity components of ecosystems regulate
the magnitude and variability of ecosystem processes, such as pro-
duction or decomposition. (See Chapter 11.) Together, these ex-
trinsic and intrinsic factors determine the specific properties of an
ecosystem, such as its stability, its fertility, or its susceptibility to
invasion. They also determine the type of ecosystem found, such
as drylands, forest or woodland, or inland waters.

The benefits that humans derive from ecosystems are known
as ecosystem services (see Chapter 1) and include breathable air,
fertile soils, and productive forests and fisheries, as well as many
cultural benefits such as recreational hunting or inspirational val-
ues. Such ecosystem services are obtained only if ecosystems in-
clude the biodiversity that guarantees the functional processes
necessary to deliver them.

This chapter focuses on the fundamental aspects of biodiver-
sity that underpin all ecosystem processes and that are valued in
their own right. Biodiversity relevant to particular services is doc-
umented in the Chapters 7 to 17 of this volume, while biodiver-
sity as one element in the management of particular ecosystems
for the delivery of services is discussed in Chapters 18 to 27. This
chapter describes what is known about biodiversity globally, the
nature of biodiversity variation and its measurement, the main
drivers of change, and the observed trends in distribution, varia-
tion, and abundance of biodiversity.

4.1.1 Biodiversity and Its Assessment

Biodiversity is the diversity among living organisms in terrestrial,
marine, and other aquatic ecosystems and the ecological com-
plexes of which they are part. It includes diversity within and
between species and the diversity of ecosystems. In addition to
the important role of biodiversity in providing ecosystem services,
it also has intrinsic value, independent of any human concern.

In addition to its intrinsic value, the roles of biodiversity in
the provision of ecosystem services can be summarized under the
following headings:
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• supporting roles include the underpinning of ecosystems
through structural, compositional, and functional diversity;

• regulatory roles through the influence of biodiversity on the
production, stability, and resilience of ecosystems;

• cultural roles from the nonmaterial benefits people derive from
the aesthetic, spiritual, and recreational elements of biodiver-
sity; and

• provisioning roles from the direct and indirect supply of food,
fresh water, fiber, and so on.
All these roles are strongly interrelated, and it is rarely possible

to separate them in practice. Yet defining roles is an essential step
in assessing biodiversity: any measures should be relevant to the
role being examined and to the purpose of the assessment (The
Royal Society 2003). For example, a biologist wishing to assess
the changing status of biodiversity in a wetland before and after
land use changes in the watershed might turn to the most widely
available information—trends in bird population sizes. People in-
terested in birds would regard this as important, but if the ob-
server were concerned about overall species richness, the bird data
could be insufficient or even misleading. Due to their unusual
dispersal ability, birds might be relatively well buffered from the
effects of habitat change. The consequences of the land use
change on less vagile species, such as plants, invertebrates, or
below-ground biota could be very different. Similarly, if the effect
on ecosystem services were of most interest, then other species
and measures other than population size will be more informative.
If provisioning services were under examination, then the assess-
ment would be better focused on the abundance and distribution
of the ecosystem components essential for food or fiber produc-
tion. Thus, given the complexity of biodiversity, the most readily
available measures rarely reflect the real attribute of interest for
any particular role (The Royal Society 2003).

Biodiversity is commonly measured at the levels of genes, spe-
cies or ecosystems. At each of these, measures may represent one
or many of the following:
• Variety, reflecting the number of different types. For example,

this could refer to different species or genes, such as how many
bird species live in a particular place or how many varieties of
a genetic crop strain are in production.

• Quantity and quality, reflecting how much there is of any one
type. Variation on its own will only rarely meet people’s
needs. For example, for many provisioning services (food,
fresh water, fiber) the quantity or the quality matter more than
the presence of a particular genetic variety, species, or eco-
system.

• Distribution, reflecting where that attribute of biodiversity is
located. For example, having all the world’s pollinators pres-
ent but only in a single location will not meet the needs of
the plants that depend on them. Many ecosystem services are
location-specific. For instance, human and natural communi-
ties need to be close to wetlands to benefit from their regula-
tory roles.
In practice, the relevant measure and attribute depends on the

role being assessed. For example, many benefits of biodiversity
depend on the functional and structural variability in species,
whereas most provisioning services and many regulatory services
depend more on the quantity and distribution of populations and
ecosystems. Long-term sustainability of many services depends on
the maintenance of genetic variability. Ultimately, maintaining
variability in any biodiversity component provides options for the
future, even if not all variants have an obvious role to play. Thus,
variability plays a special role, which probably explains why it is
generally emphasized in discussions of biodiversity value.
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Table 4.1 summarizes the importance of quantity versus vari-
ability among different biodiversity components in relation to
ecosystem services. Broadly speaking, and according to our pres-
ent level of understanding, variability is more significant at the
genetic and species levels, whereas quantity and distribution are
more significant at the population and ecosystem levels. For most
ecosystem services, local loss of biodiversity (population reduction
or local extinction) is most significant; but for future option values
and for certain services such as genetic variability and bioprospec-
ting, global loss is the primary consideration.

4.1.2 The Diversity and Evolution of Life

Living organisms were originally divided into two kingdoms: ani-
mal and vegetable (the Animalia and the Plantae), but more re-
cently it has become clear that this simple division does not reflect
the true diversity of life. The five Kingdom scheme that followed
divided all living organisms into Monera (bacteria), Protista (single-
celled organisms), Fungi, Plants, and Animals. In terms of either
numerical diversity or phylogenetic diversity (measuring the de-
gree of independent evolutionary history), however, it is now
clear that this too misrepresents the diversity of life.

Most organisms are very small (microscopic), and DNA and
RNA studies reveal that the living world is more appropriately
divided into three groups: the Bacteria, the Archaea (a group once
included with the bacteria but now shown to be as different from
them as they both are from the rest), and the rest—the Eukaryo-
tae. Bacteria and Archaea have no well-defined nucleus and are
referred to as Prokaryotae (or prokaryotes). The Eukaryotae (or
eukaryotes) have a well-defined nucleus and comprise the ani-
mals, plants, fungi, and protists. A fourth group of biological enti-
ties, the viruses, are not organisms in the same sense that
eukaryotes, archaeans, and bacteria are, and so they are not in-
cluded. However, they are of considerable biological importance.

Life arose on Earth 3.5–4.5 billion years ago, and for probably
the first 1–2 billion years there were only prokaryotes. The first
definitive fossils of eukaryotes are found about 2 billion years ago,
but they started to proliferate quite rapidly and the multicellular

Table 4.1. Measures of Biodiversity at Different Levels. The
measures reflect different service benefits. In practice, some
kinds of measures are more significant than others. The bold text
reflects the most significant measures for ecosystem services.

Level

Importance of

Variability

Importance of Quantity 

and Distribution

Genes adaptive variability

for production and

resilience to envi-

ronmental change,

pathogens, etc.

local resistance and resilience

Populations different populations
retain local adaptation

local provisioning and regulat-

ing services, food, fresh water

Species the ultimate reser-

voir of adaptive vari-

ability, representing

option values

community and ecosystem

interactions are enabled

through the co-occurrence of

species

Ecosystems different ecosystems
deliver a diversity of
roles

the quantity and quality of

service delivery depends on

distribution and location
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eukaryotes appear about 1.5 billion years ago. The first animals
appeared much later, around 700 million years ago for many soft-
bodied marine invertebrates, such as the sponges, jellyfish, soft
corals, and worms. By about 500 million years ago an abundant
fossil record includes marine invertebrates with exoskeletons, ver-
tebrates, and plants. All phyla existing today appear shortly after.
Today’s diverse assemblage of mammals, birds, and flowering
plants appeared within the past 70 million years, but it is not until
about 7 million years ago that humans in their most primitive
form appeared, and not until 100,000–200,000 years ago that
modern humans appeared.

Evolutionary biologists believe that all existing life is derived
from a single, common ancestral form. The fact that millions of
species live on Earth today is a consequence of processes leading
to speciation. Speciation involves the splitting of a single species
lineage. It occurs in three different ways: allopatric, parapatric,
and sympatric. Allopatric speciation is speciation by geographic
isolation and requires the imposition of a barrier that prevents
individuals in the two lineages from interbreeding with one an-
other. For most animals, geographical isolation has been the most
important barrier, and the larger and more vagile the animal, the
wider the barrier must be. As a result, allopatric speciation in most
animals can take place only in large geographic areas where sub-
stantial barriers, such as wide water gaps or isolated mountains
exist. In parapatric speciation there is no complete geographic
isolation, but lineages diverge across environmental gradients.
Sympatric speciation is speciation without geographic isolation.
Plants, for example, commonly speciate via a duplication of their
chromosomes, a process that can be accomplished in a single gen-
eration. The different process and conditions required for specia-
tion results in a great variation in the rate of speciation. However,
in general the process is slow, usually taking millions of years.

The short and clustered branches on the molecular tree of life
(see Figure 4.1) illustrate the relatively close and recent relation-
ships among the organisms with which we are most familiar and
that dominate most biodiversity assessments (Plants, Animals,
Fungi). However, the microorganisms that dominate the branches
of the evolutionary tree are extremely important in any assessment
of biodiversity. These groups include most of the forms that are
the main providers of most regulating and supporting services and
that are key to many provisioning services (Nee 2004).

4.1.3 Practical Issues for Ecosystem Assessment

The term ecosystem can be applied to any functioning unit with
biotic and abiotic elements, ranging from tiny pockets of life to
the entire planet. Hence there are some practical issues to address
in determining units for analysis and assessment. The Millennium
Ecosystem Assessment uses ecosystems as a unit for assessment
based on the definition adopted by the Convention on Biological
Diversity: ‘‘a dynamic complex of plant, animal and microorgan-
ism communities and their nonliving environment interacting as
a functional unit’’ (UN 1992). As such, ecosystems do not have
clearly definable boundaries, and any classification, no matter how
many categories it has, can become somewhat arbitrary. A practi-
cal approach to this problem is to build up a series of map overlays
of significant factors, mapping the location of discontinuities, such
as in the distribution of organisms, the biophysical environment
(soil types, drainage basins, depth in a water body), and spatial
interactions (home ranges, migration patterns, fluxes of matter).
A useful ecosystem boundary for analysis is then the place where
a number of these discontinuities coincide.

Based on this general methodology, different systems for clas-
sifying terrestrial ecosystem classifications have been developed.
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Figure 4.1. Tree of Life: Biodiversity through a Molecular Lens.
This scheme is based on ssRNA gene-sequence data and shows
the relationships of organisms in the three main domains of life—
Bacteria, Archaea, and Eukarya (creatures with cells like our own).
Visible organisms are found among the plants, animals, and fungi.
Not only are these groups just twigs on the tree of life, many of their
members are invisible as well. (Nee 2004)

(See Table 4.2.) Generally, ecosystems can be characterized by
either community structure and functioning or species composi-
tion or by a combination of the two. Spatially, ecosystem maps
have been derived through various techniques, such as modeling
(using climatic parameters for example), mapping (from remotely
sensed images or delineation of species extents), or a combination
of both.

Different classifications serve different purposes and may yield
different results. For example, the result of an analysis between
five broad global biomes and six global terrestrial ecosystem classi-
fications is shown in Figure 4.2. The ecosystem classifications
were chosen to capture a range of the varying techniques that
have been used to map ecosystem boundaries. The five broad
biomes include desert (both hot and cold deserts), forest and
woodland, grassland (includes grassland, savanna, steppe, and
shrub), mixed, and tundra. The mixed class comprises the mixed
mountain classes of FAO, the mixed mountain and island systems
of Udvardy (1975), and the Mediterranean forests, woodland, and
scrub class of WWF. It is difficult to divide mixed classes accu-
rately between the remaining broad biome classes, so they were
classified as a separate class.

There is reasonable agreement in area between some of the
biomes and less agreement among others. The biomes that are
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reasonably consistent across ecosystem maps are forest and wood-
land, desert, and tundra. Delineation of grasslands is less consis-
tent, and the reported grassland area differs across ecosystem maps
by as much as 30%. Forest and woodland, the most predominant
biome, is represented at between 42% and 53% of the terrestrial
land surface (approximately 55 million to 73 million square ki-
lometers). These results illustrate the implications of different
choices of global ecosystem classifications for assessment, particu-
larly as relates to the grassland biome.

Table 4.2 illustrates the methods used to define the ecosystem
boundaries, the purpose for which they were classified, and the
scale at which they were mapped. These are variables that should
be considered in order to determine the appropriateness of a clas-
sification for a particular assessment.

In this chapter and elsewhere in this assessment, the WWF
terrestrial biomes, built up from the classification of terrestrial
ecoregions, were chosen to assess magnitude, distribution, condi-
tion, and trend of terrestrial biodiversity. (See Figure 4.3 in Ap-
pendix A.) Currently there is no equivalent classification for
marine ecosystems. A separate set of freshwater biomes, used to
classify freshwater ecoregions, is in preparation by WWF and The
Nature Conservancy.

4.2 Current Status of Biodiversity
This section presents information on the global status of biodiver-
sity, measured at the scale of biogeographic realms, biomes, spe-
cies, populations, and genes. Under each heading, the significance
of that level is introduced, followed by information on what is
known about its current condition

4.2.1 Biogeographic Realms

Biogeographic realms are large spatial regions within which eco-
systems share a broadly similar biota. Eight terrestrial biogeo-
graphic realms are typically recognized, corresponding roughly to
continents (for example, the Afrotropical realm). Terrestrial bio-
geographic realms reflect freshwater biodiversity patterns reason-
ably well, but marine biogeographic realms are poorly defined.

4.2.1.1 Definition and Measurement

Similar ecosystems (tropical moist forests, for instance) share proc-
esses and major vegetation types worldwide, but their species
composition varies markedly among the world’s eight biogeo-
graphic realms (Olson et al. 2001). For example, the major tree
species in tropical moist forests in Southeast Asia differ from those
dominating tropical moist forests in South America. There is sub-
stantial variation in the extent of change and degradation to bio-
diversity among the biogeographic realms, and they face different
combinations of drivers of change. In addition, the options for
mitigating or managing drivers vary among realms. Although
realms map roughly onto continents, they differ from continents
in important ways as a result of biogeographic history.

4.2.1.2 Current Status of Biogeograpical Realms

Biogeographic realms vary widely in size. The largest is the Pale-
arctic, followed by the Afrotropical and Nearctic realms; the
smallest is Oceania. (See Table 4.3.) These area estimates are based
on terrestrial area only, although the realm boundaries can be ap-
plied to inland water ecosystems with slight modifications of the
boundaries to ensure that they do not cut across freshwater eco-
regions or biomes (habitat types). Among terrestrial realms, net
primary productivity (Imhoff et al. 2004) and biomass (Olson et
al. 1980) values are highest in the Neotropics, followed closely by
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Table 4.2. Description of Six Common Global Ecosystem Classifications

Ecosystem

Classification Description Use Spatial Resolution

Bailey Ecoregions
(Bailey and Hogg
1986)

Bailey and Hogg developed a hierarchical classification including
domains, divisions, and provinces that incorporates bioclimatic ele-
ments (rainfall and temperature)—based largely on the Koppen-
Trewartha climatic system, altitude, and landscape features (soil type
and drainage). Macroclimate defines the highest classification level
and increasing numbers of variables are used to describe more
detailed regional classifications. 

Intended to demarcate ecologically
similar areas to predict the impact
of management and global change
(Bisby 1995).

1: 30,000,000 scale
(Bailey 1989)

FRA Global
Ecological Zones
(FAO 2001)

FAO’s classification is based on the Koppen-Trewartha climate sys-
tem and combined with natural vegetation characteristics that are
obtained from regional ecological or potential vegetation maps.

Developed for the “Global Forest
Resources Assessment 2000” as a
way to aggregate information on
forest resources.

useful at 1:
40,000,000 scale
(FAO 2001)

Holdridge Life Zones
(Holdridge 1967)

Holdridge’s life zones are derived using three climatic indicators:
biotemperature (based on the growing season length and tempera-
ture); mean annual precipitation; and a potential evapotranspiration
ratio, linking biotemperature with annual precipitation to define humid-
ity provinces. R. Leemans, then at IIASA, prepared the digital spatial
data. 

Initially derived to incorporate into
models of global climate change.

0.5° geographic 
latitude/ longitude

Ramankutty Global
Potential Vegetation
(Ramankutty and
Foley 1999)

Derived from a combination of satellite data and the Haxeltine and
Prentice potential natural vegetation data. In places that are not dom-
inated by humans, satellite-derived land cover (mainly the DISCover
dataset) is used as a measure of potential vegetation. In places dom-
inated by anthropogenic land cover, the Haxeltine and Prentice data
set was used to fill in the gaps.

Initially derived to facilitate the
analysis of cultivation land use
practices and global natural or
“potential” vegetation. Potential
vegetation is regarded as the vege-
tation most likely to currently exist
without the impact of human activi-
ties. 

5 minute geographic
latitude/ longitude

Udvardy’s
Biogeographical
Realms and Provinces 
(Udvardy 1975)

This system combines physiognomic and biogeographical approach-
es. The physical structure of the dominant vegetation in combination
with distinctive flora and fauna compositions defines the boundaries.

The classification has been used
for biogeographical and conserva-
tion purposes. IUCN, for example,
has used this map as a basis for
assessing the representativness of
global projected areas.

usable at 1:
30,000,000 scale

WWF Terrestrial
Ecoregions of the
World (Olson et al.
2001)

WWF ecoregions have been delineated through the combination of
existing global ecoregion maps, global and regional maps of the dis-
tribution of selected groups of plants and animals, and vegetation
types and through consultation with regional experts. Ecoregions
identify relatively large units of land containing a distinct assemblage
of natural communities and species, with boundaries that approxi-
mate the original extent of natural communities prior to major land
use change.

A tool to identify areas of out-
standing biodiversity and represen-
tative communities for the conser-
vation of biodiversity.

variable, based on
global or regional
source (1:1 million
to 1:7.5 million);
useful at scales of
1:1 million or higher

the Afrotropical and Indo-Malayan realms. The least productive
is the Antarctic realm.

Land cover composition also varies widely between realms.
Because realms are defined biogeographically, and not by domi-
nant habitat type, each realm typically contains a mix of land
cover types as mapped by GLC2000 (USGS-EDC 2003). (See
Figure 4.4 in Appendix A.) Some biogeographic realms, however,
are dominated by a single land cover type. For example, more
than 40% of the Australasian realm consists of herbaceous cover
and more than 40% of the Neotropics consist of broadleaf forests.
In each biogeographic realm, significant areas have been con-
verted from native habitats to agriculture and urban land uses. All
realms have experienced at least 10% habitat conversion, and the
Indo-Malayan realm has by far the largest percentage of agricul-
tural and urban lands (54%).
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Partly in response to this land conversion, nations in all bioge-
graphic realms have designated formal protected areas to conserve
native ecosystems. Protection (IUCN classes I–IV) (WCMC
2003) of terrestrial biogeographic realms ranges between 4.0 and
9.5%. The realms with the greatest proportion of protected land
area are Oceania (9.5%) and the Nearctic (7.8%). The Indo-
Malayan (4.8%) and Palearctic (4.0%) realms contain the lowest
proportion of protected land area. The Palearctic is the largest,
and although only 4.0% is protected, it contains the largest total
protected land area. The vast majority of protected areas have
been designed to protect terrestrial ecosystems and biodiversity
features, which has led to relative under-protection of inland
water and marine biodiversity. (See Chapters 18, 19, and 20.)

The extent of inland water systems is greatest in the Nearctic
and Palearctic realms (for example, lakes and peatlands). The
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Figure 4.2. Area of Broad Biomes as Estimated by Six
Ecosystem Classifications

Nearctic realm has by far the largest proportion of the world’s
lakes (Revenga and Kura 2003). In terms of water volume, how-
ever, the Neotropic and the Indo-Malayan realms contribute the
most discharge into the oceans. Australasia contributes the least,
with only 2% of the world’s freshwater discharge (Fekete et al.
1999). The extent and distribution of inland water ecosystems has
not been exhaustively documented at the global or regional scale.
And while the biogeographic and ecological classification of in-
land water ecosystems is less well developed than for terrestrial

Table 4.3. Magnitude and Biodiversity of the World’s Eight Terrestrial Biogeographic Realms. Realms are mapped in Figure 4.3.

Biogeo-
graphic 
Realm

Size, Productivity, 
and Protection

AA 92.5 25.7 3.9 5.1 545 1,669 688 1,305 515 1,330 614 1,209 6 93 35 20 3 20 18 3

AN 32.8 0.0 0.0 0.9 0 36 0 0 0 4 0 0 0 15 0 0 0 0 0 0

AT 217.3 40.7 4.3 6.5 930 2,228 1,161 1,703 913 1,746 1,049 1,579 15 94 52 22 8 11 14 3

IM 85.2 43.1 5.7 4.8 882 2,000 940 1,396 722 758 544 1,094 11 100 43 26 3 1 2 3

NA 204.2 14.2 4.5 7.6 298 696 481 470 235 58 245 175 11 67 30 27 8 0 2 0

NT 193.8 64.5 6.2 5.1 2,732 3,808 1,282 2,561 2,660 3,217 1,061 2,258 12 93 49 39 7 24 23 7

OC 0.5 24.3 3.7 9.5 3 272 15 50 3 157 10 26 1 38 4 9 0 1 0 0

PA 527.4 10.5 2.9 4.0 395 1,528 903 774 255 188 472 438 13 97 44 21 5 0 0 0

a Grid cells were 0.25° cells, roughly 28x28km at the equator.
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ecosystems, more than 50 classifications are in use (see, e.g., Asian
wetland classification system: Finlayson 2002; Darwall and Re-
venga in prep).

Each biogeographic realm contains a range of major habitat
types or biomes. The Indo-Malayan, Oceanic, and Neotropical
realms are dominated by tropical forest and grassland biomes,
while the polar realms (Palearctic, Nearctic) contain higher pro-
portions of tundra and boreal forest. The Afrotropics are domi-
nated by tropical grasslands. Although dominated by different
biomes, most realms contain similar biome richness. All but Oce-
ania include 9–11 of the 14 terrestrial biomes. Oceania is com-
posed mostly of low, tropical islands and is dominated by tropical
forest and tropical grassland biomes.

In part due to differences in biome richness and composition,
biogeographic realms differ markedly in species and family rich-
ness, at least for the four vertebrate classes for which data exist.
Figure 4.5 shows species richness among realms based on presence
or absence records of terrestrial vertebrates (birds, mammals, and
reptiles) in each of the 825 WWF terrestrial ecoregions (WWF
2004). This is supplemented by an analysis of extent of occurrence
polygon data for amphibians and threatened birds (Baillie et al.
2004; BirdLife 2004b). The Neotropics are by far the most species-
rich realm, both overall for terrestrial vertebrates and for each of
the four taxa. (See Figure 4.5a.) Other realms containing high
proportions of tropical forests (such as Indo-Malayan) also show
high species richness in terrestrial vertebrates. With the exception
of Antarctica, Oceania is the least species-rich realm due to its
small overall land area and the relatively species-poor faunas typi-
cal of islands.

Biodiversity at the level of families is more similar among bio-
geographic realms (see Figure 4.5b) except for Oceania and Ant-
arctica. These patterns differ somewhat among some inland water
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Figure 4.5. Diversity Comparisons for Eight Terrestrial
Biogeographic Realms. The comparisons shown are for species
richness (A), family richness (B), and endemism (C).
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groups. The Neotropics have more than twice as many freshwater
fish families as the Nearctic and Palearctic, and the Afrotropic
and Indo-Malayan realms are only slightly behind the Neotropics
(Berra 2001).

The number of species restricted to single realms (realm en-
demics) closely mirrors species richness patterns, at least for the
four vertebrate classes assessed here. (See Figure 4.5c.) The Neo-
tropics contain not only the greatest number of terrestrial verte-
brate species but also the greatest number that occur only there.
In all realms, however, the percentage of endemic species com-
pared with total species richness is substantial (34–88%). Oceans,
deserts, and other barriers to dispersal have resulted in vertebrate
terrestrial faunas that are largely unique to each continent. We do
not know how this pattern compares to patterns of realm ende-
mism in nonvertebrates.

4.2.2 Biomes

4.2.2.1 Definition and Measurement

Biomes represent broad habitat and vegetation types and span
across biogeographic realms (for example, the tundra biome is
found in both Palearctic and Nearctic realms). Biomes are useful
units for assessing global biodiversity and ecosystem services be-
cause they stratify the globe into ecologically meaningful and con-
trasting classes.

Throughout this chapter, and elsewhere in the MA, the 14
biomes of the WWF terrestrial biome classification are used, based
on WWF terrestrial ecoregions (Olson et al. 2001). The nested
structure of this classification, with finer-scale ecoregions nested
into both biomes and biogeographic realms, allows assessments to
be scaled up or down depending on the objectives. Furthermore,
several datasets are already available and others continue to be
associated with the WWF classification (such as vertebrate and
plant species distribution data, threatened species, area-based esti-
mates of net primary productivity, and land cover). The biome-
level boundaries have very good resolution and accuracy, as they
are based on the finer-scale ecoregions and are of an appropriate
scale and number for global reporting.

These boundaries are based on the original or potential extent
of these ecosystems or biomes, and do not take human-induced
land cover changes into account. The extent of the ecosystems or
biomes before the extensive changes brought about with the rise
of the human population and industrialization in the modern era
will probably never be known. We refer to this earlier, less altered
state as ‘‘original,’’ while recognizing that climatic and environ-
mental changes have always caused change and movements in
Earth’s ecosystems. Therefore the global classifications can only
be an approximation of the original boundaries of these ecosys-
tems. The difference between original and current extent can be
significant and forms an important component of the assessment
of biodiversity loss.

There is no comparable global classification of freshwater bi-
omes, but WWF and The Nature Conservancy are developing a
major new biome classification for fresh water, to be completed
in 2005. Terrestrial biomes tell us little by themselves about the
size or type of freshwater habitat, which in turn has an enormous
influence on the kind and number of species occurring there. For
instance, a major river system can be adjacent to a very small
basin, and both may fall within the same terrestrial biome, but
they can contain vastly different assemblages of aquatic species.
Freshwater biomes in the forthcoming classifications will be based
largely on a combination of system size and type (such as large
rivers versus small lakes), connectivity to coastal zones (such as
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total connectivity for islands), and overarching climatic conditions
(such as temperate versus tropical or dry versus moist).

Like freshwater biomes, marine biome classification is less de-
veloped than that for terrestrial systems. The dynamic nature and
the relative lack of natural boundaries in oceanic ecosystems make
biogeographic divisions problematic, and there is no standard
classification scheme. Nonetheless, several classifications of the
marine realm exist, some based on biogeography (such as Briggs
1974), others on oceanographic and hydrological properties, and
still others on ecological features, such as using the distribution of
species assemblages in relation to seasonal characteristics of local
and regional water masses (Ford 1999). Longhurst (1995) classi-
fied the world’s oceans into four ecological domains and 56
biogeochemical provinces, largely on the basis of estimates of pri-
mary production rates and their changes over time. (See chapter
18.) Hayden et al. (1984) subdivided Dietrich’s (1963) 12 marine
realms into oceanic realms and coastal regions on the basis of
physical and chemical properties including salinity, temperature,
and seasonal movement of water and air masses.

Two marine classification systems have been used more
widely. First, Bailey (also based on Dietrich 1963, 1998) includes
oceanic ecoregions in his global classifications, mapping 14 ma-
rine divisions spread between the three domains. Continental
shelves (less than 200 meters water depth) are distinguished; other
divisions are delineated on the ocean surface based on four main
factors: latitude and major wind systems (determining thermal
zones) and precipitation and evaporation (determining salinity).

Second, Sherman and Alexander’s (1986) system of large ma-
rine ecosystems delineates 62 regions of ocean encompassing
near-coastal areas from river estuaries to the seaward boundary of
continental shelves and the seaward margins of coastal current
systems. They are relatively large regions (greater than 200,000
square kilometers), characterized by distinct bathymetry, hydrog-
raphy, biological productivity, and trophically dependent popula-
tions. This approach aims to facilitate regional ecosystem research,
monitoring, and management of marine resources and focuses on
the products of marine ecosystems (such as the fish harvest). In
general, no marine biome classification scheme has successfully
covered the wide range of oceanic depths and addressed the lack
of regional uniformity, thus complicating a global assessment of
marine biodiversity.

4.2.2.2 Current Status of Major Terrestrial Biomes

The world’s 14 terrestrial biomes vary in total area by two orders
of magnitude, from nearly 35 million square kilometers (deserts
and dry shrublands) to 350,000 square kilometers (mangroves).
(See Table 4.4.)

Biomes also vary widely in per-area measures of plant biomass
(Olson et al. 1980) and net primary productivity (Imhoff et al.
2004). Net primary productivity is the net amount of carbon fixed
by plants through photosynthesis (after subtracting respiration)
and represents the primary energy source for the world’s ecosys-
tems (Vitousek et al. 1986). Tropical moist forests show high lev-
els of both standing biomass and annual productivity, while other
biomes, such as temperate coniferous forests and boreal forests,
have high biomass despite low annual (and more seasonal) pro-
ductivity.

Each biome mapped in Figure 4.3, while typically dominated
by the expected vegetation cover, actually comprises a complex
mosaic of different land cover types as mapped by GLC2000. (See
Figure 4.6 in Appendix A.) This heterogeneity is due in part to
fine-scale mixture of ecosystems within these broadly defined bi-
omes. For example, boreal forests are composed primarily of co-
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Table 4.4. Magnitude and Biodiversity of the World’s 14
Terrestrial Biomes. Key to biome abbreviations can be found in
Figure 4.3 in Appendix A.

Size, Productivity, 
and Protection

Area Mean NPP Biomass 
Percent

Protected 
(x105km2) (1010gC/yr/cell)a (kgC/m2) (IUCN I-IV)

TMF 231.6 74.2 8.41 5.5

TDF 31.9 45.2 4.28 4.9

TCF 16.3 44.4 5.69 2.5

TeBF 135.4 28.3 4.48 3.8

TeCF 42.2 26.1 8.72 8.9

BF 118.5 11.0 6.19 6.3

TG 216.3 40.7 3.92 5.5

TeG 146.9 17.6 2.18 1.9

FG 11.2 34.4 3.10 8.7

MG 54.5 15.8 2.08 3.8

T 115.6 3.8 1.03 13.7

MF 44.9 21.1 3.30 2.8

D 349.1 6.2 1.18 3.7

M 3.5 41.4 4.64 8.6
a Grid cells were 0.25° cells, roughly 28x28km at the equator.

Biome 

niferous forest land cover but contain a substantial proportion of
shrublands and grasslands.

Another cause of land cover heterogeneity within biomes is
conversion of native habitats to agriculture, pastures, and other
human land uses. Indeed, in over half the biomes, 20–50% of land
area has been converted to human use. Tropical dry forests are
the most affected by cultivation, with almost half of the biome’s
native habitats replaced by cultivated lands. Three additional bi-
omes—temperate grasslands, temperate broadleaf forests, and
Mediterranean forests—have experienced 35% or more conver-
sion. Biomes least affected by cultivation include deserts, boreal
forests, and tundra. While cultivated lands provide many provi-
sioning services (such as grains, fruits, and meat), habitat con-
version to intensive agriculture leads to reductions in native
biodiversity.

Biomes differ widely in the percentage of the total area under
protection. Table 4.4 shows the total area under protection, in-
cluding only lands classified in the four highest IUCN Protected
Area categories (IUCN 1994). Flooded grasslands, tundra, tem-
perate coniferous forests, mangroves, and boreal forests have the
highest percentage area under protection—perhaps because these
biomes are among the least useful for competing land uses, such
as agriculture. Conversely, temperate grasslands, Mediterranean
forests, and tropical coniferous forests are the least protected bi-
omes.

To compare species richness among biomes, a similar method-
ology used to determine species richness at the level of realms has
been applied. Tropical biomes have the highest levels of overall
species richness, as well as the highest richness for each of the four
taxa analyzed. (See Figure 4.7.) This is true of tropical moist for-
est, but also, perhaps surprisingly, of tropical grasslands and savan-
nas and tropical dry forests, the second and fourth richest biomes
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Figure 4.7. Diversity Comparisons for 14 Terrestrial Biomes. The
comparisons shown are for species richness (A), family richness (B),
and endemism (C). Biome codes as in Figure 4.3 (in Appendix A).

overall. Deserts and Mediterranean grasslands are also relatively
rich biomes for terrestrial vertebrate species.

Tropical moist forests also contain the greatest diversity of
higher taxa and therefore represent the greatest store of Earth’s
evolutionary history. The five biomes richest in terrestrial verte-
brate species are also the five richest in families, although differ-
ences among biomes are not as pronounced. Tropical moist
forests, therefore, contain many more species per family on aver-
age, suggesting that this biome has experienced higher rates of
species diversification within families.
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The number of biome-endemic species—that is, species found
in a certain biome and nowhere else—varies widely among bi-
omes. Tropical moist forests contain by far the highest number of
endemic species, an order of magnitude more than any other
biome. This pattern again may be the result of high speciation
rates in this biome, as well as relatively smaller range sizes in lower
latitudes (Rosenzweig 1995; Gaston 2000).

The relative richness of the world’s biomes, however, may be
influenced by their relative sizes as well. Biomes vary enormously
in area, as noted earlier, and species richness is well known to
increase with the area sampled (Rosenzweig 1995). Therefore,
although both tropical moist forests and tropical grasslands contain
high total richness, this may be due in part to the fact that they
represent two of the largest biomes. Figure 4.8 plots species rich-
ness against area for the 14 biomes. In fact, the two are not statisti-
cally related (p � 0.75).

4.2.3 Species

The classification of living organisms into manageable groups
greatly facilitates their study. The hierarchical system of classifica-
tion used today is largely based on evolutionary relationships. The
major categories, from the most inclusive to the smallest groups
Kingdom-Phylum-Class-Order-Family-Genus-Species. It is at
the level of species that living organisms are most widely known,
both by common and scientific names.

4.2.3.1 Definition and Measurement

Although natural historians have been classifying living organisms
into species since at least classical times, there is still no consensus
on how this is best done (Hey 2001). Since the middle of the
twentieth century, the dominant idea of how to define the term
‘‘species’’ has been the biological species concept (Mayr 1963),
which defines species as groups of interbreeding natural popula-
tions whose members are unable to successfully reproduce with
members of other such groups. Gene flow within a species leads
to cohesion, whereas the lack of gene flow between different spe-
cies means they are independent evolutionary lineages. Species
therefore have natural and objective boundaries under this view,
and so are natural units for biodiversity assessment.

Another hierarchy to which species belong is the evolutionary
‘‘family tree,’’ or phylogeny, that links them all. In some well-
studied groups (such as angiosperms (APG 1998) and birds (Sibley
and Monroe 1990)), current taxonomic classification largely (and
increasingly) reflects evolutionary relationships, such that species
in a given taxon are all thought to share a more recent common

Figure 4.8. Species Richness of 14 Terrestrial Biomes in Relation
to Biome Area. Biome codes as in Figure 4.3 (in Appendix A).
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ancestor with each other than with species in other taxa. Higher
taxonomic groupings then represent increasing levels of indepen-
dent evolutionary history. In less well known groups, by contrast,
classifications may not (and may not even attempt to) reflect phy-
logeny.

Regardless of how phylogenetic groups are recognized and
named, decisions about the taxonomic rank (genus, family, and so
on) of the various groups are arbitrary (Avise and Johns 1999).
Many genera of insects, for instance, originated earlier than most
avian families. Unlike biological species, higher taxonomic cate-
gories and lower taxonomic categories, like subspecies or races,
have no natural boundaries.

Therefore species have advantages over other levels in the
classificatory hierarchy and are useful units for biodiversity assess-
ment. Some problems with using species as a unit for biodiversity
assessment remain—both theoretical and practical; they can often
be overcome or ameliorated with care, but they should never be
overlooked (Isaac et al. 2004; Mace 2004). (See Box 4.1.)

4.2.3.2 How Many Species Are There?

Estimates of the total number of eukaryotic species vary greatly,
most commonly falling between 5 million and 30 million (May
1992). The uncertainty stems from the fact that most taxonomic
work is concentrated away from the most species-rich taxa (Gas-
ton and May 1992) and regions (Gaston 1994a). In addition, the
intensity of taxonomic work is actually declining (Godfray 2002).
The discussion here is restricted to eukaryotic species. In the pro-
karyotes, different methods for recognizing and naming species,
as well as severe problems with incomplete knowledge, make as-
sessments and comparisons of species richness unreliable (Ward
2002; Curtis et al. 2002; Nee 2003).

Many methods of estimating total species numbers are based
in some way on numbers of known, named species. Uncertainties
around these estimates themselves pull in opposing directions. On
the one hand, the lack of comprehensive systematic databases re-
sults in underestimates of known species numbers (Sugden and
Pennisi 2000). On the other hand, the extent of synonomy be-
tween named taxa results in overestimates (May and Nee 1995).
Several ongoing initiatives, such as Species 2000, the Integrated
Taxonomic Information System, and the Global Biodiversity In-
formation Facility, aim to eliminate these problems by providing
up-to-date, electronic catalogues of known species (Bisby et al.
2002).

In total, summing across taxa suggests that the number of
known species on the planet lies at around 1.75 million (Hey-
wood and Watson 1995; Groombridge and Jenkins 2002). (See
Figure 4.9.) It has, however been shown that some of these fig-
ures are underestimates; for example, mollusks are now believed
to number 100,000 known species (Peeters and Van Goethem
2003). Further, current rates of species description average 15,000
species per year (Stork 1993), less than 1% of the known total,
and hence at least another 135,000 species are likely to have been
described over the decade since 1995, bringing the total of known
species toward 2 million (Peeters et al. 2003).

A range of techniques exist for estimating the total species
richness of the planet (May 1988). These can be grouped into two
main classes (Stork 1997)—methods based on ratios of known to
unknown species and those based on the extrapolation of samples
(see Table 4.5)—with more speculative techniques based on scal-
ing rules between species and body size (May 1990a), specialist
opinion (Gaston 1991), and community pattern (Godfray et al.
1999).
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Methods based on ratios between known and unknown spe-
cies have a long history but were first brought to high profile by
Raven (1983). Specifically, he extrapolated the known 2:1 ratio
of tropical to temperate vertebrate species to the existing 2 million
known species—most of which are temperate insects—to esti-
mate that there should be two as-yet-undescribed tropical insects
for each temperate species, for a total of 3–5 million species. Stork
and Gaston (1990) used similar logic (based on the percentage of
British insects that are butterflies) to estimate the total numbers of
insects at 4.9–6.6 million. Hodkinson and Casson (1991) extrapo-
lated the percentage of undescribed Hemiptera in samples from
Sulawesi to all insects, suggesting a total of 1.84–2.57 million spe-
cies, while Hodkinson (1992) generalized this argument to suggest
the number of species could be estimated at approximately 5 mil-
lion, based on percentages of undescribed species in studies from
the tropics.

The development of the second method—extrapolation of
samples—is much more recent and was first developed by Erwin
(1982). In studies of beetle species inhabiting tropical trees on
Panama, he recorded high levels of both richness and local ende-
mism. Extrapolating these figures globally, he estimated the total
number of species at 30 million. His assumptions and methods
have been tested and refined (Stork 1988; Hammond 1994; Øde-
gaard 2000; Sørensen 2003; Novotny et al 2002), and this method
now suggests a lower global species richness of 4–6 million.

In general, there continues to be much debate in the literature
regarding estimates of species richness, even among well-studied
groups such as the extant seed plants. Lower estimates for seed
plants range from 223,000 (Scotland and Wortley 2003) to
270,000 and 320,000 (May 1992; Prance et al. 2000), while
higher estimates range up to 422,000 (Govaerts 2001; Bramwell
2002), although the higher figure is somewhat controversial
(Thorne 2002; Scotland and Wortley 2003).

Several other particularly poorly known groups of organisms
present additional problems for the estimation of global species
richness (May 1995). Based on extrapolations of box-core samples
from the seafloor, Grassle and Maciolek (1992) suggested a total
of 10 million marine macrofaunal species; this may be rather high,
but clearly enormous deep-sea species richness remains undiscov-
ered. Likewise, the known global total of 72,000 fungi is certainly
a large underestimate; based on the ratio of fungi to plants in
Britain, Hawksworth (1991) estimated the global number to be
closer to 1.5 million. Maybe most important, parasitic richness
remains largely unknown: if the possibility that there is at least
one host-specific parasite for all metazoan or vascular plant species
is borne out (Toft 1986), the number of estimated species could
double.

4.2.3.3 Variation in Species Richness in Time and Space

While the number of species on the planet is hard to estimate, its
variability across space and time is much harder. Nearly all pat-
terns of species richness are known with greater confidence for
terrestrial than for either marine or freshwater systems. Species are
unevenly distributed over Earth’s surface (Rosenzweig 1995) and
across phylogenetic space: species’ ages and histories vary widely
(May 1990b). Considerable data have recently been compiled that
allow the identification of numerous patterns of variation, but
these remain restricted to tiny subsets of all species, and so their
general applicability remains unknown. Nevertheless, for lack of
any truly comprehensive datasets, these data form the basis for the
rest of this section.

For many purposes, species are not all equal—in particular
those species with long independent evolutionary histories and
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BOX 4.1

Species in Theory and Practice

Species concepts based on gene flow and its limits, such as the biological sensitive requirements mean that their abundance reflects overall system
species concept, are not applicable to asexual taxa. They are also inade- health), flagships (charismatic species whose plight attracts publicity), and
quate for ‘‘pansexual’’ taxa, such as some bacteria, where gene flow can umbrellas (flagships whose conservation in situ would automatically help
be common between even very dissimilar types. However serious these conserve many other species) (Meffe and Carroll 1994). More weight
concerns are in theory, they rarely matter for biodiversity assessment might also be assigned to species that are at risk of extinction, or rare, or
because the data collected on such groups are usually insufficient for the have restricted distributions (e.g., Myers et al. 2000).
problems to emerge. There is no consensus about exactly how any of these weights should

These and other issues have, however, led to a proliferation of species be determined nor their relative importance. Phylogenetic information can
concepts: there are dozens in current use (Claridge et al. 1997; Mayden also be considered, by weighting species or locations according to the
1997), though most share the feature that species are independent evolu- amount of unique evolutionary history they embody (Vane-Wright et al.
tionary lineages. Most of the concepts—whether based on gene flow, 1991; Faith 1992).
ecological separation, or morphological distinctiveness—tend to give simi- These ways of augmenting information in species lists may be of little
lar answers in most cases, for two reasons. First, most species have a use when species lists are very incomplete (Mace et al. 2003), which they
considerable history of independent evolution—maybe millions of years— can be for even well-known taxa. Then, any comparisons between re-
and have evolved morphological, ecological, and reproductive characters gions, systems, or taxa that do not control for variation in sampling effort
that set them apart from other species. Second, most populations within run the risk of serious error. The picture is even cloudier when sampling
species share common ancestors with other populations in the very recent effort differences are compounded with differences in species concept.
past, so they are barely differentiated at all. Borderline cases, where differ- Counts of higher taxa (such as genera or families) might be more robust
ent criteria disagree, are relatively rare (Turner 1999). than species counts to sampling differences among regions, and so they

Application of the phylogenetic species concept, however, may lead to may be pragmatic choices despite the loss of precision incurred (Balmford
the recognition of very many more species than when other concepts are et al. 1996). Some very broad-scale comparisons among groups (bacteria
used. A phylogenetic species is ‘‘the smallest group of organisms that is versus mammals, for example) are practically meaningless because the
diagnosably distinct from other such clusters and within which there is a differences in taxonomic practice are so great (Minelli 1993). Comparisons
parental pattern of ancestry and descent’’ (Cracraft 1983); any diagnosa- over time are hampered by the taxonomic instability that results from
ble difference, however small, is deemed a sufficient basis for describing discovery of new species and changes in species concepts and by chang-
a new species. Taxonomic revisions that apply this concept to a taxon for ing information about previously known species (Mace et al. 2003).
the first time typically roughly double the number of species recognized Because of these considerations, the interpretation of biodiversity mea-
(Agapow et al. 2004). sures based on species numbers is not always straightforward. Such mea-

Most theoretical species concepts, like the biological one, are not very sures are most likely to be useful when the taxonomy of the group is
operational: they define the sort of entity a species should be but do not apparently almost complete (that is, few species remain to be discovered),
provide a method for delimiting them (Mayden 1997). In practice, simpler, when the sampling and taxonomic effort has been equal among the units
perhaps informal decision rules are typically used to determine how many being compared, or when sampling and effort have at least been mea-
species to describe (Quicke 1993), with these rules differing among major sured in a way permitting correction for sampling biases. In addition, it is
taxa (Claridge et al. 1997). Even within a group, taxonomists lie on a clearly important that taxonomic practice, including the choice of species
continuum from ‘‘lumpers’’ (who recognize few species, which will conse- concept, be reasonably consistent.
quently tend to be widespread) to ‘‘splitters’’ (who recognize many spe- These requirements mean that species-based approaches are much
cies, which often have restricted distributions), with obvious consequences more useful when applied to unusually well known taxa or well-known
for biodiversity assessment (Hull 1997). parts of the world (such as birds and mammals or Northern temperate

The recognition that a full catalogue of the world’s species is hundreds regions) rather than to other taxonomic groups or less well documented
of years away, at current rates of description, has prompted initiatives to systems (such as nematodes or freshwater and marine systems). The
simplify the jobs of describing and defining animal and plant species (God- wealth of data available for the best-known groups permits very useful
fray et al. 1999; Hebert et al. 2003; Tautz et al. 2003) and calls for a comparisons to be made between places in, for example, how many spe-
program to sequence DNA from all the world’s biota (Wilson 2003). These cies there are, how many are threatened with extinction, or how many are
initiatives are controversial and are currently only at the trial stage. threatened by overexploitation. However, patterns seen in a single group

Species are the major taxonomic unit for counting biodiversity: species may be specific to that group (Prendergast et al. 1993).
lists are important for both monitoring and broad-scale priority setting Different lineages have different ecological requirements and biogeo-
(Mace et al. 2003). However, species may differ in the weighting they graphical histories, so they naturally may have different patterns of diver-
receive, to reflect differences in their perceived biodiversity value. In addi- sity and trends: consequently, no single taxon is sure to be a good
tion to species of recognized economic importance, four other categories surrogate for biodiversity as a whole. If comparisons are intended to re-
of species that might receive more weight are keystones (whose loss from flect overall biodiversity, they should therefore be replicated using multiple
a system would lead to large-scale changes in it), indicators (whose taxa wherever possible.

few surviving relatives contain irreplaceable genetic diversity.
Measures of phylogenetic diversity reflect this and can sometimes
be approximated by higher taxon diversity.

Global species richness maps exist for mammals (terrestrial
species only) (see Figure 4.10 in Appendix A), amphibians (see
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Figure 4.11 in Appendix A), sceleractinian corals (Veron 2000),
the 239 bumblebee species of the genus Bombus (Williams 1998),
marine finfish species across FAO region and freshwater finfish by
continent (Froese and Pauly 2003) (see Figure 4.12 in Appendix
A), plants (see Figure 4.13 in Appendix A) (Barthlott et al. 1999),
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Mollusks

Figure 4.9. Estimates of Proportions and Numbers of Named
Species and Total Numbers in Groups of Eukaryote Species
(following Groombridge and Jenkins 2002)

Table 4.5. Estimates of Number of Species Worldwide

Estimate Reference Method

30 million Erwin 1982 extrapolation from samples

3–5 million Raven 1983 ratios known:unknown species

10–80 million Stork 1988 extrapolation from samples

4.9–6.6 million Stork and 
Gaston 1990

ratios known:unknown species

1.84–2.57 million Hodkinson and
Casson 1991

ratios known:unknown species

5 million Hodkinson 1992 ratios known:unknown species

4–6 million Novotny et al. 2002 extrapolation from samples

and freshwater fish by river basin (multimedia.wri.org/water
sheds_2003/gm2.html). The lack of distributional data for inver-
tebrates generally (in particular, for aquatic species) is clearly a
major limitation on inference from these data; some regional data
sets exist, but these are so heavily skewed toward north temperate
regions as to have limited value in a global assessment. Another
limitation of these data is their static nature: they reflect current
extent of occurrence, not historical range, which can often be
very different (Channell and Lomolino 2000), and they fail to
reflect temporal variation within species’ ranges—for example, for
migratory species (Gómez de Silva Garza 1996). Further limita-
tions come from wholesale sampling artifacts: for instance, the
Congo Basin and New Guinea are particularly poorly sampled for
all taxa, likely leading to an underrepresentation of species rich-
ness in these areas.

The most obvious pattern emerging from these data is that for
most taxa the tropics hold much higher species richness than do
the temperate, boreal, and polar regions. Figure 4.14 demon-
strates this by plotting the number of species in each 5-degree
latitudinal band for all terrestrial mammals, threatened birds (as
global bird data are not yet available), and amphibians. As ex-
pected from the species-area relationship (Rosenzweig 1995),
some of this pattern is explained by variation in landmass across
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latitudinal bands. However, species richness is much higher in the
tropics than would be expected based on area alone, peaking
around the equator for all taxa (rather than in northern high lati-
tudes, as would be predicted based on area alone).

The other pattern apparent from Figures 4.10–4.13 is the
broadly similar distribution of diversity between taxa. Thus, for
example, species richness per grid cell is tightly correlated be-
tween mammals and amphibians. Differences seem likely to be
driven by particular biological traits. Birds, for example, have the
ability to disperse over water more than most of the taxa mapped
here, and so occur in larger numbers on islands, while ectother-
mic reptiles flourish in desert regions generally impoverished in
other taxa. Other differences are less easily explained, such as the
high richness of mammal species in East Africa and of amphibians
in the Atlantic forest. In general, these differences will increase
with increasing evolutionary distance (and hence often corre-
sponding ecological differences) between taxa (Reid 1998): less
correlation is expected between mammal and coral distributions,
for instance, than between mammal and bird distributions.

Macroecological patterns of freshwater and marine species
richness are less well understood. Diversity of pelagic predators
seems to peak at intermediate latitudes (20–30� N and S), where
tropical and temperate species ranges overlap (Worm et al. 2003).
Several studies have documented a latitudinal gradient in the
shallow-water benthos, with decreasing richness toward the poles,
but data on nematodes suggest that no latitudinal trend exists (see
Snelgrove 1999, and references therein). A recent global assess-
ment of local stream insect richness found peaks in generic richness
near 30–40� N latitude, though the study compared individual
stream surveys rather than summing values across all latitudinal
bands (Vinson and Hawkins 2003).

4.2.3.4 Geographic Centers of Endemism and Evolutionary
Distinctiveness

Interacting with geographic variation in species richness is varia-
tion among species in range size. Most species have small range
sizes (Gaston 1996), although there is variation within this general
pattern. Among the vertebrates, the more mobile species, such as
birds, tend to have large ranges, while those of less mobile species,
such as amphibians, generally have much smaller ranges. (See Fig-
ure 4.15.) Nevertheless, the shape of frequency distributions of
species’ range sizes appears to be similar across all taxa examined
to date (with the median range size consistently an order of mag-
nitude smaller than the mean), probably because shared processes
are shaping these distributions (Gaston 1998). The small range size
of most species has important consequences for the conservation
of biological diversity, given the widespread inverse correlation
between species’ range size and extinction risk (Purvis et al.
2000b).

Not only do most species have small ranges, but these nar-
rowly distributed species tend to co-occur in ‘‘centers of ende-
mism’’ (Anderson 1994). Such centers have traditionally been
identified through the overlap of restricted-range species, found
using threshold approaches that consider only species with distri-
butions smaller than a given percentile or area (Hall and Moreau
1962). Among vertebrates, almost all such centers of endemism
lie in isolated or topographically varied regions. This is true for
both geographical isolates, such as mountains and peninsulas, and
real land isolates—islands (Baillie et al. 2004). Maybe as a conse-
quence of this, they also tend to be near the coast.

The degree to which this pattern is found for other taxa, and
in particular in the aquatic realm, is unclear, but evidence from
analysis of scleractinian corals and selected fish, mollusks, and lob-
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(n = 4,734) (n = 5,743) (n = 1,208)

Figure 4.14. Variation in Species Richness across 5-degree Latitudinal Bands for All Mammal (Terrestrial Only), Amphibian, and
Threatened Bird Species, Shown in Relation to Total Land Area per Latitudinal Band

sters suggests that coral reef centers of endemism also tend to be
isolated, either by distance or by current flow (Roberts et al.
2002).

Centers of endemism are also concentrated in the tropics.
Centers of endemism across birds, mammals, and amphibians tend
to overlap (Baillie et al. 2004), and a broadly similar pattern is
expected for plant endemism as well (WWF and IUCN 1994,
1995, 1997; Myers et al. 2000), although Mediterranean regions
are more important as centers of endemism for plants than for
vertebrates.

The range area and endemism patterns characteristic of the
vertebrates (as well as of the plants, possibly) do not appear to
represent the situation for invertebrates or microorganisms. De-
spite the fact that the data are extremely sparse and species have
rarely been comprehensively identified locally, let alone mapped,
various lines of evidence suggest that patterns of spatial turnover
for these groups may be very different. While it is known that
local endemism can be very high for some invertebrates in certain
areas, this measure—calculated as the ratio of local to regional
richness—varies widely. In Amazonia, for example, these ratios
varied from about 80% for some moth species (indicating low
endemism) to less than a few percent for earthworms (indicating
very high endemism and spatial turnover) (Lavelle and Lapied
2003).

Species richness in soils is important for many ecosystem proc-
esses, but this habitat has been relatively poorly studied compared
with aboveground systems (Fitter 2005). Microbial diversity is
known to be high, though quantification at both local and global
scales is limited by the technical issues of standardizing methods
for defining microbial species. Richness of larger soil organism

PAGE 91

varies: some groups appear to be locally very diverse relative to
global or regional diversity. This seems to be especially the case
for smaller organisms and those with high dispersal abilities
(through wind and water, for instance). Currently poorly under-
stood, species richness in soils may be best explained through a
better understanding of the temporal and spatial variability of the
physical properties of soil as a habitat (Fitter 2005).

More generally, it has been suggested that the extent of local
endemism correlates negatively with the dispersal capabilities of
the taxon. Interpreting this pattern more broadly, and using ex-
tensive inventories of free-living protists and other microbial
eukaryotes in a freshwater pond and a shallow marine bay, Finlay
and Fenchel (2004) suggested that most organisms smaller than 1
millimeter occur worldwide wherever their required habitats are
found. This can result from almost unrestricted dispersal driven
by huge population sizes and very small body size, with the conse-
quently low probability of local extinction. Organisms larger than
10 millimeters are much less abundant and rarely cosmopolitan.
In Finlay and Fenchel’s data, the 1–10 millimeter size range ac-
commodates a transition from a more-or-less cosmopolitan to a
regionally restricted distribution.

More detailed studies can reveal different spatial richness pat-
terns within taxa and in different major biomes. For example, in
one study of Neotropical mammals, dryland habitats were shown
to be more diverse in endemic mammalian species than were the
tropical forests (Mares 1992). Marine biota reveal a similar overall
decline in diversity with increasing latitude to that observed in
terrestrial realms, but the strength and slope of the gradient are
subject to regional, habitat, and organismal features (Hillebrand
2004). Detailed studies of the species richness of fish and inverte-
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Figure 4.15. Frequency Distribution of Log10 Transformed Range Sizes for Mammal, Bird, and Amphibian Species. Mammal, terres-
trial species only: n�4,734, mean�1.7	106 sq. km.; median�2.5	105 sq. km.; bird, species endemic to the Western Hemisphere only:
n�3,980, mean�2.1	106 sq. km., median�4.0	105 sq. km.; amphibians: n�4,141, mean�3.2	105 sq. km., median�1.3	104 sq.
km. Data-deficient species are excluded. The log10 transformation makes the distribution look slightly left-skewed, but in fact the untrans-
formed distribution is strongly right-skewed—that is, most species have very small range sizes.

brates in the Atlantic showed no clear trends but seemed to be
related to sea-surface temperature or nitrate concentrations (Mac-
pherson 2002).

In addition to the variability of species richness across geo-
graphic space, species richness varies over time. There is enor-
mous variation between species in terms of their evolutionary age
or the time since divergence from their closest relative (Faith
1992). Comprehensive phylogenetic data allowing evolutionary
relationships to be drawn across entire species groups remain
sparse. However, it is possible to use taxonomic relationships to
approximate evolutionary relationships (Vane-Wright et al. 1991)
in order to measure evolutionary distinctiveness among species.
As with species richness, the few data that exist for terrestrial taxa
indicate that tropical rainforests are regions with the greatest num-
ber of taxa with lengthy independent evolutionary history—for
example, for plant families (Williams et al. 1994) and primates and
carnivores (Sechrest et al. 2002). The applicability of this variation
in higher taxon diversity in aquatic systems remains largely un-
tested, however, and the massive phylum diversity in the sea (32
of 33 phyla occur in the sea, compared with just 12 on land)
suggests some important differences here (May 1994).

Based on the notion that conserving global biodiversity re-
quires preserving these spatial and temporal patterns, one recent
analysis investigated the extent to which species diversity is cov-
ered by the current network of protected areas (Rodrigues et al.
2004). The analyses were based on distribution maps of 11,633
species of terrestrial vertebrates and found that at least 12% of all
species analyzed do not occur in protected areas. This rises to
20% of threatened species, the loss of which would result in the
disappearance of at least 38 threatened genera. (See Table 4.6.)
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Most species not found in protected areas are concentrated in
tropical regions, and within these in centers of endemism: mainly
islands and tropical mountain areas (Rodrigues et al. 2004).

Equivalent analyses are not possible yet for hyper-rich taxa
such as plants or insects. However, the results for vertebrates indi-
cate that taxa with higher levels of endemism (smaller range sizes)
are proportionally less covered by protected areas; if so, the num-
ber of plant and insect species not found in any protected areas
may be higher than for terrestrial vertebrates (Rodrigues et al.
2004). Freshwater species are also likely to be poorly covered, as
most currently existing protected areas were not created focusing
on freshwater habitats; even when species-rich freshwater systems
occur in protected areas, they are not necessarily protected. The
coverage of marine richness is surely tiny, with only about 0.5%
of the world’s oceans covered by protected areas (Chape et al.
2003).

4.2.4 Populations

4.2.4.1 Definition and Measurement

The term population is used in many different fields and at many
scales, resulting in a number of different definitions (Wells and
Richmond 1995). Most definitions identify a population as a geo-
graphical entity within a species that is distinguished either eco-
logically or genetically (Hughes et al. 1997). The genetically based
definition (‘‘Mendelian population’’) is a reproductive commu-
nity of sexual and cross-fertilizing individuals that share a com-
mon gene pool (Dobzhansky 1950). This is measured by assessing
gene flow and genetic variation. The demographically based
definition identifies populations based on groups of individuals
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Table 4.6. Numbers of Gap Species and Genera of Mammals, Birds, Amphibians, and Freshwater Turtles and Tortoises in the
Current Global Protected Area Network. (Adapted from Rodrigues et al. 2004) Values in parentheses are percentage of all taxa/threatened
taxa analyzed within a given group. A threatened genus is one in which all species are threatened. For birds, it was only possible to evaluate
gaps for threatened species and genera. Data for mammals (terrestrial species only) and threatened birds are as in Figure 4.25, and for
amphibians, as in chapter 20; data for turtles based on the EMYSystem World Turtle Database 2003 (Iverson et al. 2003).

Group

Median Species
Range Size

Number of
Species

Numbers of
Gap Species

Number of
Genera

Numbers of
Gap Genera

(square kilometers)

Threatened and non-threatened
Mammals 247,341 4,735 258 (5.5%) 1,091 14 (1.3%)

Birds n.a. 9,917 n.a. 2,085 n.a.

Turtles 309,172 273 21 (7.7%) 84 2 (2.4%)

Amphibians 7,944 5,454 913 (16.7%) 445 9 (2.0%)

Threatened
Mammals 22,902 1,063 149 (14.0%) 194 14 (7.2%)

Birds 4,015 1,171 232 (19.8%) 128 15 (11.7%)

Turtles 167,611 119 12 (10.1%) 21 0 (0%)

Amphibians 896 1,543 411 (26.6%) 65 9 (13.9%)

All taxa analyzed 38,229 11,633 1,424 (12.2%) n.a. n.a.

that are sufficiently isolated to have independent population dy-
namics (Luck et al. 2003).

For some purposes, it is useful to categorize groups of organ-
isms that may not correspond to a Mendelian or demographic
population. For example, a group of bees in a field might be a
population worthy of study. A population can also be defined as a
unit that is important for conservation (conservation unit), such
as evolutionary significant units, (Moritz 1994; Crandall et al.
2000) or for management (management units), such as fish stocks.
Populations may also be defined in relation to the services that
they provide. Thus, a service-providing unit would be that sec-
tion of a population that is essential for providing a specific eco-
system service (Luck et al. 2003).

The definition of population used in the MA is more general
and could lead to a number of different interpretations of a popu-
lation’s boundary. It is ‘‘a group of individuals of the same species,
occupying a defined area and usually isolated to some degree from
other similar groups.’’ Specification of the way in which the term
population is being used is clearly important, given the great di-
versity of uses of the term.

4.2.4.2 Current Status of Population-Level Biodiversity

Populations are an important aspect of biodiversity as they are
widely understandable units and are the ones most often moni-
tored, exploited, and managed by people. Change in the status of
populations provides insight into the status of genetic diversity, as
the extinction of a population may represent the loss of unique
genetic material. Populations are also the level at which we can
best observe the relationship between biodiversity and ecosystem
functioning. Most of the services provided by ecosystems require
a large number of local populations (Hughes et al. 1997). For
example, erosion control requires a number of different local
plant populations. The loss of these local populations may have
profound effects on erosion but limited impact on the overall
status of the species involved. Thus it is important to focus on
the condition of local populations if we are concerned with the
maintenance of ecosystem processes and the provision of ecosys-
tem services.
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There are a number of ways that the condition of populations
can be measured: the total number of populations in a given area,
the total number of individuals within each population, the geo-
graphic distribution of populations, and the genetic diversity
within a population or across populations (Luck et al. 2003). The
most common measures are assessments of the distribution and
abundance.

Populations are dynamic and are continually changing due to
variation in births and deaths, immigration, and emigration. At
any one time a species will likely have some populations that are
increasing while others are decreasing, and it may be going ex-
tinct. A species can have many different structures, ranging from
one continuous population of individuals, to disjunct populations
of individuals with some exchange of individuals among them
(known as a metapopulation) (Wells and Richmond 1995) and to
disjunct populations that are completely isolated. Although there
is great variation in abundance and distribution, the majority of
species have small distributions (see Hughes et al. 1997) and
therefore small populations. Small numbers of individuals or lim-
ited distributions result in such populations being more suscepti-
ble to extinction due to stochastic events (Gilpin and Soulé 1986;
Lande 1993) such as a hurricane or fire, random demographic
effects (Richter-Dyn and Goel 1972; Goodman 1987), the poten-
tial negative effects of limited genetic variability (Soulé 1980); or
simply because a threat process such as habitat loss, exploitation,
or introduced species is more likely to drive to extinction a species
that is restricted in distribution or composed of few individuals.

Given the magnitude of populations, it is little surprise that
there are few comprehensive global datasets. One example is the
global inventory of population estimates and trends for waterbirds
maintained since 1996 by Wetlands International. The most re-
cent (third) edition (Wetlands International 2002) listed 2,271
biogeographic populations of 868 species of waterbirds. Other
organizations, such as IUCN–the World Conservation Union,
BirdLife International, NatureServe, UNEP World Conservation
Monitoring Centre, FAO, and the European Nature Information
System, collect data on species distributions and in some cases
populations.
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But the quality of the population data remains poor, and
where data do exist the species tend to be either commercially
important (such as fish stocks), charismatic (such as tigers and ele-
phants), or threatened with extinction. There is also a significant
regional bias, with the least data available in regions such as the
tropics, where population numbers are likely the highest. Another
useful source of data for trends on populations is the Global Popu-
lation Dynamics Database (NERC 1999), with 5,000 separate
time series available, ranging from annual counts of mammals or
birds at individual sampling sites to weekly counts of zooplankton
and other marine fauna.

Despite these limitations, population-level information is ex-
tremely useful for a range of applications for assessments of bio-
diversity and ecosystem services.

4.2.5 Genes and Genomes

Genes are sequences of nucleotides in a particular segment (locus)
of a DNA molecule. Slightly different sequences (alleles) at a locus
may result in protein variants differing in amino acid sequence,
which may have different biochemical properties and thus cause
phenotypic differences in morphology, physiology or the behav-
ior of individuals. The allele that causes sickle-cell anemia in hu-
mans, for example, is the result of a single nucleotide substitution
(adenine replaced by guanine) in the second position of the sixth
codon of the beta-globin gene.

The complete genetic material of a species constitutes its ge-
nome. Eukaryotic genomes are organized into discrete longitudi-
nal bodies in the nucleus, called chromosomes. The number, size,
and shape of chromosomes within species are usually constant,
but often differ between species. The human genome has 46
chromosomes and about 3.2 billion nucleotides, containing about
30,000 to 40,000 genes.

Biodiversity at the within-species level is usually measured by
genetic diversity, which refers to the variety of alleles and allele
combinations (genotypes) present in a species. Genetic diversity is
reflected in the differences among individuals for many characters,
from DNA sequences and proteins to behavioral and morpholog-
ical traits such as eye, skin, and hair color in humans. This diver-
sity allows populations to evolve by means of changing relative
frequency of different alleles to cope with environmental changes,
including new diseases, pests, parasites, competitors and predators,
pollution, and global change. Naturally outbreeding species with
large populations usually possess large stores of genetic diversity
that confer differences among individuals in their responses to any
environmental change.

Numerous species have been observed to evolve in response
to environmental change as a result of genetic diversity. For ex-
ample, industrial melanism has evolved in about 200 species of
moths in areas subject to industrial pollution (Majerus 1998), and
resistance to insecticides, herbicides, antibiotics, and other bio-
control agents has evolved in numerous ‘‘pest’’ species (McKenzie
1996).

The plentiful genetic diversity in many plant and animal spe-
cies has been exploited extensively by humans through artificial
selection to generate numerous breeds specialized in providing
various service products such as meat, milk, eggs, fiber, guidance,
hunting, companion, and aesthetics. (See also Chapter 10 for a
discussion of genetic bioprospecting.) In contrast, species lacking
genetic diversity usually have difficulty adapting to environmental
changes and face increased risk of extinction because any environ-
mental change that harms one individual is likely to harm other
individuals to a similar extent. It has been demonstrated that in-
bred populations lacking genetic diversity have lower fitness and
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are less adaptable to new environmental challenges than the out-
bred populations they are derived from (Reed et al. 2003).

Genetic diversity is also important in maintaining the repro-
ductive and survival ability (reproductive fitness) of individuals in
outbreeding species even in a stable environment. In naturally
outbreeding species, loss of genetic diversity usually leads to the
homogeneity within individuals and thus reduced reproductive
fitness (inbreeding depression) and increased risk of extinction.
The U.S. endangered Florida panther, a subspecies restricted to a
small relic population of approximately 60–70 individuals in
southern Florida, has very low levels of genetic diversity revealed
by different genetic markers. As a result, Florida panthers suffer
from inbreeding depression evidenced by an extraordinarily high
frequency of morphological abnormalities (‘‘cow lick’’ patterns in
their fur and kinked tails), cardiac defects, undescended testis, and
poor semen quality (Roelke et al. 1993).

Inbreeding depression, interacting with environmental and
demographic stochasticity, is believed to contribute to the extinc-
tion of populations (Saccheri et al. 1998). In many inbred species
and populations, the effects of inbreeding cease to be a problem,
probably because most mutations deleterious under inbreeding
become selectively removed, and the populations that survive are
those that no longer possess such alleles. However, usually numer-
ous populations become extinct and only a very small fraction
survive this inbreeding and selection process (Frankham 1995).

A variety of methods can be used to measure genetic diversity.
(See Box 4.2.)

Generally, plenty of genetic variation can be found within an
outbreeding species at various organization levels, within individ-
uals, between individuals within a population, and between pop-
ulations. From a functional point of view, genetic variation can
be classified as neutral and adaptive. The rich neutral genetic di-
versity is (arguably) revealed by using various molecular markers.
In a typical large outbreeding species, about 80% of microsatellite
loci are polymorphic, which have on average 5�10 distinctive
alleles and heterozygosities of 0.6�0.8 (Frankham et al. 2002).
The adaptive variation is also abundant within various species,
although more difficult to identify and quantify than neutral vari-
ation. A study on the plant of white clover (Trifolium repens), a
stoloniferous perennial species, provides a good example (Dirzo
and Raven 2003). Individual plants taken from a population
growing in a 1-hectare field in North Wales were screened for
those genes associated with different characters of known adaptive
importance. Among 50 clones selected from the field, all but a
few differed in the combinations of genes affecting their fitness in
nature.

The current magnitude and distribution of genetic diversity
within a species depends on the effects and interactions of several
evolutionary forces (such as mutation, selection, migration, and
genetic drift) over the long evolutionary history of the species.
Mutations are sudden changes in the nucleotide sequence of genes
or the organization of genes in a genome and are the ultimate
source of new genetic variation. Migration is the exchange of
genes between populations. It changes the distribution of genetic
variation directly and its magnitude indirectly when interacting
with other evolutionary forces. Selection is the nonrandom trans-
mission of alleles or allele combinations between generations, de-
pending on their adaptive values in a given environment. It acts
to either maintain or deplete genetic variation, depending on the
way it operates. Genetic drift refers to the random changes in
allele frequency over time due to sampling (reproduction and sur-
vival) in a genetically small population. It usually reduces genetic
variation.
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BOX 4.2

Measuring Genetic Diversity

Like biodiversity at other levels, genetic diversity within a species can be termined by not only allelic diversity but also allele frequencies. Third,
measured in many different ways. A simple measurement is the proportion different kinds of markers usually show different degrees of diversity in a
of polymorphic loci among all loci sampled. A locus is regarded as poly- population. Genetic diversity detected by microsatellites is typically much
morphic if two or more alleles coexist in the population and the most greater than that by proteins. In large outbreeding species, the number of
frequent allele has a frequency smaller than 99%. The proportions of alleles and heterozygosity per polymorphic locus is typically 5–10 and
polymorphic loci for proteins revealed by electrophoresis are about 30% 0.6–0.8, respectively, for microsatellites but around 2 and 0.3, respec-
in mammalian species. tively, for proteins. When comparing the genetic diversity among popula-

Genetic diversity is measured more appropriately by allelic diversity tions, the same diversity measurement should be calculated for the same
(the average number of alleles per locus) and gene diversity (average set of markers assayed from large samples.
heterozygosity across loci). These measures are not suitable for DNA A species is usually not homogenous genetically, and the genetic di-
sequences, however, because the extent of genetic variation at the DNA versity within it can be partitioned at different hierarchic levels, between
level is generally quite extensive. When long DNA sequences are consid- populations, between individuals within a population, and within individuals
ered, each sequence in the sample may be different from the other se- (for nonhaploids). Usually Wright’s F statistics (Wright 1969) are used to
quences. In such cases, these measures cannot discriminate among describe the hierarchical genetic structure of a species. When the ob-
different loci or populations and are therefore no longer informative about served and expected heterozygosity averaged across populations of a
genetic diversity. More appropriate measures of genetic diversity for DNA species are denoted by HI and HS, respectively, and the expected hetero-
sequences are the average number of nucleotide differences between two zygosity for the entire species is denoted by HT, the F statistics can be
homologous sequences randomly chosen from a population and the num- expressed as FIS � 1�(HI / HS), FST � 1�(HS / HT), and FIT � 1�(HI /
ber of segregating nucleotide sites in a sample of sequences. HT) for a diallelic locus (Nei 1987). The heterozygosity (HI, HS, and HT)

In practice, the genetic diversity of a population is assessed by sampling and thus F statistics can be determined from various genetic markers.
a number of individuals, genotyping them at some marker loci, and calculat- FIS indicates the reduction of within-individual diversity relative to within-
ing one or more of the diversity measurements. Various markers, including population diversity, and is determined mainly by the mating system (such
enzymes and other proteins, microsatellites (simple sequence repeats or as selfing, random mating) of the species. FST measures the between-
short tandom repeats), RAPD (random amplified polymorphic DNA), AFLP population diversity as a proportion of the total diversity of the entire spe-
(amplified fragment length polymorphism), RFLP (restriction fragment length cies. It is determined by the balance between the homogenizing force of
polymorphism), SNP (single nucleotide polymorphism), and DNA se- migration among populations and the opposing force of local drift within
quences, can be assayed to assess the genetic diversity of a population. populations. Habitat fragmentation may lead to excessive inbreeding

However, caution should be exercised in measuring and comparing the within and differentiation between populations in the short term, and to
genetic diversity between different populations. First, any measurement of extinction or speciation in the long term. FIT indicates the reduction of
genetic diversity suffers from sampling errors. To obtain a reliable esti- within-individual diversity relative to the total diversity of the species, and
mate, a large number of individuals should be sampled and genotyped at is determined by both the mating system and the subdivision (isolation)
a large number of marker loci. Second, different measures of genetic of the species. The relationship of the three measures is (1�FIT) �

diversity cannot be compared directly. Gene diversity, for example, is de- (1�FIS)(1�FST).

Despite the well-established theory concerning the genetic
structure of populations, empirical data are mostly limited to a
relatively restricted set of species and situations, most commonly
related to agriculture. Even less common are continuing assess-
ments over time and space that would allow inferences about the
large-scale and long-term trends in genetic diversity.

The genetic diversity harbored within a population or species
varies greatly among loci, depending on the mutation and selec-
tion forces acting on them. Proteins, for example, generally have
much less genetic variation due to their functional (selective) con-
straints and low mutation rate than molecular markers (such as
microsatellites). For protein variation as assessed by electrophore-
sis, only about 28% loci are polymorphic and 7% loci are hetero-
zygous in an average individual, both being much smaller than
those for microsatellites (Frankham et al. 2002).

Genetic diversity is reduced at loci subject to directional selec-
tion and increased at loci under balancing selection, compared
with that of neutral loci. For example, the major histocompatibil-
ity complex loci are involved in fighting disease, combating can-
cer, and controlling transplant acceptance or rejection and are thus
believed to be under balancing selection. The MHC contains
over 100 loci falling into three main groups, termed class I, II,
and III. In vertebrates, MHC loci exhibit the highest polymor-
phism of all known functional loci. The human MHC (called
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HLA), for example, have 67, 149, and 35 alleles at the class I
HLA-A, HLA-B, and HLA-C loci and 69, 29, and 179 at the
class II DPB, DQB, and DRB loci, respectively (Hedrick and
Kim 2000).

The amount of diversity also depends on the effective size
(Ne) of a population, defined as the size of the idealized Wright-
Fisher population (a diploid monoecious species with random
mating including self-fertilization, with constant size and discrete
generations and with an equal probability of reproduction and
survival among individuals) that would give rise to the variance
of change in gene frequency or the rate of inbreeding observed in
the actual population under consideration. In populations with
small to intermediate values of Ne, most loci are effectively neu-
tral and their genetic diversity is predominantly determined by
genetic drift and is lost at a rate of 1/2 Ne per generation. There-
fore large populations tend to have higher genetic diversity than
small populations.

Reductions in the size of large populations will have major
consequences for their diversity, even if the reduction is only for
a short period. Hence, populations fluctuating in sizes tend to
have less diversity than might be expected from their average size.
Most endangered species and populations are found to possess
lower genetic diversity than related, nonendangered species with
large population sizes. Of 38 endangered mammals, birds, fish,
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insects, and plants, 32 had lower genetic diversity than related
nonendangered species (Frankham 1995). A survey of allozyme
genetic diversity in major taxa showed that the average heterozy-
gosity within species is lower in vertebrates (6.4%) than in inver-
tebrates (11.2%) or plants (23%), possibly due to the usually
smaller population sizes in the former (Ward et al. 1992).

Local adaptation shapes the distribution of genetic diversity at
selected loci among populations and geographic regions. A good
example is the human sickle cell anemia allele, whose distribution
(in Africa, the Mediterranean, and Asia) coincides with that of
malaria. More variation is found between populations for loci that
confer adaptations to local conditions. The distribution of diver-
sity also depends on population structure and mating system. Spe-
cies capable of long-range migration (such as flying birds and
insects) tend to have small geographic intraspecific variation.

4.3 Anthropogenic Drivers
In the past, major changes to the world’s biota appear to have
been driven largely by processes extrinsic to life itself, such as
climate change, tectonic movements leading to continental inter-
change, and even extra-terrestrial events in the case of the late
Tertiary changes. (See Chapter 3.) While these processes remain
important, current changes in biodiversity result primarily from
processes intrinsic to life on Earth, and almost exclusively from
human activities—rapid climate change, land use change, exploi-
tation, pollution, pathogens, the introduction of alien species, and
so on. These processes are known as anthropogenic direct drivers.

Having provided an overview of the current status of global
diversity in the preceding sections, the current processes leading
to change are considered here. Although the interactions are
complex and often synergistic, it is important to distinguish
among the main causes of biodiversity loss in order to identify,
propose, and implement effective response strategies. The most
important direct impacts on biodiversity are habitat destruction
(Bawa and Dayanandan 1997; Laurance et al. 2001; Tilman et al.
2001), the introduction of alien species (Everett 2000; Levine
2000), overexploitation (Pauly et al. 2002; Hutchings and Reyn-
olds 2004), disease (Daszak et al. 2001), pollution (Baillie et al.
2004), and climate change (Parmesan et al. 1999; McLaughlin et
al. 2002; Walther et al. 2002; Thomas et al. 2004a, 2004b).

In order to provide information on existing linkages between
anthropogenic drivers of change in species richness patterns and
the rate and nature of such changes, indices for such linkages
based on the most prominent anthropogenic drivers have been
calculated based on expert knowledge. (See Figure 4.16 in Ap-
pendix A.) Although subjective, these indices are the best infor-
mation currently available. Their aim is not to provide exact
information on the existing trends between anthropogenic drivers
and biodiversity patterns but rather to provide a general overview
of such trends.

The figure indicates that habitat change is presently the most
pervasive anthropogenic driver, with habitat fragmentation, intro-
duced alien species, and exploitation being the next most com-
mon drivers. Threats such as disease, pollution, and climate
change are identified as having slightly less impact, but it should
be noted that these estimates are based on a projection until 2010.
Threats such as disease (Baillie et al. 2004) and climate change
will likely play a much greater role in the near future (Thomas et
al. 2004a, 2004b). Where trend estimates have been made, all the
main direct drivers are expected to increase in intensity. The various
drivers have also been rated by the extent to which the process is
believed to be reversible. Climate change and the introduction of
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invasive alien species are highlighted as the two drivers that are
most difficult to reverse. Certainty of these estimates is highest for
the most common drivers and interactions at the species, popula-
tion, and biome level and lowest at the genetic level.

4.3.1 Habitat Change, Loss, and Degradation

The land use requirements of a large and growing human popula-
tion have led to very high levels of conversion of natural habitat.
Loss of habitat area through clearing or degradation is currently
the primary cause of range declines in species and populations.
When areas of high human activity and significant human land
transformation (Easterling et al. 2001; Harcourt et al. 2001) are
spatially congruent with areas of high species richness or ende-
mism (Balmford and Long 1994; Fjeldså and Rahbek 1998; Freitag
et al. 1998; Ceballos and Ehrlich 2002), the negative implications
for biodiversity are greatly exacerbated.

Agricultural land is expanding in about 70% of countries, de-
clining in 25%, and roughly static in 5% (FAO 2003). Forest cover
alone is estimated to have been reduced by approximately 40% in
historical times (FAO 1997). This decline continues, with about
14.6 million hectares of forest destroyed each year in the 1990s,
resulting in a 4.2% loss of natural forest during this time period
(FAO 2000b). Other habitats types have experienced even greater
change in historical times, such as tropical, sub-tropical, and tem-
perate grasslands, savannas, and shrublands as well as flooded
grasslands. (Habitat change is described further later in this
chapter.)

A major issue in habitat and land use change is habitat frag-
mentation, which has severe consequences for many species.
Fragmentation is caused by natural disturbance (fires or wind, for
instance) or by human-driven land use change and habitat loss,
such as the clearing of natural vegetation for agriculture or road
construction, which leads previously continuous habitats to be-
come divided. Larger remnants, and remnants that are close to
other remnants, are less affected by fragmentation. Small frag-
ments of habitat can only support small species populations, which
therefore tend to be vulnerable to extinction. Moreover, small
fragments of habitat may have altered interior habitat. Habitat
along the edge of a fragment has a different climate and favors
different species to the interior. Small fragments are therefore un-
favorable for species that require interior habitat. Fragmentation
affects all biomes, including, in particular, forests. Globally, over
half of the temperate broadleaf and mixed forest biome and nearly
one quarter of the tropical rain forest biome have been frag-
mented or removed by humans, as opposed to only 4% of the
boreal forest. Overall, Europe has faced the most human-caused
fragmentation and South America has the least (Wade et al. 2003).

Species that disappear most quickly from fragmented terrestrial
landscapes often have large area requirements and are primary-
habitat specialists that avoid the modified habitats (Tilman et al.
1994; Laurance et al. 2001). Some species are also particularly
vulnerable to so-called edge effects, where the area of land at the
edge of the habitat patch is altered and less suitable for the species
(Woodroffe and Ginsberg 1998). Species that are specialized to
particular habitats and those with poor dispersal ability suffer from
fragmentation more than generalist species with good dispersal
ability. Species with naturally unstable populations may also be
intrinsically vulnerable to fragmentation, presumably because
their fluctuating populations are likely to fall below some critical
threshold. Likewise, organisms with low rates of population
growth may be less likely to recover from population declines
and suffer a greater loss of genetic diversity (via genetic drift and
inbreeding) during population bottlenecks.
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River fragmentation, which is the interruption of a river’s nat-
ural flow by dams, inter-basin transfers, or water withdrawal, is
an indicator of the degree that rivers have been modified by hu-
mans (Ward and Stanford 1989). An analysis of river fragmenta-
tion and flow regulation (Revenga et al. 2000) assessing 227 large
river systems around the world, with the exception of South Asia
and Australia, shows that 60% of the world’s large rivers are highly
or moderately fragmented. Waterfalls, rapids, riparian vegetation,
and wetlands are some of the habitats that disappear when rivers
are regulated or impounded (Dynesius 1994).

Fragmentation has also affected 90% of the water volume in
these rivers. All river systems with parts of their basins in arid areas
or that have internal drainage systems are highly fragmented. The
only remaining large free-flowing rivers in the world are found in
the tundra regions of North America and Russia and in smaller
coastal basins in Africa and Latin America. (See Chapter 20.)

Even though dam construction has greatly slowed in many
industrial countries (and some countries, such as the United
States, are even decommissioning a few dams), the demand and
untapped potential for dams is still high in many parts of the
world, particularly in Asia, Latin America, and Turkey. As of
2003, around 1,500 dams over 60 meters are planned or under
construction around the world (WWF and WRI 2004). The ba-
sins with the largest number of dams planned or under construc-
tion include the Yangtze River in China with 46 dams, La Plata
basin in Argentina with 27 dams, and the Tigris and Euphrates
basin with 26 (WWF and WRI 2004).

While many species disappear or decline in fragmented habi-
tats, others can increase dramatically. Species that favor habitat
edges or disturbed habitats, that readily tolerate the surrounding
matrix, or whose predators or competitors have declined often
become more abundant after fragmentation (Laurance et al.
2001). For instance, common species that adapt well to standing
water habitats often replace stream-adapted species in river sys-
tems with many dams. In addition, the matrix commonly supports
abundant populations of exotic weeds or generalist animals that
can invade habitat fragments.

4.3.2 Invasive Alien Species

Humans have been responsible for introducing animals and plants
to new areas for thousands of years (Milberg and Tyrberg 1993).
With improvements in transportation and the globalization of
trade, however, the introduction of non-native species to new
habitats or ecosystems has greatly increased (e.g., Gaston et al.
2003). Most introductions fail (Mack et al. 2000), but when they
are successful and become established as invasive alien species—
defined as those species introduced outside their normal area of
distribution whose establishment and spread modify ecosystems,
habitats, or species, with or without economic or environmental
harm—they can have a major impact on native biodiversity. Inva-
sive alien species may threaten native species as direct predators
or competitors, as vectors of disease, or by modifying the habitat
(for example, the impact of herbivores on plant communities) or
altering native species dynamics.

The causes of introductions are many. Some are intentional (a
species released for hunting or introduced as a biological control,
for example), but more commonly they are unintentional (intro-
duced with traded goods such as lumber, for instance, or in the
ballast water of ships or through the pet trade). Although species
that have recently extended their native range or have experi-
enced major changes in species dynamics within their native range
are not considered as alien invasive species, the negative impact
on other aspects of biodiversity can be just as serious.

PAGE 97

Homogenization is partially a consequence of invasive alien
species, along with the extirpation of native endemic species and
habitat alterations (Rahel 2002). For example, European settlers
introduced fish into North America for sport and for food, and
fish faunas across the continental United States have become more
similar through time. On average, pairs of states have 15.4 more
species in common now than before European settlement of
North America. The 89 pairs of states that formerly had no species
in common now share an average of 25.2 species. Introductions
have played a larger role than extirpations of local endemic species
in homogenizing fish faunas (Rahel 2000). At the same time,
North American fish species (such as the rainbow trout) have be-
come established in Europe, leading to further homogenization
of fish faunas between Europe and North America.

Invasive alien species have been a major cause of extinction,
especially on islands and in freshwater habitat. In the latter, the
introduction of alien species is the second leading cause of species
extinction (Hill et al. 1997; Harrison and Stiassny 1999), and on
islands it compares with habitat destruction as the lead cause of
extinction over the past 20 years (Baillie et al. 2004). Islands such
as Guam (Fritts and Rodda 1998; Wiles et al. 2003), Hawaii (At-
kinson et al. 2000), New Zealand (Atkinson and Cameron 1993),
and the Mascarenes (Cheke 1987) provide clear examples of the
devastating influence invasive alien species continue to have on
native biodiversity. Awareness about the importance of stemming
the tide of invasive alien species is increasing, but effective imple-
mentation of preventative measures is lacking (Simberloff 2000).
The rate of introductions continues to be extremely high; for
example, in New Zealand plant introductions alone have oc-
curred at a rate of 11 species per year since European settlement
in 1840 (Atkinson and Cameron 1993).

The water hyacinth (Eichhorina crassipes) and the European
zebra mussel (Dreissena polymorpha) are just two examples of the
many alien species that have significantly altered the ecosystems
in which they have successfully invaded, with major implications
for native biodiversity as well as economic ramifications.

The water hyacinth has had negative effects on fisheries, hy-
droelectric production, agriculture, human health, and economies
across the tropics. A native to the Amazon basin, it has invaded
more than 50 countries on five continents, sometimes taking over
entire river and lake systems (Barrett 1989). It was introduced
both intentionally and unintentionally, specifically to help purify
water from waste treatment facilities and for use as an ornamental
aquarium plant. Lake Victoria, which borders Uganda, Tanzania,
and Kenya, is the most dramatic example of the havoc water hya-
cinth can wreak on an ecosystem. First sighted in 1989, water
hyacinth now covers 90% of Lake Victoria’s shoreline. This thick
mat of water hyacinth competes with the native plants, fish, and
frogs for oxygen, often causing asphyxiation and massive die-offs
(see www.state.gov/g/oes/ocns/inv/cs/2299.htm) and costing
local economies millions of dollars (McNeely 1996).

In 1988 the European zebra mussel was transported to Lake
St. Clair (in the United States and Canada) in the ballast water of
a transatlantic freighter. Within 10 years the mussel had spread to
all five neighboring great lakes (USGS 2000). The mussels form
massive colonies and tend to clog underwater structures, such as
intake pipes for power plants and other industrial infrastructure.
Their efficiency at filtering the water and removing alga and mi-
croorganisms has greatly increased clarity and also resulted in re-
duced food availability for larval fish and many invertebrates,
which could cause a shift in fish species composition (Griffiths
1993). The mussel has also greatly reduced the population of na-
tive mussels (Masteller and Schloesser 1991). The economic costs
of these alien mussels for U.S. and Canadian water users has been
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estimated by the U.S. Fish and Wildlife Services at about $5 bil-
lion over the next 10 years (USGS 2000).

4.3.3 Introduced Pathogens

As with alien species, the process of globalization, with increased
international travel and commerce, has greatly facilitated the
spread of pathogens. This process has been further assisted by an
increase in the conditions under which pathogens thrive, such as
very high population densities in domestic plants or animals, or
species living in suboptimal conditions due to rapid environmen-
tal change. As these processes intensify, newly emerging diseases
may become an even greater threat to species (Daszak et al. 2001).
When diseases become established in a population, initial declines
may be followed by chronic population depression, which in turn
increases the population’s vulnerability to extinction. In some
cases pathogens can cause catastrophic depopulation of the naı̈ve
host species and even extinction (Daszak et al. 2000).

Parallels between human and wildlife emerging infectious dis-
eases extend to early human colonization of the globe and the
dissemination of exotic pathogens. For instance, the impacts
within Africa of rinderpest were severe. Transmitted by a highly
pathogenic morbillivirus, enzootic to Asia, the disease was intro-
duced into Africa in 1889. It wiped out more than 90% of the
Kenya’s buffalo population and had secondary effects on predator
populations and local extinctions of the tsetse fly (Daszak et al.
2000). It also had serious consequences for the human population,
leading to famine and subsequently the spread of tsetse. (See
Chapter 14 for more on human infectious disease agents.)

Over the last decade, a number of pathogens introduced di-
rectly or indirectly by human activities have caused large-scale
declines in several wildlife species (Dobson and Foufopoulos
2001). One example is the 20% decline of the lion population in
the Serengeti, Tanzania (Roelke-Parker et al. 1996). The epi-
demic was caused by the canine distemper virus, transmitted to
the wild carnivores from domestic dogs introduced by the local
communities surrounding the park. African wild dogs are also be-
lieved to have been affected by this virus. Their local extinction
from the Serengeti in 1991 was concurrent with epizootic canine
distemper in sympatric domestic dogs (Roelke-Parker et al.
1996). More surprisingly, canine distemper has also spread from
the terrestrial to aquatic habitats. A canine distemper virus infec-
tion has caused mortality in seals on a number of occasions in the
former Soviet Republics (Stone 2000).

Infectious disease is currently a serious problem in aquacul-
ture, not only to the fish being farmed but to wild populations as
well. When infected farmed fish escape from aquaculture facili-
ties, they can transmit these diseases and parasites to wild stocks,
creating further pressure on them. For instance, infectious salmon
anemia, a deadly disease affecting Atlantic salmon, poses a serious
threat to the salmon farming industry. It was first detected in Nor-
wegian salmon farms in 1984, from which it is believed to have
spread to other areas, being detected in Canadian salmon (1996),
in Scotland (1999), and in U.S. farms (2001) (Doubleday 2001;
Goldburg et al. 2001). Norwegian field studies observed that wild
salmon often become heavily infected with sea lice (parasites that
eat salmon flesh) while migrating through coastal waters, with the
highest infection levels occurring in salmon-farming areas (Gold-
burg et al. 2001).

Introduced diseases have been implicated in the local extinc-
tion of a number of species and the global (species) extinction of
seven amphibians, three birds, and one plant over the past 20
years (Baillie et al. 2004). However, the first proven example of
extinction by infection occurred when a microsporidian parasite
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killed the captive remnant population of the Polynesian tree snail,
Partula turgida (Daszak et al. 2000). The actual number of amphib-
ians that have gone extinct due to disease is almost certainly much
higher than seven species, as 122 species have been identified as
‘‘possibly extinct’’ (not formally ‘‘extinct’’ until extensive surveys
to establish their disappearance have been completed), with 113
having disappeared since 1980. The explanation for this rapid de-
cline is not well understood, but disease and climate change are
the most commonly cited reasons (Stuart et al. 2004). In 1998, a
previously unknown chytrid fungus named Batrachochytrium den-
drobatidis was discovered and is believed to be a major cause of
amphibian decline (Berger et al. 1998; Longcore et al. 1999).

4.3.4 Overexploitation

People have exploited wildlife throughout history, and even in
ancient times the extinction of some species was caused through
unsustainable harvesting levels. However, exploitation pressures
have increased with the growing human population. Although
sustainable exploitation of many species is theoretically achiev-
able, many factors conspire to make it hard to achieve in practice,
and overexploitation remains a serious threat to many species and
populations. Among the most commonly overexploited species
or groups of species are marine fish and invertebrates (FAO 2000a,
see section 5.5.1.5), trees, animals hunted for bushmeat, and
plants and animals harvested for the medicinal and pet trade (IIED
and Traffic 2002; TRAFFIC 2002).

Most industrial fisheries are either fully or overexploited (FAO
2000a), as documented later in this chapter. An increasing number
of studies are highlighting the inherent vulnerability of marine
species to overexploitation (Hoenig and Gruber 1990; Griffiths
1993; Huntsman et al. 1999; Reynolds et al. 2001; Dulvy et al.
2003). Particularly susceptible species tend to be both valuable
and relatively easy to catch as well as having relatively ‘‘slow’’ life
history strategies (Reynolds et al. 2002). Thus species such as large
groupers, croakers, sharks, and skates are particularly vulnerable
(Baillie et al. 2004). Although the response of species and ecosys-
tems to severe depletions is extremely complex (Jackson et al.
2001; Hutchings and Reynolds 2004), there is increasing evi-
dence that many marine populations do not recover from severe
depletion, even when fishing has stopped (Hutchings 2000; Bail-
lie et al. 2004; Hutchings and Reynolds 2004). (See Chapter 18
for more on exploitation of marine fisheries.)

Many of the current concerns with overexploitation of bush-
meat—wild meat taken from the forests by local people for in-
come or subsistence—are similar to those of fisheries, where
sustainable levels of exploitation remain poorly understood and
where the offtake is difficult to effectively manage. Although the
true extent of exploitations is poorly known, it is clear that rates
of offtake are extremely high in the tropical forest throughout the
world (Anstey 1991; Robinson and Redford 1991; Bennett et al.
2000; FitzGibbon et al. 2000). Unsustainable levels of hunting are
believed to be of great concern for a large number of target spe-
cies, many of which are extremely high profile, such as gorillas,
chimpanzees, and elephants. The loss of species or populations
due to exploitation will not only have ecological implications, it
will greatly affect the food security and livelihoods of the commu-
nities that depend on these resources.

The trade in wild plants and animals and their derivatives is
poorly documented but is estimated at nearly $160 billion (IIED
and Traffic 2002). It ranges from live animals for the food and pet
trade (such as parrots, tropical fish, and turtles) to ornamental
plants and timber (such as rattan, orchids, and mahogany). An
array of wildlife products and derivatives, such as food, exotic
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leather goods, musical instruments, and even medicines, can be
found in markets around the world.

Because the trade in wild animals and plants crosses borders
between countries, the effort to regulate it requires international
cooperation to safeguard certain species from overexploitation.
The Convention on International Trade in Endangered Species of
Wild Fauna and Flora is an international governmental agreement
aimed at ensuring that international commercial trade in species
of wild animals and plants does not threaten their survival. Today
CITES provides varying degrees of protection to more than
30,000 species of animals and plants, whether they are traded as
live specimens, fur coats, or dried herbs. CITES only applies to
international trade, leaving most of the national trade in wild spe-
cies poorly regulated and monitored in many countries.

In freshwater systems, trade in wild plants and animals is seri-
ously threatening some species. Three quarters of Asia’s fresh-
water turtles, for instance, are listed as threatened, many due to
increase in trade. For example, on average there are over 30 tons
per year of all imported turtle shells into Taiwan alone. The total
trade may add up to several times this amount (TRAFFIC 2002).

4.3.5 Climate Change

The detectable impact of human actions on the rate and direction
of global environmental change is already being felt on global
biodiversity. Modern climate change may have been a contribut-
ing factor in the extinction of at least one species, the golden toad
(Bufo periglenes) (Pounds et al. 1999), and present evidence sug-
gests strong and persistent effects of such change on both plants
and animals, evidenced by substantial changes to the phenology
and distribution of many taxa (Parmesan and Yohe 2003; Root et
al. 2003). For example, there have been substantial advances in
the dates of bird nesting, budburst, and migrant arrivals across the
Holarctic, and in the same region both birds and butterflies have
shown considerable northward range expansions (Parmesan et al.
1999; Walther et al. 2002). Climate change is not likely to affect
all species similarly. Certain species or communities will be more
prone to extinction than others due to the direct or underlying
effects of such change, and risk of extinction will increase espe-
cially for those species that are already vulnerable. Vulnerable spe-
cies often have one or more of the following features: limited
climatic ranges, restricted habitat requirements, reduced mobility,
or isolated or small populations.

Best estimates suggest that present climate change trends will
continue (Watson 2002) and that these changes will have substan-
tial impacts on biodiversity, with some scenarios indicating that as
many as 30% of species will be lost as a consequence of such
change (Thomas et al. 2004a). Although past climate variation
may not have caused many extinctions (Huntley and Webb 1989;
Roy et al. 1996), modern change is likely to have a considerably
greater effect owing to interactions between rapid climate change
and substantial anthropogenic habitat destruction and alteration
(Hill et al. 1999; Sala et al. 2000; Warren et al. 2001; Walther et
al. 2002). See Chapter 3 of this volume and Chapter 7 of the
Scenarios volume for more information on climate change and
other drivers.

4.3.6 Changing Threat Processes over Time

An examination of bird extinctions over the past 500 years identi-
fies introduced species as the main cause of bird extinction, fol-
lowed by exploitation and then habitat loss (Baillie et al. 2004).
However, dominant drivers attributed to currently threatened
birds highlight habitat loss as the greatest threat, followed by ex-
ploitation and, last, introduced species (Baillie et al. 2004; Bird-
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Life 2004b). This shift in dominant drivers of bird extinction can
be explained by the rapid increase in habitat destruction over the
last century. This, combined with other threat processes, has re-
sulted in a greater number of mainland bird species becoming
threatened with extinction (see BirdLife 2004b).

Just as habitat change has replaced introduced species as the
dominant cause of extinction for birds, the dominant driver could
easily change again in the near future. For example, climate
change could become the dominant cause of extinction (Thomas
et al. 2004a). However, as the main drivers of extinction continue
to intensify, it will be increasingly difficult to disentangle the main
cause of extinction, as the interactions between them will become
increasingly complex.

4.4 Recent Trends in Biodiversity
The beginning of this chapter presented an overview of the status
of different components of biodiversity. This section presents in-
formation about rates and patterns of change in each of these
components. Because of the lack of data, genetic diversity is omit-
ted from consideration here. Although genetic diversity is lost
from declining and fragmented populations at rates that can be
estimated and measured, hardly any data exist to estimate this or
its impact in most places and species. As more complete informa-
tion is available regarding genetic diversity of cultivated species, a
further description of agricultural genetic diversity can be found
in Chapter 26.

Even for better-studied taxa and for the data-rich parts of the
world, monitoring schemes that allow for a quantification of bio-
diversity trends have been operating for a few decades at most.
The initial ecological conditions at the time such schemes were
implemented are used as baselines against which subsequent
changes are assessed. However, in most cases these are not ‘‘pris-
tine’’ conditions, and in fact may correspond to ecosystems that
have already suffered significant change in their biodiversity lev-
els. The ‘‘shifting baseline syndrome’’ was first described for fish-
eries science (Pauly 1995; Sheppard 1995; Jackson 2001; Jackson
et al. 2001), with the observation that every new generation of
scientists accepts as a baseline the stock size and species composi-
tion that occurred at the beginning of their careers, using this to
evaluate changes and propose management recommendations.
The implication of the shifting baseline syndrome not only for
fisheries but also for conservation science in general is that as bio-
diversity erodes, so do our targets for its conservation (Balmford
1999).

Our ignorance on the characteristics of pristine ecosystems
often makes it difficult to understand whether observed short-
term changes in biodiversity correspond to true trends or to noise
created by natural fluctuations. This reinforces the need for long-
term monitoring programs, as well as making the best use of exist-
ing historical evidence, even if only as anecdotal records (Pauly
1995). Some of the more important datasets collected on trends
in the amount of biodiversity are presented here, although it is
very difficult to extrapolate from any of these to infer a trend in
the amount of species-level biodiversity, either globally or region-
ally.

4.4.1 Populations

Species are generally composed of a number of populations.
Therefore, assessing all populations within a species is the same
thing as a species-level assessment. In some cases, a species com-
prises only one population. Thus there is natural overlap when
assessing trends in populations and species. The distinction be-
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tween the two is further blurred by the fact that many studies
monitor the status of all populations that make up a species distri-
bution, as well as taxa where only a subset of populations are
represented. Here we focus on large-scale analyses that provide
insight into trends in either the distribution or abundance of pop-
ulations, and in many cases the examples contain species-level
assessments. We first discuss population trends on a global scale
and then highlight trends in specific taxonomic groups. Where
possible, we focus on long-term studies, as for these there is
greater certainty that observed trends are not the result of short-
term fluctuations (Ranta et al. 1997).

Little is known about the rate of loss of populations on a
global scale. Hughes et al. (1997) present an extremely rough esti-
mate of the global loss of populations by first estimating the total
number of populations in the world (their intermediate estimate
is about 3 billion populations). They then estimate a rate of habitat
loss in the tropics of 0.08%, and conclude that roughly 16 million
populations are being lost per year in tropical forests alone.

The best available estimate of global trends in populations is
WWF’s Living Planet Index. Time-series population data has
been collected from a number of sources over the past 30 years.
The LPI is calculated by averaging three ecosystem-based popula-
tion indices, including 555 terrestrial species, 323 freshwater spe-
cies, and 267 marine species (Loh 2002; Loh and Wackermagel
2004). Between 1970 and 2000, the LPI dropped by approxi-
mately 40%. During this time there were declines of approxi-
mately 30% in the terrestrial species population index, 30% in the
marine species population index, and 50% in the freshwater spe-
cies population index. The dependence of the index on relatively
long-term datasets available in the published literature results in a
strong taxonomic and regional bias. It also means many small,
remote, and often threatened populations being overlooked. Such
populations are difficult to monitor, and thus measures of their
abundance are rarely consistently reported (Gaston 1994). How-
ever, it does clearly demonstrate that for well-known taxa and
regions, the trends are consistently downward.

4.4.1.1 Birds

Although birds are one of the best-studied groups, we lack data
on population trends for the majority of species. However, im-
portant studies of specific regions or groups of birds provide in-
sight into overall trends. Here the findings are presented from a
few examples of the large-scale bird population studies, including
a global study of waterbird populations, a large-scale study of bird
populations in Europe, and a study of range decline in Central
and South America.

Waterbirds—bird species that are ecologically dependent on
wetlands and other freshwater habitats—and particularly migra-
tory waterbirds are probably one of the best-studied groups of
animals on Earth (Rose and Scott 1997). Global-level information
on the status and trends of waterbirds by biogeographic popula-
tion is compiled and regularly updated by Wetlands International
through its International Waterbird Census and published as
Waterbird Population Estimates (Wetlands International, 2002).
More detailed information is also available for waterbird species
in North America, compiled by the U.S. Geological Service, and
for the Western Palaearctic and Southwest Asia, prepared by Wet-
lands International (e.g., Delany et al. 1999). For African-Eurasian
waterbird populations, comprehensive analyses have been com-
piled for ducks, geese, and swans (Anatidae) (e.g., Scott and Rose
1996) and waders (Charadrii) (Stroud et al. 2004). Although dis-
tributional data are available for other regions, comprehensive in-
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formation on status and trends of waterbirds is generally lacking
(Revenga and Kura 2003).

Despite the variations in availability of information, trend data
show that in every region the proportion of populations of water-
birds in decline exceeds those that are increasing. At the global
level, 41 % of known populations are decreasing, 36 % are stable,
and 19 % are increasing (Wetlands International 2002). (See Table
4.7.) Asia and Oceania are the regions of highest concern for the
conservation of waterbirds. In Africa and the Neotropics, more
than twice as many known populations are decreasing than in-
creasing. In Europe and North America, waterbird population
numbers seem to be more equally distributed among the three
categories (stable, increasing, and decreasing). It is important to
note, however, that these data are more readily available for
smaller populations, which are more likely to be in decline.

Trends in bird populations more generally have been best
documented in Europe, North America, and Australia. In Eu-
rope, trend data are available from the Pan-European Common
Bird Monitoring Scheme, currently implemented in 18 countries
(Gregory et al. 2003). The data show trends in common in wide-
spread farmland and woodland birds since 1980. (See Figure
4.17.) On average, populations of woodland birds in Europe have
remained stable over the last 20 years, although their numbers
have fluctuated in response to winter conditions (trend 1980–
2002 � �2%). Populations of common and widespread farmland
birds, in contrast, have declined sharply, especially in the 1980s,
and the downward trend continues at a slower rate (trend 1980–
2002 � �29%). This rapid decrease is believed to reflect a severe
deterioration in the quality of farmland habitats in Europe, affect-
ing both birds and other elements of biodiversity.

In Central and South America, where population-level data
on bird species are scarce, BirdLife International has devised a
different approach to measuring the decline in species richness. In
Figure 4.18 (in Appendix A), a density map depicts the areas
where threatened bird species used to occur but now no longer
do so (mapped at a resolution of 1/4 degree grid cell) (BirdLife
2004b). This measures a decline in occupancy (measured as a de-
cline in extent of occurrence), a variable typically correlated to
abundance (Brown 1984; He and Gaston 2000). In the Neotrop-
ics, some 230 globally threatened birds—approximately 50% of
threatened species that occur in the region—have become extinct
across significant parts of their range. (This high proportion is not
surprising, as many threatened species are classified as so based on
declining trends in their ranges/populations (IUCN 2001)). On
average, approximately 30% of their total ranges has been lost,
varying from tiny areas of less than 100 square kilometers (ap-
proximately 40 species) to considerable areas of greater than
20,000 square kilometers (approximately 70 species).

This analysis is based on a review of areas or sites where spe-
cies were recorded historically but not recently, or where habitat
loss or other threats seem certain to have resulted in their disap-
pearance. In some areas, up to 20 species have disappeared—the
highest recorded density of local extirpations of globally threat-
ened bird species in the world. Losses of range are inevitably asso-
ciated with a reduction in the total numbers of individuals and
hence, an increasing risk of extinction.

4.4.1.2 Mammals

Global estimates of changes in populations exist for many mam-
mals. Ceballos and Ehrlich (2002) used a dataset consisting of all
ranges of terrestrial mammals of Australia and subsets of ranges for
terrestrial mammals of Africa, South East Asia, Europe, and North
and South America, consisting of roughly 4% of about 4,650
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Table 4.7. Waterbird Population Trends (Revenga and Kura 2003, based on Wetlands International 2002)

Geographic
Region

Population Trend Number of Populations 

Stable Increasing Decreasing Extinct With Known Trend Lacking Trend Total Number

Africa 141 62 172 18a 384 227 611

Europe 83 81 100 0 257 89 346

Asia 65 44 164 6 279 418 697

Oceania 51 11 42 28 138 241 379

Neotropics 100 39 88 6 234 306 540

North America 88 62 68 2 220 124 344

Global totalb 404 216 461 60 1,138 1,133 2,271

a Most extinctions in Africa have been on small islands.
b Global totals do not equal the sum of the column because a population is often distributed in more than one Ramsar region. 

Figure 4.17. Trends in Common Farmland and Woodland Birds
in Europe since 1980 (data courtesy of the Pan-European
Common Bird Monitoring Scheme)

known mammal species to compare historic and present ranges.
In their sample, declining mammal species had collectively lost
50% of their continental populations as judged by loss in area. In
Australia, where the data were most comprehensive, the propor-
tion of declining species was 22%. The greatest population de-
clines occurred in northeastern Australia and Tazmania. (See
Figure 4.19.) If this were representative of all regions, it would
suggest a greater than 10% loss of mammal populations. However,
this may not be indicative of other areas, as Australian mammals
have been among the most prone to extinction (Hilton-Taylor
2000).

There are a few important datasets on population trends in
large mammals. For example, the IUCN Species Survival Com-
mission has monitored trends in rhinoceros populations in Africa
and Asia for over 20 years (Khan 1989; Cumming et al. 1990;
Foose and van Strien 1997; Emslie and Brooks 1999). This dataset
reveals highly divergent trends between the different rhinoceros
species. Two species, the southern white rhinoceros (Ceratoth-
erium simum simum) and the Indian rhinoceros (Rhinoceros uni-
cornis), have experienced long-term increases for the last century
under very strict conservation and management regimes, whereas
the black rhinoceros (Diceros bicornis), northern white rhinoceros
(C. simum cottoni), and the Sumatran rhinoceros (Dicerorhinus su-
matrensis) have suffered from catastrophic declines, mainly due to
illegal hunting. In the case of the black rhinoceros, intensive con-
servation measures have stabilized the situation since the early
1990s. For the northern white rhinoceros and the Javan rhinoc-
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Figure 4.19. Percentage of Mammals That Have Disappeared
from Each 2 Degree by 2 Degree Quadrant in Australia during
Historic Times (Ceballos and Ehrlich 2002)

eros (R. sondaicus), the trends are uncertain (both have perilously
small populations).

Whale populations are monitored by the Scientific Commit-
tee of the International Whaling Commission. Their data indicate
significantly increasing population trends for four whale stocks
involving three species: gray whale Eschrichtius robustus eastern
north Pacific; bowhead whale Balaena mysticetus Bering-Chukchi-
Beaufort Seas stock; humpback whale Megaptera novaeangliae west-
ern north Atlantic; and humpback whale M. novaeangliae Southern
Hemisphere south of 60� S in summer. These increasing trends
reflect population recoveries following a period of very heavy
harvesting pressure; at present, the datasets are not available to
compare current whale population levels with historical estimates
(although recalculation of the whaling commission’s catch data
might make this possible in the future). So although these data
indicate some recovery in certain whale populations, it is in the
context of major overall declines since the onset of commercial
whaling. Recent analyses based on genetic markers indicate that
these declines may have been even more dramatic than previously
thought (Roman and Palumbi 2003).

While there are few strictly freshwater mammal species, some
are considered freshwater system–dependent or semi-aquatic
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mammals, given that they spend a considerable amount of time in
fresh water. Unfortunately, population trend data on most of these
species are lacking, but information does exist for some well-
studied species (such as the pygmy hippopotamus and some otter
populations in Europe) (Revenga and Kura 2003). A group for
which there is more information on population trends, given their
precarious conservation status, is the freshwater cetaceans or river
dolphins. There are five species of river dolphins and one species
of freshwater porpoise living in large rivers in Asia and South
America. Populations of river cetaceans have declined rapidly in
recent years, driven by habitat loss and degradation (Reeves et al.
2000).

While trends in populations of single species or small taxo-
nomic groups provide useful information, multispecies datasets
are more useful for identifying general overall trends. In Figure
4.20, trend data from various IUCN/SSC sources have been as-
sembled into trend categories (reflecting changes over the last 20
years) in order to provide an overall picture of population or
abundance trends among 101 large mammal species in Africa (data
provided courtesy of the IUCN/SSC, with particular reference
to Oliver 1993; Nowell and Jackson 1996; Oates 1996; Sillero-
Zubiri and Macdonald 1997; Woodroffe et al. 1997; Mills and
Hofer 1998; Barnes et al. 1999; East 1999; Emslie and Brooks
1999; Moehlman 2002). From this figure, it can be seen that over
60% of the species are clearly decreasing, and another almost 20%
are in the ‘‘stable or decreasing’’ category. Only 4% of the species
are clearly increasing. The Figure also shows that a larger fraction
of the species with smaller populations is declining than those
with larger populations. This overall heavily negative trend is
likely to be indicative of a deteriorating environmental situation
over much of the African continent.

4.4.1.3 Amphibians

Populations of many amphibians are declining in several parts of
the globe. Different possible causes have been suggested, includ-
ing habitat change (mainly affecting small-scale freshwater habitats
such as ponds and streams), disease, climate change, acid precipi-
tation, habitat loss, and increased UV-B irradiation. Houlahan et
al. (2000) used data from 936 populations to examine global

Figure 4.20. Trends in 101 African Large Mammal Species
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trends in amphibian populations. The studies that were analyzed
ranged from 2 to 31 years in duration. Their findings suggest a
relatively rapid decline from the late 1950s peaking in the 1960s,
followed by a reduced decline to the present. Alford et al. (2001)
later reanalyze the same data and suggested that the global decline
may have begun in the 1990s.

Regardless of the exact timeframe, it is commonly accepted
that amphibian populations have recently declined on a global
scale. This is supported by the recent IUCN-SSC/CI-CABS/
NatureServe Global Amphibian Assessment (Stuart et al. 2004).
Out of the 4,048 amphibian species (70.9%) for which trends
have been recorded, 61.0% (2,468 species) are estimated to be
declining, 38.3% (1,552 species) are stable, and 0.69% (28 species)
are increasing (Baillie et al. 2004). The report estimated that there
are presently 435 more amphibians listed in the IUCN higher
categories of threat then would have been in 1980 and that be-
tween 9 and 122 species have gone extinct during this time period
(Stuart et al. 2004).

4.4.1.4 Reptiles

Global trends in reptiles have not been synthesized to the same
extent as they have for amphibians. The fact that IUCN has only
assessed the conservation status of 6% of the 8,163 described rep-
tiles indicates how little is known about their global status and
trends (Baillie et al. 2004). Reptiles share many of the same envi-
ronments and are susceptible to many of the same threats as am-
phibians, and it has therefore been suggested that they may be
experiencing similar or greater declines (Gibbins et al. 2000), but
this remains to be rigorously tested.

Turtles and tortoises are among the best-studied reptiles.
Within this group, large declines have been identified in the ma-
rine turtles, with six of the seven species listed as threatened by
IUCN (Baillie et al. 2004). Overall rates of decline are unknown
for turtles and tortoises, but reports on the trade of Southeast
Asian freshwater turtles indicate that many of these species are
rapidly declining. TRAFFIC Southeast Asia estimates trade vol-
umes at a minimum of 13,000 tons of live turtles in 1999 (TRAF-
FIC Southeast Asia 2001, see section 5.4.5) and that this trade is
increasing. IUCN is now conducting a Global Reptile Assessment
that will soon help clarify the status and trends of this group.

4.4.1.5 Fish

Little is known about the majority of fish populations, but the
global decline of commercially important fish stocks or popula-
tions is relatively well documented (e.g., Jackson et al. 2001;
Myers and Worm 2003; Hutchings and Reynolds 2004).

Data on trends of some 600 fish populations covering more
than 100 species can be found at fish.dal.ca/ to myers/data.html,
usually in terms of trends in spawning stock biomass. Summarized
data on the overall status of fish stocks, based on catch statistics in
their SOFIA report, are available from FAO in The State of the
World’s Fisheries and Aquaculture reports produced every two years
(see FAO 2000a).

The data available to FAO at the end of 1999 identified 590
‘‘stock’’ items. For 441 (75%) of these, there is some information
on the state of the stocks and, although not all of this is recent,
it is the best that is available. The stock items are classified as
underexploited (U), moderately exploited (M), fully exploited
(F), overexploited (O), depleted (D), or recovering (R), depend-
ing on how far they are, in terms of biomass and fishing pressure,
from the levels corresponding to full exploitation. Full exploita-
tion is taken as being loosely equivalent to maximum sustainable
yield (equivalent to being harvested at the biological limit). The
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overall state of the fish stocks being monitored according to these
classifications is shown in Figure 4.21.

Figure 4.21 indicates that 28% (R�D�O) of the fish stocks
being assessed have declined to levels below which a maximum
sustainable yield can be taken and that a further 47% (F) require
stringent management (which may or may not already be in place)
to prevent decline into a similar situation. In total, 75% of these
stocks (R�D�O�F) need management to prevent further de-
clines or to bring about recovery in spawning stock biomass.
Conversely, 72% (F�M�U) of the stocks are still capable of
producing a maximum sustainable yield. These data have also
been broken down regionally and are available in FAO (2002).

The State of the World’s Fisheries and Aquaculture report (FAO
2000a) identifies trends since 1974 in each stock classification, as
a percentage of the total number of fish stocks being assessed by
FAO. The percentage of underexploited stocks (U�M) has de-
clined steadily, while the proportion of stocks exploited beyond
maximum sustainable yield levels (O�D�R) has increased
steadily over this time period. If these data are representative of
fisheries as a whole, they indicate an overall declining trend in
spawning stock biomass for commercially important fish species
over the last 30 years.

The FAO data (FAO 2000a) demonstrate that there is signifi-
cant increase in the exploitation of deep-sea fish stocks, such as
populations of orange roughy (Hoplostethus atlanticus), alfonsinos
(Berycidae), and dories (Zeidae). Many of these species have slow
growth rates, and it is not yet clear that the methods established
to fish them sustainably will be successful.

Little is known about the status of most shark populations
(Castro et al. 1999). Baum et al. (2003) used the largest shark
dataset covering the north Atlantic to assess declines of coastal
and oceanic shark populations. Shark declines are believed to be
occurring as a result of increased bycatch from pelagic long-line
fisheries and direct exploitation for shark fins. Baum et al. (2003)
found that all recorded shark species within the study area, with
the exception of makos, have experienced a decline of more than
50% in the past 8–15 years. Sharks grow and reproduce slowly, so
even if exploitation were stopped, their recovery would be slow.

The use of catch statistics to assess freshwater stocks, which is
common practice with marine species, is difficult because much
of the inland catch is underreported by a factor of three or four,
according to FAO (FAO 1999; FAO 2000a). Nevertheless, FAO’s
last major assessment of inland fisheries (FAO 1999) reported that
most inland capture fisheries that rely on natural reproduction of
the stocks are overfished or are being fished at their biological
limit.

Figure 4.21. The State of Fish Stocks, 1999 (FAO 2000)
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Some large lakes have been systematically studied because of
their importance as a fishery resource. The North American Great
Lakes are a case in point. Annual fish stock assessments are con-
ducted for commercially important salmonoid species, such as
lake trout and Pacific salmon, and for their prey species (such as
alewife, rainbow smelt, bloater, sculpin, and lake herring) (USGS
Great Lakes Science Center 2003). The prey population assess-
ments for the five lakes show that with the exception of Lake
Superior, whose status is mixed but improving, populations of
prey species in the other four lakes are all decreasing (USGS Great
Lakes Science Center 2003). With respect to predator species in
the lakes, many native species, such as lake trout and sturgeon,
are found in vastly reduced numbers and have been replaced by
introduced species (Environment Canada and U.S. EPA 2003).

Other regularly assessed lakes include Lake Victoria and Lake
Tanganyika in Africa. These also show a decline in native fisheries
and replacement with exotic species. The most widely known
and frequently cited is the disappearance of over 300 haplochro-
mine cichlids in Lake Victoria and the decline or disappearance
of most of the riverine fauna in the east and northeastern forests
of Madagascar (Stiassny 1996). There is also documented evi-
dence of the threatened fish fauna of crater lakes in western Cam-
eroon and the South African fish fauna, which has 63 % of its
species endangered, threatened, or ‘‘of special concern’’ (Moyle
1992; Lévêque 1997).

The few examples of riverine fish assessments show that many
inland fisheries of traditional importance have also declined pre-
cipitously. The European eel fishery, for example, has steadily de-
clined over the last 30 years (Kura et al. 2004). By the mid-1980s,
the number of new glass eels (eel juveniles) entering European
rivers had declined by 90%. Recent figures show that this has now
dropped to 1% of former levels (Dekker 2003).

Other fish stocks for which there is longer-term catch and
status information include Pacific and Atlantic salmon in North
America, fisheries of the Rhine and Danube Rivers in Europe,
and fisheries of the Pearl River in China. All of these have de-
clined to just a small fraction of their former levels due to over-
exploitation, river alteration, and habitat loss, putting some of
these species at serious risk of extinction (Balcalbaca-Dobrovici
1989; Lelek 1989; Liao et al. 1989; WDFW and ODFW 1999).

Finally, even fisheries that until recently were reasonably well
managed, such as the caviar-producing sturgeons in the Caspian
Sea, and fisheries from relatively intact rivers such as the Mekong
in Southeast Asia are rapidly declining (Kura et al. 2004.). For
example, while almost all 25 species of sturgeon in the world have
been affected to some degree by habitat loss, fragmentation of
rivers by dams, pollution, and overexploitation, much of the re-
cent decline in the catch of caviar-producing sturgeon is a direct
result of overfishing and illegal trade (De Meulenaer and Ray-
makers 1996; WWF 2002). Major sturgeon populations have al-
ready declined by up to 70% (WWF 2002).

4.4.1.6 Corals
A meta-analysis of trends in Caribbean corals reveals that there
has been a significant decline over the past three decades and al-
though the decline has slowed, the trend persists. The average
hard coral cover on reefs has been reduced by 80%, from around
50% to 10% cover, in three decades (Gardner et al. 2003). This
significant trend supports the notion that coral reefs are globally
threatened (Hodgson and Liebeler 2002; Hughes et al. 2003). (See
Chapter 19.)

4.4.1.7 Invertebrates
Invertebrates represent the greatest proportion of eukaryotic bio-
diversity, but we know virtually nothing about their distributions,
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populations, or associated trends. However, especially among the
insects a few well-studied groups such as butterflies, moths, and
dragonflies (Hilton-Taylor 2000) may provide some insight. One
example—a regional study of butterflies in the Netherlands (van
Swaay 1990)—identifies decline as the most common trend over
the past century. Of the 63 species assessed, 29 (46%) decreased or
became extinct, 17 (27%) experienced little change, and 7 (11%)
appeared to have increased their range. The remaining 10 species
(16%) tended to fluctuate in range. Butterflies have also been rela-
tively well monitored in the UK. Although many common and
widespread species are believed to have increased in range and
abundance (Pollard et al. 1995), the overall trend appears to be
one of decline. A recent study examining population and regional
extinctions indicates that British butterfly distributions have de-
creased by 71% over the past 20 years (Thomas et al. 2004b). This
was found to be much higher than both birds and plants.

Although trends of well-studied insects indicate that this
group shows similar trends of decline to other taxonomic groups,
some studies indicate that insects in specific habitat types may be
relatively resistant (Karg and Ryszkowski 1996). Understanding
the general trends associated with insects is extremely important
as it will provide much greater insight into global trends in bio-
diversity.

Two other groups of invertebrates that have been studied in
more detail are freshwater mollusks and crustaceans. There are
many lists on freshwater mollusks at national and regional levels,
a number of which are available on the Internet (e.g. species
.enviroweb.org/omull.html and www.worldwideconchology
.com/DatabaseWindow.html). These databases, however, are not
standardized or comparable; therefore an assessment of the current
status and trends of freshwater mollusks at the global level is diffi-
cult. Existing lists are also biased toward terrestrial and marine
groups.

The United States is one of the few countries in which the
conservation status of freshwater mollusks and crustaceans has
been widely assessed. Half of the known U.S. crayfish species and
two thirds of U.S. freshwater mollusks are at risk of extinction
(Master et al. 1998), with severe declines in their populations in
recent years. Furthermore, at least 1 in 10 of the freshwater mol-
lusks is likely to have already gone extinct (Master et al. 1998).
The alarming rate of extinction of freshwater mollusks in eastern
North America is even more pronounced. According to the U.S.
Federal Register, less than 25% of the present freshwater bivalves
appear to have stable populations. The status of gastropods is
much less known. Of 42 species of extinct gastropods in the
United States, 38 were reported from the Mobile Bay Basin in
Southern North America (Bogan 1997).

4.4.1.8 Plants

Information on global trends in the status of plants is lacking, but
overall population declines are likely given the high rates of habi-
tat modification and deforestation described earlier, along with
other threats, such as overexploitation, alien invasive species, pol-
lution, and climate change. In addition, 12 of the 27 documented
global extinctions over the past 20 years have been plants (Baillie
et al. 2004).

The sixth meeting of the Conference of the Parties of the
Convention on Biological Diversity adopted the Global Strategy
for Plant Conservation. This strategy highlights monitoring the
status and trends of global plant diversity as one of the objectives
(UNEP 2002b), which it is hoped will lead to greater insight into
global trends.
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Cycads are one of the few groups where the conservation
status of all species has been assessed and trend data exist. Popula-
tion trends are available for 260 species of cycads (Cycadopsida,
288 species in total). Of these, 79.6% (207 species) are declining,
20.4% (53 species) are stable, and none are considered to be in-
creasing (Baillie et al. 2004).

Another important dataset is available for trends in wood vol-
ume and biomass. FAO’s Forest Resources Assessment 2000 indicates
opposing trends between the tropics and nontropics in terms of
both volume and above-ground woody biomass over the period
1990–2000. There has been a decreasing trend in the tropics,
compared with an increasing trend in the nontropics. These data
should be interpreted with caution, due in part to problems of
data compatibility between countries (see FAO 2001b and Chap-
ter 21 for more details). Note also that no distinction is made here
between undisturbed forest, secondary forests, and plantations.

4.4.1.9 Conclusion on Population

Measuring change in populations is important for understanding
the link between biodiversity and ecosystem function, as signifi-
cant changes in populations can have important implications for
the function of ecosystems long before any species actually goes
extinct (e.g., Jackson et al. 2001; Springer et al. 2003).

The data presented in this section represent a brief assessment
of the types of data that are available on the trends in populations.
Although the datasets described are not easily comparable with
each other and are certainly not collectively representative of bio-
diversity as a whole, a few basic conclusions can be drawn.

Both declining and increasing trends can be documented from
available studies; in most cases, declining trends appear to out-
weigh increasing trends, often by a considerable margin, and some
increasing trends can be related to very specific situations (for ex-
ample, population recovery following periods of intensive har-
vesting or successful reintroduction programs). Overall, the
emerging evidence suggests that for macroorganisms, especially
those with small areas of distribution, most populations are declin-
ing as a result of human activities and are being replaced by indi-
viduals from a much smaller number of expanding species that
thrive in human-altered environments. The result will be a more
homogenized biosphere with lower diversity at regional and
global scales (McKinney and Lockwood 1999).

4.4.2 Species

4.4.2.1 Current Extinction Rates

The evolution of new species and the extinction of others is a
natural process. Species present today represent only 2–4% of all
species that have ever lived (May et al. 1995). Over geological
time there has been a net excess of speciation over extinction that
has resulted in the diversity of life experienced today. However,
the high number of recent extinctions suggests that the world
might now be facing a rapid net loss of biodiversity. This can be
tested by comparing recent extinction rates to average extinction
rates over geological time.

The fossil record appears to be punctuated by five major mass
extinctions (Jablonski 1986), the most recent of which occurred
65 million years ago. However, the majority of extinctions have
been spread relatively evenly over geological time (Raup 1986),
enabling estimates of the average length of species’ lifetimes
through the fossil record. Studies of the marine fossil record indi-
cate that individual species persisted for periods ranging from 1
million to 10 million years (May et al. 1995). These data probably
underestimate background extinction rates, because they are nec-
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essarily largely derived from taxa that are abundant and wide-
spread in the fossil record.

Using a conservative estimate of 5 million as the total number
of species on the planet, we would therefore expect anywhere
between five extinctions per year to roughly one extinction every
two years (for all 5 million species on the planet). As noted earlier,
recent extinctions have been best studied for birds, mammals, and
amphibians, and in these groups over the past 100 years roughly
100 species have become extinct. This is in itself similar to back-
ground extinction rates, but these groups represent only 1% of
described species.

Assuming for the moment that the susceptibility to extinction
of birds, mammals, and amphibians is similar to species as a whole,
then 100 times this number of species (10,000 species) were lost
over the past 100 years. But this assumption of equivalent extinc-
tion risk is very uncertain, and given the additional uncertainty
over the total number of species on the planet, it is preferable to
convert these data into a relative extinction rate, measured as the
number of extinctions per million species per year (Pimm et al.
1995). A background extinction rate of 0.1–1 E/MSY then corre-
sponds to the average marine fossil species lifetimes. Mammalian
background extinction rates are also believed to be within these
limits, falling within a range of 0.21 E/MSY (strictly for lineages
rather than species, but provides a conservative estimate (Alroy
1998; Regan et al. 2001) and 0.46 E/MSY (Foote 1997).

Measuring recent extinction rates is difficult, not only because
our knowledge of biodiversity is limited, but also because even
for the best studied taxa there is a time lag between the decline
toward extinction and the actual loss of species. In the case of
extinctions caused by habitat loss, in particular, it may take thou-
sands of years before a restricted remnant population is finally
driven to extinction (Diamond 1972).

With this in mind, it is possible to use recent documented
extinctions to make a very conservative estimate of current ex-
tinction rates, though this is limited because only a few taxonomic
groups have been reasonably well analyzed for extinctions. There
are approximately 21,000 described species of birds, mammals,
and amphibians. The roughly 100 documented extinctions for
these groups during the past century yields an E/MSY of 48,
which is 48 to 476 times greater than the background extinction
rate of 0.1 to 1. If ‘‘possibly extinct’’ species are included in this
analysis, the total number of extinctions and possible extinctions
over the past 100 years for these groups is 215 species, which
results in an E/MSY that is 102 to 1,024 higher than background
rates. Broken down by taxonomic group, mammals have the
highest E/MSY (64) followed by birds (at 45) and finally amphib-
ians (40). If possibly extinct species are considered, however, then
amphibians have the highest E/MSY at 167 followed by mam-
mals with 68 and finally birds with 59. (It should be noted that
mammals have not been completely assessed for possibly extinct
species (see Baillie et al. 2004).)

A broad range of techniques have been used to estimate con-
temporary extinction rates, including estimates based on both di-
rect drivers (such as habitat destruction) and indirect drivers (such
as human energy consumption) of extinction (Myers 1979; Myers
1988; Reid 1992; Smith et al. 1993; Ehrlich 1994; Mace and
Kunin 1994; Pimm and Brooks 1999; Regan et al. 2001; Baillie
et al. 2004; also see MA Scenarios, Chapter 10). Many of these
studies give rise to estimates of E/MSY that are 1,000 to 10,000
higher than background rates (Pimm and Brooks 1999), generally
higher than the conservative estimate for birds, mammals, and
amphibians based on documented extinctions. (See Figure 4.22
in Appendix A.) Estimates based on documented extinctions are
likely to be underestimates because the IUCN Red List is very
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conservative in recording species as actually extinct and because
many extinctions have probably been missed due to limited sur-
vey effort for most taxonomic groups.

The trend in species extinction rates can be deduced by put-
ting together extinction rates characteristic of well-recorded lin-
eages in the fossil record, recorded extinctions from recent times,
and estimated future extinction rates based on the approaches just
described. All these estimates are uncertain because the extent of
extinctions of undescribed species is unknown, because the status
of many described species is poorly known, because it is difficult
to document the final disappearance of very rare species, and be-
cause there are extinction lags between the impact of a threaten-
ing process and the resulting extinction (which particularly affects
some modeling techniques). However, the most definite informa-
tion, based on recorded extinctions of known species over the
past 100 years, indicates extinction rates are around 100 times
greater than rates characteristic of comparable species in the fossil
record. Other less direct estimates, some of which refer to extinc-
tions hundreds of years into the future, estimate extinction rates
1000 to 10,000 times higher than rates recorded among fossil lin-
eages.

Current anthropogenically caused extinction is not solely a
characteristic of contemporary societies. Since the initial revela-
tions that humanity greatly inflated extinction rates with stone-
age technology (Martin and Wright 1967; Martin and Klein
1984), large quantities of new data have demonstrated significant
extinction episodes occurred with, for example, the arrival of
people in Australia 46,000 years ago (Roberts et al. 2002), in the
Americas 12,000 years ago (Alroy 2001), in Madagascar (Good-
man and Patterson 1997) and the Pacific 2,000 years ago (Stead-
man 1995), and elsewhere (MacPhee 1999).

4.4.2.2 Current Levels of Threat to Species

At a global level, nearly 850 species have been recorded as becom-
ing extinct or at least extinct in the wild since 1500 (Baillie et al.
2004). Species extinctions represent the final point in a series of
population extinctions; in fact, distinct populations may be being
lost at a rate much faster than species overall, with serious negative
consequences for local ecosystem function (Hughes et al. 1997).

The most extensive global dataset on trends in species richness
is the IUCN Red List of Threatened Species (see www.redlist.org
and Baillie et al. 2004). The IUCN Red List is formalized through
the application of categories and criteria (IUCN 2001) that are
based on assessments of extinction risk (Mace and Lande 1991).
These criteria are now broadly used in many parts of the world
and have been adapted for use at multiple scales.

The 2004 IUCN Red List of Threatened Species is based on
assessments of 38,047 species. Of these, 7,266 animal species and
8,321 plant species (15,547 species in total) have been placed in
one of the IUCN Categories of Threat (vulnerable, endangered,
or critically endangered). However, the IUCN Red List needs to
be interpreted with caution, because for most taxonomic groups
the assessments are very incomplete and heavily biased toward the
inclusion of the most threatened species. As of 2004, assessments
of almost every species have been completed for three animal
groups (mammals, birds, and amphibians) and two plant groups
(conifers and cycads). The number of species in each IUCN Red
List Category for all five of these groups is given in Table 4.8.
Reptiles have not yet been completely assessed.

In all five of these groups, the proportions of species in cate-
gories of high extinction risk are much greater than would be
expected if species were becoming extinct at rates typically ob-
served over geological time. The levels of threat are lowest among
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Table 4.8. Number of Species in IUCN Red List Categories for Comprehensively Assessed Taxonomic Groups (Baillie et al. 2004)

Class EX EW Subtotal CR EN VU Subtotal LR/cd NT DD LC Total 

Animals
Mammals 73 4 77 162 352 587 1,101 64 587 380 2,644 4,853

Birds 129 4 133 179 345 689 1,213 0 773 78 7,720 9,917

Amphibians 34 1 35 427 761 668 1,856 0 359 1,290 2,203 5,743

Plants
Conifers 0 0 0 17 43 93 153 26 53 59 327 618

Cycads 0 2 2 47 39 65 151 0 67 18 50 288

See IUCN 2001 for more details on the definitions of the Red List categories.

Key

EX extinct

EW extinct in the wild

CR critically endangered

EN endangered

VU vulnerable

LR/cd lower risk/
conservation dependent

NT near threatened

DD data deficient

LC least concern

birds, where 12% of species are threatened (vulnerable � endan-
gered � critically endangered). There has been a trend of increas-
ing threat between 1988 and 2004, as measured by the movement
of species into more threatened Red List Categories (BirdLife
2004b). The relatively low level of threat in birds is possibly re-
lated to their tendency to be highly mobile, resulting in their
generally wide geographic distributions.

The pattern of distribution of threat categories among species
is broadly similar for mammals and conifers, with 23% (1,101) and
25% (153) respectively of the species being globally threatened.
Based on the evidence from comprehensive regional assessments
(e.g., Stein et al. 2000), it is more than possible that future studies
will show this very high level of threat to be typical of the current
global situation among most groups of terrestrial species.

The situation with amphibians is broadly similar: 32% (1,856)
globally threatened. However, the true level of threat among am-
phibians is probably masked by the fact that 23% of the species
are classified as data-deficient (compared with 8% for mammals
and 10% for conifers). The overall conservation situation of am-
phibians will probably eventually prove to be much worse than
the mammal and conifer situations and might be typical of the
higher levels of threat associated with freshwater (or freshwater-
dependent) species (Master et al. 2000). Amphibian extinction
risk has been retrospectively analyzed back to the early 1980s, and
shows a similar rate of decline to that of birds (BirdLife 2004b),
but with a greater number of the more seriously threatened spe-
cies declining (Baillie et al. 2004).

The cycad situation is much worse, with 52% (151) of species
globally threatened. This is possibly reflective of the relict nature
of these ancient species, with most species now surviving only in
very small populations.

Species are not all equal: some represent much more evolu-
tionary history than others (Vane-Wright et al. 1991). If extinc-
tions were randomly distributed across the tree of life, surprisingly
little evolutionary history would be lost (Nee and May 1997).
However, extinctions are far from phylogenetically random: there
is strong taxonomic selectivity in the current extinction crisis,
with the result that the loss of evolutionary history is much more
than that expected were species to be lost randomly with respect
to their taxonomic affiliation (Purvis et al. 2000a).

There is a clear trend for higher levels of threat among the
larger species. Of the mammals, for example, 38% (81) of the
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Artiodactyla (antelopes, cattle, sheep, and so on), 82% (14) of the
Perissodactyla (horses, rhinos, and tapirs), 39% (114) of the Pri-
mates, 100% (2) of the Proboscidea (elephants), and 100% (5) of
Sirenia (dugongs and manatees) are globally threatened (Baillie et
al. 2004). Among the birds, high levels of threat are particularly
apparent among orders such as Apterygiformes (kiwis) with 100%
(4) threatened, Sphenisciformes (penguins) 57% (10), Pelecani-
formes (cormorants, pelicans, and so on) 26% (17), Procellarii-
formes (albatrosses and petrels) 47% (62), Ciconiiformes (storks,
ibises, and spoonbills) 21% (28), Galliformes (pheasants, par-
tridges, quails, and so on) 27% (78), Gruiformes (cranes, bustards,
rails, and so on) 33% (76), Columbiformes (doves and pigeons)
22% (75), and Psittaciformes (parrots) 29% (109) (Baillie et al.
2004). These orders include species that are flightless, ground-
dwelling, particularly vulnerable to alien predators, and edible or
economically valuable. The most noteworthy result from the
threat analysis of amphibians is the particularly large proportion of
globally threatened salamanders—46% (234) of the total number
of threatened amphibians. Salamanders are often long-lived, slow-
breeding species, with limited ability to disperse over significant
distances.

The IUCN Red List does not yet include comprehensive data-
sets for taxonomic groups confined to freshwater ecosystems. Nor
have there been any complete assessments of any invertebrate
groups. Some important regional datasets are becoming available,
however, for example for North America, compiled by Nature-
Serve. A summary and analysis of these data for the United States
are presented in Stein et al. (2000). NatureServe uses a different
system for categorizing levels of threat, and their categories are
not strictly comparable with those of IUCN. Nevertheless, for
the purposes of this assessment their system does broadly indicate
levels of extinction risk and is therefore useful in determining
trends.

Based on an assessment of 20,439 species, NatureServe deter-
mined that one third of the U.S. flora and fauna appears to be of
conservation concern. NatureServe has comprehensively assessed
the status of every U.S. species in 13 taxonomic groups, and the
percentage of each of these species that is at risk is shown in Fig-
ure 4.23. The most noteworthy finding of this study is that the
species groups relying on freshwater habitats—mussels, crayfishes,
stoneflies, fishes, and amphibians—exhibit the highest levels of
risk. Sixty-nine percent of freshwater mussels are at risk. Dragon-
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Figure 4.23. Percentage of Species at Risk in the United States, by Plant and Animal Groups (Stein et al. 2000, reproduced with
permission of NatureServe)

flies and damselflies seem to be an exception to this pattern since,
despite being freshwater-dependent, their threat level is relatively
low. The threat levels are also very high in the United States for
flowering plants (33%).

No comprehensive assessment has yet been carried out on the
threat levels for any marine group. However, work is progressing
fast to assess the status of all the chondrichthyan fishes (sharks,
rays, and chimaeras). To date, the IUCN/SSC Shark Specialist
Group has assessed one third (373 species) of the world’s chon-
drichthyans (out of a total of approximately 1,100 species), and
17.7% are listed as threatened (critically endangered, endangered,
or vulnerable), 18.8% near-threatened, 37.5% data-deficient, and
25.7% of least concern (Baillie et al. 2004). However, it is not at
all clear that sharks and rays are good indicators of overall biodiv-
ersity trends in marine ecosystems. In view of the life history strat-
egies for these species (slow-breeding, long-lived), it is likely that
they are more threatened than some other marine groups.

4.4.2.3 Traits Associated with Threat and Extinction

The patterns of threat and extinction are not randomly distributed
among species (Bennett and Owens 1997; Gaston and Blackburn
1997b; Owens and Bennett 2000). Ecological traits demonstrated
to be associated with high extinction risk (even after controlling
for phylogeny) include high trophic level, low population density,
slow life history or low fecundity, and small geographical range
size (Bennett and Owens 1997; Purvis et al. 2000b). For primates
and carnivores, these traits together explain nearly 50% of the
total between-species variation in extinction risk, and much of
the remaining variation can be accounted for by external anthro-
pogenic factors that affect species irrespective of their biology
(Purvis et al. 2000b).

However, different taxa are threatened by different mecha-
nisms, which interact with different biological traits to affect ex-
tinction risk. For bird species, extinction risk incurred through
persecution and introduced predators is associated with large body
size and long generation time but is not associated with degree of
specialization, whereas extinction risk incurred through habitat
loss is associated with habitat specialization and small body size
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but not with generation time Owens and Bennett (2000). For
Australian marsupials, the risk of extinction has been found to be
better predicted by geographical range overlap with sheep (Fisher
et al. 2003).

Extinction risk is not independent of phylogeny, presumably
because many of the biological traits associated with higher ex-
tinction risk tend to co-occur among related species. Among
birds, for example, families that contain significantly more threat-
ened species than average are the parrots (Psittacidae), pheasants
and allies (Phasianidae), albatrosses and allies (Procellariidae), rails
(Rallidae), cranes (Gruidae), cracids (Cracidae), megapodes (Meg-
apodidae), and pigeons (Columbidae) (Bennet and Owens 1997).
There is also a positive relationship between the proportion of
species in a taxon that are considered to be threatened and the
evolutionary age of that taxon, both for the global avifauna and
the avifauna of the New World (Gaston and Blackburn 1997b).

The majority of recorded species extinctions since 1500 have
occurred on islands. A total of 72% of recorded extinctions in five
animal groups (mammals, birds, amphibians, reptiles, and mol-
lusks) were of island species (Baillie et al. 2004). Island flora and
fauna were especially vulnerable to the human-assisted introduc-
tion of predators, competitors, and diseases, whereas species on
continents were not so ecologically naive. However, predictions
of future extinctions stem from the ongoing loss of continental,
tropical forests; hence 452 of a total of 1,111 threatened bird spe-
cies are continental (Manne et al. 1999). A shift from island to
mainland extinctions is consistent with a recent examination of
extinctions over the past 20 years, where island and mainland ex-
tinctions were roughly equal (Baillie et al. 2004).

4.4.2.4 Geographical Patterns of Threat and Extinction

The geography of threat and extinction is far from even, with the
majority of threatened species concentrated in tropical and warm
temperate endemic-rich ‘‘hotspots’’ (Myers et al. 2000). Figure
4.24 shows the locations of known mammal, bird, and amphibian
extinctions since 1500. The different patterns between these three
groups are striking. Mammal extinctions are concentrated in the
Caribbean and Australia. In both cases, these are thought to be
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Figure 4.24. Locations of Extinct and Extinct in the Wild Mammal, Bird, and Amphibian Species since 1500 (Baillie et al. 2004)

second waves of human-induced extinction, following the over-
exploitation of the Pleistocene (MacPhee 1999); in any case, the
current mammalian fauna in these regions is but a modest sample
of the native fauna prior to human arrival, particularly in terms of
medium- and large-sized mammals (Woods and Sergile 2001;
Brook and Bowman 2004). The remainder of the recorded mam-
malian extinctions are widely scattered, most being on oceanic
islands.

Avian extinctions are overwhelmingly concentrated on oce-
anic islands, especially on Hawaii and New Zealand (Steadman
1995), with very few elsewhere. With few exceptions, oceanic
island avifaunas have lost most of their endemic species over the
last 1,000 years.

The highest number of recorded amphibian extinctions is on
Sri Lanka. However, the current wave of amphibian extinction,
which appears to be accelerating, is concentrated in montane areas
from Honduras south to northern Peru, in the Caribbean islands,
in eastern Australia, and perhaps in the Atlantic Forest of southern
Brazil.

Maps of species richness of threatened mammals and birds are
presented in Figure 4.25 (in Appendix A). (For a species richness
map of threatened amphibians, see Chapter 20.) The maps show
interesting similarities and differences. They all show concentra-
tions of threatened species in hotspots (Myers et al. 2000), in par-
ticular in the Andes, southern Brazil, West Africa, Cameroon, the
Albertine Rift of Central Africa, the Eastern Arc Mountains of
Tanzania, eastern Madagascar, Sri Lanka, the Western Ghats of
India, the eastern Himalayas, central China, mainland Southeast
Asia, and Borneo.

The mammal map is noteworthy in that there is at least one
threatened mammal species in most parts of the world. In addition
to the geographic regions just listed, important concentrations of
threatened mammals also occur in the eastern Amazon basin,
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southern Europe, Kenya, Sumatra, Java, the Philippines, and New
Guinea. Interestingly, MesoAmerica, Australia, and the Caribbean
islands appear to have relatively low numbers of threatened mam-
mals. However, it should be noted that patterns of threat will
appear low in areas where the vulnerable species have already
gone extinct (which may be the case in the Caribbean and Austra-
lia) and that threatened mammals with extremely small distribu-
tions will not be easily viewed on the map (such as many
restricted-range montane species in MesoAmerica).

The bird map differs in that the importance of oceanic islands
is emphasized. Other areas that are of great importance for threat-
ened birds but not listed earlier include the Caribbean islands, the
Cerrado woodlands of Brazil, the highlands of South Africa, the
plains of northern India and Pakistan, Sumatra, the Philippines,
the steppes of central Asia, eastern Russia, Japan, southeastern
China, and New Zealand. As with mammals, MesoAmerica and
Australia are relatively unimportant for threatened birds. But so
are the Amazon basin, Europe, Java, and New Guinea.

Amphibians generally have much more restricted ranges than
birds and mammals (see Chapter 20), and threatened amphibian
species therefore occupy a much smaller global area, a very differ-
ent picture to mammals. In the small areas where they are concen-
trated, however, threatened amphibians occur more densely than
either mammals or birds (up to 44 species per half-degree grid
square, compared with 24 for both mammals and birds) (Baillie et
al. 2004). The majority of the world’s known threatened amphib-
ians occur from Mexico south to northern Peru and on the Carib-
bean islands. Most of the other important concentrations of
globally threatened amphibians mirror the patterns of threat for
mammals and birds, although eastern Australia and the southwest-
ern Cape region of South Africa are also centers of threatened
amphibians. The paucity of data from certain parts of the world
probably results in serious underestimation of the concentrations
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of threatened amphibians, especially in the Albertine Rift, Eastern
Himalayas, much of mainland Southeast Asia, Sumatra, Sulawesi,
the Philippines, and Peru.

Lack of comprehensive geographic and threat assessment for
other species groups precludes the presentation of maps for other
taxa. Given the similarity between patterns of threatened species
for mammals, birds, and amphibians, many other taxonomic
groups such as reptiles, fish, invertebrates, and plants may demon-
strate broadly similar patterns. However, there are also likely to be
many differences. For example, distribution patterns of threatened
reptiles (in particular, lizards) are likely to highlight the impor-
tance of many arid ecosystems. It is already known that some
distribution patterns of threatened plants do not match those of
most animal groups, the most notable examples being the Cape
Floral Region and Succulent Karoo of South Africa and the de-
serts of the southwestern United States and northern Mexico. Pat-
terns of threat in marine ecosystems will of course be completely
different, and data on these patterns are still largely unavailable.

One potentially useful device for understanding variation in
threat intensity across areas is the concept of extinction filters,
whereby prior exposure to a threat selectively removes those or-
ganisms that are most vulnerable to it, leaving behind a commu-
nity that is more resilient to similar threats in the future (Balmford
1996). This idea can explain temporal and spatial variation in spe-
cies’ vulnerability to repeated natural changes in the past (such as
glaciation events). It may also shed light on the contemporary and
future impact of anthropogenic threats. For example, the impact
of introduced rats on island-nesting seabirds appears less marked
on islands with native rats or land crabs, which have selected for
resilience to predators (Atkinson 1985). In a similar fashion, corals
may be less likely to bleach in response to rising sea temperatures
in areas where they have been repeatedly exposed to temperature
stresses in the past (Brown et al. 2000; Podesta and Glynn 2001;
West and Salm 2003).

One consequence of the global patterns of extinction and in-
vasion is biotic homogenization. This is the process whereby spe-
cies assemblages become increasingly dominated by a small
number of widespread, human-adapted species. It represents fur-
ther losses in biodiversity that are often missed when only consid-
ering local changes in absolute numbers of species. The many
species that are declining as a result of human activities tend to be
replaced by a much smaller number of expanding species that
thrive in human-altered environments. The outcome is a more
homogenized biota with lower diversity at regional and global
scales. One effect is that in some regions where diversity has been
low because of isolation, the biotic diversity may actually in-
crease—a result of invasions of non-native forms (for example,
some continental areas such as the Netherlands as well as oceanic
islands). Recent data also indicate that the many losers and few
winners tend to be nonrandomly distributed among higher taxa
and ecological groups, enhancing homogenization.

4.4.2.5 Conclusion on Species

The rate of species extinction is several orders of magnitude
higher than the natural or background rate, even in birds, where
the level of threat is the lowest among the assessed taxa. And
the great majority of threatened species continue to decline. The
geography of declines and extinctions is very uneven and concen-
trated in particular areas, especially in the humid tropics. Past geo-
graphic extinction patterns vary markedly between mammals,
birds, and amphibians, but future patterns (as indicated by patterns
of currently threatened species) are likely to be more closely cor-
related. The limited data that exist suggest that biodiversity is
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more severely threatened in freshwater ecosystems than in terres-
trial ecosystems. Studies suggest that ancient taxonomic lineages
are particularly prone to extinction (Gaston and Blackburn 1997b;
Purvis et al. 2000a). Biodiversity trends in marine ecosystems are
yet to emerge, although from the limited data available, it appears
that the general trends are not fundamentally different from those
in terrestrial ecosystems.

4.4.3 Biomes

Rates of loss of natural land cover for the world’s biomes can be
measured using a unique dataset on land use change, the HYDE
dataset (Klein Goldewijk 2001). This dataset uses information on
historical population patterns and agriculture statistics to estimate
habitat conversion between 1950 and 1990, based on maps of
0.5-degree resolution. These data indicate that by 1950 all but
two biomes (boreal forests and tundra) had lost substantial natural
land cover to croplands and pasture. (See Figure 4.26.) Mediterra-
nean forests and temperate grassland biomes had experienced the
most extensive conversion, with roughly only 30% of native veg-
etation cover remaining in 1950.

Loss of native habitat cover has continued, with most biomes
experiencing substantial additional percentages of native land
cover between 1950 and 1990. The tropical dry broadleaf forests
biome has lost the highest percentage of additional habitat
(16.1%); only tundra has lost very little if anything to agricultural
conversion in those 40 years.

The percentage of remaining habitat in 1950 is highly corre-
lated with rates of additional loss since then. This result indicates
that, in general, patterns of human conversion among biomes
have remained similar over at least the last century. For example,
boreal forests had lost very little native habitat cover through until
1950 and have lost only a small additional percentage since then.
In contrast, the temperate grasslands biome had lost nearly 70% of
its native cover by 1950 and has lost an additional 15.4% since
then. Two biomes appear to be exceptions to this pattern: Medi-
terranean forests and temperate broadleaf forests. Both of these
biomes had lost the majority of their native habitats by 1950 but
since then have lost less than 2.5% further habitat. These biomes
contain many of the world’s most established cities and most ex-
tensive surrounding agricultural development (Europe, the

Figure 4.26. Relationship between Native Habitat Loss by 1950
and Additional Losses between 1950 and 1990. Biome codes as
in Figure 4.3 (in Appendix A).
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United States, the Mediterranean basin, and China). It is possible
that in these biomes the most suitable land for agriculture had
already been converted by 1950.

In addition to the total amount of habitat loss, the spatial con-
figuration of loss can strongly affect biodiversity. Habitat fragmen-
tation typically accompanies land use change, leaving a complex
landscape mosaic of native and human-dominated habitat types.
Quantitative data on habitat fragmentation are difficult to compile
on the scale of biomes or realms, but habitat fragmentation typi-
cally endangers species by isolating populations in small patches of
remaining habitat, rendering them more susceptible to genetic
and demographic risks as well as natural disasters (Laurance et al.
1997; Boulinier et al. 2001).

Changes in the biodiversity contained within the world’s bi-
omes are generally assessed in terms of the species they contain.
Changes in species, however, are difficult to measure. Species
abundances can fluctuate widely in nature, making it difficult at
times to detect a true decline in abundance. And, as described
earlier, species extinctions are difficult to count, as the vast major-
ity of species on Earth have yet to be described, extinctions are
still relatively rare among known species, and establishing an ex-
tinction with confidence is difficult.

Given these difficulties, a reasonable indicator of current and
likely future change in biodiversity within a biome is the number
of species facing significant extinction risk. The threatened species
identified by IUCN are used in this analysis. As such, the analysis
is limited to terrestrial vertebrates, which represent less than 1%
of the total species on Earth and may not fully represent patterns
in other taxa.

Biomes differ markedly in the number of threatened species
they contain (see Figure 4.27), with tropical moist forests housing
by far the largest number. The percentage of total species that are
endangered, however, is more similar among biomes with tem-
perate coniferous forests approaching a similar percentage as trop-
ical moist forests. Comparing these two patterns of threat suggests
that higher absolute losses of species in tropical moist forests may
be expected, with more similar rates of extinction in other bi-
omes.

4.4.4 Biogeographic Realms

Like biomes, biogeographic realms differ markedly in the
amounts of habitat conversion to agriculture before and since

Figure 4.27. Patterns of Species Threat among the World’s 14 Terrestrial Biomes. The figures show the raw numbers of threatened
species (i.e., ranked as Critically Endangered, Endangered, or Vulnerable by the IUCN) and the percentage of each biome’s species that are
threatened. Reptiles have not been completely assessed. Biome codes as in Figure 4.3 (in Appendix A).
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1950. (Klein Goldewijk 2001). (See Figure 4.28.) By 1950, for
example, the Indo-Malayan realm had already lost almost half its
natural habitat cover. In all realms, at least a quarter of the area
had been converted to other land uses by 1950. (These findings
exclude Oceania and Antarctica due to lack of data.)

In the 40 years from 1950 to 1990, habitat conversion contin-
ued in nearly all biogeographic realms. More than 10% of the land
area of the temperate northern realms of the Nearctic and Palearc-
tic as well as the Neotropical realm has been converted to cultiva-
tion. Although these realms are currently extensively cultivated
and urbanized, the amount of land under cultivation and pasture
seems to have stabilized in the Nearctic, with only small increases
in the Palearctic in the last 40 years. Within the tropics, rates of
conversion to agriculture range from very high in the Indo-

Figure 4.28. Percentage Change (1950–90) in Land Area of
Biogeographic Realms Remaining in Natural Condition or
under Cultivation and Pasture. Two biogeographic realms are
omitted due to lack of data: Oceania and Antarctica.
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Malayan realm to moderate in the Neotropics and the Afrotrop-
ics, although land cover change has not yet stabilized and shows
large increases, especially in cropland area since the 1950s. Aus-
tralasia has relatively low levels of cultivation and urbanization,
but these have also increased in the last 40 years.

As with biomes, the number of threatened vertebrate species
differs widely among biogeographic realms (Baillie et al. 2004).
(See Figure 4.29.) The largest numbers are found in tropical
realms (Neotropic, Indo-Malay, and Afrotropic), while the
Nearctic, Oceania, and Antarctica realms hold the least. The per-
centage of total species that are endangered, however, shows a
very different pattern. Most strikingly, over 25% of species in
Oceania are threatened, more than twice the percentage of any
other realm. The high rates of species threat in Oceania are likely
due to well-known factors that endanger island faunas, including
high rates of endemism, severe range restriction, and vulnerability
to introduced predators and competitors (Manne et al. 1999). Al-
though the Neotropics contain many threatened species, the ex-
traordinary richness of this realm results in a lower percentage of
threatened species than Oceania. Therefore, based on species
threat levels, we can expect a larger absolute change in biodiver-
sity (measured as expected species extinctions) in the tropical con-
tinents, but the highest rates of extinction on tropical islands.

4.5 Improving Our Knowledge of Biodiversity
Status and Trends
Biodiversity is a complex concept and so, therefore, is its mea-
surement. Ideally, for any particular assessment, measures of bio-
diversity would reflect those aspects particularly relevant to the
context (Royal Society 2003). For an assessment of ecosystem
services for example, biodiversity assessment should be based on
measures that are relevant to the provision of services and to
human well-being. Unfortunately, the information currently
available on global biodiversity is limited, and the data presented
in this chapter are therefore rather general. As our understanding
of the role of biodiversity improves, so does the potential for bet-
ter and more relevant measures to be developed. This section
considers the need for better indicators of biodiversity status and
the specific context of indicators to measure progress against the

Figure 4.29. Patterns of Species Threat among the World’s Eight Terrestrial Biogeographic Realms. The figures show the raw numbers
of threatened species (i.e., ranked as Critically Endangered, Endangered, or Vulnerable by the IUCN) and the percentage of each realm’s
species that are threatened. Reptiles have not been completely assessed. Realm codes as in Table 4.3.
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2010 biodiversity target, and some clear gaps that will have to
be filled if we are to make progress in understanding trends in
biodiversity and their consequences are highlighted.

4.5.1 Indicators of Global Biodiversity Status

Documenting trends in biodiversity and the actions and activities
that affect it requires suitable indicators. Indicators in this sense
are a scientific construct that uses quantitative data to measure
biodiversity, ecosystem condition and services, or drivers of
change. A useful indicator will provide information about changes
in important processes, be sensitive enough to detect important
changes but not so sensitive that signals are masked by natural
variability, detect changes at the appropriate temporal and spatial
scale without being overwhelmed by variability, be based on well-
understood and generally accepted conceptual models of the sys-
tem to which it is applied, be based on reliable data to assess trends
and have a relatively straightforward data collection process, have
monitoring systems in place for the underlying data needed to
calculate the indicator, and be easily understood by policy-makers
(NRC 2000 and see also Chapter 2).

Unfortunately, as noted earlier, most existing biological mea-
sures, especially those reflecting species richness or various aspects
of species diversity, do not reflect many important aspects of bio-
diversity, especially those that are significant for the delivery of
ecosystem services. In addition, few measures have been repeated
to allow for a fair assessment of trends over time. Care also needs
to be taken in the interpretation of these measures and their use
as indicators. For example, these simple measures of species rich-
ness may not differentiate between native and invasive or intro-
duced species, differentiate among species in terms of sensitivity
or resilience to change, or focus on species that fulfill significant
roles in the ecosystem (such as pollinators or decomposers).
Moreover, many measures depend on the definition of the area
and may be scale-dependent, and they may not always reflect bio-
diversity trends accurately.

Aggregate indicators of trends in species populations such as
the Index of Biotic Integrity for aquatic systems (Karr and Dudley
1981) and the Living Planet Index (Loh and Wackermagel 2004;
Loh et al. 2005) use published data on trends in populations of a
variety of wild species to identify overall trends in species abun-
dance and, by implication, the condition of the ecosystems in
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which they occur. The LPI can be applied at national, regional,
and global levels, as described earlier. Although it is based on a
large number of population trends, various sampling biases affect
the index, though with care these biases can be addressed (Loh et
al. 2005). Being based on local population abundances, the LPI
may be an appropriate biodiversity indicator for ecosystem ser-
vices, especially with careful sampling of the populations included
in its calculation. A complementary index is the Red List Index
derived from the IUCN Red List of threatened species (Butchart
et al. 2004). Red List Indices illustrate the relative rate at which a
particular set of species changes in overall threat status (that is,
projected relative extinction-risk), based on population and range
size and trends as quantified by Red List categories. RLIs can be
calculated for any representative set of species that has been fully
assessed at least twice. The RLI for the world’s birds shows that
that their overall threat status has deteriorated steadily during
1988–2004 in all biogeographic realms and ecosystems. A prelim-
inary RLI for amphibians for 1980–2004 shows similar rates of
decline (Butchart et al 2005). Both these indexes (LPI and RLI)
synthesize much detailed information into a few compelling data
points and are being used for assessing progress against the Con-
vention on Biological Diversity’s 2010 target.

Currently there has been much less attention paid to the de-
velopment of indicators for aspects of biodiversity other than spe-
cies and populations. One recent attempt to collate and synthesize
all up-to-date estimates of global trends in population size or habi-
tat extent could find global estimates of habitat change (spanning
at least five years since 1992) for only four major biomes (tropical
forest, temperate and boreal forest, seagrass, and mangroves)
(Balmford et al. 2003a). Neither has there been a focused process
to measure the intensity and trends in the key drivers of biodiver-
sity change or the implementation and effectiveness of response
options. (See Chapter 5 of the Policy Responses volume.) It is clear
that a broader set of biodiversity indicators is required, with indi-
cators that are aligned against valued aspects of biodiversity. The
adoption of the 2010 biodiversity target makes this task still more
urgent (Balmford et al. 2005; Green et al. 2005).

4.5.2 The CBD 2010 Biodiversity Target

In April 2002, at the Sixth Conference of the Parties of the Con-
vention on Biological Diversity, 123 Ministers described a desire
to halt biodiversity loss and further committed themselves to ac-
tions to ‘‘achieve, by 2010, a significant reduction of the current
rate of biodiversity loss at the global, regional and national levels
as a contribution to poverty alleviation and to the benefit of all
life on earth’’ (Decision VI/26; CBD Strategic Plan). Carrying
this message forward, the world’s leaders, at the World Summit
on Sustainable Development, set a target for ‘‘a significant reduc-
tion in the current rate of loss of biological diversity’’ by 2010.
This target has now been adopted formally by the parties to the
CBD as well as by all participants in the WSSD. The same or a
similar target is being adopted at regional levels. For example, the
European Union Council adopted a more ambitious target and
agreed in 2001 ‘‘that biodiversity decline should be halted . . . by
2010’’ (European Council 2001).

Apart from the data gathering needed to assess progress against
the target, its formulation poses some technical challenges, espe-
cially for its implementation at a global level. First, the measures
of biodiversity to be used as indicators need to be available over a
sufficient time period, need to have been measured or estimated
consistently, and need to be relevant to the goals. At global level,
consistent and repeated measures of biodiversity are rather few,
although there are better options at national and regional scales.
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Second, because the target is ‘‘a significant reduction in the
current rate of loss of biological diversity,’’ it requires that the rate
of loss has declined, not that there is no more biodiversity loss, or
even recovery. In this sense, especially given the time scale, this
makes achieving the target more realistic. To demonstrate any
change in rate, however, at least three estimates of the measure
need to be available for a period of time prior to 2010. Two
measures at different points in time can only give information
about absolute change, not changes in the rate.

Third, consideration needs to be given to timelines against
which progress will be measured. In highly degraded systems, the
target may be achieved simply because the system is so reduced
that further loss has to be at a slower rate. The choice of baseline
against which changes are measured will affect the decision about
whether or not the target has been met. A slight increase from a
recent low biodiversity score might more readily be perceived as
a reduction in rate than the same increase compared with a histor-
ically longer and greater decline.

4.5.2.1 The Development of Indicators for the 2010 Target

Efforts to develop indicators for the 2010 target have progressed
on a number of fronts, most notably through the work of the
CBD. The WSSD was followed by the Open-Ended Interses-
sional Meeting on the Multi-Year Programme of Work, which
recommended that CBD COP7 ‘‘establish specific targets and
timeframes on progress toward the 2010 target’’ and ‘‘develop
a framework for evaluation and progress, including indicators’’
(UNEP 2003a, 2003b, 2003c).

At the Ninth Meeting of the Subsidiary Body on Scientific,
Technical and Technological Advice, it was recommended that
development and adoption of indicators of biodiversity loss might
be accomplished through a pilot phase between the Seventh and
Eighth Conference of the Parties to test a limited set of indicators
for their suitability and feasibility, to be implemented by national
institutes of the Parties and international organizations with rele-
vant data and expertise (Recommendation IX/13). The recom-
mendations from SBSTTA 9 were carried forward at COP 7 in
February 2004 via Decision VII/30, in which the Parties agreed
to the following seven focal areas for indicator development:
• reducing the rate of loss of the components of biodiversity,

including: (i) biomes, habitats and ecosystems; (ii) species and
populations; and (iii) genetic diversity;

• promoting sustainable use of biodiversity;
• addressing the major threats to biodiversity, including those

arising from invasive alien species, climate change, pollution,
and habitat change;

• maintaining ecosystem integrity, and the provision of goods
and services provided by biodiversity in ecosystems, in support
of human well-being;

• protecting traditional knowledge, innovations and practices;
• ensuring the fair and equitable sharing of benefits arising out

of the use of genetic resources; and
• mobilizing financial and technical resources, especially for de-

veloping countries, in particular least developed countries and
small island developing States among them, and countries
with economies in transition, for implementing the Conven-
tion and the Strategic Plan.
It was further agreed that goals and sub-targets would be es-

tablished, and indicators identified, for each of the focal areas.
At the time of writing, eight indicators had been identified for
immediate testing and a further 13 were under development. (See
Table 4.9.)
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Table 4.9. Focal Areas, Indicators for Immediate Testing, and Indicators for Future Development, Agreed to by SBSTTA 10,
February 2005

Focal Area Indicator for Immediate Testing
Possible Indicators for Development by 
SBSTTA or Working Groups

Status and trends of the 
components of biological 
diversity

trends in extent of selected biomes, ecosystems, and habitats

trends in abundance and distribution of selected species

coverage of protected areas

change in status of threatened species (Red List indicator under
development)

trends in genetic diversity of domesticated animals, cultivated
plants, and fish species of major socioeconomic importance

Sustainable use area of forest, agricultural, and aquaculture ecosystems under
sustainable management

proportion of products derived from sustainable
sources

Threats to biodiversity nitrogen deposition

numbers and cost of alien invasions

Ecosystem integrity and 
ecosystem goods and services

marine trophic index application to freshwater and possibly other
ecosystems

water quality in aquatic ecosystems incidence of human-induced ecosystem failure

connectivity/fragmentation of ecosystems health and well-being of people living in biodiversi-
ty-based, resource-dependent communities

biodiversity used in food and medicine

Status of traditional knowledge,
innovations, and practices

status and trends of linguistic diversity and numbers of speakers
of indigenous languages

further indicators to be identified by a Working
Group

Status of access and 
benefit-sharing

indicator to be identified by a Working Group

Status of resource transfers official development assistance provided in support of the
Convention (OECD-DAC-Statistics Committee)

indicator for technology transfer

The first measures to move from the indicators for develop-
ment to indicators for immediate testing seem likely to be the
Red List Index (Butchart et al. 2004) and possibly also new mea-
sures of the extent and quality of key habitats. Coral reef extent
may be assessed using established methods (Gardner et al. 2003),
and there are likely to be other potential habitats whose extent
can be assessed, using remote sensing techniques (such as man-
groves).

4.5.2.2 Prospects for Meeting the 2010 Target

Despite the fact that at the time of writing there is no agreement
on a complete set of indicators to be used for the 2010 target,
various lines of evidence indicate that it is unlikely to be met.
First, as evident from information in the preceding section, trends
are still downwards for most species and populations, and the rate
of decline is generally not slowing. The same is true also for data
presented in aggregate indices such as the Living Planet Index
(Loh and Wackermagel 2004), the Red List Index (Baillie et al.
2004), and the Pan-European Common Bird Monitoring Scheme
(Gregory et al. 2003).

In the case of both the simple and aggregate measures, there
are a few exceptions of species and ecosystems where declines are
slowing or have been reversed. For example, the reduction in
decline rates for some temperate woodland bird species and the
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recovery of some large mammals in Africa are testament to the
potential success of effective management. These cases, however,
generally result from management interventions that have been in
place for many years and in some cases decades and they are in
the minority.

For the species and habitats that showed continuing decline in
2004, prospects for meeting the 2010 target will depend on
sources of inertia and the time lag between a management inter-
vention and the response. Natural sources of inertia correspond
to the time scales inherent to natural systems; for example, all
external factors being equal, population numbers grow or decline
at a rate corresponding to the average turnover time or generation
time. Even though meeting the 2010 target does not require re-
covery, many natural populations have generation times that limit
the long-lasting improvements that can be realistically expected
between now and 2010. On top of this is anthropogenic inertia
resulting from the time scales inherent in human institutions for
decision-making and implementation (MA 2003). For most sys-
tems these two sources of inertia will lead to delays of years, and
more often decades, in slowing and reversing a declining biodiv-
ersity trend. This analysis assumes that the drivers of change could
indeed be halted or reversed in the near term, although there is
currently little evidence that any of the direct or indirect drivers
are slowing or that any are well controlled at large to global scale.
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The delay between a driver affecting a system and its conse-
quences for biodiversity change can be highly variable. In the case
of species extinctions this process has been well studied, and habi-
tat loss appears to be one direct driver for which lag times will be
long . In studies of African tropical forest bird species, the time
from habitat fragmentation to species extinction has been esti-
mated to have a half-life of approximately 50 years for fragments
of roughly 1,000 hectares (Brooks et al. 1999). In Amazonian
forest fragments of less than 100 hectares, half of the bird species
were lost in less than 15 years, whereas fragments larger than 100
hectares lost species over time scales of a few decades to perhaps a
century (Ferraz et al. 2003).

On the one hand, these time lags mean that estimates of cur-
rent extinction rates may be underestimates of the ultimate legacy
of habitat loss. For example, for African primate populations it is
estimated that over 30% of species that will ultimately be lost as
a result of historical deforestation still exist in local populations
(Cowlishaw 1999). On the other hand, the time lags offer oppor-
tunities for interventions to be put in place to slow or reverse the
trends, so long as in this case the period to habitat recovery is
shorter than the time to extinction.

4.5.3 Key Gaps in Knowledge and Data

Certain gaps in knowledge and data relating to biodiversity are
almost certain to prove critical over coming years, and efforts are
urgently needed to gather this information, particularly if biodiv-
ersity indicators are to become more reliable and informative.
• Data are sparse for certain key taxa—especially invertebrates,

plants, fungi, and significant groups of microorganisms, in-
cluding those in the soil. These groups are especially impor-
tant for ecosystem services, yet global syntheses and trend
information on even significant subsets are entirely missing. It
seems likely that both extinction rates and local diversity and
endemism may be lower among microorganisms than in the
well-studied groups, suggesting that intense monitoring may
not be so important. However this remains to be validated.
Taxonomy as a discipline underpins much of this work yet is
in decline worldwide.

• Conservation assessment has proceeded at increased intensity
over recent decades. However, knowledge of biodiversity
trends falls far behind knowledge of status. Too often assess-
ments are undertaken using new methods, new measures, or
new places. Trends, which are critical to current questions,
rely on a time series of comparable measures.

• Local and regional datasets are generally of higher quality and
cover longer time periods than global data. A better under-
standing of the relationship of local to global processes and the
development of techniques to allow local dynamics to inform
large-scale assessments would allow rapid progress to be made
in large to global-scale assessments.

• There are far fewer studies at the genetic level than for popu-
lations, species, and ecosystems, yet these are significant com-
ponents of biodiversity for assessing present and future
adaptability to changing environments.

• Marine and freshwater areas are less well known than terres-
trial areas. Among terrestrial habitats, biodiversity trends in
biomes such as drylands and grasslands are less well known
than trends in forests.

• The impacts of biodiversity change on ecosystems services are
still poorly understood. Even where knowledge is better, there
are almost no studies documenting the trends over time.
Alongside new data, approaches to long-term, large-scale

continuous monitoring of biodiversity and attitudes to data shar-
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ing will need to be developed, as well as the infra-structure and
technical and human resources that such an effort will require.

4.6 A Summary of Biodiversity Trends
The evidence presented in this chapter supports three broad con-
clusions about recent and impending changes in the amount and
variability of biodiversity: there have been and will continue to
be substantial changes that are largely negative and largely driven
by people; these changes are varied—taxonomically, spatially, and
temporally; and the changes are complex, in several respects.

First, changes are substantial and predominantly negative. Al-
though there are very real limitations in the extent and quality of
our knowledge of the changing state of nature, we already have
overwhelming evidence that humans have caused the loss of a
great deal of biodiversity over the past 50,000 years and that rates
of loss have accelerated sharply over the past century. Current
rates of species extinction are at least two orders of magnitude
above background rates and are expected to rise to at least three
orders above background rates.

Among extant species, 20% of all species in those groups that
have been comprehensively assessed (mammals, birds, amphibi-
ans, conifers, and cycads) are believed to be threatened with ex-
tinction in the near future. For birds (the only taxon for which
enough data are available), this proportion has increased since
1988 (BirdLife 2004a). Even among species not threatened with
extinction, the past 20–40 years have seen substantial declines in
population size or the extent of range in most groups monitored.
These include European and North American farmland birds,
large African mammals, nearly 700 vertebrate populations world-
wide (Loh 2002), British birds, waders worldwide (IWSG et al.
2002), British butterflies and plants (Thomas et al. 2004a), am-
phibians worldwide (Houlahan et al. 2000; Alford and Pechmann
2001; Stuart et al. 2004), and most commercially exploited fish.
These declines in populations are broadly mirrored by declines in
the extent and condition of natural habitats (Jenkins et al. 2003).

Second, changes are varied. Rates of biodiversity decline, al-
though very largely negative, vary widely on at least three dimen-
sions. Taxonomically, certain groups appear more vulnerable to
change than others: thus amphibians, and freshwater organisms in
general, exhibit higher levels of threat and steeper rates of popula-
tion decline than do better-known groups such as birds or mam-
mals (Houlahan et al. 2000; Alford and Pechmann 2001; Loh
2002). Within groups, phylogenetically distinct, ancient, and
species-poor lineages seem consistently to be faring dispropor-
tionately badly. Some generalist species are expanding their
ranges, either naturally or as invasive aliens, whereas many eco-
logical specialists are in decline.

Spatially, most species losses to date have been concentrated
on islands. Disproportionately high rates of contemporary habitat
conversion in endemic-rich areas of the tropics, where areas of
dense human settlement and high species richness tend to coin-
cide, mean that impending extinctions are particularly concen-
trated in tropical island and montane systems. In temperate
regions, in contrast, substantial historical reductions in habitat ex-
tent have led to relatively few global extinctions (due in part to
species having larger ranges at higher latitudes). Currently, popu-
lations and habitats are expanding in some temperate regions, such
as temperate forests (Jenkins et al. 2003). Freshwater and marine
patterns are less well documented.

Temporally, two patterns stand out. The first is that the scale
of loss is in general increasing (although it is important to note
that, both on land and at sea, preindustrial human-caused losses
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were also very substantial (Jackson 1994; Jackson et al. 2001)).
The second pattern is that the anthropogenic drivers of loss are
also changing; for example, invasive species and overexploitation
were the predominant causes of bird extinctions in historic times,
while habitat conversion, especially to agriculture, is the most sig-
nificant driver currently facing threatened species (Baillie et al.
2004; BirdLife 2004a), with climate change predicted to emerge
as another major threat in the near future (Thomas et al. 2004a).

Third, changes are complex. Besides variety, the overriding
feature of biodiversity is its complexity. Patterns of biodiversity
loss are in turn correspondingly complex, in several respects. Spe-
cies, populations, and ecosystems differ not just in their exposure
but also in their vulnerability to anthropogenic drivers of change.
In addition, complex interactions within communities mean that
changes in the abundance of one species will often have broad-
ranging effects through a system. (See also Chapter 12.) One well-
documented example is the recent switch by Aleutian island killer
whales to hunting sea otters instead of pinnipeds (likely triggered
by fishing-related declines in pinnipeds); this has greatly reduced
sea otter numbers, allowing the population and grazing pressure
of sea urchins to increase, in turn leading to a dramatic decline in
kelp density (Estes et al. 1998). In Australia, the deliberate intro-
duction of African grasses (such as gamba grass, Andropogon gaya-
nus) to native woody savannas has also increased the intensity of
frequent, very intense fires due to the highly flammable nature of
the introduced grasses (Rossiter et al. 2003); as elsewhere (D’An-
tonio and Vitousek 1992), changes in the fire regime in turn re-
duced native tree and shrub cover, thereby accelerating the
invasion of fire-tolerant aliens and resulting in a wholesale ecosys-
tem shift from woody vegetation to open grassland.

Another aspect of the complexity is that community dynamics
mean threats themselves rarely operate in isolation (Myers 1995).
The impact of climate change, for example, is predicted to be
far more marked where habitat transformation and fragmentation
blocks the movement of species in response to shifting climate
(Thomas et al. 2004a), a hypothesis recently supported by data on
U.K. butterflies (Warren et al. 2001). Similarly, there is now
growing evidence of synergistic effects of increased UV-B expo-
sure, acidification, and pathogens on declining amphibian popula-
tions (Kiesecker and Blaustein 1995; Long et al. 1995) and of
synergistic effects between logging, forest fragmentation, and fire
in tropical forests (Cochrane et al. 1999; Cochrane 2003).

It is also becoming clear that often ecosystems respond not
linearly to external changes but in a stepwise manner (Myers
1995). Thus cumulative biotic or abiotic pressures that at first
appear to have little effect may lead to quite sudden and unpre-
dictable changes once thresholds are crossed (Scheffer et al. 2001).
Moreover, such thresholds may become lower as anthropogenic
impacts simplify systems and reduce their intrinsic resilience to
change. (See also Chapter 12.) One well-studied example is the
sudden switch in 1983 from coral to algal domination of Jamaican
reef systems. This followed several centuries of overfishing of her-
bivores, which left the control of algal cover almost entirely de-
pendent on a single species of sea urchin, whose populations
collapsed when exposed to a species-specific pathogen (Hughes
1994; Jackson 1997). As a result, Jamaica’s reefs shifted (apparently
irreversibly) to a new low diversity, algal-dominated state with
very limited capacity to support fisheries (McManus et al. 2000).
Given their potential importance, much more work is needed on
whether threshold effects such as this are typical, how reversible
they are, and where thresholds lie.

Extrapolation from current trends suggests that both the
amount and variability of nature will continue to decline over
much of Earth (UNEP 2002a; Jenkins et al. 2003). The exception
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is likely to be in some industrial countries, where forest cover
may continue to increase and, with it, the population sizes of
many forest-dependent species. In contrast, clearance of natural
habitats, reductions of populations, and the associated loss of pop-
ulations and indeed species look set to persist and even accelerate
across much of the tropics and across many if not most aquatic
systems. Particularly vulnerable areas include cloud forests, coral
reefs, mangroves (threatened by the synergistic effects of climate
change and habitat clearance), all but the very largest blocks of
tropical forest, and most freshwater habitats. Particularly vulnera-
ble taxa include large marine species, large-bodied tropical verte-
brates, and many freshwater groups (Jenkins et al. 2003).

References
Agapow, P.-M., O.R.P. Bininda-Emonds, K.A. Crandall, J.L. Gittleman,

G.M. Mace, J.C. Marshall, and A. Purvis, 2004: The impact of species con-
cept on biodiversity studies. Quarterly Review of Biology, 79, 161–179.

Alford, R.A. P.M. Dixon and J.H.K. Pechmann, 2001: Global Amphibian
population declines. Nature, 412, 499–500.

Alroy, J., 1998: Equilibrial diversity dynamics in North American mammals.
In: Biodiversity dynamics, turnover of populations, taxa, and communities, M.L.
McKinney and J.A. Drake (eds.), Columbia University Press, New York,
232–287.

Alroy, J., 2001: A multi-species overkill simulation of the end-Pleistocene meg-
afaunal mass extinction. Science, 292, 1893–1986.

Anderson, S., 1994: Area and endemism. Quarterly Review of Biology, 69, 451–
471.

Anstey, S., 1991: Wildlife Utilisation in Liberia (World Wide Fund for Nature and
FDA Wildlife Survey). World Wide Fund for Nature and FDA, Gland, Swit-
zerland.

APG (Angiosperm Phylogeny Group), 1998: An ordinal classification for the
families of flowering plants. Annals of the Missouri Botanic Garden, 85, 531–
553.

Atkinson, A.I.E., 1985: The spread of commensal species of Rattus to oceanic
islands and their effects on island avifaunas. In: The Conservation of Island Birds.
Case Studies for the Management of Threatened Bird Species, P.J. Moors (ed.),
ICBP, Cambridge.

Atkinson, C.T., R.J. Dusek, K.L. Woods, and W.M. Iko, 2000: Pathogenicity
of avian malaria in experimentally-infected Hawaii Amakihi. Journal of Wild-
life Diseases, 36(2), 197–204.

Atkinson, I.A.E. and E.K. Cameron, 1993: Human Influence On the Terres-
trial Biota and Biotic Communities of New-Zealand. Trends in Ecology &
Evolution, 8(12), 447–451.

Avise, J.C. and G.C. Johns, 1999: Proposal for a standardized temporal scheme
of biological classification for extant species. Proceedings of the National Acad-
emy of Science USA, 96, 7358–7363.

Bailey, R.G., 1989: Explanatory supplement to Ecoregions map of the conti-
nents. Environmental Conservation, 16, 307–309.

Bailey, R.G., 1998: Ecoregions: the ecosystem geography of oceans and continents.
Springer-Verlag, New York.

Bailey, R.G. and H.C. Hogg, 1986: A world ecoregions map for resource parti-
tioning. Environmental Conservation, 13, 195–202.

Baillie, J.E.M., C. Hilton-Taylor, and S.N. Stuart, 2004: 2004 IUCN Red List
of Threatened Species. A Global Species Assessment. IUCN, Gland, Switzerland.

Balcalbaca-Dobrovici, N., 1989: The Danube River and it’s Fisheries. In:
Proceedings of the International Large River Symposium, D.P. Dodge (ed.). 106,
455–468.

Balmford, A., 1996: Extinction filters and current resilience: the significance of
past selection pressures for conservation biology. Trends in Ecology & Evolution,
11(5), 193–196.

Balmford, A., 1999: (Less and less) great expectations. Oryx, 33, 87–88.
Balmford, A. and A. Long, 1994: Avian endemism and forest loss. Nature, 372,

623–624.
Balmford, A., M.J.B. Green, and M.G. Murray, 1996: Using higher-taxon

richness as a surrogate for species-richness: I. Regional tests. Proceedings of the
Royal Society of London, series B Biological Sciences, 263, 1267–1274.

Balmford, A., R.E. Green, and M. Jenkins, 2003a: Measuring the changing
state of nature. Trends in Ecology & Evolution, 18(7), 326–330.

Balmford, A., K.J. Gaston, S. Blyth, A. James, and V. Kapos, 2003b: Global
variation in terrestrial conservation costs, conservation benefits, and unmet

................. 11432$ $CH4 10-11-05 14:54:12 PS



116 Ecosystems and Human Well-being: Current State and Trends

conservation needs. Proceedings of the National Academy of Sciences of the United
States of America, 100(3), 1046–1050.

Balmford, A., P. Crane, A. Dobson, R.E. Green, and G.M. Mace, 2005: The
2010 challenge: data availability, information needs, and extraterrestrial in-
sights. Philosophical Transactions of the Royal Society of London B. 360:221–228.

Barnes, R.F.W., G.C. Craig, H.T. Dublin, G. Overton, W. Simmons, and
C.R. Thouless, 1999: African Elephant Database 1998. IUCN, Gland, Swit-
zerland.

Barrett, S.C., 1989: Water Weed Invasions. Scientific American, October,
90–97.

Barthlott, W., N. Biedinger, G. Braun, F. Feig, G. Kier, and J. Mutke, 1999:
Terminological and methodological aspects of the mapping and analysis of
global biodiversity. Acta Botanica Fennica, 162, 103–110.

Baum, J.K., R.A. Myers, D.G. Kehler, B. Worm, S.J. Harley, and P.A. Doh-
erty, 2003: Collapse and conservation of shark populations in the Northwest
Atlantic. Science, 299(5605), 389–392.

Bawa, K.S. and S. Dayanandan, 1997: Socioeconomic factors and tropical de-
forestation. Nature, 386, 562–563.

Bennett, E.L., A. Nyaoi, and J. Sompud, 2000: Saving Borneo’s Bacon: The
Sustainability of Hunting in Sarawak and Sabah. In: Hunting for Sustainability,
J.G. Robinson and E.L. Bennett (eds.), Columbia Press, New York, 305–
324.

Bennett, P.M. and I.P.F. Owens, 1997: Variation in extinction risk among
birds: Chance or evolutionary predisposition? Proceedings of the Royal Society
of London Series B-Biological Sciences, 264(401–408).

Berger, L., R. Speare, P. Daszak, D.E. Green, A.A. Cunningham, et al. 1998:
Chytridiomycosis causes amphibian mortality associated with population de-
clines in the rainforests of Australia and Central America. Proceedings of the
National Academy of Sciences of the United States of America, 95, 9031–9036.

Berra, T.M., 2001: Freshwater fish distribution. Academic Press, San Diego.
BirdLife, 2004a: Threatened Birds of the World 2004. Birdlife International, Cam-

bridge, UK.
BirdLife, 2004b: State of the World’s Birds 2004—Indicators for our changing world.

BirdLife International, Cambridge, U.K.
Bisby, F.A., 1995: Characterization of biodiversity. In: Global Biodiversity Assess-

ment, V.H. Heywood (ed.), Cambridge University Press, Cambridge.
Bisby, F.A., J. Shimura, M. Ruggiero, J. Edwards, and C. Haeuser, 2002: Tax-

onomy, at the click of a mouse. Nature, 418, 367.
Bogan, A.E., 1997: The Silent Extinction. American Paleontologist, 5(1), 2–4.
Boulinier, T., J.D. Nichols, J.E. Hines, J.R. Sauer, C.H. Flather, and K.H.

Pollock, 2001: Forest fragmentation and bird community dynamics: Infer-
ence at regional scales. Ecology, 82(4), 1159–1169.

Bramwell, D., 2002: How many plant species are there? Plant Talk, 28, 32–33.
Briggs, J., 1974: Marine Zoogeography. McGraw-Hill, New York.
Brook, B.W. and D. Bowman, 2004: The uncertain blitzkrieg of Pleistocene

megafauna. Journal of Biogeography, 31, 517–523.
Brooks, T.M., S.L. Pimm, and J.O. Oyugi, 1999: Time lag between deforesta-

tion and bird extinction in tropical forest fragments. Conservation Biology, 13,
1140–1150.

Brown, B.E., R.P. Dunne, M.S. Goodson, and A.E. Douglas, 2000: Bleaching
patterns in coral reefs. Nature, 404, 142–143.

Brown, J.H., 1984: On the relationship between abundance and distribution of
species. American Naturalist, 124, 255–279.

Butchart, S.H.M., A.J. Stattersfield, L.A. Bennun, S.M. Shutes, H.R. Acka-
kaya, et al. 2004: Measuring global trends in the status of biodiversity: Red
List Indices for Birds. PLoS. Biology, 2(12), e383.

Butchart, S.H.M., A.J. Stattersfield, J. Baillie, L.A. Bennun, S.N. Stuart, et al.
2005, Using Red List Indices to measure progress towards the 2010 target and
beyond. Philosophical Transactions of the Royal Society. Series B., 360, 255–268.

Castro, J.I., C.M. Woodley, and R.L. Brudek, 1999: A preliminary evaluation of
the status of shark species (FAO Fisheries Technical Paper no. 380). FAO (Fisher-
ies), Rome.

Ceballos, G. and P.R. Ehrlich, 2002: Mammal population losses and the extinc-
tion crisis. Science, 296, 904–907.

Channell, R. and M.V. Lomolino, 2000: Dynamic biogeography and the con-
servation of endangered species. Nature, 403, 84–86.

Chape, S., S. Blyth, L. Fish, P. Fox, and M. Spalding, 2003: 2003 United
Nations List of Protected Areas. I.a. UNEP (ed.)Gland, Switzerland.

Cheke, A.S., 1987: An ecological history of the Mascarene Islands, with partic-
ular reference to extinctions and introductions of land vertebrates. In: Studies
of Mascarine Island birds, A.W. Diamond (ed.), Cambridge University Press,
Cambridge, 5–89.

Claridge, M.F., H.A. Dawah, and M.R. Wilson, 1997: Species: The Units of
Biodiversity. Chapman & Hall, London.

PAGE 116

Cochrane, M.A., 2003: Fire science for rainforests. Nature, 421(6926), 913–
919.

Cochrane, M.A., A. Alencar, M.D. Schulze, C.M. Souza, D.C. Nepstad,
P. Lefebvre, and E.A. Davidson, 1999: Positive feedbacks in the fire dynamic
of closed canopy tropical forests. Science, 284(5421), 1832–1835.

Colwell, R.K. and D.C. Lees, 2000: The mid-domain effect: geometric con-
straints on the geography of species richness. Trends in Ecology and Evolution,
15, 70–76.

Cowlishaw, G., 1999: Predicting the Pattern of Decline of African Primate
Diversity: an Extinction Debt from Historical Deforestation. Conservation Bi-
ology, 13, 1183–1193.

Cracraft, J., 1983: Species concepts and speciation analysis. Current Ornithology,
1, 159–187.

Crandall, K.A., O.R.P. Bininda-Emonds, G.M. Mace, and R.K. Wayne, 2000:
Considering evolutionary processes in conservation biology. Trends in Ecol-
ogy & Evolution, 15(7), 290–295.

Crooks, K.R. and M.E. Soule, 1999: Mesopredator release and avifaunal ex-
tinctions in a fragmented system. Nature, 400(6744), 563–566.

Cumming, D.H.M., R.F. du Toit, and S.N. Stuart, 1990: African Elephants and
Rhinos. Status Survey and Conservation Action Plan., IUCN, Gland, Switzer-
land.

Curtis, T.P., W.T. Sloan, and J.W. Scannell, 2002: Estimating prokaryotic di-
versity and its limits. Proceedings of the National Academy of Sciences of the United
States of America, 99(16), 10494–10499.

D’Antonio, C.M. and P.M. Vitousek, 1992: Biological invasions by exotic
grasses, the grass-fire cycle, and global change. Annual Review of Ecology and
Systemantics, 23, 63–87.

Darwall, W. and C. Revenga ((in prep)): Inland Water Ecosystems. In The
State of the Worlds Protected Areas. IUCN, Gland, Switzerland and Cam-
bridge.

Daszak, P., A.A. Cunningham, and A.D. Hyatt, 2000: Emerging Diseases of
Wildlife—Threats to Biodiversity and Human Health. Science, 287(443–449).

Daszak, P., A.A. Cunningham, and A.D. Hyatt, 2001: Anthropogenic environ-
mental change and the emergence of infectious diseases in wildlife. Acta Trop-
ica, 78, 103–116.

De Meulenaer, T. and C. Raymakers, 1996: Sturgeons of the Caspian Sea and
the International Trade in Caviar., TRAFFIC, TRAFFIC Europe., Brussels,
Belgium.

Dekker, W., 2003: Eel stocks dangerously close to collapse., ICES (International
Council for the Exploration of the Sea), Copenhagen, Denmark.

Delany, S.N., C. Reyes, E. Hubert, S. Pihl, E. Rees, L. Haanstra, and A. van
Strien, 1999.: Results from the International Waterbird Census in the Western Pale-
arctic and Southwest Asia, 1995 and 1996. 54, Wetlands International Publica-
tion No. 54., Wageningen, The Netherlands:.

Diamond, J.M., 1972: Biogeographic kinetics: estimation of relaxation times
for avifaunas of Southwest Pacific Islands. Proceedings of the National Academy
of Sciences, USA, 69, 3199–3203.

Dietrich, G., 1963: General Oceanography: An Introduction. John Wiley, New
York.

Dirzo, R. and P.H. Raven, 2003: Global state biodiversity and loss. Annual
Review of Environmental Resources, 28, 137–167.

Dobson, A. and J. Foufopoulos, 2001: Emerging infectious pathogens of wild-
life. Philosophical Transactions of the Royal Society of London B, 356, 1001.

Dobzhansky, T., 1950: Mendelian populations and their evolution. American
Naturalist, 84, 401–418.

Doubleday, W.G., 2001: Is Atlantic Salmon Aquaculture a Threat to Wild
Stocks in Altantic Canada? ISUMA: Canadian Journal of Policy Research 2,
2(1).

Dulvy, N.K., Y. Sadovy, and J.D. Reynolds, 2003: Extinction vulnerability in
marine populations. Fish and Fisheries, 4, 25–64.

Dynesius, M.a.C.N., 1994: Fragmentation and Flow Regulation of River Sys-
tems in the Northern Third of the World. Science, 266, 753–762.

East, R., 1999: African Antelope Database 1998. IUCN, Gland, Switzerland.
Easterling, W.E., J.R. Brandle, C.J. Hays, Q. Guo, and D.S. Guertin, 2001:

Simulating the impact of human land use change on forest composition in
the Great Plains agroecosystems with the Seedscape model. Ecological Model-
ling, 140, 163–176.

Ehrlich, P.R., 1994: Energy use and biodiversity loss. Philosophical Transactions
of the Royal Society of London B: Biological Sciences, 344, 99–104.

Emslie, R. and M. Brooks, 1999: African Rhino. Stauts Survey and Conservation
Action Plan. IUCN, Gland, Switzerland.

Environment Canada and U.S. EPA (Environmental Protection Agency),
2003: Great Lakes Atlas. Living Resources. Environment Canada and U.S.
EPA. Ottawa, Canada.

................. 11432$ $CH4 10-11-05 14:54:13 PS



117Biodiversity

Erwin, T.L., 1982: Tropical forests: their richness in Coleoptera and other Ar-
thropod species. The Coleopterist’s Bulletin, 36, 74–75.

Estes, J.A., M.T. Tinker, T.M. Williams, and D.F. Doak, 1998: Killer Whale
Predatoin on Sea Otters Linking Oceanic and Nearshore Ecosystems. Science,
282, 473–476.

European Council, 2001: Presidency Conclusions. SN/200/1/01 REV1, Gote-
burg Council.

Everett, R.A., 2000: Patterns and pathways of biological invasions. Trends in
Ecology & Evolution, 15, 177–178.

Faith, D.P., 1992: Conservation evaluation and phylogenetic diversity. Biological
Conservation, 61, 1–10.

FAO (Food and Agriculture Organization of the United Nations), 1997: The
State of the World’s Forests 1997. Rome, Italy.

FAO, 1999: Review of the State of World Fishery Resources: Inland Fisheries. FAO
Inland Water Resources and Aquaculture Service, Fishery Resources Division. FAO
Fisheries Circular No. 942, Rome.

FAO, 2000a: The State of the World’s Fisheries and Aquaculture 2000. FAO, Rome.
FAO, 2000b: Global Forest Resource Assessment 2000. Food and Agriculture Or-

ganization, Rome.
FAO, 2001a: Global Forest Resources Assessment 2000 Main Report. FAO Forest

Paper 140, Food and Agriculture Organization of the United Nations, Rome,
479 pp.

FAO, 2001b: Forest Resources Assessment 2000. FAO Forestry Paper 140, FAO,
Rome.

FAO, 2002: State of the World’s Fisheries and Aquaculture Report 2002. FAO.
FAO, 2003: State of the World’s Forest 2003. FAO, Rome.
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Main Messages

Over historical time frames, human well-being has on aggregate im-
proved by several orders of magnitude. Incomes have increased, popula-
tions have grown, life expectancies have risen, and political institutions have
become more participatory. In the global aggregate, human well-being contin-
ues to expand, although there are variations across geographical regions.

Well-being is not distributed evenly among individuals, countries, or so-
cial groups. Inequality is high, and gaps between the well-off and the disad-
vantaged are increasing. A child born in sub-Saharan Africa is 20 times more
likely to die before age five than a child born in an OECD country, and this
ratio is higher than it was a decade ago.

The ecosystems as classified by the Millennium Ecosystem Assessment
vary in the degree to which they harbor high values of human well-being.
For example, cultivated systems and coastal ecosystems tend to be character-
ized by high human well-being, while drylands are characterized by low human
well-being.

The degree to which well-being varies across ecosystems is not the same
everywhere. Variance in human well-being is highest in Asia and sub-Saharan
Africa and lowest in the OECD. For example, per capita incomes in Asia are
40% higher in the coastal zones than they are in the drylands, while in OECD
countries there is no significant difference between incomes in the two sys-
tems.

Populations are increasing in ecosystems characterized currently by low
well-being. Whereas historically populations have tended to shift from low-
productivity ecosystems to high-productivity ecosystems or to urban areas,
today there are signs that the relative concentration of people in less produc-
tive ecosystems is going up. The concentration of poor in less-favored lands
of Asia and sub-Saharan Africa is an example.

These trends signify that there are a large number of people at risk of
adverse ecosystem changes. Approximately 1.1 billion people survive on
less than $1 per day of income, most of them in rural areas where they are
highly dependent on agriculture, grazing, and hunting for subsistence. For
these people, degradation and declining productivity of ecosystems threatens
their survival.

Ecosystem changes affect human well-being in a variety of different
ways. Often the impacts of ecosystem changes are shifted from the groups
responsible for them onto other groups. Sometimes ecosystem change is em-
bedded in distributional conflicts over resources, with one group improving at
another group’s expense. Often impacts are experienced differentially as a
function of levels of coping capacity—such differences can manifest them-
selves at the individual, household, regional, or national level.

Among less poor populations, ecosystem changes affect well-being in
more subtle but not necessarily less important ways. Declines in incomes,
loss of culturally important natural resources, and increases in threats to health
can be expected to accompany declining ecosystem health.

5.1 Introduction
This chapter provides an overview of the primary patterns and
trends in human well-being and summarizes what is known
broadly about the connections between human well-being and
ecosystems. It does not substitute for the more detailed findings
found in the other chapters of this volume, but rather provides an
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overarching empirical foundation for assessing human well-being
and ecosystem change side by side.

5.2 Dimensions of Human Well-being
This section reviews how the different dimensions of human
well-being are measured, the extent of our knowledge about
them, and the primary measurement gaps. (See also Chapter 2 for
further description of the measurement of human well-being.)
The benefits of qualitative data and new approaches for assessing
human well-being are acknowledged, but the use of this informa-
tion is limited in this global assessment because of difficulties com-
paring data across countries and aggregating information within
units of ecosystems. Five dimensions of human well-being are
recognized in the MA: basic material for a good life, freedom and
choice, health, good social relations, and security (MA 2003).

5.2.1 Basic Material for a Good Life

The basic materials for a good life include adequate income,
household assets, food, water, and shelter. Considerable effort
goes into measuring and monitoring these dimensions of well-
being. Systems of national accounts generate regular estimates of
gross national income and GNP; these estimates are made roughly
comparable through calculation of purchasing power parity, esti-
mates that correct for price differences across countries. Food pro-
duction is measured by central governments and by international
organizations such as the Food and Agriculture Organization.
FAO also measures national per capita dietary energy supply for
most countries. (See Chapter 8 for further information.) Micro-
nutrient information on vitamin A, iodine, and iron is collected
at the community level but is not as widely available as DES.
National-level water estimates are available, though these tend to
be less precise than income and food measures. Of all these mea-
sures, shelter is probably the most poorly measured. The distribu-
tion of the quality of substandard housing is not known with any
confidence.

Increasingly, measures of these basic material dimensions of
well-being are being carried out through detailed household sur-
veys (Deaton 1997). Living standard measurement surveys began
collecting standardized measures of well-being at the household
level in 1985. Approximately 100 developing countries have car-
ried out such surveys. Other large-scale household survey efforts
include demographic and health surveys and national-level multi-
ple indicator cluster surveys. Surveys such as these provide infor-
mation about nutrition, housing type, household assets, and access
to water, health care, and sanitation.

Although great effort goes into these measurement efforts,
they do not provide a complete enough picture to support a full
understanding of the distribution of well-being and its relation-
ship to ecosystem services. Comparable measures of water and
sanitation access, for example, are scarce, because terminologies,
methodologies, and measurement priorities differ from place to
place (Millennium Project 2004). Even the measurements that
receive the greatest level of effort, the national income measures,
are inadequate for many purposes. They imperfectly capture eco-
nomic activity outside the formal sector and the value from sub-
sistence activities, for example, which is often highly important
among populations vulnerable to decline in ecosystem services.

Especially problematic is the concept of poverty. Although
poverty is the focus of many local, national, and international pol-
icies, and although many countries measure it, there is little con-
gruence of measurement efforts and, as a result, little ability to
portray clear patterns and trends (Deaton 2003; Reddy and Pogge
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2002). Some efforts to measure poverty do so strictly in terms of
income. For example, the World Bank relies heavily on house-
hold survey data to estimate the number of people living on less
than $1 per day, and this measure is a prominent component of
the Millennium Development Goal targets.

However, measures of income poverty have been criticized
because of problems of comparability and relevance. Comparabil-
ity is difficult because of the challenges involved in comparing
prices, which is quite important at such low thresholds of income.
Relevance is a problem where human well-being is often heavily
dependent on non-income factors such as household assets
(stoves, bicycles, toilets, housing materials, and so on) and output
from subsistence activities (cultivation, hunting, and fishing). In
spite of such measurement and comparability difficulties, an at-
tempt is made here to provide an overview of trends in selected
human well-being indicators and ecosystems.

5.2.2 Freedom and Choice

Freedom is defined as the range of options a person has in decid-
ing on and realizing the kind of life to lead. At a broad scale, only
a few of the many specific phenomena that are relevant to this
dimension of well-being are measured at all, and many of those
that are measured are problematic.

The degree to which political institutions are participatory is
not measured by any intergovernmental agency, chiefly because
of disputes over what are appropriate measures. The most widely
used measure in the scientific literature is the polity database,
which provides annual measures of democratic institutions for
160 countries (Jaggers and Gurr 1995). The polity data, and simi-
lar efforts such as the Heritage Foundation’s index of civil liber-
ties, provide comparable, clear measures of national political
institutions that emphasize electoral institutions and constraints on
chief executives. There are no comparable data that measure citi-
zen participation in decision-making at regional or local levels,
although this dimension of freedom and choice has been well
connected to ecosystem management and human well-being (Os-
trom 1990; Ostrom et al. 2002).

Education is a clear aspect of well-being that enhances life
prospects. Comparable international measures are poor. A fre-
quently used measure is literacy, which is a component of the
Human Development Index. Literacy is hard to measure accu-
rately and comparably (Bruns et al. 2003). Moreover, it represents
only a small aspect of education. Some countries collect compara-
ble data on the percent of the population (often broken down by
gender) enrolled in school, but this too is incomplete. More rele-
vant for life prospects is the school completion rate, but this is not
well measured.

5.2.3 Health

Human health is measured in a variety of ways, and knowledge
about broad trends and patterns concerning health is good. Life
expectancy, infant mortality, and child mortality are measured
fairly intensively. Most central governments collect these vital sta-
tistics and publish them; international organizations such as the
World Health Organization and World Bank collate and harmo-
nize these measures. As a result, high-quality country-level time
series on these measures are available. Some scholars have been
able to construct time series going back several centuries by rely-
ing on a range of vital statistics collections (Maddison 2001).

Knowledge of health aspects of human well-being is more
limited when it comes to more precise dimensions such as sub-
national patterns or specific disease prevalences. There are no
consistent monitoring or measurement efforts that measure health
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outcomes at a sub-national level. Infant mortality and child mor-
tality are measured through a set of coordinated household survey
efforts, including the DHS and MICS, and these can be used to
generate estimates for sub-national regions, on the order of about
10 regions per country. Such surveys are not carried out in every
country, however, and no more than about once per decade. As
a result, it is difficult to portray the distribution of human health
at a level of resolution more precise than national boundaries.

When it comes to measuring health outcomes in terms of spe-
cific diseases, monitoring and surveillance are also less complete
than for vital statistics. Few disease incidence statistics are col-
lected across a significant number of countries in a comparable
enough fashion to permit robust tracking of patterns. The World
Health Organization collects disease-specific data by country, but
reports primarily at the level of six world regions because of limi-
tations in comparability (WHO 2004).

5.2.4 Good Social Relations

Humans enjoy a state of good social relations when they are able
to realize aesthetic and recreational values, express cultural and
spiritual values, develop institutional linkages that create social
capital, show mutual respect, have good gender and family rela-
tions, and have the ability to help others and provide for their
children (MA 2003; Dasgupta and Serageldin 1999). This aspect
of human well-being is not well measured, largely because it is
more difficult to observe directly. Partly as a result of recent schol-
arship identifying the importance of social relations and social
capital in explaining a range of important public policy outcomes
(e.g., Putnam et al. 1993; OECD 2001), interest in measuring this
dimension has increased considerably in the past decade. Although
comparable quantitative measurements remain very primitive,
there are case studies that illustrate the sensitivity of ecosystem
changes on good social relations. (See Box 20.12 in Chapter 20,
on North America’s Great Lakes and Invasive Species.) Some re-
search has noted that high levels of economic development are
sometimes associated with poor social relations (Jungeilges and
Kirchgässner 2002). Problems such as suicide and divorce are ob-
served consequences of such dynamics.

5.2.5 Security

Humans can be said to live in a state of security when they do not
suffer abrupt threats to their well-being. Chapter 6 indicates that
people within the geographical region of a threat are differently
susceptible to its negative effects. Those who are poor, sick, or
malnourished generally have fewer assets and coping strategies
and are more likely to be more severely affected.

Some of the most salient threats are organized violence, eco-
nomic crises, and natural disasters. Comparable measures of orga-
nized violence are available for international warfare and civil war,
but generally not for banditry and other forms of crime. One
prominent collection of data on war is the Uppsala conflict data-
base, which attempts to document all political conflicts resulting
in 25 or more deaths for the period 1946–2003 (Gleditsch et al.
2002). It provides measures of the frequency of war as well as
estimates of the magnitude of war, and rough information on geo-
graphical extent. Political violence is not evenly distributed across
the world; it is especially concentrated in the poor countries of
the world, though not all poor countries experience violence and
not all violence takes place among the poor. Figure 5.1, showing
the distribution of political conflict, maps the combined incidence
of low-intensity (25 deaths or fewer), middle-intensity, and high-
intensity (1,000 deaths or more) conflicts for the period 1975–
2003. If a region had all three types of conflicts during each of
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Figure 5.1. Distribution of Internal Political Conflict, 1975–2003 (Robinson Projection)

these 29 years, it would have a value of 87; the observed range is
0–62.

Economic crises—hyperinflation, depressions, exchange-rate
shocks, and so on—are well measured by international financial
institutions such as the International Monetary Fund, the World
Bank, and various regional and national financial authorities. Yet
the direct impact of such shocks on ecosystems have not been
studied or documented adequately.

Natural disasters are not measured well, though various inter-
national organizations and research centers are seeking to improve
measurement (Guha-Sapir and Below 2002). The most glaring
deficiency in efforts to measure natural disasters is in the area of
human impacts. Although some insurance companies undertake
considerable efforts to quantify insured economic losses due to
natural disasters, many of the grossest effects on human well-being
are not insured economic losses, but rather loss of life and shelter
in poor communities. (Further information on natural disasters
can be found in Chapters 6 and 16.)

5.2.6 Aggregations

A wide variety of efforts to aggregate the multiple dimensions of
human well-being have been attempted, the most prominent of
which is the Human Development Index. The HDI is endorsed
by the intergovernmental community through the U.N. General
Assembly and widely used in policy assessments and the scholarly
literature. A large number of countries now calculate their own
HDIs, typically reporting at sub-national levels. (Other aggrega-
tions enjoy less support and are used less widely; see Chapter 2.)
The HDI aggregates measures of economic well-being (per capita
income), health (life expectancy), and education (literacy and en-
rollment). It does not take into account cultural or social aspects
of well-being, and it considers security dimensions only insofar as
they are reflected in economic and health outcomes. It is not
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meant to be an all-encompassing measure of well-being but rather
a useful indicator of development consistent with the development-
as-freedom approach pioneered by Sen (1999).

It is acknowledged that human well-being is not equally dis-
tributed among different social groups, including among men and
women. In response, the U.N. Development Programme in 1995
began calculating the Gender-related Development Index (Prescott-
Allen 2001).

Beyond measuring current well-being, there is the important
question of sustaining well-being in the future. Asset accounting
(an outgrowth of ‘‘green’’ national accounting) provides the nec-
essary framework for assessing sustainability. As Hamilton and
Clemens (1999) and Dasgupta and Mäler (2000) show, the change
in real wealth—genuine savings—is equal to the change in the
discounted future flows of well-being measured in dollars. The
World Bank publishes figures on ‘‘adjusted net saving’’ that ac-
count for depreciation of assets; investment in human capital;
depletion of minerals, energy and forests; and selected pollution
damages (World Bank 2004). While ecosystem services are not
directly valued in the published figures, the framework is robust
enough to incorporate the economic value of the degradation of
ecosystem ‘‘assets’’ where these values have been estimated.

5.3 Patterns and Trends in the Distribution of
Human Well-being

5.3.1 Global Trends

In the aggregate, human well-being has improved dramatically
since the advent of agriculture first made possible the accumula-
tion of wealth. Incomes have risen, life expectancy has gone up,
food supplies have risen, culture has become enriched, and politi-
cal institutions have become more participatory. Two exceptions
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to this generalization have been the trends in warfare and hunger.
Battle deaths (both combatant and civilian) peaked in the middle
of the twentieth century, as a consequence of the intensity of
the two world wars. Since 1945 they have declined. The second
exception is the number of hungry people, which is now increas-
ing. Although the size of world population is not a direct measure
of well-being, it constitutes a fundamental background measure
and is therefore included in this summary.

Of these trends, population growth shows clear signs of level-
ing off. (See Chapter 3.) Per capita incomes, life expectancy, and
democratization do not yet show signs of leveling off, although
they have increased historically at different rates. The absolute
number of hungry people began to rise in 1995/97 (FAO 2003),
as described in Chapter 8. Warfare patterns are not stable enough
to identify clear trends, although the past 50 years have been com-
paratively peaceful in historical terms. Cultural trends are not sus-
ceptible to simple generalizations. Some observers have argued
that the global reach of a relatively homogenous mass media
threatens local cultural institutions, while others have argued that
knowledge of cultural traditions has been able to spread globally;
placing values on recent changes such as these is difficult.

Many dimensions of human well-being that can be measured
on a large scale, then, have increased considerably over the past
10 centuries and in the aggregate shows signs of continued expan-
sion. Figure 5.2 shows estimates of human life expectancy and
per capita income over the past 2,000 years, demonstrating the
enormous improvements in basic material aspects of well-being
over this long time frame. Figure 5.3 shows trends in the level of
democracy and warfare since 1800 in 25-year increments; signs of
progress are also visible in these more social dimensions of well-
being. As Modelski and Perry (2002) demonstrate, the percentage
of the world’s population living under democratic institutions has
increased steadily for several centuries and crossed the 50% mark
in the 1990s. War deaths are lower today than they were in the
first half of the twentieth century, but not low in longer historical
comparison.

5.3.2 Distributional Patterns

Human well-being is not evenly distributed across individuals,
social groups, or nations. Inequality across national boundaries is

Figure 5.2. Trends for Life Expectancy and Per Capita Income,
Past 2,000 Years (Maddison 2001; World Bank 2004; Kremer 1993;
Haub 1995; United Nations 1953)
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Figure 5.3. Trends in the Level of Democracy and Warfare
since 1800 (Modelski and Perry III 1991 and 2002; Sarkees 2000)

high by historical standards. Prior to the industrial revolution in
the nineteenth century, national differences in economic output
per capita were relatively low; as countries and regions accelerated
at different rates of industrialization, they generated dramatic dif-
ferences in economic growth rates (Maddison 2001; Baudrillard
1998). Cross-national income inequality has increased over the
past decade (World Bank 2003). National inequality is apparent
in other measures of well-being as well. A child born in sub-
Saharan Africa is 20 times more likely to die before age five than
a child born in an OECD country, and this ratio is higher than it
was a decade ago.

At the individual level, the gap between the world’s poorest
and the world’s richest individuals has increased over the past two
decades, though whether this signifies a general increase in in-
equality among the world’s population is the subject of debate
(UNDP 2003).

Recent increases in human well-being have been most pro-
nounced in East Asia, where income-poverty levels have been
reduced by approximately half since 1990. However, there have
been systematic decreases in human well-being in many countries
over the last decade. Although differences in growth rates are
common, absolute declines in well-being on this scale have been
rare. During the 1980s only four countries experienced declines
in their rankings in the Human Development Index; during the
1990s, 21 countries registered declines, 14 of which were in sub-
Saharan Africa (UNDP 2003). Hundreds of millions of people are
living in countries with economic growth rates too low to permit
significant poverty reductions (UN Millennium Project 2004).

The overall global pattern of human well-being, therefore, is
one in which aggregate levels are continuing to increase at histori-
cal rates, although a large number of individuals appear to be stuck
at very low levels of well-being.

5.3.3 Spatial Patterns

Human well-being is not evenly distributed with respect to the
world’s ecosystems. At a global level, there are a limited number
of measures of human well-being available through which to as-
sess patterns across ecosystem boundaries. Population totals and
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densities, infant mortality rates, GDP, and GDP per capita can be
calculated using spatial data derived from sub-national sources.

The primary indicators for the MA systems and subsystems are
reported in Tables 5.1 to 5.4 and shown graphically in Figure 5.4.
(These aggregations do not take into account the urban system; a
separate set of aggregations is reported in Chapter 27.) Of these
indicators, infant mortality is the most spatially representative
measure of human well-being because it is available for most
countries at a sub-national level. The global distribution of infant
mortality rates is provided in Figure 5.5 (in Appendix A).

Table 5.1. Human Well-being Indicators, by MA System

System GDP Infant Mortality Rate Area Population Population Density 

(billion dollars) (deaths per 
thousand live births)

(million sq. km.) (billion) (people per sq. km.)

Coastal 9,148 41.5 6.0 1.0 169.7

Cultivated 27,941 54.3 35.3 4.1 116.2

Drylands 10,395 66.6 59.9 2.1 35.2

Forest 11,406 57.7 41.9 1.2 28.4

Inland Water 10,215 57.6 29.1 1.4 48.1

Island 7,029 30.4 7.1 0.6 85.5

Mountain 7,890 57.9 31.9 1.2 38.2

Polar (Arctic) 96 12.8 8.1 0.0 0.7

Table 5.2. Population Growth within MA Systems, 1990–2000

System
Change in
Population

Net Change in
Population

Change in
Population per

Square Kilometer
(million) (percent)

Cultivated 505.7 14.1 14.3

Dryland 329.6 18.5 5.5

Inland Water 203.5 17.0 7.0

Mountain 171.0 16.3 5.4

Forest 142.1 13.5 3.4

Coastal 140.3 15.9 23.3

Island 67.0 12.3 9.5

Polar –117.9 –6.5 0.0

Table 5.3. Distribution of Dryland Population Growth, 1990–2000

Region
Increase in Dryland

Population
Share of World

Population Increase
(million) (percent)

Asia 180 54.5

Former Soviet Union 5 1.4

Latin America 21 6.4

Northern Africa 65 19.6

OECD 10 3.2

Sub-Saharan Africa 49 14.9

World 330 100.0
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At the broadest level of generalization, it is clear that infant
mortality rates are highest within drylands and that most of the
world’s population and GDP is located within cultivated systems.
One way to assess well-being across ecosystems more precisely is
to compare the fraction of the world’s population found within
each ecosystem to the fraction of the world’s GDP within each
ecosystem. If well-being were distributed randomly with respect
to ecosystem boundaries, these two numbers would be approxi-
mately equal in each ecosystem. Where the ratio of population
fraction to GDP fraction is much higher than one, people are less

well off in relative terms; where it is much lower than one, people
are better off.

As seen in Figure 5.6, this ratio varies considerably across the
MA systems, and this variation is correlated with differences in
measured infant mortality rates. The drylands emerge as clearly an
ecosystem characterized by low levels of human well-being. (See
Box 5.1.) In each region, the dryland ecosystem shows higher
infant mortality rates than the forest ecosystems, though the ratio
of the two varies across regions. The ratio is highest in the former
Soviet Union and lowest in Latin America. (See Table 5.5.)

The same comparisons can be performed for the MA subsys-
tems. The results reveal even greater variation in patterns of
human well-being than at the system level. As Figure 5.7 shows,
infant mortality ranges from over 100 to under 10 in the MA
subsystems, and some subsystems have a share of the world’s pop-
ulation that is almost three times as large as their share of the
world’s GDP. At this level of resolution, the drylands do not
emerge as clearly disadvantaged as they do in the system compari-
son. This is likely to be because the 56 MA subsystems are not
distributed as evenly across geopolitical regions as the systems are,
and therefore the strong effects of these geopolitical regions be-
come more prominent in the subsystem analysis. For example,
the MA subsystem with the highest infant mortality rate and the
highest ratio of world population fraction to world GDP fraction
is a forest subsystem: broadleaf, deciduous, open tree cover. Three
quarters of this subsystem type are found within sub-Saharan Af-
rica, where poverty rates in general are quite high, irrespective of
ecosystem type.

It must be emphasized that none of these generalizations im-
plies anything about causality. If infant mortality is high within a
particular ecosystem, this does not mean that the ecosystem ex-
plains the high infant mortality. Rather, it indicates that the eco-
system is home to populations experiencing comparatively low
levels of well-being and that these populations are therefore, other
things being equal, potentially vulnerable to declines in ecosystem
services.
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Table 5.4. Human Well-being Indicators, by MA Subsystems. GDP and infant mortality rate estimates were not calculated for polar sub-
systems due to lack of appropriate resolution data.

MA
System Subsystem Area 

(thousand 
sq. km.)

Population 
(million)

Population 
Density 

(people/ sq. km.)
GDP 

(bill. 2000 dollars)

GDP 
Per Capita

(2000 dollars)
Infant Mortality Rate 
(deaths per thousand

live births)

Coastal coastal 6,020 1,022 170 9,148 8,956 41.5

Cultivated agriculture/
two other land cover types

630 91 145 932 10,202 49.6

agriculture/forest mosaic 4,459 294 66 3,017 10,272 48.2

agriculture/other mosaic 5,922 508 86 3,001 5,903 62.2

agriculture with forest 2,170 247 114 3,003 12,154 38.2

agriculture with other 
vegetation

2,884 288 100 2,160 7,492 47.7

cropland 8,270 3,013 243 8,924 4,433 55.3

cropland/pasture 2,612 152 58 2,515 16,528 45.1

forest with agriculture 1,601 97 61 1,969 20,235 15.9

other vegetation with 
agriculture

6,659 405 61 2,299 5,677 65.2

pasture 108 7.6 70 120 15,790 32.8

Dryland dry subhumid 12,689 910 72 3,886 4,271 60.7

semiarid 22,270 855 38 4,773 5,580 72.4

arid 15,325 243 16 1,135 4,677 74.2

hyper-arid 9,635 101 11 601 5,928 41.3

Forest mosaic: tree cover/
other natural vegetation

2,409 53 22 217 4,137 59.3

tree cover, broadleaved,
deciduous, closed

6,526 348 53 3,312 9,503 58.9

tree cover, broadleaved,
deciduous, open

3,776 88 23 232 2,645 103.7

tree cover, broadleaved,
evergreen

12,210 266 22 1,436 5,394 60.3

tree cover, burnt 298 0.3 1.0 2.4 8,238 15.9

tree cover, mixed leaf type 3,182 51 16 953 18,843 12.4

tree cover, needle-leaved,
deciduous

3,804 3.5 0.9 28 8,127 27.2

tree cover, needle-leaved,
evergreen

9,032 370 41 5,184 14,013 28.5

tree cover, regularly 
flooded, fresh

562 3.6 6.3 20 5,531 73.4

tree cover, regularly flooded,
saline (daily variation)

89 7.9 89 22 2,794 90.0

If the geopolitical regions are brought into the analysis explic-
itly, additional detail can be seen. Figure 5.8 (in Appendix A) shows
that the differences across geopolitical regions are by and large
more significant than the differences across ecosystem boundaries.
Sub-Saharan Africa is less well off within each ecosystem than all
other world regions, for example. There is also significant devia-
tion from global averages within Asia: the Asian cultivated system
contains 44% of the world’s population, for example, but only
20% of the world’s GDP.

PAGE 130

By looking simultaneously at world geopolitical regions and
the MA subsystems, the world is divided into 274 overlapping
units. The basic patterns are seen in Figure 5.9 (in Appendix A).
Well-being disparities across ecosystem types are lowest in the
OECD countries and highest in Asia and sub-Saharan Africa. The
very low variation within the OECD countries probably reflects
the fact that high incomes and advanced infrastructures eliminate
the kind of gross sensitivity to ecosystem effects that would influ-
ence infant mortality. This figure also shows the fundamentally
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Table 5.4. continued

MA
System Subsystem Area 

(thousand 
sq. km.)

Population 
(million)

Population 
Density 

(people/ sq. km.)
GDP 

(bill. 2000 dollars)

GDP 
Per Capita

(2000 dollars)
Infant Mortality Rate 
(deaths per thousand

live births)

Inland
Water

50–100% wetland 2,157 13 6.3 454 33,623 6.1

bog, fen, mire 2,305 7.4 3.2 98 13,243 25.1

freshwater marsh, floodplain 4,606 403 87 1,123 2,789 68.5

intermittent wetland/lake 4,946 128 26 558 4,355 68.2

lake 9,538 522 55 5,390 10,329 45.5

pan, brackish/saline wetland 619 11 18 59 5,279 59.8

reservoir 649 37 57 278 7,504 47.1

river 2,382 258 108 2,174 8,426 52.3

swamp forest, flooded forest 1,902 21 11 82 3,993 76.7

Island island state 3,949 375 95 1,787 4,767 36.0

non-state island 3,125 230 74 5,242 22,794 11.8

Mountain dry boreal/subalpine 997 10 10 46 4,436 85.2

dry cool temperate montane 2,936 145 49 761 5,259 54.2

dry subpolar/alpine 315 1.2 3.7 5.1 4,347 5.8

dry subtropical hill 2,078 47 23 292 6,246 58.3

dry tropical hill 467 16 33 56 3,595 73.8

dry warm temperate lower
montane

1,364 45 33 272 6,034 60.5

humid temperate
alpine/nival

1,605 4.4 2.8 33 7,381 51.1

humid temperate hill and
lower montane

3,888 373 96 3,101 8,321 42.8

humid temperate lower/
mid-montane

1,591 91 57 1,232 13,512 29.8

humid temperate upper
montane and pan-mixed

5,143 54 10 357 6,659 39.1

humid tropical alpine/nival 151 1.3 8.8 28 21,093 39.7

humid tropical hill 942 57 60 198 3,487 55.4

humid tropical lower montane 5,673 348 61 1,344 3,858 73.3

humid tropical upper montane 212 16 74 99 6,253 35.1

polar/nival 4,574 11 2.5 66 5,723 48.1

Polar barrens and prostrate dwarf
shrub tundra (includes
rock/lichens and prostrate
tundra)

2,628 0.5 0.2 8.5 18, 805 10.9

forest tundra (includes low
shrub tundra)

1,435 0.7 0.5 16 22,537 7.0

graminoid, dwarf-shrub, 
and moss tundra

3,356 1.0 0.3 23 22,017 6.8

ice 444 0.0 0.0 1.2 0.2
lakes 595 4.0 6.7 48 12,019 10.7

different situation that sub-Saharan Africa is in with respect to
well-being patterns. Almost all of its IMR values are higher than
those found in any other region. Significant exceptions are the
Asian dry boreal/subalpine subsystem and the Asian arid subsys-
tem, where IMR values are much higher than the Asian average
and well within the sub-Saharan African range.
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5.3.4 Temporal Patterns

Most global socioeconomic indicators that are available in spatially
disaggregated (sub-national) formats are not available in time series,
and therefore it is difficult to say much about broad trends within
the MA system boundaries. The exception to this generalization is
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Figure 5.4. MA System Attributes as Percentage of World Total and Share of World Population and GDP as Ratio of Share of World
Area (CIESIN 2004)

Figure 5.6. MA Systems and Relative Measures of Well-being

population. Because most countries carried out censuses both around
1990 and around 2000, and since these have been geo-referenced
and integrated into a consistent grid, it is possible to estimate changes
over the 1990–2000 period within the MA systems, as in Table 5.2.

Considering the global MA systems, the fastest growth rate
during the 1990s occurred in the drylands, where population in-
creased by 18.5%. The MA system with the greatest increase in
total population is the cultivated system, where population in-
creased by 506 million. If population growth is divided by land
area, the highest value is observed in the coastal zone, where over
the 1990s population grew by 23.3 people per square kilometer.

The fact that the highest growth rates are in an especially vul-
nerable ecosystem is significant. As the World Bank (2003) has
pointed out, historically populations have migrated out of mar-
ginal lands to cities or to agriculturally productive regions; today
the opportunities for such migration are limited due to poor eco-
nomic growth in many African cities and much tighter immigra-
tion restrictions in wealthy countries.

Table 5.3 showed how the increased population in the dry-
lands is distributed across world regions. More than half the peo-
ple are located in Asia, but significant portions are also in Africa.
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5.4 Sensitivity to Ecosystem Change
This section briefly reviews the state of knowledge about the de-
gree to which the various dimensions of human well-being are
sensitive to ecosystem change. In assessing the level of sensitivity,
several issues arise that make an isolated understanding of the
exact effect of a change in ecosystems on human well-being dif-
ficult. The affects of appropriating an ecosystem service today
may have a different effect in the future on the appropriating
social group. For example, the consumption of water today for
irrigation will raise current crop productivity for the consuming
population, but the impact on the future population is unknown,
and so the net effect cannot be determined. Another difficulty in
isolating the human well-being impact of ecosystem change is the
distribution of ecosystem services. These may be derived from
one geographical location but consumed in another one. Devising
the net impact needs to take into account the costs and benefits
to groups in all affected geographical locations.

5.4.1 Basic Material for a Good Life

The assessment of changes in the ecosystems on access to the basic
needs for a good life has been one of the two dimensions of
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BOX 5.1

Drylands and Human Well-being

Dryland ecosystems are characterized by extreme rainfall variability, re- heavy reliance on chemical fertilizers and mechanization. In the Texas
current but unpredictable droughts, high temperatures, low soil fertility, High Plains Region, irrigated land area shrunk by 34% between 1974 and
high salinity, grazing pressure, and fires. They reflect and absorb solar 1989 because the cost of overpumping the Ogallala aquifer exceeds the
radiation, maintain balance in the functioning of the atmosphere, and sus- value of crops grown there. This vast aquifer is now being pumped faster
tain biomass and biodiversity. (This section is derived from World Bank than replenishment rates, with a net depletion rate of 3.62 million acre-
2003.) feet (4.5 billion cubic meters) a year (Postel 1993).

Of the 500 million rural people who live on arid and dry semiarid land
(see Table), most live in Asia and Africa, but there are also large pockets The African Sahel
in Mexico and Northeastern Brazil. The low volume and extreme variability

Throughout much of Africa the plowing and monocropping on fragile soilsof precipitation limit the productive potential of this land for settled farming
adopted in colonial times continued after independence (Swearingen andand nomadic pastoralism. Many ways of expanding agricultural production
Bencherifa 1996). Inappropriate land use can rapidly lower soil quality,in the drylands—shifting cultivation from other areas, reducing fallow peri-
and intensive cultivation can deplete soil nutrients. Deforestation canods, switching farming practices, overgrazing pasture areas, cutting trees
cause erosion, washing away the layers of soil most suitable for farming.for fuelwood—result in greater environmental degradation.
Two patterns are typical in Africa (note, however, that population growth
in low density areas can be positive for resource management; see TiffenRural Population Living on Arid Lands (World Bank 2003)
et al. 1994):

• Growing populations convert high quality pastureland to grow cash
crops. Herders lose the better grazing land, their security against
drought. Migratory movements for herders are reduced, lower-quality
land is more intensively grazed, and overgrazing leads to degrada-
tion.

• Poor subsistence farmers reduce fallow periods in order to grow

Land Characteristics Number of People
(million)

Aridity only 350
Arid, slope 36
Arid, poor soil 107
Arid, slope, poor soil, forest 25
Total 518

more food to feed growing families. The reduction in fallow in-
creases vulnerability to drought and without sufficient inputs, de-The Southern Plains of North America, Africa’s Sahel, and the inner
pletes soil nutrients. Degradation and soil erosion get worse.Asian grasslands face similar climatic and soil characteristics but different

political, financial, and institutional constraints. The result is differing pat-
In the Sahel, favorable rainfall from the 1950s to the mid-1960s at-terns of resource management, with different impacts on human well-

tracted more people to the region. However, rainfall reverted to normalbeing.
low levels after 1970, and by the mid-1970s many people and their live-
stock had died. The possibility that the Sahel could enter another periodThe Southern Plains of North America
of favorable rainfall poses the risk of repeating the same tragedy as poor
people are drawn back to the land. The Intergovernmental Panel on Cli-The European settlers in the Great Plains converted prime grazing land
mate Change (IPCC 2002) reports that Africa is highly vulnerable to cli-into intensive agricultural uses (monocropping, usually wheat). This pat-
mate change. Although the equatorial region and coastal areas are humid,tern was badly suited to the lighter soils of the Southern Plains. Deep
the rest of the continent is dry subhumid to arid. Global warming scenariosplowing dislodged soils, and monocropping mined soil nutrients. Large-
suggest that soil moisture and runoff will be reduced in subhumid zones.scale farming in the 1920s pushed the expansion of wheat cultivation
Already, water storage has been reduced to critical levels in some lakesfurther onto native grasslands. By the next decade overgrazing, overplow-
and major dams, with adverse repercussions for industrial activity anding, and monocropping were exacerbated by the worst drought in U.S.
agricultural irrigation.history. An area of about 50 million hectares was affected each year in

The poor quality of soils in the Sahel is another constraining environ-the Dust Bowl of the 1930s. (This section is based on Worster 1979.)
mental factor. Phosphorus deficiency, low organic content, and low waterThe response to the Dust Bowl included zoning laws for the most
infiltration and retention capacity on much of African soil have been limit-fragile areas, repurchases of submarginal private land, cash payments for
ing factors in agriculture. Unlike climate variability, this problem can beleaving land fallow, and farm loans tied to approved land practices. In
addressed: soil quality can be augmented through careful managementaddition, there was planting of shelterbelts, adoption of soil and water
and soil nutrient supplementation. More difficult to address are the recur-conservation techniques such as the introduction of contour plowing, small
rent droughts.dam and pond construction, mixed cropping, replanting of grasses, and

state and federal protection of the remaining open grasslands.
The Asian DrylandsBeginning in 1940, normal rainfall patterns resumed, while outmigra-

tion reduced the farm population and increased farm sizes (about 1 million
Population pressure on arable land in Asia is considerable and growing.people left the area between 1930 and 1970). But in the 1950s Dust Bowl
Severe land degradation affects some 35% of productive land. The resultII hit, followed in the 1970s by Dust Bowl III. Conservation practices had
has been to put more population pressure on the Inner Asian drylands.helped, but to achieve reliable production the United States needed to
Most affected are Afghanistan, China, India, and Pakistan (FAO et al.achieve a ‘‘climate-free’’ agriculture on the plains. In response, a striking
1994; ESCAP 1993), as well as Inner Asia’s high steppe, the largestfeature has been the reliance on fossil fuel–intensive agricultural produc-

(continues over)tion with deep pumping of underground aquifers (up to 600 feet), and
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BOX 5.1

continued

remaining pastureland in the world, which includes Mongolia, northwest- aquifers encouraged a rapid increase in farming. From an estimated 3
ern China, and parts of Siberia. Over thousands of years, these grass- million indigenous pastoralists in the 1950s in the Inner Mongolian part of
lands have been home to nomadic herders of horses, camels, goats, northwestern China, farmers and livestock producers today number 20
sheep, and cattle who practice elaborate systems of seasonal pasture million, and cattle doubled from 17 million head in 1957 to 32 million
rotation across wide stretches of land in response to climate fluctuations. today.
Herd rotation has helped sustain the fertility and resilience of grassland China’s western development plan shares two characteristics with the
ecosystems and improve the health of livestock (Ojima 2001). policies followed in the Southern Plains of the United States: intensifica-

Over the past decade, population pressures and competing uses on tion of agricultural production and creation of ‘‘climate-free’’ agriculture in
these fragile lands have made it hard to find the right balance between the grasslands through irrigation from underground aquifers. The objective
traditional land management and demand for higher agricultural productiv- is to make the area a bread-and-meat basket to meet China’s growing
ity. Government policies that discouraged a nomadic lifestyle, herd move- demands for protein-rich diets. But unlike the Southern Plains—where
ment, and temporary use of patchy grasses led to dependence on about 1 million farmers left between the 1930s and the 1970s, enabling
agricultural livelihoods and sedentary herds, which created greater pres- reconsolidation of landholdings and conversion of vast grassland areas to
sure on local ecosystems and degraded fragile grasslands. The contrast- protected areas—population pressures have continued to increase in Chi-
ing experiences of Mongolia and northwestern China illustrate some of na’s grasslands. Poverty rates in these degraded and ecologically sensi-
the problems. tive areas are well above the national average (25% in some provinces,

Mongolia has retained many traditional herding customs and custom- compared with the national average of 6.3%). The frequency and intensity
ary tenure with land management as a commons. (This section is drawn of dust storms are increasing. Estimates of areas degraded are 50–75%,
from WRI 2000 and from Mearns 2001, 2002.) Herders rely on local compared with 10–15% in the grasslands of Mongolia.
breeds (which are stronger and more resilient) that graze year-round on
native grasses. These customary practices were effectively supported by Improving Prospects for Well-being in the Drylands
collective agriculture between the 1950s and 1980s. Policies allowed peo-
ple and herds to move over large areas and provided the possibility of Agricultural research in China and India shows diminishing returns to in-
sustainable grasslands management under controlled-access conditions. vestments in many high-potential areas, but investments in drylands can

The economic transition since 1990 has not been conducive to sustain- produce large returns in reducing poverty, even if yields are modest (Ha-
able management. Livestock mobility declined significantly. Many public zell 1998; Hazell and Fan 2000; Fan et al. 2000; Wood et al. 1999).
enterprises closed. Having few alternatives, people turned to herding— Governments, researchers, and donor organizations are beginning to pay
often for the first time. The numbers of herders more than doubled from some attention to research and development on crop breeding varieties
400,000 in 1989 (17% of Mongolia’s population) to 800,000 in the mid- for people on marginal lands, but much more needs to be done by the
1990s (representing 35%). Poverty also increased to 36% of the popula- public sector to replace antiquated crop varieties (UNEP 1992, 1997). In
tion by 1995 from a very low base in the 1980s. Herd size grew from the partnership with South African institutions, the International Maize and
traditional 25 million head to about 30 million. Today, an estimated 10% Wheat Improvement Center (a research center of the Consultative Group
of pastureland is believed to be degraded, causing noticeable increases on International Agricultural Research) has developed two maize varieties
in the frequency and intensity of dust storms. for small farmers in South Africa’s drought-prone, acidic, nutrient-depleted

This problem is considered manageable in Mongolia because popula- soils. Both varieties are drought-resistant, and one matures early, when
tion pressures are not very high. Rural population increased by about farm food supplies are at their lowest. Trials from Ethiopia to South Africa
50% from 1950 to 2000 (compared with a 700% increase in neighboring have shown yields that are 34–50% higher than currently grown varieties
northwestern China). (Ter-Minassian 1997; Rodden et al. 2002; Bardham and Mookherjee

As in Mongolia, the grasslands in China are state-owned. (This section 2000). There are opportunities to achieve sustainable livelihoods in quite
is drawn from Mearns 2001, 2002.) But settled pastoralism and the con- a few areas. But development decision-makers must recognize that the
version of grasslands to arable cultivation were more common in north- drylands are not homogeneous and cannot be made to function sustain-
western China than in Mongolia, beginning in the 1950s, when state-owned ably as non-drylands.
pastureland was allocated to ‘‘people’s communes.’’ The concentration of Some arid areas can take advantage of solar energy potential; others
people in villages meant declining pasture rotation and expanding agricul- may have scenic value worthy of ecotourism development. The Mozam-
ture. Policies encouraged conversion of prime pasturelands into arable bique Transfrontier Conservation Area Program and Burkina Faso’s wild-
cropland, leading to salinization and wind erosion in some areas. life reserve development are two attempts in the direction of ecotourism

Common policies were applied to highly diverse circumstances, result- that combine local and international cooperation. Research and innova-
ing in perverse outcomes and higher degradation in some places. Subsid- tions for appropriate service delivery—combined with policies that link
ies encouraged mixed farming systems, which put more pressure on human activities (farming, herding, and settlements) with natural proc-
fragile land than the traditional mobile pastoralism. Economic reforms in esses (vegetation distribution, seasonal growing cycles, and water-
the early 1990s granted households nominal shares in the collective land sheds)—can help sustain vulnerable dryland ecosystems while enhancing
pool. Shared areas were fenced off, making herd mobility more difficult. productivity to support growing populations.
Subsidized inputs, income transfers, and deep pumping of underground
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Table 5.5. Ratio of Infant Mortality Rate in Drylands to Rate in
Forests, by Region

Region IMR in Drylands / IMR in Forests

(ratio)

Asia 1.6

Former Soviet Union 2.6

Latin America 1.0

Northern Africa 1.2

OECD 1.4

Sub-Saharan Africa 1.1

human well-being that has been most thoroughly investigated,
and there are numerous well-documented examples demonstra-
ting that declining ecosystem services are capable of having serious
negative consequences on incomes, food security, and water
availability. Some studies have also suggested that the decline and
in some cases even the collapses of several ancient civilizations—
including the Mesopotamians, the ancient Greeks, the Mayans,
the Maori, and the Rapanui of Easter Island—were associated
with the overexploitation of biological resources (Deevey et al.
1979; Flenley and King 1984; van Andel et al. 1990; Ponting
1991; Flannery 1994; Diamond 1997; Redman 1999).

Economic theory shows clearly how continued improvements
in income depend on growing levels of assets to be sustainable. If
assets, or wealth, do not grow, incomes will eventually fall (Sachs
et al. 2004). Some economists have attempted to quantify the
natural resource components to assets, including such resource
stocks as forests and minerals (Repetto et al. 1989; Vincent et al.
1997; Lange et al. 2003), and have sought to estimate the net
social benefits of habitat conversion, taking into account both the
narrow economic gains associated with conversion and the de-
cline of broader social benefits. These studies support the general-
ization that private gains achieved by conversion are typically
outweighed by the loss of public benefits, so that in overall soci-

Key:
ID System Subsystem

1 Coast Coast
2 Cultivated Agriculture/2 other land cover types
3 Cultivated Agriculture/Forest mosaic
4 Cultivated Agriculture/Other mosaic
5 Cultivated Agriculture with forest
6 Cultivated Agriculture with other vegetation
7 Cultivated Cropland
8 Cultivated Cropland/Pasture
9 Cultivated Forest with agriculture

10 Cultivated Other vegetation with agriculture
11 Cultivated Pasture
12 Drylands Arid
13 Drylands Dry subhumid
14 Drylands Hyperarid
15 Drylands Semiarid
16 Forest Mosaic: Tree cover/other natural vegetation
17 Forest Tree cover, broadleaved, deciduous, closed
18 Forest Tree cover, broadleaved, deciduous, open
19 Forest Tree cover, broadleaved, evergreen
20 Forest Tree cover, burnt
21 Forest Tree cover, mixed leaf type
22 Forest Tree cover, needle-leaved, deciduous
23 Forest Tree cover, needle-leaved, evergreen
24 Forest Tree cover, regularly flooded, fresh
25 Forest Tree cover, regularly flooded, saline
26 Inland Water 50–100% wetland
27 Inland Water Bog, fen, mire
28 Inland Water Freshwater marsh, floodplain
29 Inland Water Intermittent wetland/lake

ID System Subsystem
30 Inland Water Lake
31 Inland Water Pan, brackish/saline wetland
32 Inland Water Reservoir
33 Inland Water River
34 Inland Water Swamp forest, flooded forest
35 Island Island state
36 Island Non-state island
37 Mountain Dry boreal/subalpine
38 Mountain Dry cool temperate montane
39 Mountain Dry subpolar/alpine
40 Mountain Dry subtropical hill
41 Mountain Dry tropical hill
42 Mountain Dry warm temperate lower montane
43 Mountain Humid temperate alpine/nival
44 Mountain Humid temperate hill and lower montane
45 Mountain Humid temperate lower/mid montane
46 Mountain Humid temperate upper montane and pan-

mixed
47 Mountain Humid tropical alpine/nival
48 Mountain Humid tropical hill
49 Mountain Humid tropical lower montane
50 Mountain Humid tropical upper montane
51 Mountain Polar/nival
52 Polar Barrens and prostrate dwarf shrub tundra

(includes rock/lichens, and prostrate tundra)
53 Polar Forest tundra (includes low shrub tundra)
54 Polar Graminoid, dwarf-shrub, and moss tundra
55 Polar Ice
56 Polar Lakes

Figure 5.7. MA Subsystems and Relative Measures of
Well-being
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etal terms, conversion of remaining intact habitat rarely makes net
economic sense (Balmford 2002; Turner et al. 2003). For exam-
ple, the early 1990s collapse of the Newfoundland cod fishery has
cost tens of thousands of jobs, as well as at least $2 billion in
income support and retraining (Beaudin 2001).

Recent reviews of such dynamics have concluded that many
countries appear to be experiencing declines in net per capita
assets when such resource components are taken into account
(Dasgupta and Mäler 2004; Hamilton and Clements 1999). (See
Box 5.2.) These findings suggest that some of the declines in well-
being in sub-Saharan Africa may be in part attributable to declines
in natural resource assets, and that other regions currently experi-
encing increases in well-being may be doing so at the expense
of a declining resource base, which will create problems in the
future.

5.4.2 Freedom and Choice

There are some direct connections between ecosystem services
and the freedom and choice dimensions of well-being that are
partly understood. The declining provision of fuelwood and
drinking water as the result of deteriorating ecosystems, for exam-
ple, has been shown to increase the amount of time needed to
collect such basic necessities, which in turn reduces the amount
of time available for education, employment, and care of family
members. Such impacts are typically thought to be disproportion-
ately experienced by women. However, the empirical foundation
for this understanding is limited to a handful of isolated studies
(e.g., Awumbila and Momsen 1995); little work based on com-
parative, cross-national data has been done.

The findings in the literature on common pool or common
property resources is that when a resource is abundant relative to
demand, there tend to be few rules about its use. If a resource is
valuable and limited, however, then common property institu-
tions develop (Ostrom 1990). Such institutions evolve according
to the importance of the resource in question, the technology
used to exploit it, and various social or political changes in that
society. For many kinds of commons, such as forests, water, and
grazing lands, resources may be controlled under government
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BOX 5.2

Economic Values Associated with Ecosystem Services
Many ecosystem services, such as the purification of water, regulation of hunting benefits were imperfectly measured, but in European countries
floods, or provision of esthetic benefits, do not pass through markets. The these benefits rival and sometimes exceed timber values. Watershed pro-
benefits they provide to society, therefore, are largely unrecorded: only a tection is an important benefit in Italy, Syria, Tunisia, Algeria, and Morocco
portion of the total benefits provided by an ecosystem make their way into and would likely have played an important role in several other countries
statistics, and many of these are misattributed (the water regulation bene- as well had it been possible to better estimate its value. If forests were to
fits of wetlands, for example, do not appear as benefits of wetlands but be considered only for their timber, as is all too often the case, they would
as higher profits in water-using sectors). Moreover, for ecosystem services appear much less valuable than they actually are and would tend to be
that do not pass through markets there is often insufficient incentive for managed only for their extractive uses, such as timber harvest.
individuals to invest in their maintenance (although in some cases com- The estimated values of individual non-marketed ecosystem services
mon property management systems provide such incentives). Typically, are often substantial but are rarely included in resource management deci-
even if individuals are aware of the services provided by an ecosystem, sions, although incorporation of these values is now beginning to become
they are neither compensated for providing these services nor penalized somewhat more common. For example:
for reducing them.

Nonmarketed ecosystem services do have economic value, and a • Recreational benefits of protected areas: The annual recreational
number of techniques can be used to measure the economic benefits of value of the coral reefs of each of six marine protected areas in the
the services and the costs of their degradation. (See Chapter 2.) A grow- Hawaiian Islands in 2003 ranged from $300,000 to $35 million (van
ing literature exists concerning measurements of the value of the nonmar- Beukering and Cesar 2004).
keted ecosystem services, in order to provide better estimates of the total • Water quality: The net present value in 1998 of protecting water
economic value of ecosystems (Pearce and Warford 1993). Some of the quality in the 360-kilometer Catawba River in the United States for
methods used to value nonmarketed services are still controversial, and a five-year period was estimated to be $346 million (Kramer and
in some cases estimates of the same services may differ by as much as Eisen-Hecht 1999).
several orders of magnitude. Moreover, even in the cases where the eco- • Nursery habitat for fisheries: Deforestation of an 860-square-kilometer
nomic valuation methods are well established, the physical and ecological mangrove habitat in the state of Campeche, Mexico, at an average
information necessary to value marginal changes in ecosystems may not rate of 2 square kilometers a year in 1980–90 resulted in a loss in
be available. (For example, the calculation of the marginal cost of defores- shrimp harvest each year of about 28.8 tons, amounting to a loss of
tation in terms of reduced water services requires accurate information on approximately $279,000 in revenue (Barbier and Strand 1998). In
the relationship between forest cover loss and change in the timing and contrast, a 1981 study of the marginal value of wetlands on the Gulf
magnitude of river flows, and that biophysical information may not be Coast of Florida for production of blue crab estimated the present
available.) value of only $7.40 per hectare (Lynne et al. 1981).

Despite these challenges, even imperfect estimates of the economic • Water purification service of wetlands: Approximately half of the total
costs and benefits of changes in ecosystem services can be useful for economic value of the Danube River floodplain in 1992—which in-
decision-making. Well-designed valuation studies tell us not only how cluded values associated with timber, cattle, fisheries, recreation,
much ecosystem services are worth, but inform resource management hunting, and the filtering of nutrients—could be accounted for in its
decisions with information about the economic benefits of alternative man- role as a nutrient sink (Gren et al. 1995).
agement options. Moreover, valuation studies help to identify who benefits • Native pollinators: A study in Costa Rica found that forest-based
from different ecosystem services and how various factors, including insti- pollinators increased coffee yields by 20% within 1 kilometer of for-
tutional ones, influence values. Information on beneficiaries and their est (as well as increasing the quality of the coffee). During 2000–03,
willingness-to-pay under different institutional arrangements can help in pollination services from two forest fragments (of 46 and 111 hect-
the design of payment mechanisms or of mechanisms to turn economic ares) increased the income of a 1,100-hectare farm by $60,000 per
values into actual financial flows. year, a value commensurate with expected revenues from compet-

The marketed portion of ecosystem services is often only a small por- ing land uses (Ricketts et al. 2004).
tion of the total economic value of an ecosystem. In the case of forest • Flood control: Muthurajawela Marsh, a 3,100-hectare coastal peat
ecosystems, for example, marketed services can include some provision- bog in Sri Lanka, provides an estimated $5 million in annual benefits
ing services, such as timber production, and some cultural services, such ($1,750 per hectare) through its role in local flood control (Emerton
as recreation. Even these services are only partially marketed: informal and Bos 2004).
collections of fuelwood and non-timber products such as fruit and mush- • Open space protection: In an ex-urban area of Maryland in the
rooms, for example, are often not marketed (although local systems of United States, the marginal economic benefits per household of pre-
rights or management may serve to maintain sustainable harvests). Regu- serving neighboring open space range from $994 to $3,307 per acre
lating and supporting services have rarely been marketed, although some of farmland preserved (Irwin 2002). And in Grand Rapids, Michigan,
markets—such as for carbon sequestration—have recently been estab- lots for residential homes that border forest preserves were found
lished to ameliorate the rate of change in climate services. to sell at premiums of about $5,800–8,400 during the 1990s (19–

Figure A in Appendix A shows the results of one of the few comprehen- 35% of lot price) (Thorsnes 2002).
sive efforts to estimate the TEV of ecosystems on a significant scale, in • Biochemical resources: Estimates of the economic value of species-
this case forests in selected Mediterranean and nearby countries. Timber rich ecosystems (such as neotropical forests) for bioprospecting for
and fuelwood generally account for less than a third of estimated TEV, on new pharmaceutical products range from $20 to $9,000 per hectare,
average, and even this share is likely overestimated as it is easier to depending on assumptions used in the economic models (Simpson
measure such provisioning services than other services. Recreation and et al. 1996; Rausser and Small 2000).
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Relatively few studies have compared the TEV of ecosystems under hold at all locations. For example, the value of conversion of an ecosys-
alternate management regimes. The results of several that attempted to tem in areas of prime agricultural land or in urban regions often exceeds
do so are shown in the Table. In each case where the TEV of sustainable the total economic value of the intact ecosystem (although even in dense
management practices was compared to management regimes involving urban areas, the TEV of maintaining some ‘‘greenspace’’ can be greater
conversion of the ecosystem or unsustainable practices, the benefit of than development of these sites). Similarly, in a study of the economic
managing the ecosystem more sustainably exceeded that of the con- benefits of forest protection for maintaining water flows as ‘‘drought mitiga-
verted ecosystem, although the private benefits—that is, the actual mone- tion’’ for farmers in Eastern Indonesia, Pattanayak and Kramer (2001)
tary benefits captured from the services entering the market—would favor found that where increased watershed protection mitigates droughts, the
conversion or unsustainable management. economic benefits can be sizable (as much as 10% of annual agricultural

These studies are consistent with the understanding that market fail- profits), but they found that forest cover did not necessarily increase base-
ures associated with ecosystem services lead to greater conversion of flow for all households in a watershed or in all watersheds.
ecosystems than is economically justified. However, this finding would not

Comparisons of Economic Benefits of Retaining and Converting Ecosystems. (Values in dollars, rounded to two significant digits.) Each of the
examples selected includes estimates of one or more regulating or cultural services in addition to provisioning services.

Ecosystem
Alternatives
Compared

Services Included in TEV
Calculations Private Benefits Total Economic Value Source

Comparison of benefits of sustainably managed ecosystem to converted ecosystem
Tropical forest,
Cameroon

comparison of low-impact
logging to small-scale
farming or conversion to
oil palm and rubber plan-
tation

benefits from agricultural or planta-
tion output, sedimentation control,
flood prevention, carbon storage, and
option, bequest and existence values;
10% discount rate over 32 years

Small-scale agricul-
ture had greatest pri-
vate benefits

across five study sites, average TEV of
sustainable forestry was approximately
$3,400 per hectare and that of small-scale
farming $2,000 per hectare; across four of
the sites, average TEV of conversion to oil
palm plantation was $-1000 per hectare

Yaron 2001 

Mangrove,
Thailand

comparison of existing
uses of mangrove system
to conversion to shrimp
farming

benefits from shrimp farming, timber,
charcoal, NTFPs, offshore fisheries,
and storm protection. 10% discount
rate over 20 years

conversion to aqua-
culture had greatest
private benefits

TEV value of intact mangroves was a min-
imum of $1,000 and possibly as high as
$36,000 per hectare; TEV of shrimp farm-
ing was about $200 per hectare

Sathirathai
and Barbier
2001

Wetland, Canada comparison of intact wet-
lands to conversion to
intensive farming

benefits of agriculture, hunting,
angling, trapping; 4% discount rate
over 50 years

conversion to agriculture
had highest private ben-
efits (in part due to sub-
stantial drainage subsi-
dies)

TEV was highest for intact wetlands (aver-
age for three wetland types of approxi-
mately $5,800 per hectare) versus TEV of
converted wetlands of $2,400 per hectare

Van Vuuren
and Roy
1993

Tropical forest,
Cambodia

comparison of traditional
forest uses to benefits
associated with commer-
cial timber extraction

examined benefits associated with
swidden agriculture and extraction of
non-timber forest products (including
fuelwood, rattan and bamboo, wildlife,
malva nuts, and medicine) and eco-
logical and environmental functions
such as watershed, biodiversity, and
carbon storage; 6% discount rate
over 90 years

private benefits asso-
ciated with unsustain-
able harvest practices
exceeded private ben-
efits of NTFP collec-
tion

total benefits were greatest for traditional
uses, ranging from $1,300 to $4,500 per
hectare (environmental services accounted
for $590 per hectare while NTFPs provided
between $700 and $3,900); private benefits
for timber harvest ranged from $400 to
$1,700 per hectare but after accounting for
lost services the total benefits were $150 to
$1,100 per hectare

Bann 1997

Comparison of benefits of establishing protected area to current use

Coastal habitat,
Jamaica

comparison of current
management (includes
destructive fishing, loss of
mangroves, pollution) to
establishment of Portland
Bight Protected Area

benefits of fisheries, forestry, tourism,
carbon sequestration, biodiversity,
costal protection; 10% discount rate
over 25 years

current overfishing
has resulted in a
decline of profits
effectively to zero

total incremental benefits of establishment
of protected area estimated to be $53 mil-
lion ($28 per hectare) in the optimistic
tourism scenario and $41 million ($22 per
hectare) in the pessimistic tourism case;
cost of protected area establishment and
management would total $19 million ($10
per hectare) over the next 25 years, result-
ing in net benefits of $11 to $18 per hectare

Cesar et al.
2000

Marine 
protected areas,
Hawaii

comparison of net bene-
fits of protection of six
existing MPAs  with the
costs associated with
their protection

benefits associated with tourism, con-
tribution to fisheries in adjacent
areas, biodiversity, and amenity val-
ues; discount rate of 3%, period of
25 years

benefits for individual MPAs ranged from
$15 million (Diamond Head) to $84 million
(Hanauma), with management costs for
these two MPAs of $1.1 million and $22
million respectively; the net benefit per
hectare (benefits minus management
costs) ranged from $144,000 (Diamond
Head) to $17 million (Kahalu’u) 

van
Beukering
and Cesar
2004

(continues over)
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BOX 5.2

continued

The economic costs associated with damage to ecosystem services • The state of Louisiana in the United States has put in place a $14-
can be substantial: billion wetland restoration plan to protect 10,000 square kilometers

of marsh, swamp, and barrier islands in part to reduce storm surges
• The early 1990s collapse of the Newfoundland cod fishery due to generated by hurricanes (Bourne 2000).

overfishing resulted in the loss of tens of thousands of jobs and has • A plan to restore semi-natural water flows in the Everglades wet-
cost at least $2 billion (CAN$2.66 billion) in income support and lands in the United States in part through the removal of 400 kilome-
retraining (Commission for Economic Cooperation 2001). ters of dikes and levees is expected to cost $7.8 billion over 20

• In 1996, the external cost of U.K. agriculture associated with dam- years (Kloor 2000).
age to water (pollution, eutrophication), air (emissions of green-
house gases), soil (off-site erosion damage, carbon dioxide loss), In addition to efforts to measure the value of nonmarketed ecosystem
and biodiversity was $2.6 billion (£1.566 billion at 1996 exchange services, recent years have also seen increasing efforts to devise mecha-
rates)—9% of average yearly gross farm receipts for the 1990s nisms to bring these services into the market, thus improving incentives
(Pretty et al. 2000). Similarly, the cost of freshwater eutrophication to conserve ecosystems (Pagiola et al. 2002). Examples include:
in England and Wales was estimated to be $105–160 million per
year in the 1990s, with an additional $77 million per year being • Markets for carbon sequestration: Approximately 64 million tons of
spent to address those damages (Pretty et al. 2003). carbon dioxide equivalent were exchanged through projects from

• The largely deliberate burning in 1997 of approximately 50,000 January to May 2004, nearly as much as during all of 2003 (78
square kilometers of Indonesian vegetation (about 60% of the total million tons) (World Bank 2004). (See Figure B in Appendix A.) The
area burned from 1997 to 1998) affected around 70 million people value of carbon trades in 2003 was approximately $300 million.
(Schweithelm and Glover 1999). Some 12 million people required Some 25 percent of the trades (by volume of CO2 equivalents) in-
health care; overall economic costs—through lost timber and non- volve investment in ecosystem services (hydropower or biomass)
wood forest products, lost agriculture, reduced health, increased (World Bank 2004). The World Bank has established a fund with a
CO2 emissions, lost industrial production, and lost tourism reve- capital of $33.3 million (as of January 2005) to invest in afforestation
nues—have been conservatively estimated at $4.5 billion (Ruiten- and reforestation projects that sequester or conserve carbon in for-
beek 1999; Schweithelm et al. 1999). ests and agroecosystems while promoting biodiversity conservation

• The total damages for the Indian Ocean region over a 20-year time and poverty alleviation. It is speculated that the value of the global
period (with a 10% discount rate) resulting from the long-term im- carbon emissions trading markets could reach $44 billion in 2010
pacts of a massive 1998 coral bleaching episode are estimated to and involve trades totaling 4.5 billion tons of carbon dioxide or equiv-
be between $608 million (if there is only a slight decrease in tourism- alent (http://www.pointcarbon.com/).
generated income and employment results) and $8 billion (if tourism • Markets for forest environmental services. In 1997, Costa Rica es-
income and employment and fish productivity drop significantly and tablished a nationwide system of payments for environmental ser-
reefs cease to function as a protective barrier) (Cesar and Chong vices (Pago de Servicios Ambientales). Under this program, Costa
2004). Rica pays land users who conserve forests, thus helping to maintain

• The net annual loss of economic value associated with invasive environmental services such as downstream water flows, biodiver-
species in the fynbos vegetation of the Cape Floral region of South sity conservation, carbon sequestration, and scenic beauty. Funds
Africa in 1997 was estimated to be $93.5 million (R455 million), for the program come partly from earmarked taxes and partly from
equivalent to a reduction of the potential economic value without the environmental service buyers, including the Global Environment Fa-
invasive species of more than 40%. The invasive species have cility (biodiversity), Costa Rica’s Office of Joint Implementation (car-
caused losses of biodiversity, water, soil, and scenic beauty, al- bon), and water users such as hydroelectric producers, municipal
though they also provide some benefits, such as provision of fire- water utilities, and bottlers (watershed services). By 2001, over
wood (Turpie and Heydenrych 2000). 280,000 hectares of forest had been incorporated into the program

at a cost of about $30 million, with pending applications covering an
Significant investments are often needed to restore or maintain non- additional 800,000 hectares. Typical payments have ranged from

marketed ecosystem services. Examples include: $35 to $45 a hectare per year for forest conservation (MA Policy
Responses, Box 5.3; Pagiola 2002). Payments under Costa Rica’s

• In South Africa, invasive tree species threaten both native species program do not reflect the values attached to the services provided
and water flows by encroaching into natural habitats, with serious so much as the costs associated with their provision. As a result,
impacts for economic growth and human well-being. In response, while this market mechanism provides for the cost-effective imposi-
the South African government established the Working for Water tion of quantitative targets, it is not a typical market in the sense of
Programme. Between 1995 and 2001 the program invested $131 private parties undertaking voluntary transactions in environmental
million (R1.59 billion at 2001 exchange rates) in clearing programs services. Worldwide, the number of initiatives involving payments for
to control invasive species (van Wilgen 2004). ecosystem services is growing rapidly.

PAGE 138................. 11432$ $CH5 10-11-05 14:53:49 PS



139Ecosystem Conditions and Human Well-being

regulations, market mechanisms, or community-based institutions
that develop among the users themselves. Even with these com-
munity institutions, in some cases ecosystem services have de-
clined, although in other cases the development of effective
partnerships or of participatory management institutions—with
power-sharing between governments, local communities, or cor-
porate resource owners—has reduced the further decline and
even brought about improvement of ecosystem services.

In South Africa, for instance, data gathered over decades
showed that invasive forestry trees not only threaten native species
by encroaching into natural habitats, but also severely reduce
stream flows, with serious impacts for economic growth and
human well-being (van Wilgen et al. 1998). In response to this
evidence, the South African government established its Working
for Water Programme. With an annual budget now over $60 mil-
lion, this simultaneously increases water availability, employs
20,000 skilled and semi-skilled workers, and addresses a major
driver of biodiversity change (van Wilgen et al. 2002; Working
for Water 2004). Similarly, in Madagascar continued upland de-
forestation by an estimated 50,000 slash-and-burn farmers has led
to increased siltation and reduced water flows to 250,000 down-
stream rice farmers (Carret and Loyer 2003), and this played an
important role in the Malagasy government’s 2003 decision to triple
the size of Madagascar’s network of protected forests (J. Carret,
personal communication).

5.4.3 Health

Connections between declining ecosystem services and human
health are well documented and may be the best understood of
the well-being impacts. As shown in Chapter 14, infectious dis-
ease impacts are rising as a consequence of land use change such
as deforestation, dam construction, road building, agricultural
conversion, and urbanization. Such effects can be observed in all
regions of the world. The World Health Organization has at-
tempted to quantify the environmental burden of disease through
a modeling of the percentage of disability-adjusted life years lost
as a consequence of such environmental drivers as unsafe water,
air pollution, indoor smoke, and climate change. (See also Chap-
ter 2.) Such analysis provides strong evidence that deteriorating
water and air quality account for a large percentage of poor health
outcomes in many locations, especially in developing countries
(WHO 2002 Chapter 4).

The environmental impact on health, according to WHO
analysis, is dependent on levels of poverty. Such impacts are high-
est in poor countries with high mortality rates, where unsafe
water and indoor smoke from solid fuel use account for 9–10%
of DALYs (WHO 2002:86).

5.4.4 Good Social Relations

There are clear examples of declining ecosystem services disrupt-
ing social relations. Indigenous societies whose cultural identities
are tied closely to particular habitats or wildlife suffer if habitats
are destroyed or wildlife populations decline. Such impacts have
been observed in coastal fishing communities (see Chapter 19), in
Arctic populations (see Chapter 25), in traditional forest societies,
and among pastoral nomads (e.g., Mather 1999; Parkinson 1999).
The 95% decline in the Gyps vulture populations of the Indian
subcontinent since the mid-1990s (Cunningham et al. 2003) has
led to divisions in the Parsi religion about how to dispose of their
dead now that the traditional laying out of corpses in Towers of
Silence is no longer practicable (Triveldi 2001).

Deterioration in ecosystems can also provide an opportunity
for social relations when communities join together to form
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community-based institutions in response to degraded ecosystem
services (Ostrom et al. 2002).

5.4.5 Security

The impact of declining ecosystem services on natural disasters is
well understood and well documented, and this is further ex-
plored in Chapter 16. Although there has been much speculation
about the relationship between ecosystem conditions and political
violence (Myers 1994; Homer-Dixon 1999), scholars have been
unable to demonstrate causal connections robustly (Gleditsch
1998).

5.5 Multiple Causal Mechanisms Link Ecosystem
Change to Human Well-being
The causal connections between ecosystem change and changes
in human well-being are not uniform. A variety of mechanisms
link the two. This section delineates some distinct mechanisms
and illustrates them with specific examples, in order to demon-
strate the variety of pathways linking ecosystem change and
human well-being. The presentation is not meant to imply that
ecosystem changes are linked to human well-being in simple or-
derly mechanisms. Socioecological systems are dynamic and non-
linear, and their response to stress may not be predictable. They
typically combine in complicated ways; yet drivers of behavior
may be identified, and behavior may be bounded by political,
social, technological, or economic limitations. Decision-making
behavior about the use of different ecosystem services needs to
consider trade-offs in human well-being.

The benefits and costs of declining ecosystem services are sel-
dom evenly distributed. There are typically winners and losers,
and this can lead to an improvement in well-being for one group
at the expense of another. If mountain communities convert for-
ests to agricultural lands, for example, that may reduce down-
stream ecosystem services to low-lying areas in the form of
increased siltation and declining water quality. (See Chapter 24.)
If wetlands are converted to human settlements in one area of a
watershed, other communities in the watershed may experience
diminished flood buffering capacities. (See Chapters 16 and 20.)
When ecosystem change is linked to well-being change through
this mechanism, some groups of people improve and other groups
decline.

Another example is the growth of shrimp farming and the
consequent damage of such aquaculture on mangroves. (See
Chapter 19.) Stonich et al. (1997) have shown how, in Honduras,
social conflict has increased between shrimp farm concession
holders and those who are not concession holders but believe
that shrimp farms are intruding on government-reserved natural
resources.

The often-cited example of the Aral Sea provides a vivid illus-
tration of how a government policy aimed at improving the na-
tional economy can generate large negative impacts on human
well-being by focusing on the benefits of a single ecosystem ser-
vice. Under Soviet rule, the small-scale independent irrigation
systems were transformed into unsustainable large-scale collective
irrigation systems for cotton production. With the Soviet Union’s
attention focused on cotton self-sufficiency, the long-term ad-
verse effects of a rapid, large-scale expansion of inefficient irriga-
tion systems, sole reliance on high-water demanding production
systems, poor water distribution and drainage, and non-dose-
related uses of fertilizers and pesticides around the Aral Sea were
not considered high priority.
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During the second half of the 1900s, these inefficient systems
decreased water inflow into the sea to a mere trickle, shrunk the
size of the sea by half, reduced the water level by 16 meters, and
tripled its salinity (Micklin 1993). The government and the cotton
producers were the initial winners. The Soviet Union met its
need to be self-sufficient in cotton. However, there were many
losers who suffered. Thirty-five million people have lost access to
the lake for its water, fish, reed beds, and transport functions. The
fishing industry around the Aral Sea has collapsed, with fishing
ceasing in the 1980s.

More far-reaching environmental and ecological problems,
such as dust storms, erosion, and poor water quality for drinking
and other purposes have contributed to decreased human health
in the area around the Aral Sea. Rates of anemia, tuberculosis,
kidney and liver diseases, respiratory infections, allergies, and can-
cer have increased, and now far exceed the rest of the former
Soviet Union and present-day Russia (Ataniyazova et al. 2001).
High levels of reproductive pathologies (infertility, miscarriages,
and complications during pregnancy and childbirth) have been
observed in this region for more than 20 years. The rate of birth
abnormalities, another serious consequence of pollution, is also
increasing. One in every 20 babies is born with abnormalities, a
figure approximately five times the rate in European countries
(Ataniyazova et al. 2001; Ataniyazova 2003). (For more informa-
tion about the Aral Sea and ecosystems, see Chapters 20 and 24.)

China has also witnessed the effects of ecosystem trade-offs,
especially in connection with economic development and land
use change in the north and west. Excessive collection of fuel-
wood, blind mining, harvesting of medicinal herbs, construction
projects, rising populations, and farming have all contributed to
China’s desertification through deforestation, water mismanage-
ment, and overgrazing. Excessive cutting of fuelwood has reduced
the sand fixing vegetation in Qaidam Basin by one third. Illegal
cultivation, harvesting, and exploitation have degraded 12 million
hectares of rangeland, steppe, and grasslands from 1993 to 1996.
The large-scale diversion of water from the upper reach of some
rivers has caused the reduction and even the drying off of the
water flow in lower reaches. Desertification has silted up rivers,
raised riverbeds, and retreated lake surfaces (Asian Regional Net-
work for Desertification Monitoring and Assessment, n.d.).

The spread of desertification in northern China is threatening
villages and towns, thousands of kilometers of railway, highway,
and irrigation canal, and a large number of reservoirs, dams, and
hydraulic power stations due to sandstorms and dune movement.
Since the early 1950s, there have been more than 70 heavy sand-
storms and dust devils that have caused huge losses. In the sand-
storm of May 1993 in northwest China, more than 12 million
people were directly affected, 116 people were killed or missing,
and more than 120,000 heads of livestock were lost. The direct
economic loss was approximately $66 million (Asian Regional
Network for Desertification Monitoring and Assessment, n.d.).

Finally, the Chesapeake Bay in the United States provides an
example of major deterioration of an ecosystem through urban-
ization. Land use has changed considerably in the area. The popu-
lation in the bay’s watershed increased 34% between 1970 and
2000 (Chesapeake Bay Program 2003b), while the number of
households grew by 67% (Chesapeake Bay Foundation Report,
2004). The low-density, single-use development pattern was
accompanied by infrastructure such as roads, parking lots, and
shopping malls, which had a negative impact on water quality.
Agriculture also expanded, and nitrogen runoff from agricultural
land has been the largest contributor to pollution to the bay (Hor-
ton 2003). Chemical runoff from urban centers has also gone up
(Chesapeake Bay Program 2003a, 2003b). Increased levels of air

PAGE 140

pollution have contributed to increased toxic pollution in the
Chesapeake Bay.

Nitrogen pollution has depleted the oxygen levels of the wa-
ters (Cestti et al. 2003), which has resulted in increased dead
zones, leading to a decline in the numbers of fish, crabs, and other
aquatic life. The Chesapeake Bay has seen significant reductions
in the water quality during the last decade. Declines in species
like oysters and underwater grass have also accentuated the bay’s
capacity to naturally purify the water. Sustained high levels of
pollution may result in groundwater contamination, which is the
source of potable water for most people in the region.

The high pollution levels affect both income and health. The
Chesapeake has been a major source of seafood, but declines in
biodiversity in the bay have led to loss of income for the fishing
communities who depended on it for their livelihoods (Horton
2003). The Water Quality Improvement Act requires all farms
with sales of at least $2,500 to develop nutrient management plans
(Joint Legislative Audit and Review Commission of the Virginia
General Assembly 2003). Traditionally, farmers would rely on an-
imal manure generated in poultry and dairy farms in the area.
Since manure contains more phosphorus than nitrogen, the gov-
ernment advises farmers to add commercial nitrogen fertilizer.
This has increased costs for farms. The animal farms, on the other
hand, must now dispose of their manure as required by the Mary-
land Water Quality Improvement Act.
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Lead Authors: Emma R.M. Archer, Daniel Cáceres, Thomas E. Downing, Tomas Elmqvist, Siri Eriksen, Carle

Folke, Guoyi Han, Kavita Iyengar, Coleen Vogel, Kerrie Ann Wilson, Gina Ziervogel
Review Editors: Richard Norgaard, David Rapport

Main Messages . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 145

6.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 145

6.2 Definitions and Conceptual Framework . . . . . . . . . . . . . . . . . . . . . . . 146
6.2.1 Conceptual Framework for Analyzing Vulnerability
6.2.2 The Concept of Resilience

6.3 Methods and Tools for Vulnerability Analysis . . . . . . . . . . . . . . . . . . 148
6.3.1 The Syndromes Approach
6.3.2 Multiagent Modeling
6.3.3 Vulnerability and Risk Maps

6.4 Assessing Vulnerability . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 149

6.5 Natural Hazards and Vulnerability . . . . . . . . . . . . . . . . . . . . . . . . . . . 151
6.5.1 Trends in Natural Hazards and Vulnerability
6.5.2 Explaining Vulnerability to Natural Hazards

6.6 Desertification: Lessons for Vulnerability Assessment . . . . . . . . . . . 155

6.7 Food Insecurity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 155
6.7.1 Methodology
6.7.2 Wild Foods at the Local Scale
6.7.3 Global Influence on Local Food Balance
6.7.4 Reporting Vulnerability

6.8 Exploring Vulnerability Concepts: Three Case Studies . . . . . . . . . . . 157
6.8.1 Resource-poor Farmers in Northeastern Argentina
6.8.2 Vulnerability and Resilience in Southern Africa: Perspectives from Three

Spatial Scales
6.8.3 The Benefits of Reducing Vulnerability in Bundelkhand, India

6.9 Implications for Assessment and Policy . . . . . . . . . . . . . . . . . . . . . . 162

REFERENCES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 162

PAGE 143

143

................. 11432$ $CH6 10-11-05 14:54:12 PS



144 Ecosystems and Human Well-being: Current State and Trends

BOXES

6.1 Threats and Potential Benefits of Climate Change to Human
Societies

FIGURES

6.1 A Framework for Analyzing Vulnerability

6.2 Vulnerability Index for African Countries

6.3 Polynomial Trends in the Numbers of Natural Disasters,
Persons Killed, and Persons Affected, 1974–2003*

6.4 Disaster Losses, Total and as Share of GDP, in 10 Richest
and Poorest Nations, 1985–99

6.5 Food Insecurity Indicators of Rural India

6.6 Climate Change Risks for Agricultural Systems*

*This appears in Appendix A at the end of this volume.

PAGE 144

6.7 Use of Indigenous Plants in Mbitini, Kenya, by Activity during
the 1996 Drought

TABLES

6.1 Components of Environmental Sustainability

6.2 Reducing Human Vulnerability: Country Scores

6.3 Great Natural Catastrophes and Economic Losses:
Comparison of Decades, 1950–99

6.4 Households That Depended on Indigenous Plant-based
Coping Mechanisms in Kenya and Tanzania

6.5 Differences between Agroecological Farmers and Tobacco
Growers in Terms of Agrobiodiversity, Food Safety, Links with
Markets, and Representative Organizations

6.6 Total Benefits for Donda Nala Watershed

................. 11432$ $CH6 10-11-05 14:54:13 PS



145Vulnerable Peoples and Places

Main Messages

Some of the people and places affected by changes in ecosystems and
ecosystem services are highly vulnerable to the effects and are particu-
larly likely to experience much of the damage to well-being and loss of
life that such changes will entail. Indeed, many of these people and places
are already under severe stress from environmental, health, and socioeco-
nomic pressures, as well as new forces involved in globalization. Further
threats arising from changes in ecosystems and ecosystem services will inter-
act with these other on-going stresses to threaten the well-being of these
groups while many others throughout the world benefit and prosper from
human interactions with ecosystems.

The patterns and dynamics of vulnerability in coupled socioenvironmen-
tal systems are shaped by drivers operating at scales from the interna-
tional to the local, all interacting with the specifics of places. The
dominant drivers and patterns of vulnerability differ, depending on the threat or
perturbation addressed, the scale of analysis selected, and not least the con-
ceptual framework employed. While our existing knowledge of the sources and
patterns of vulnerability is still incomplete, substantial progress is being made
in this relatively new area of analysis, and vulnerability assessment is proving
useful in addressing environmental management and sustainable develop-
ment.

At a global level, various efforts over the past several decades have
defined vulnerability indictors and indexes and have mapped relevant
global patterns. Because they use different conceptual frameworks and con-
sider vulnerability to different types of threats, these efforts largely identify
different national-scale patterns of vulnerability. Examples in the chapter intro-
duce major efforts to address vulnerability to environmental change broadly
defined, as a dimension of environmental sustainability, in respect to climate
change and natural hazards. Improvements in the state of knowledge and
methodology development are needed generally to deepen understanding of
these global patterns and their causes, although the topics of natural hazards,
desertification, and food security have received more attention than others,
due to the level of societal concern on these issues.

Trends in natural hazards reveal several patterns that are known with
high confidence at the national level. The world is experiencing a worsening
trend of human suffering and economic losses from natural disasters over the
past several decades. In the last 40 years, the number of ‘‘great’’ disasters
has increased by a factor of 4 while economic losses have increased by a
factor of 10. The significance of these events to the social vulnerability of
exposed human populations is of special concern. Even before the December
2004 tsunami, Asia was disproportionately affected, with more than 43% of all
natural disasters and 70% of deaths occurring there over the last decade of
the twentieth century. The greatest loss of life continues to be highly concen-
trated in developing countries as a group.

Desertification is another phenomenon that has received extensive atten-
tion. Vulnerability to desertification has multiple causes that are highly inter-
mingled; like all vulnerability, it is the product of the interaction between
environmental change and social and political systems. The driving forces of
environmental change generally have a high patchiness, and effects vary
widely with differences in social and geographic scales.

Food insecurity is a third primary area of concern in changes in ecosys-
tem services. Multiple domains of vulnerability exist in food security regimes
and livelihood systems. Production, economic exchanges, and nutrition are
key elements, along with more-structural issues associated with the political
economy. At this point in time, the more generalized, major contributions to
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knowledge are emerging in the realms of better understanding of driving
forces, interactions across biophysical scales and social levels, connections
between ecosystems services and human well-being, and differential vulnera-
bility at local levels. While many challenges remain in aggregating diverse case
study findings, consistency is emerging around a number of themes:

• Socioeconomic and institutional differences are major factors shaping dif-
ferential vulnerability. The linkages among environmental change, devel-
opment, and livelihoods are receiving increasing attention in efforts to
identify sources of resilience and increase adaptive capacity, but knowl-
edge in this area is uneven in its coverage of environmental threats and
perturbations as they act in relation to different ecosystems and liveli-
hoods.

• Poverty and hazard vulnerability are often closely related, as the poor
often lack assets and entitlements that allow them some buffer from envi-
ronmental degradation and variability.

• The interactions of multiple forms of stress—economic, social, political,
and physical—with environmental change can amplify and attenuate vul-
nerability abruptly or gradually, creating dynamic situations for assessment
that have still to be fully captured in research methodologies. Major world-
wide trends of population growth, urbanization, the spread of HIV/AIDS,
economic development, and globalization are acting to shape patterns of
vulnerability at national and local scales. The implications of these proc-
esses for climate change are still poorly understood.

The limitations of existing understanding point to the need for a variety
of efforts to improve assessment and identify measures to reduce vulner-
ability. These include the need for a robust and consensual conceptual frame-
work for vulnerability analysis, improved analysis of the human driving forces
of vulnerability as well as stresses, clarification of the overlaps and interactions
between poverty and vulnerability, the tracking of sequences of stresses and
perturbations that produce cumulative vulnerability, the role of institutions in
creating and mitigating vulnerability, the need to fill gaps in the knowledge
base of global patterns of vulnerability, improved assessment methods and
tools, and the need for interventions aimed at reducing vulnerability.

6.1 Introduction
The Third Assessment of the Intergovernmental Panel on Cli-
mate Change noted that over the past century average surface
temperatures across the globe have increased by 0.6� Celsius and
evidence is growing that human activities are responsible for most
of this warming (IPCC 2001b). Human activities are also altering
ecosystems and ecosystem services in myriad ways, as assessed in
other chapters. While both positive and negative effects on
human societies are involved, it is unrealistic to expect that they
will balance out.

Many of the regions and peoples who will be affected are
highly vulnerable and poorly equipped to cope with the major
changes in ecosystems that may occur. Further, many people and
places are already under severe stress arising from a panoply of
environmental and socioeconomic forces, including those ema-
nating from globalization processes. Involved are such diverse
drivers of change as population growth, increasing concentrations
of populations in megacities, poverty and poor nutrition, accu-
mulating contamination of the atmosphere as well as of land and
water, a growing dependence on distant global markets, growing
gender and class inequalities, the ravages of wars, the AIDS epi-
demic, and politically corrupt governments. (See Chapter 3 for
further discussion on drivers of change.) Environmental change
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will produce varied effects that will interact with these other
stresses and multiple vulnerabilities, and they will take their toll
particularly among the most exposed and poorest people of the
world.

The most vulnerable human and ecological systems are not
difficult to find. One third to one half of the world’s population
already lacks adequate clean water, and climate change—
involving increased temperature and droughts in many areas—
will add to the severity of these issues. As other chapters in this
volume establish, environmental degradation affects all ecosystems
and ecosystem services to varying degrees. Many developing
countries (especially in Africa) are already suffering declines in
agricultural production and food security, particularly among
small farmers and isolated rural populations. Mountain locations
are often fragile or marginal environments for human uses such as
agriculture (Jodha 1997, 2002). Increased flooding from sea level
rise threatens low-lying coastal areas in many parts of the globe, in
both rich and poor countries, with a loss of life and infrastructure
damages from more severe storms as well as a loss of wetlands and
mangroves. (See Chapters 19 and 23.)

The poor, elderly, and sick in the burgeoning megacities of
the world face increased risk of death and illness from growing
contamination from toxic materials. Dense populations in devel-
oping countries face increased threats from riverine flooding and
its associated impacts on nutrition and disease. These threats are
only suggestive, of course, of the panoply of pressures that con-
front the most vulnerable regions of the world. It is the rates and
patterns of environmental change and their interaction with
place-specific vulnerabilities that are driving local realities in terms
of the eventual severities of effects and the potential effectiveness
of human coping mitigation and adaptation.

Research on global environmental change and on-going as-
sessments in many locales throughout the world have greatly en-
riched our understanding of the structure and processes of the
biosphere and human interactions with it. At the same time, our
knowledge is growing of the effects that changes in ecosystems
and ecosystem services have upon human communities. None-
theless, the knowledge base concerning the vulnerabilities of cou-
pled socioecological systems is uneven and not yet sufficient for
systematic quantitative appraisal or validated models of cause-and-
effect relationships of emerging vulnerability. Yet what we need
to understand is apparent in the questions that researchers are ad-
dressing (Turner et al. 2003a): Who and what are vulnerable to
the multiple environmental and human changes under way, and
where? How are these changes and their consequences attenuated
or amplified by interactions with different human and environ-
mental conditions? What can be done to reduce vulnerability to
change? How may more resilient and adaptive communities and
societies be built?

In this chapter key definitions and concepts used in vulnera-
bility analysis are first considered. Included in this is a clarification
of what is meant by the terms ‘‘vulnerability’’ and ‘‘resilience.’’
Several of the principal methods and tools used in identifying and
assessing vulnerability to environmental change are then exam-
ined (but see also Chapter 2). Efforts to identify and map vulnera-
ble places at the global scale are described, followed by three
arenas—natural disasters, desertification, and food security—that
have received substantial past analyses in vulnerability research
and assessment. Several specific case studies that illustrate different
key issues that pervade vulnerability assessments are presented
and, finally, implications of our current knowledge for efforts to
assess and reduce vulnerability and to build greater resilience in
coupled socioecological systems are assessed.
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6.2 Definitions and Conceptual Framework
The term vulnerability derives from the Latin root vulnerare,
meaning to wound. Accordingly, vulnerability in simple terms
means the capacity to be wounded (Kates 1985). Chambers
(1989) elaborated this notion by describing vulnerability as ‘‘ex-
posure to contingencies and stress, and the difficulty in coping
with them.’’ It is apparent from relating the notion of vulnerabil-
ity to the broader framework of risk that three major dimensions
are involved:
• exposure to stresses, perturbations, and shocks;
• the sensitivity of people, places, and ecosystems to stress or

perturbation, including their capacity to anticipate and cope
with the stress; and

• the resilience of exposed people, places, and ecosystems in
terms of their capacity to absorb shocks and perturbations
while maintaining function.

6.2.1 Conceptual Framework for Analyzing
Vulnerability

A wide variety of conceptual frameworks have arisen to address
the vulnerability of human and ecological systems to perturba-
tions, shocks, and stresses. Here we draw on a recent effort of the
Sustainability Science Program to frame vulnerability within the
context of coupled socioecological systems (Turner et al. 2003a,
2003b). The framework seeks to capture as much as possible of
the totality of the different elements that have been demonstrated
in risk, hazards, and vulnerability studies and to frame them in
regard to their complex linkages. (See Figure 6.1.)

The framework recognizes that the components and linkages
in question vary by the scale of analysis undertaken and that the
scale of the assessment may change the specific components but
not the overall structure. It identifies two basic parts to the vul-
nerability problem and assessment: perturbation-stresses and the
coupled socioecological system.

Perturbations and stresses can be both human and environ-
mental and are affected by processes often operating at scales
larger than the event in question (such as local drought). For ex-
ample, globally induced climate change triggers increased varia-
tion in precipitation in a tropical forest frontier, while political
strife elsewhere drives large numbers of immigrants to the fron-
tier. The coupled socioecological system maintains some level of
vulnerability to these perturbations and stresses, related to the
manner in which they are experienced. This experience is regis-
tered first in terms of the nature of the exposure—its intensity,
frequency, and duration, for instance—and involves measures that
the human and environment subsystems may take to reduce the
exposure. The coupled system experiences a degree of harm to
exposure (risk and impacts), determined by its sensitivity. The
linkage between exposure and impact is not necessarily direct,
however, because the coupled system maintains coping mecha-
nisms that permit immediate or near-term adjustments that reduce
the harm experienced and, in some cases, changes the sensitivity
of the system itself.

If perturbations and stresses persist over time, the types and
quality of system resilience change. These changes are potentially
irreversible, as the case of ozone depletion illustrates. Change may
lead to adaptation (fundamental change) in the coupled system.
The role of perception and the social and cultural evaluation of
stresses and perturbations is important to both the recognition of
stresses and the decisions regarding coping, adaptation, and adjust-
ment. These decisions reflect local and regional differences in per-
ceptions and evaluations. The social subsystem must be altered, or
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Figure 6.1. A Framework for Analyzing Vulnerability

it ceases to function (a place or region is abandoned, for example);
the ecological subsystem changes in climate and vegetation. This
process of more fundamental change, sometimes also referred to
as ‘‘reorganization,’’ may move the coupled socioecological sys-
tem in a direction of greater sustainability, but perhaps at a cost to
those depending on current patterns of ecosystem services. The
MA Policy Responses volume addresses adjustments and adaptation
in ecosystems and with respect to human well-being in greater
detail. By definition, no part of a system in this vulnerability
framework is unimportant.

6.2.2 The Concept of Resilience

The concept of resilience as applied to integrated socioecological
systems may be defined as the amount of disturbance a system can
absorb and still remain within the same state or domain of attrac-
tion, the degree to which the system is capable of self-organization
(versus lack of organization or organization forced by external
factors), and the degree to which the system can build and in-
crease its capacity for learning and adaptation (Carpenter et al.
2001). Socioecological systems are complex adaptive systems that
are constantly changing, and the resilience of such systems repre-
sents the capacity to absorb shocks while maintaining function
(Holling 1995, 2001; Gunderson and Holling 2002; Berkes et al.
2002). When a human or ecological system loses resilience, it
becomes vulnerable to change that previously could be absorbed
(Kasperson and Kasperson 2001).

New insights have been gained during the last 10 years about
the essential role of resilience for a prosperous development of
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human society (Gunderson and Holling 2002). A growing num-
ber of case studies have revealed the tight connection between
resilience, diversity, and the sustainability of socioecological sys-
tems (Berkes and Folke 1998; Adger et al. 2001).

Ecosystems with low resilience may still maintain function and
generate resources and ecosystem services—that is, they may seem
to be in good shape—but when subject to disturbances and sto-
chastic events, they may reach a critical threshold and slide into a
less desirable state. Such shifts may significantly constrain options
for social and economic development, reduce options for liveli-
hoods, and create environmental migrants as a consequence of the
impact on ecosystem life-support.

In ecological systems, Lawton (2000) and Loreau et al. (2001)
synthesized the evidence from many experiments and affirmed
that the diversity of functionally different kinds of species affected
the rates of stability and increased the reliability of ecosystem
processes locally. Furthermore, a number of observations suggest
that biodiversity at larger spatial scales, such as landscapes and re-
gions, ensures that appropriate key species for ecosystem func-
tioning are recruited to local systems after disturbance or when
environmental conditions change (Peterson et al. 1998; Bengtsson
et al. 2003). In this sense, biological diversity provides insurance,
flexibility, and risk spreading across scales in the face of uncer-
tainty and thereby contributes to ecosystem resilience (Folke et
al. 1996). (See also Chapter 11.)

Ecological resilience typically depends on slowly changing
variables such as land use, nutrient stocks, soil properties, and bio-
mass of long-lived organisms (Gunderson and Pritchard 2002),
which are in turn altered by human activities and socioeconomic
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driving forces (Lambin et al. 2001). The increase in social and
economic vulnerability as a consequence of reduced resilience
through land degradation and drought may cause losses of liveli-
hood and trigger tension and conflict over critical resources such
as fresh water or food (Homer-Dixon and Blitt 1998).

Increased vulnerability and fragility places a region on a trajec-
tory of greater risk to the panoply of stresses and shocks that occur
over time. Stressed ecosystems are often characterized by a ‘‘dis-
tress syndrome’’ that is indicated not only by reduced biodiversity
and altered primary and secondary productivity but also by in-
creased disease prevalence, reduced efficiency of nutrient cycling,
increased dominance of exotic species, and increased dominance
by smaller, shorter-lived opportunistic species (Rapport and
Whitford 1999). The process is a cumulative one, in which se-
quences of shocks and stresses punctuate the trends, and the in-
ability to replenish coping resources propels a region and its
people to increasing vulnerability (Kasperson et al. 1995).

Key attributes of resilience in ecosystems, flexibility in eco-
nomic systems, and adaptive capacity in institutions used in assess-
ments include the following:
• Ecological resilience can be assessed by the amount of variabil-

ity that can be absorbed without patterns changing and con-
trols shifting to another set of keystone processes.

• Key sources of resilience lie in the requisite variety of func-
tional groups; the accumulated financial, physical, human, and
natural capital that provides sources for reorganization follow-
ing disturbances; and the social networks and institutions that
provide entitlements to assets as well as coping resources and
social capital (Adger 2003).

• In an ecosystem, these key processes can be recognized as the
processes that interact and are robust in an overlapping, re-
dundant manner.

• When a system is disrupted, resilience is reestablished through
regeneration and renewal that connect that system’s present to
its past.
Management can destroy or build resilience, depending on

how the socioecological system organizes itself in response to
management actions (Carpenter et al. 2001; Holling 2001; MA
Policy Responses). There are many examples of management sup-
pressing natural disturbance regimes or altering slowly changing
ecological variables, leading to disastrous changes in soils, waters,
landscape configurations, or biodiversity that did not appear until
long after the ecosystems were first managed (Holling and Meffe
1996). Similarly, governance can disrupt social memory or re-
move mechanisms for creative, adaptive response by people in
ways that lead to the breakdown of socioecological systems (Mc-
Intosh et al. 2000; Redman 1999). By contrast, management that
builds resilience can sustain socioecological systems in the face of
surprise, unpredictability, and complexity. Successful ecosystem
management for human well-being requires monitoring and insti-
tutional and organizational capacity to respond to environmental
feedback and surprises (Berkes and Folke 1998; Danter et al.
2000), a subject treated at the conclusion of this chapter.

6.3 Methods and Tools for Vulnerability Analysis
Many tools and methods exist for undertaking vulnerability analy-
sis, as described in Chapter 2. This section describes several tools
more specific to assessing vulnerability issues and outcomes. The
vulnerability toolkit described here and in Chapter 2 is consider-
able, ranging from qualitative to quantitative methods, with vari-
ous levels of integration among disciplines, and it is suitable for
participation of stakeholders. Matching the types of analytical ap-
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proaches in a toolkit to the characteristics of a specific assessment
is a necessary step in scoping projects.

6.3.1 The Syndromes Approach

The syndromes approach aims to ‘‘assess and monitor a multitude
of coupled processes taking place on different (spatial and tempo-
ral) scales with different specificities’’ (Petschel-Held 2002). The
goal of the syndromes approach is to identify where intervention
can help contribute to sustainable development pathways. In
order to achieve this, similarities between regions are found by
looking for functional patterns that are called ‘‘syndromes’’
(Schellnhuber et al. 1997). An assessment of these patterns of rela-
tionships is achieved by combining qualitative and quantitative
approaches. Some 16 syndromes of global change are grouped
according to the dominant logic: utilization of resources, eco-
nomic development, and environmental sinks. The results enable
critical regions to be identified for different syndromes, so that
future development can set priorities for key areas necessary for
establishing more-sustainable systems.

The syndromes approach recognizes the need to examine
human-environment interactions, as global change is a function
of how society responds to natural changes and vice versa. It is
therefore important that the socioecological system is seen as a
whole. Within this context, archetypal patterns are most relevant
to representing the process of global change. For example, the
Sahel syndrome (Lüdeke et al. 1999), characterizes a set of proc-
esses that result in the overuse of agriculturally marginal land.
(Note that the names of syndromes represent an archetype rather
than a specific location, event, or situation; for more detailed
analysis of environmental change in the Sahel itself, see Chapter
22.)

The Sahel syndrome can be located in certain parts of the
world and characterized by a number of factors. Its driving forces
or core mechanisms include impoverishment, intensification of
agriculture, and soil erosion, which in turn lead to productivity
loss. Various factors might contribute to the disposition toward
this syndrome, including socioeconomic dimensions, such as high
dependence on fuelwood, and natural dimensions, such as aridity
and poor soils. The core mechanisms can be quantitatively as-
sessed to determine which areas of the world experience the syn-
drome most extensively and intensively. The syndromes approach
is a transdisciplinary tool, drawing on both quantitative and quali-
tative assessments of dynamic patterns at a variety of scales, and by
identifying patterns of unsustainable development, it can be used
to target future development priorities aimed at enabling sustain-
able development.

6.3.2 Multiagent Modeling

Multiagent behavioral systems seek to model socioecological in-
teractions as dynamic processes (Moss et al. 2001). Human actors
are represented as software agents with rules for their own behav-
ior, interactions with other social agents, and responses to the
environment. Physical processes (such as soil erosion) and institu-
tions or organizations (such as an environmental regulator) may
also be represented as agents. A multiagent system could represent
multiple scales of vulnerability and produce indicators of multiple
dimensions of vulnerability for different populations.

Multiagent behavioral systems have an intuitive appeal in par-
ticipatory integrated assessment. Stakeholders may identify with
‘‘their’’ agents and be able to validate a model in qualitative ways
that is difficult to do for econometric or complex dynamic simu-
lation models. However, such systems require significant compu-
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tational resources (proportional to the number of agents), and a
paucity of data for validation of individual behavior is a constraint.

6.3.3 Vulnerability and Risk Maps

The development of indicators and indices of vulnerability and
the production of global maps are prominent vulnerability assess-
ments techniques at the global level, although these approaches
are still being developed to better capture the full concept of vul-
nerability. Global assessments using these techniques are described
later in this chapter.

In order to bring conceptual understanding of vulnerability
closer to their cartographic representations, vulnerability and risk
mapping efforts are working to resolve several methodological
challenges. Generally, risk maps are explicitly concerned with the
human dimensions of vulnerability, such as the risks to human
health and well-being associated with the impacts from natural
hazards.

Given the common focus on human well-being at an aggre-
gate level, vulnerability is quantified in terms of either single or
multiple outcomes, such as water scarcity and hunger. Two ex-
ceptions are the hotspots of biodiversity (Myers et al. 2000) and
the GLOBIO analysis (Nellemann et al. 2001), which are con-
cerned with the vulnerability of biodiversity. For example, the
hotspots of biodiversity identify areas featuring exceptional con-
centrations of endemic species and experiencing exceptional loss
of habitat. The GLOBIO analysis relates infrastructure density and
predicted expansion of infrastructure to human pressure on eco-
systems in terms of the reduced abundance of wildlife. Limited
progress, however, has been made as yet in integrating analyses of
the vulnerability of human and ecological systems.

Many of the risk maps have been generated from remotely
sensed data or information held in national data libraries. The
maps are generally developed and displayed using a geographic
information system. The analytical and display capabilities of GIS
can draw attention to priority areas that require further analysis or
urgent attention. Interactive risk mapping is presently in its in-
fancy. The PreView project (UNEP-GRID 2003) is an interac-
tive Internet map server presently under development that aims
to illustrate the risk associated with natural disasters at the global
level.

For the most part, risk maps have tended to be scale-specific
snapshots at a particular time, rarely depicting cumulative and
long-term risk. A challenge is linking global and local scales in
order to relate indirect drivers (which operate at global, national,
and other broad levels and which originate from societal, eco-
nomic, demographic, technological, political, and cultural factors)
to direct drivers (the physical expressions of indirect drivers that
affect human and natural systems at regional or local scales). Tem-
porally, risk maps generally depict short-term assessments of risk.
The accuracy of these maps is rarely assessed, and risk maps are
usually not validated empirically. Two exceptions are the fire
maps and the maps of the risk of land cover change. The uncer-
tainty that surrounds the input risk data needs to be explicit and
should also be mapped.

A challenging problem for the effective mapping of risk is to
move from solely identifying areas of stress or likely increased
stress to mapping the resistance or sensitivity of the receptor sys-
tem. This would highlight regions where the ability to resist is
low or declining and the sensitivity of the receptor systems is
high. The difficulty here lies in quantifying the ability to resist
external pressures. Quantifying resistance, at least in ecological
systems, is presently largely intractable as it requires information
on the effects of different levels of severity of threats, which is
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usually species-specific, as well as ways of integrating this infor-
mation across assemblages of species or areas of interest.

A further challenge to risk mapping is the analysis of multiple
and sequential stressors. Generally, single threats or stressors are
analyzed and multiple stressors are rarely treated. The ProVention
Consortium (2003) aims to assess risk, exposure, and vulnerability
to multiple natural hazards. Possible limitations to undertaking a
multiple hazard assessment of this kind include accounting for
the different ways of measuring hazards (for example, in terms of
frequency, intensity, duration, spatial extent), different currencies
of measurement, varied data quality, and differences in uncer-
tainty between varying hazard assessments.

Scale and how to represent significant variation within popu-
lations of regions are common challenges for global mapping ex-
ercises, with broad implications for vulnerability assessment
(German Advisory Council on Global Change 1997). Political
and social marginalization, gendered relationships, and physiolog-
ical differences are commonly identified variables influencing vul-
nerability, but incorporating this conceptual understanding in
global mapping remains a challenge. Global-scale maps may con-
sider vulnerability of the total population, or they may consider
the situation of specific groups believed to be particularly vulnera-
ble. Because many indigenous peoples are less integrated into po-
litical and social support systems and rely more directly on
ecosystem services, they are likely to be more sensitive to the
consequences of environmental change and have less access to
support from wider social levels.

Women and children are also often reported to be more vul-
nerable than men to environmental changes and hazards (Cutter
1995). Because the gendered division of labor within many socie-
ties places responsibility for routine care of the household with
women, degradation of ecosystem services—such as water quality
or quantity, fuelwood, agricultural or rangeland productivity—
often results in increased labor demands on women. These in-
creased demands on women’s time to cope with loss of ecosystem
services can affect the larger household by diverting time from
food preparation, child care, and other beneficial activities. While
women’s contributions are critical to the resilience of households,
women are sometimes the focus of vulnerability studies because
during pregnancy or lactation their physiology is more sensitive
and their ill health bears on the well-being of children in their
care. Children and elderly people are also often identified as par-
ticularly vulnerable primarily because of their physiological status.

Measures of human well-being and their relationship to eco-
systems services also often incorporate data on the sensitivity and
resilience dimensions of vulnerability, expressed as assets, capabili-
ties, or security. These measures are discussed in greater detail in
Chapter 5.

6.4 Assessing Vulnerability
The causes and consequences of human-induced change in eco-
systems and ecosystem services are not evenly distributed through-
out the world but converge in certain regions and places. For
some time, for example, Russian geographers prepared ‘‘red data
maps’’ to show the locations of what they regarded as ‘‘critical
environmental situations’’ (Mather and Sdasyuk 1991). The Na-
tional Geographical Society (1989) created a map of ‘‘environ-
mentally endangered areas’’ depicting areas of natural hazards,
pollution sources, and other environmental stresses. Nonetheless,
it is only in recent years that concerted efforts have been made to
develop indices and generate maps that depict the global distribu-
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tion of people and places highly vulnerable to environmental
stresses.

As noted earlier, several challenges remain in developing indi-
cators, indices, and maps that capture all the dimensions of vul-
nerability, but this section reviews major notable efforts that
address vulnerability in the context of human security, as an aspect
of environmental sustainability, and natural disasters and that point
to environmental health issues addressed further in Chapter 14.

Although modest progress has occurred in identifying and
mapping vulnerable places and peoples, the state of knowledge
and methodology are still significantly limited. Few of the analyses
presented here integrate ecological and human systems. They
rarely treat multiple stresses, interacting events, or cumulative
change. Indicators continue to be chosen without an adequate
underlying conceptual framework and are typically not validated
against empirical cases. For the most part, they are scale-specific
and snapshots in time. Disaggregated data are lacking, and much
remains to be done before a robust knowledge base at the global
scale will exist.

In a demonstration project, the Global Environmental
Change and Human Security Project of the International Human
Dimensions Programme on Global Environmental Change (Lon-
ergan 1998) mapped regions of ecological stress and human vul-
nerability, using an ‘‘index of vulnerability’’ composed from 12
indicators:
• food import dependency ratio,
• water scarcity,
• energy imports as percentage of consumption,
• access to safe water,
• expenditures on defense versus health and education,
• human freedoms,
• urban population growth,
• child mortality,
• maternal mortality,
• income per capita,
• degree of democratization, and
• fertility rates.

The criteria used in selecting indicators were that data were
readily available, that the resulting ‘‘index’’ consisted of a small
number of indictors, and that the indicators covered six major
categories—ecological and resource indicators, economic indica-
tors, health indicators, social and demographic indicators, politi-
cal/social indicators, and food security indicators. Through cluster
analysis, a vulnerability ‘‘index’’ was derived and then used to
map estimated vulnerability patterns, such as one for Africa. (See
Figure 6.2.)

The work of the Intergovernmental Panel on Climate Change
(IPCC 2001a) has made clear that ongoing and future climate
changes will alter nature’s life-support systems for human societies
in many parts of the globe. Significant threats to human popula-
tions, as well as some potential benefits, are involved. (See Box
6.1.) As the example on the Arctic region illustrates, changes that
benefit some may harm others in the same area. (See also Chapter
25.)

But it is unrealistic to assume that positive and negative effects
will balance out, particularly in certain regions and places. Many
of the regions and human groups, the IPCC makes clear, will be
highly vulnerable and poorly equipped to cope with the major
changes in climate that may occur. Many people and places are
already under severe stresses arising from other environmental
degradation and human driving forces, including population
growth, urbanization, poverty and poor nutrition, accumulating
environmental contamination, growing class and gender inequali-
ties, the ravages of war, AIDS/HIV, and politically corrupt govern-
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ments. The IPCC points to the most vulnerable socioecological
systems: one third to one half of the world’s population lack ade-
quate clean water; many developing countries are likely to suffer
future declines in agricultural production and food security; sea
level rise is likely to greatly affect low-lying coastal areas; small-
island states face potential abandonment of island homes and relo-
cation; and the poor and sick in growing megacities face increased
risk for death and illness associated with severe heat and humidity.

In preparation for the World Summit on Sustainable Develop-
ment in 2002, the Global Leaders for Tomorrow Environment
Task Force (2002) of the World Economic Forum to created a
global Environmental Sustainability Index. It has five major com-
ponents developed from globally available national data, including
one on reducing human vulnerability. (See Table 6.1.) While it
would be desirable to display regional differences within coun-
tries, finer-scale information is not consistently available for many
types of data.

Human vulnerability seeks to measure the interaction be-
tween humans and their environment, with a focus on how envi-
ronmental change affects livelihoods. Two major issues are
included in the vulnerability component (one of the five compo-
nents in the overall index): basic human sustenance and environ-
mental health. The index is based on five indicators: proportion
undernourished in the total population, percentage of population
with access to improved drinking water supply, child death rate
from respiratory diseases, death rate from intestinal infectious dis-
eases, and the under-five mortality rate. The standardized values
for each indicator were calculated and converted to a standard
percentile indicator for ease of interpretation. The indicators were
unweighted. Country scores were then derived to demarcate
global patterns, as shown in Table 6.2.

The United Nations Environment Programme (UNEP 2003)
has also assessed definitions, concepts, and dimensions of vulnera-
bility to environmental change in different areas of the world. In
particular, it calls attention to the importance of environmental
health in the vulnerability of different regions and places. It notes,
for example, that every year thousands of people die from a range
of disasters, but the fate of many of these people is never reported.
The International Red Cross Federation (IFRC 2000) has shown
that the death toll from infectious diseases (such as HIV/AIDS,
malaria, respiratory diseases, and diarrhea) was 160 times the
number of people killed in natural disasters in 1999. And this
situation is becoming worse rapidly. It is estimated, for example,
that over the next decade HIV/AIDS will kill more people in
sub-Saharan Africa than died in all wars of the twentieth century.

The United Nations Development Programme, in Reducing
Disaster Risk: A Challenge for Development (UNDP 2004), under-
takes the formulation of a ‘‘disaster risk index,’’ which it then uses
to assess global patterns of natural disasters and their relationship
to development. The Disaster Risk Index calculates the relative
vulnerability of a country to a given hazard (such as earthquakes
or floods) by dividing the number of people killed by the number
of people exposed to the hazard. The analysts then compared the
risk of the hazard (the number of people actually killed by the
hazard in a country) with 26 indicators of vulnerability, selected
through expert opinion. Analyzing a series of statistical analyses, a
number of findings concerning the impact of development on
disaster risk emerge:
• The growth of informal settlements and inner city slums has

led to the growth of unstable living environments, often lo-
cated in ravines, on steep slopes, along floodplains, or adjacent
to noxious industrial and transport facilities.
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Figure 6.2. Vulnerability Index for African Countries (Lonergan 1998)

• Rural livelihoods are put at risk by the local impacts of global
climate change or environmental degradation.

• Coping capacities for some people have been undermined by
the need to compete in a globalizing economy, which pres-
ently rewards productive specialization and intensification
over diversity and sustainability (UNDP 2004, p. 2).

6.5 Natural Hazards and Vulnerability
Natural hazards and disasters are products of both natural variabil-
ity and human-environment interactions, and vulnerability to
them has received substantial past attention. (See also Chapter 16.)
The extremes of environmental variability are defined as hazards
when they represent threats to people and what they value and
defined as disasters when an event overwhelms local capacity to
cope. Natural hazards offer a particularly dramatic view of the role
of vulnerability in explaining patterns of losses among people and
places. Indeed, research on this topic was the first realm to docu-
ment the vast differences in the magnitude of losses among people
and places experiencing the same types of events (White 1974).
Since the 1970s, researchers have consistently reported greater loss
of life among poorer populations and countries than in industrial
countries, along with the inverse relationship for economic
damage.
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Natural hazards and disasters have always been a part of human
history. Yet human relationships to hazards have evolved as the
power of humans to shape natural landscapes and their biogeo-
chemical processes has grown. Over the centuries, humans have
changed from relatively powerless victims in the face of natural
hazards and disasters to active participants shaping natural hazards
and our vulnerability to them. Only recently has policy recog-
nized that natural hazards are not ‘‘Acts of God’’ and begun to
shift hazard management from a model of response and relief to
an active engagement with mitigation, prevention, and integra-
tion of hazard management into development planning (ISDR
2002).

It is well established that the impacts of natural disasters con-
tinue to create uneven patterns of loss in populations around the
world. The rising economic costs, the relative significance of
those costs to the budgets of developing countries, the increasing
numbers of people affected, and the decreasing loss of life demon-
strate the dynamics of vulnerability across scales and experienced
in local places.

6.5.1 Trends in Natural Hazards and Vulnerability

The best available data on a global scale (e.g., Swiss Re 2000;
Munich Re 2003; CRED 2002) indicate that the world is wit-
nessing a worsening trend of human suffering and economic loss
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BOX 6.1

Threats and Potential Benefits of Climate Change to Human
Societies (IPCC 2001a)

Threats
• Reduced potential crop yields in some tropical and sub-tropical

regions and many mid-latitude regions
• Decreased water availability for populations in many water-

scarce regions, particularly those with inadequate management
systems

• An increase in the number of people exposed to vector-borne
diseases (such as malaria) and waterborne diseases (such as
cholera)

• Increases in the number of people dying from heat stress, partic-
ularly in large cities in developing countries

• A widespread increase in the risk of flooding for many human
settlements throughout the world

• Severe threats to millions of people living on low-lying islands
and atolls

• Threats to aboriginals living in Arctic and high mountains (for
example, through the breakup of ice fields preventing people
from reaching their traditional hunting and fishing grounds)

Potential Benefits
• Increased potential crop yields in some mid-latitude regions
• A potential increase in global timber supply from appropriately

managed forests
• Increased water availability for populations in some water scarce

regions (such as parts of South East Asia)
• Reduced winter mortality in mid- and high latitudes
• Improved marine transportation in the Arctic

to natural disasters over recent decades.( Data available at the time
this chapter was written do not include losses caused by the 2004
tsunami.) While the general trend is clear, the precise estimates
vary somewhat, due to improvements in reporting over time, data
gathering practices, and definitional differences across organiza-
tions. (See Chapter 16 for more detailed description of the limita-
tions and variations among data sets.)

During the past four decades, the number of ‘‘great’’ catastro-
phes—when the ability of a region to help itself is distinctly over-
taxed, making interregional or international assistance necessary—
has increased about four times, while economic losses have in-
creased over 10 times. (Munich Re 2000) (See Table 6.3.) This
trend reflects the increasing economic costs of disasters, lives lost,
and the unequal ability of nations to cope with the impacts. Natu-
ral disasters affected twice as many people in the 1990s as in the
1980s (CRED 2003). The annual average losses for all disasters
over the 1990s were 62,000 deaths, 200 million affected, and $69
billion in economic losses (IFRC 2001). Although comprehen-
sive global databases do not exist for smaller-scale natural hazard
events, the significance of these more common events to the so-
cial vulnerability of exposed human populations is also a major
concern (ISDR 2002; Wisner et al. 2004).

Throughout the twentieth century, three general observations
can be drawn from global trends: the number of disasters has in-
creased, economic losses from disasters have increased (primarily
in industrial countries), and the ratio of loss of life to total popula-
tion affected has decreased, although this decline has also been
heavily concentrated in industrial societies. (See Figure 6.3 in Ap-
pendix A.)
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Table 6.1. Components of Environmental Sustainability
(Global Leaders for Tomorrow Environmental Task Force 2002)

Component Logic

Environmental
systems

A country is environmentally sustainable to the
extent that its vital environmental systems are main-
tained at healthy levels and to the extent to which
levels are improving rather than deteriorating.

Reducing
environmental
stresses

A country is environmentally sustainable if the lev-
els of anthropogenic stress are low enough to
engender no demonstrable harm to its environmen-
tal systems.

Reducing human
vulnerability

A country is environmentally sustainable to the
extent that people and social systems are not vul-
nerable (in the way of basic needs such as health
and nutrition) to environmental disturbances;
becoming less vulnerable is a sign that a society is
on a track to greater sustainability.

Social and
institutional
capacity

A country is environmentally sustainable to the
extent that it has in place institutions and underlying
social patterns of skills, attitudes, and networks that
foster effective responses to environmental chal-
lenges.

Global
stewardship

A country is environmentally sustainable if it coop-
erates with other countries to manage common
environmental problems, and if it reduces negative
transboundary environmental impacts on other
countries to levels that cause no serious harm.

The global trends in natural disaster occurrences and impacts
suggest several important patterns of vulnerability among people
and places at the same time that they mask considerable geo-
graphic variation. Asia is disproportionately affected, with more
than 43% of all natural disasters in the last decade of the twentieth
century. During the same period, Asia accounted for almost 70%
of all lives lost due to natural hazards. In China alone, floods af-
fected more than 100 million people on average each year (IFRC
2002).

Variation among types of natural hazards is also significant.
Over the decade 1991–2000, the number of hydro-meteorological
disasters doubled, accounting for approximately 70% of lives lost
from natural disasters (IFRC 2001). Floods and windstorms were
the most common disaster events globally, but not consistently
the cause of greatest losses. Disasters causing the greatest number
of deaths varied among regions, with floods causing the most
deaths in the Americas and Africa, drought or famine the most in
Asia, earthquakes the most in Europe, and avalanches or landslides
narrowly exceeded windstorms or cyclones in Oceania. Chapter
16 provides a more comprehensive description of flood and fire
hazards.

While the economic loss per event is much larger in industrial
countries, the greatest losses still occur in developing nations in
absolute numbers of lives as well as in relative impact as measured
by percentage of GDP represented by disaster losses. (See Figure
6.4.)

Considering lack of resources and capacity to prevent or cope
with the impacts, it is clear that the poor are the most vulnerable
to natural disasters. Among the poorest countries, 24 of 49 face a
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Table 6.2. Reducing Human Vulnerability: Country Scores (Global Leaders for Tomorrow Environmental Task Force 2002)

1. Austria 85.1
2. Netherlands 85.1
3. Sweden 85.0
4. Canada 85.0
5. Slovenia 85.0
6. Australia 84.9
7. Finland 84.9
8. United Kingdom 84.8
9. Norway 84.8
10. Hungary 84.3
11. Slovakia 84.3
12. Switzerland 84.3
13. Ireland 83.9
14. Iceland 83.6
15. Italy 82.7
16. New Zealand 82.2
17. France 82.2
18. Japan 82.1
19. Denmark 82.0
20. Greece 81.9
21. South Korea 81.7
22. Uruguay 81.1
23. Germany 80.9
24. Belgium 80.8
25. Spain 80.6
26. Israel 80.4
27. United States 80.4
28. Chile 79.9
29. Russia 79.7
30. Czech Republic 79.7
31. Belarus 79.3
32. Bulgaria 79.1
33. Costa Rica 79.1
34. Portugal 78.9
35. Poland 78.5
36. Moldova 77.3
37. Croatia 76.6
38. Kuwait 76.5
39. Estonia 76.3
40. Saudi Arabia 76.2
41. Argentina 75.2
42. United Arab Emirates 75.0
43. Lebanon 74.8
44. Latvia 74.8
45. Macedonia 73.8
46. Ukraine 73.6
47. Malaysia 73.0
48. Cuba 72.6

49. Colombia 71.7
50. Trinidad and Tobago 71.4
51. Jordan 70.9
52. Iran 70.7
53. Kazakhstan 70.6
54. Tunisia 68.8
55. Syria 68.1
56. Mexico 67.2
57. Turkey 66.8
58. Panama 66.2
59. Brazil 66.0
60. Lithuania 64.8
61. Algeria 64.2
62. Bosnia and Herzegovina 63.7
63. Romania 62.7
64. Libya 62.2
65. Egypt 62.1
66. China 61.9
67. Jamaica 61.4
68. Honduras 61.3
69. Ecuador 61.2
70. Paraguay 60.7
71. Morocco 60.4
72. Uzbekistan 60.3
73. Albania 59.8
74. Thailand 58.9
75. North Korea 57.9
76. Venezuela 57.8
77. South Africa 57.7
78. Indonesia 57.5
79. Philippines 56.4
80. Sri Lanka 56.3
81. Kyrgyzstan 52.3
82. Guatemala 52.3
83. Dominican Republic 51.5
84. Peru 51.1
85. Botswana 51.0
86. Armenia 51.0
87. Viet Nam 50.5
88. El Salvador 48.8
89. Azerbaijan 47.6
90. Nicaragua 45.6
91. India 43.8
92. Bolivia 43.5
93. Turkmenistan 42.0
94. Pakistan 41.5
95. Oman 41.0
96. Bangladesh 40.3

97. Zimbabwe 39.2
98. Namibia 38.5
99. Gambia 37.3
100. Laos 35.3
101. Iraq 33.8
102. Mongolia 32.8
103. Myanmar (Burma) 32.6
104. Ghana 32.3
105. Nepal 31.5
106. Bhutan 31.4
107. Senegal 30.6
108. Sudan 29.5
109. Gabon 25.6
110. Congo 25.1
111. Côte d’Ivoire 22.4
112. Tajikistan 21.6
113. Benin 21.0
114. Togo 18.3
115. Nigeria 18.2
116. Papua New Guinea 18.0
117. Uganda 15.4
118. Cameroon 15.1
119. Burkina Faso 10.3
120. Kenya 10.2
121. Tanzania 9.9
122. Mauritania 9.7
123. Central African Rep. 9.4
124. Mali 9.3
125. Cambodia 8.2
126. Guinea 8.1
127. Madagascar 7.9
128. Haiti 7.9
129. Malawi 7.4
130. Zambia 6.9
131. Burundi 6.4
132. Rwanda 6.1
133. Mozambique 5.4
134. Niger 5.1
135. Guinea-Bissau 5.1
136. Liberia 3.9
137. Chad 3.8
138. Somalia 3.5
139. Zaire 2.7
140. Ethiopia 2.4
141. Sierra Leone 2.2
142. Angola 1.9

high level of disaster risk; at least 6 countries have been affected
by two to eight major disasters per year in the past 15 years, with
long-term consequences for human development (UNEP 2002).
Ninety percent of natural disaster–related loss of life occurs in the
developing world. When countries are grouped according to the
UNDP Human Development Index, socioeconomic differences
are strongly reflected in disaster losses (IFRC 2001). For the
1990s, countries of low human development experienced about
20% of the hazard events and reported over 50% of the deaths and
just 5% of economic losses. High human development countries
accounted for over 50% of the total economic losses and less than
2% of the deaths.

In assessing the distribution of vulnerability, several limitations
to existing research need to be considered. First, economic valua-
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tions do not reflect the difference in relative value of losses among
wealthier and poorer populations or the reversibility of environ-
mental damages incurred. Similarly, land degradation due to land-
slides, flooding, or saline inundation from coastal events can
diminish the natural capital resources of livelihoods, further com-
pounding recovery challenges. The meaning of the economic
value of these losses of ecosystem services is also difficult to capture
and is seldom included in conventional economic assessments.

Second, because of the definitions of disaster used, local-scale
disasters of significance to the affected community are often not
reflected in these disaster statistics. If those losses were included,
the figures on damages could easily be much higher.

Finally, there is the tendency to treat natural hazards in sepa-
rate categories and to treat disasters as discrete, individual events.
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Table 6.3. Great Natural Catastrophes and Economic Losses:
Comparison of Decades, 1950–99 (Munich Re 2000)

Catastrophes
and Losses 1950–59 1960–69 1970–79 1980–89 1990–99
Number 20 27 47 63 82

Economic
losses (bill.
1998 dollars)

38.5 69.0 124.2 192.9 535.8

Insured losses
(bill. 1998
dollars)

unknown 6.6 11.3 23.9 98.9

Note: Natural catastrophes are classified as “great” if the ability of the
region to help itself is distinctly overtaxed, making interregional or inter-
national assistance necessary.

Figure 6.4. Disaster Losses, Total and as Share of GDP, in 10
Richest and Poorest Nations, 1985–99 (Abramovitz 2002)

This accounting practice limits insights into the consequences of
threats from multiple hazards in one place and of sequences of
disasters following upon one another. Over time, multiple and
recurring hazards exacerbate vulnerability, and across scales, vul-
nerability is generally greater during the recovery period, when
systems are already damaged. These patterns of differential impact
affect efforts to cope with the impacts of environmental variability
and degradation, as described earlier.

6.5.2 Explaining Vulnerability to Natural Hazards

Human-driven transformation of hydrological systems, popula-
tion growth (especially in developing countries), and movements
of people and capital into harm’s way are major driving forces
underlying the increasing numbers of disasters (Mitchell 2003).
Conflict among people contributes further to vulnerability (Hew-
itt 1997). The causal reasons relate to basic characteristics of econ-
omy and political system but also to the perceptions, knowledge,
and behavior of local managers and institutions (Hewitt 1997).

In some regions, significant environmental changes have re-
sulted in the degradation of ecological services that mediated the
effects of hydro-climatological events. Two common forms of
ecological change—desertification and deforestation—can exacer-
bate the impacts of drought in some areas by reducing the moisture-
holding capacity of the soil and contribute to increased flooding
through reducing infiltration. (See Chapter 16.) In Honduras, de-
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forestation contributed losses through increasing flooding as well
as landslides following Hurricane Mitch in 1998. In other areas,
efforts at river or flood control have reduced vulnerability to
smaller hazard events, but increased losses when larger events
overwhelmed dams, dykes, or levees and damaged the usually
protected area.

The growth in numbers of people affected is a particularly
important measure, as it provides an indication of the potential
increase of exposure and sensitivity of people to environmental
variability. The global annual average number of people affected
has increased over the last decade, although the number of deaths
due to disasters has declined. This shift highlights the potential for
changes in pattern of vulnerability though adaptations. (See also
MA Policy Responses, Chapter 11.) The greatest proportion of
people affected resides in countries of medium human develop-
ment, which include the large-population countries of Brazil,
China, India, and Indonesia (IFRC 2001).

In addition to changing exposure, socioeconomic changes are
shaping the overall patterns of vulnerability. First, while poverty
is not synonymous with vulnerability, it is a strong indicator of
sensitivity, indicating a lack of capability to reduce threats and
recover from harm. The number of people living in poverty is
increasing (UNDP 2002a). The greater number of people affected
in medium human development countries may also reflect their
experience with the additional challenges of transition, a situation
somewhat akin to recovery, in which infrastructure and support
systems, both physical and social, may be disrupted by the proc-
esses of change and be unable to contribute to reducing vulnera-
bility.

Urbanization creates particular problems in disaster vulnera-
bility. Due to the concentrations of people and complex infra-
structure systems involved, the repercussions of an event in cities
can spread quickly and widely, and the scale of resources needed
for effective response is often challenging for national or interna-
tional coordination. In many cases, these cities also draw in vast
numbers of people seeking better lives, but they are often unable
to keep up with the demand for planning, housing, infrastructure,
and jobs. The informal housing that immigrants create is often
located in marginal areas, such as hill slopes and floodplains, and
accessible construction options cannot address the site limitations
(Wisner et al. 2004). In 1950, just under 30% of the world’s pop-
ulation (of 2.5 billion) lived in cities; by 2025 it is projected to be
over 60% (of an estimated 8.3 billion) (UNDP 2002b). This rapid
urbanization trend is particularly pronounced in countries with
low per capita income. (See also Chapter 27.)

Globalization is contributing to natural hazard vulnerability as
it is changing the sensitivity and coping options available (Adger
and Brooks 1003; Pelling 2003). On an international scale, in-
creasing connectedness is causing societies to become more de-
pendent on services and infrastructure ‘‘lifelines.’’ In such a
connected world, the consequences of natural disaster reach far
beyond the area physically damaged. It has been estimated that
the possible extent of damage caused by a extreme natural catas-
trophe in one of the megacities or industrial centers of the world
has already attained a level that could result in the collapse of the
economic system of entire countries and may even be capable of
affecting financial markets worldwide (Munich Re 2000, 2002).
Globalization has also increased the risks faced by marginalized
indigenous peoples; many of these are developmental effects that
will become apparent over only the long term. Traditional coping
mechanisms have come under severe pressure, and adaptation
strategies, at one time effective, can no longer cope (Pelling
2003).
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Data on global trends do not report on the social differentia-
tion among victims, but case study evidence and other synthesis
efforts indicate some social groups are continually disproportion-
ately represented among those harmed the most (Wisner et al.
2004). These are often people who are marginalized within soci-
ety, due to combinations of prejudice, lack of or ignored rights,
and lack of access to social supports or personal resources or due
to distance from concentrations of services and power. Indigenous
peoples, such as the Inuit, Sami, and others from northern re-
gions, represent the vulnerability of this type of situation well.
(See Chapter 25 for further details). These circumstances often
apply to poor people, women, children, elderly individuals, and
ethnic minorities in affected areas. In addition, the elderly, chil-
dren, women, and handicapped people are more likely to have
physical limitations or special needs that reduce their ability to
cope with disaster.

6.6 Desertification: Lessons for Vulnerability
Assessment
Desertification—land degradation in drylands—has been a subject
of interest for over 30 years, with numerous technical assessments
and policy analyses, and it is a good example of changes in a
coupled socioecological system that threaten livelihoods across
large swaths of Earth. It is also a good example of understanding
vulnerability. (See Downing and Lüdeke (2002) and Chapter 22
for more on drylands and desertification and a useful set of maps.)

Local to global studies of social vulnerability to desertification
suggest at least three lessons for vulnerability from past experi-
ence:
• Vulnerability is dynamic. Desertification arises from the interac-

tions of the environment and social, political, and economic
systems—through the actions of stakeholders and the vulnera-
ble themselves (Downing and Lüdeke 2002).

• Vulnerability takes different forms at different scales. Similar con-
stellations of institutions have diverse effects at different social
or geographic scales. The patchiness of driving forces, often
represented in global scenarios, precludes developing a simple
hierarchy from local vulnerability to global maps of desertifi-
cation risks.

• Vulnerability cannot be differentiated into different causes. At the
level of human livelihoods and systems, exposure to desertifi-
cation is entangled with poverty, drought, water, food and
other threats and stresses.
One example of the close coupling of social and environmen-

tal systems related to desertification is apparent in the syndromes
approach developed by the Potsdam Institute for Climate Impact
Research, which depicts the close linkages and components in-
volved in the coupling. The basic idea behind syndromes is ‘‘not
to describe Global Change by regions or sectors, but by archetyp-
ical, dynamic, co-evolutionary patterns of civilization–nature in-
teractions’’ (Petschel-Held et al. 1999, p. 296). Syndromes are
charted in dynamic process models that link state variables that
change over time and between states. The scale is intermediate,
reflecting processes that occur between household and national/
macro scales. The typology of syndromes reflects expert opinion,
modified over time based on modeling. Local case examples are
used to generalize to mechanisms in the modeling and also to
validate the syndrome results. Desertification is a case of several
syndromes operating independently, reflecting the internal dy-
namics of places, resources, economies, and populations.

The syndrome approach illustrates how concepts of dynamic
vulnerability might be implemented to understand multiple
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stresses arising from the human use of ecosystem services. It takes
the analysis one stage beyond purely biophysical explanations to
examine linkages with human systems. The next steps might be
integrated analysis at the level of different users of ecosystem ser-
vices, and how they interact with each other in markets and in
governance.

6.7 Food Insecurity
The arena of food security has been a third primary focus of vul-
nerability analysis. The severe famines in the 1980s in Africa saw
the launch of dozens of famine early warning schemes. These
implemented various designs, but all expanded beyond the simple
monitoring of agricultural production. By the mid-1980s, Amartya
Sen’s entitlement theory (Sen 1981), which emphasized factors
influencing the distribution of food as well as the absolute levels
of available food, was widely circulated and implemented in food
security monitoring. Attention to the socioeconomic failures that
limit access to global food supplies became a substantial compo-
nent of these efforts. More recently, more holistic approaches
have sought to focus on livelihood security, to include food secur-
ity, thereby widening the conceptual framing of vulnerability still
further.

Much of the literature on food security focuses on human
vulnerability; ecosystem services are limited to crop production,
grazing for livestock, and to a lesser extent wild foods. While
vulnerability assessment is maturing as an analytical tool, the need
exists for assessments that are more dynamic and actor-oriented.
An essential way forward in vulnerability analysis is to adopt a
more precise terminology and nomenclature (see, e.g., the papers
in Smith et al., 2003).

6.7.1 Methodology

Methodological lessons learned in vulnerability assessment over
the past several decades reinforce the general messages of this
chapter: food security is a relative measure that can be captured
in various quantitative and semi-quantitative ways, but it is not an
absolute condition that can be measured objectively. Food secur-
ity is multidimensional and it integrates exposure to stresses be-
yond more narrow treatment of the production or availability of
food. (See Chapters 8 and 18 for a further description of food
provisioning services.) It is also clear that indicators of food secur-
ity need to represent an explicit conceptual framework, such as
that offered earlier in this chapter. The collation of indicators into
profiles and aggregated indexes needs also to reflect the causal
structure of food insecurity, going beyond the indiscriminate add-
ing up of available indicators into a single index (see Downing et
al. 2001).

A common feature of almost all food security (and livelihood)
analyses is the recognition of multiple domains of vulnerability.
Operational assessments commonly treat production, economic
exchanges, and nutrition, while longer-term and more structural
analyses include some measure of the political economy that un-
derlies the more immediate dimensions of food security. Examples
of operational assessments include India (MSSRF 2001) and
Kenya (Haan et al. 2001). Figure 6.5 charts three domains of rural
food insecurity for states in India.

A more heuristic illustration of the multiple dimensions of
food security, related to climate change, is shown in Figure 6.6
(in Appendix A). The Figure is speculative, based on a subjective
assessment of food security and climatic risks. Nevertheless, it
clearly shows that global food production is of less concern than
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Figure 6.5. Food Insecurity Indicators of Rural India. Compiled
at the state level, the MS Swaminathan Research Foundation aggre-
gated food insecurity into three dimensions—food availability and
production (x-axis), economic access (y-axis), and nutritional utiliza-
tion (size of the circles, where larger is better-off). (MS Swaminathan
Research Foundation 2001)

the impacts of droughts, which are already economically and so-
cially significant for some livelihoods.

6.7.2 Wild Foods at the Local Scale

While a myriad of propositions regarding food security are possi-
ble, relating to different elements of causal structure, from the
nature of the hungry themselves to the global political economy
of food trade, here the case of wild foods and their role in food
security is examined. (See also Chapters 5, 8, and 18 for food
production and hunger issues.)

The most common approaches to food security are designed
to balance consumption and production at the household level—
including such indicators as expected yields of major foods (re-
lated to rainfall, soil quality, and pests, for instance), economic
exchanges (such as terms of trade for agricultural sales or access to
off-farm employment), hunting of wild foods, and some measures
of entitlement through remittances from kin, official food relief,
and relief work schemes. Set against the total of available food is
the expected consumption, from meeting the FAO calorie stan-
dards to various levels of deprivation and starvation resulting in
measurable effects on health. Aggregating to a regional or national
level, such food balances guide policies for imports and exports,
for targeted relief, and for declaration of a food crisis.

Notably absent from such food balances is the role of off-farm
food collection—the gathering of wild foods either for consump-
tion or sales. (See Chapter 8 for a more detailed description of the
role of wild foods, including game, fish, and plants, in diets and
for the underestimation in accounting in food balances.) In forest
regions, these are called non-wood forest products and can be a
major livelihood activity. Equally, few monitoring schemes in-
clude direct measures of ecosystem services such as charcoal sales,
increased burdens of water shortages, or even effects of vegetation
and land cover on livestock and pests. Nevertheless, for some
marginal communities, such ecosystem services are essential and
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particularly important for surviving food shortages (Ericksen
2003).

Investigations of two dryland sites in Kenya and Tanzania
found that indigenous plants were an important source of raw
material in the majority of coping mechanisms when alternative
sources of food or income were required, such as when the har-
vest failed or sudden expenses had to be met. Such coping mecha-
nisms included making use of trees for making and hanging
beehives (flowering trees are also a source of nectar); of fuelwood
for sale, burning bricks, or producing charcoal; of reeds, fibers,
and wood for handicrafts such as mats or tools; and of fruit, vege-
tables, and tubers for food and sale. Indigenous plant-based coping
mechanisms are particularly important for the most vulnerable,
who have little access to formal employment or market opportu-
nities, thus providing a crucial safety net in times of hardship.
Wild fruits provide important nutrients to children during times
when meals are reduced at home in many parts of Africa and
South Asia (Brown et al. 1999), for example.

Such raw materials can often be acquired from communal land
or from neighbors without cash transactions, and they are avail-
able at critical times of the year due to the climatic resilience of
indigenous plants. In addition, the sale of livestock and poultry
and engaging in casual labor, which are critical sources of cash
during crises, often depend on ecosystem services, such as grazing
land and fodder or forest products for fencing, construction, and
other typical casual labor tasks. Table 6.4 shows the high percent-
age of households that depended on indigenous plant-based cop-
ing mechanisms in the Kenya and Tanzania site (Eriksen 2000),
and Figure 6.7 illustrates the relative importance of indigenous
foods. While the findings refer to a particular point in time (the
1996 drought), the widespread use of forest products as a source
of food and income figures is consistent with findings from nu-
merous other studies (Arnold 1995; Brown et al. 1999).

6.7.3 Global Influence on Local Food Balance

The literature on food security has a long tradition recognizing
that local food balances are embedded in national economies and
global flows of food trade and aid (for one representation, see
Kates et al. 1988). A fictitious illustration captures the notion of
global exposure:

During a drought, a farm household suffers a loss of yields in one of
its fields of maize and beans. The field is primarily used for domestic
consumption, cultivated by the women. Rainfall shortages are appar-
ent with the delay in the onset of the rains—although the field is
planted and later weeded by the women, the family does not apply
expensive pesticides and fertilizers, expecting low returns during a
poor season. Another field has a different problem. The head of the
household acquired it as part of a community-based irrigation scheme

Table 6.4. Households That Depended on Indigenous Plant-
based Coping Mechanisms in Kenya and Tanzania
(Eriksen 2000)

Activities that
Involve Use of
Indigenous Plants

Share of
Households,
Kenya site

Share of
Households,
Tanzania site

(percent)

All use 94 94

Food use 69 54

Non-food use 40 42
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Figure 6.7. Use of Indigenous Plants in Mbitini, Kenya, by
Activity during the 1996 Drought. ‘‘Skilled job’’ entailed tailoring,
stone masonry/construction of houses, and woodcarving. Total num-
ber of households is 52. (Eriksen 2000)

that he joined a few years ago. He plants it this year with a cash crop
of tomatoes and invests in fertilizer and pesticide. Halfway through
the season, however, the drought restricts the availability of irrigation
water. As a ‘‘junior’’ member of the scheme, his supply is reduced
earlier than expected and his yields and quality are poor. When he
tries to sell his crop to the local factory for processing into tomato juice,
he discovers that there is a glut in the market due to a relaxation of
import controls. Good conditions in a nearby country and export sub-
sidies have produced a surplus, and the factory cannot afford to pur-
chase local produce.

The fictitious example is not unrealistic—farmers have to
contend with local conditions, with social, economic, and envi-
ronmental relations in their community, and with the global and
national food system. This global nature of vulnerability makes it
impossible to clearly ‘‘bound’’ exposure, and it is often misleading
to adopt a single spatial scale, as is often attempted in mapping
vulnerability (as noted earlier regarding tools and methods).

6.7.4 Reporting Vulnerability

An essential way forward in food security analysis is to use at least
a more precise terminology and nomenclature. A fairly simple
scheme is proposed here, which makes clear four fundamental
considerations that are not consistently reported: who is exposed,
what the stresses are, what time frame is considered, and what
consequences evaluated (see Downing et al. 2004). The notation
below calls for reporting vulnerability (V) as specific to time frame
(t); the sector, such as agriculture (s); the group, such as small-
scale farmers, women farmers, or residents of peri-urban areas (g);
and the consequences evaluated, such as food production, change
in food purchasing power, nutritional levels or hunger (c).

tVs,g
c

(where s�sector, g�group, c�consequence, t�time frame and
V�vulnerability)

For instance, an examination of climate change vulnerability in
agriculture could offer greater utility to future comparisons and
policy by specifying differences as follows:
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• Climate change vulnerability (T�climate change, no other
terms specified)

• Drought (T) vulnerability for food systems (s)
• Drought (T) vulnerability for smallholder (g) agriculturalists

(s)
• Drought (T) vulnerability for smallholder (g) agriculturalists

(s) at risk of starvation (c�health effects of reduced food con-
sumption)
These four different statements about climate change vulnera-

bility suggest the range of potential differences in assessment find-
ings. The process of conducting a vulnerability assessment can be
labeled VA. If the indicators are mapped, this is extended to a
vulnerability assessment map, a VAM. A database of vulnerability
indictors used in a VA (or VAM) can be labeled VI. Greater preci-
sion and analytical comparability could be gained by assigning a
nomenclature to individual indicators (VIx), such as:

t � time period (historical, present or specific projection)
g � group of people if specific to a vulnerable population
r � region (or geographic pixel)
* � transformed indictors, as in standard scores

This basic set of relationships can be extended into a variety of
assessment tools and facilitate comparison of case studies.

6.8 Exploring Vulnerability Concepts: Three Case
Studies
The broad patterns of vulnerability apparent in the patterns and
trends of natural disasters, the assessment of desertification, and
the lessons from food security studies all demarcate important as-
pects of the sources and outcomes of stresses and perturbations on
coupled socioecological systems. But it is well known that these
interactions are highly place-specific. Thus it is useful to turn to
particular cases to explore these issues in greater depth.

This section considers three specific examples. First, the situa-
tion of two types of resource-poor farmers in northeastern Argen-
tina is examined, illustrating how vulnerability can take different
forms with different types of farming systems. Second, we look at
how shifting the scale of analysis or vulnerability and resilience
yields quite different insights on the sources of vulnerability and
the potential effectiveness of resilience-building strategies, using a
case study from Southern Africa. Finally, efforts to reduce vulner-
ability and the challenges involved in assessing the benefits of dif-
ferent types of interventions are examined through a case study
from the one of the poorest areas of India.

6.8.1 Resource-poor Farmers in Northeastern
Argentina

The Misiones region, in a hilly area of northeastern Argentina,
has a sub-tropical wet climate where about 60% of the original
vegetation (sub-tropical forest) has now been replaced by agricul-
ture, despite the fact that soils are fragile, ill-suited for continuous
cropping, and subject to nutrient depletion and erosion (Rosen-
feld 1998).

Subsistence farming is common in the region, and two major
types of farmers can be distinguished. Both have a similar farm
structure in terms of land, capital, and labor; both are very poor;
and both types often cannot meet their basic needs (Cáceres
2003). But they have designed very different farming systems and
developed contrasting strategies to interact with the wider context
within which they operate. On the one hand, agroecological
farmers have developed farming systems of very high diversity,
use few external inputs, rely mostly on local markets, and are part
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of representative peasant farmer organizations. Tobacco growers,
by contrast, manage less diverse agroecosystems, rely on external
inputs provided by the tobacco industry, have a weak participa-
tion in local organizations, and are closely linked to external mar-
kets. (See Table 6.5.)

6.8.1.1 Agrobiodiversity

The number of domesticated animals and cultivated plants
(agrobiodiversity) maintained by the two types of farmers is strik-
ingly different. On average, agroecological farmers grow or raise
three times as many species within a single farm as tobacco grow-
ers do. The total number of species in all surveyed farms is also
very different: 97 species in the case of agroecological farmers and
41 species for tobacco growers. This indicates that agrecological
farmers maintain a higher degree of heterogeneity among farms
and a higher agrobiodiversity at the landscape-to-region level.
Horticultural, aromatic, and medicinal crops and fruit trees are the
most diverse categories both within and among farms.

Agrobiodiversity has a direct impact on food security (Altieri
1995). The more diverse farms are, the more likely they are to
meet subsistence food needs. The opposite occurs in the case of
farmers specialized in the production of commodities (such as to-
bacco), since most of the farm resources are allocated to a goal
that does not strengthen local food security (Dewey 1979; Fleuret
and Fleuret 1980). This situation is clearly observed in this case,
where agroecological farmers grow more than three times as
many species for food as tobacco growers do.

6.8.1.2 Technology

Agroecological farmers and tobacco growers also differ strongly
in terms of farm technology. Although both draw on the same
technological matrix (draft power and the use of fire to clear up
land), the ‘‘final’’ technologies used in their farms are very differ-
ent (Cáceres 2003). In order to produce their cash crop, tobacco
growers rely on modern technology and a conventional approach
to farming. This involves the use of high external input technol-
ogy (chemical pesticides and fertilizers and high-yield seeds) and
monocropping. Nearly all the inputs needed for tobacco produc-
tion come from the market. Because tobacco growers have an
extremely limited financial capacity, they rely on the credit pro-
vided by tobacco companies, which in turn buy the tobacco
leaves from them, in a typical contract-farming relationship.

In contrast, the technology used by agroecological farmers
rests mostly on the understanding and management of natural
processes and cycles. Rather than relying on external inputs, they
maximize the use of both local and agroecological knowledge and
resources that are locally available. As a consequence of both their

Table 6.5. Differences between Agroecological Farmers and Tobacco Growers in Terms of Agrobiodiversity, Food Safety, Links with
Markets, and Representative Organizations (P� 0.001, Mann-Witney U test for independent samples) (Cáceres 2003)

Agroecological Farmers Tobacco Growers

Variable Median Minimum Maximum Median Minimum 222

Total number of plant and animal
species grown or raised on the farm

40 21 54 14 7 82

Number of species grown or raised for
family consumption

28 18 42 10 4 11

Number of species sold in the market 5 3 10 2 1 1

Participation in organizations (number) 2 1 5 1 1 1
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traditions and the extension work of development agencies, the
use of raised beds, composting practices, intercropping, biological
pest control, and crop rotation is common among the agroeco-
logical farmers (Rosenfeld 1998). In order to gain access to this
technology, these farmers do not need to develop a heavy reliance
on the market, nor do they require the financial support of the
agroindustry.

6.8.1.3 Scale Interactions
The socioeconomic and institutional context, in particular of
markets and organization, is another key element shaping the vul-
nerability of rural societies. Tobacco growers in the Misiones have
a less diversified relationship with the markets, since the tobacco
companies are the main social actor with whom they interact.
This is the highly asymmetrical relationship that typically develops
in contract farming (Watts 1990). Tobacco growers are unable to
make the most important farming decisions (such as how many
tobacco plants to have, or which varieties), negotiate the quality
and price of their tobacco with the agroindustry, or even decide
which company to sell their product to.

The contacts of agroecological farmers with the agroindustry,
on the other hand, are weak, and they are mostly linked to NGOs
and governmental programs fostering rural sustainable develop-
ment. Agroecological farmers have substantial control over the
productive decisions concerning their farms and have developed
a more diversified relationship with the market. They sell their
production through different channels, of which the organic
farmers’ markets is the main one. In these markets, farmers and
consumers meet once a week, when they set the price and other
aspects of the commercial transactions. The wider range of prod-
ucts that agroecological farmers bring to the market also allows
more spreading of commercial risks and thereby has a favorable
impact on the stability of their cash flow.

The differences among these two types of farmers are even
more noteworthy in terms of their participation in local organiza-
tions. Agroecological farmers not only relate with a higher num-
ber of organizations, they are also part of a larger number of
grassroots representative organizations committed to peasant in-
terests and civil rights. In contrast, tobacco growers are almost
exclusively related to the Tobacco Growers’ Association of Misi-
ones, a highly bureaucratized organization that primarily repre-
sents tobacco company-interests (Schiavoni 2001). Yet the
participation of tobacco growers in this organization is compul-
sory in order to be able to sell their tobacco to the agroindustry.

6.8.1.4 Synthesis: Differential Vulnerability
Agroecological farmers and tobacco growers share many key so-
cial and productive features. Both types of farmers and the envi-
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ronment in which they develop their farming strategies may be
regarded as ‘‘vulnerable.’’ However, as this case illustrates, factors
shaping vulnerability can come together in a variety of ways that
result in substantial variations in the magnitude and types of vul-
nerability, even among a group such as small-scale farmers, who
are often assumed to be homogeneous.

Given these differences in vulnerability, the agroecological
farmers appear less vulnerable overall than tobacco growers. Dif-
ferences in agrobiodiversity, technology, and articulation to the
wider context are the main factors underpinning this contrast. On
the one hand, agroecological farmers appear to have developed
more autonomous and resilient livelihood strategies. They man-
age more diverse and stable agroecosystems, produce more food,
and show a stronger negotiating capacity within the political
process. The strategy of tobacco growers, in contrast, depends far
more on the agroindustry. They produce less food, have very lim-
ited negotiation power, and are more exposed to the control of
tobacco companies and the fluctuations of tobacco prices and in-
dustry.

All this suggests that livelihood strategies used by different
groups can dramatically increase or decrease their level of vulnera-
bility. Since the articulation to the wider context is a key aspect
in determining the vulnerability of poor farmers, the latter can
change drastically due to external factors, no matter how ‘‘sensi-
ble’’ the within-farm decisions. This suggests that vulnerability
involves the amplification and attenuation of a variety of condi-
tions that depend on both internal and external circumstances,
and that vulnerability changes over time with changing stresses or
needs in households or with wider socioeconomic and political
changes that increase or decrease access to various assets and op-
portunities.

6.8.2 Vulnerability and Resilience in Southern
Africa: Perspectives from Three Spatial Scales

The southern African region is currently facing a suite of complex
emergencies driven by a mix of factors, including HIV/AIDS,
conflict, land tenure, governance, and lack of access to resources,
coupled with climate risks—not least of which is the emergence
of floods as a serious hazard (Mano et al. 2003; Vogel and Smith
2002; IPCC 2001a). Existing adaptive capacity is also, arguably,
being increasingly eroded and undermined by such factors. The
World Food Programme has recently estimated that around 14
million people in the region are in a heightened food insecurity
situation (Morris 2002). Contributing factors emerging from this
situation include, among others, low opening stocks of cereals
from previous years, low grain reserves in some countries, low
levels of preparedness for such food insecurity, and inappropriate
and constraining policies that contributed to market failures
(Mano et al. 2003).

This case examines the multiple roles of global environmental
change as part of a complex suite of stressors (such as climate,
governance, and health) and adaptation to such stressors in South
Africa, using the 2002/03 famine situation in the Southern Afri-
can Development Community as a backdrop. The theme of resil-
ience and adaptation in the face of global change (Adger 2000) is
analyzed at three spatial scales, moving from the regional (SADC)
level to the district and community levels, focusing particularly
on the role of information as a potential input into building sus-
tainability. The greatest priority in such an investigation is less one
of describing the problem than it is interactively crafting appro-
priate sustainable interventions. (No suitable ‘‘sustainable’’ inter-
ventions can be designed in isolation of the institutions and
stakeholders involved.)
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6.8.2.1 The SADC Region 2002/03 Season: Coping with
Complex Environmental Stress

The contributions of various socioeconomic and political factors,
often generated outside the region, have long been acknowledged
to contribute to the complexities associated with climate stress
and food insecurity facing Southern Africa (Benson and Clay
1998). Several of these myriad of factors usually become particu-
larly important during a severe dry spell, flood, or other climate-
driven event.

In response to the droughts of the 1970s, 1980s, and 1990s,
international organizations, bilateral donors, African governments
and NGOs established numerous early warning systems and en-
larged institutional capacity to manage food security and risks
(Moseley and Logan 2001). These entities have been actively un-
dertaking efforts to reduce vulnerability to a number of risk fac-
tors in the region. A clear activity has been to examine current
risks and threats primarily relating to drought-induced production
deficits and to provide improved climate information to serve the
agricultural sector (see, e.g., Archer 2003).

Another priority has been not only to increase the under-
standing of food provision and production but also to improve
assessments of food procurement and access to food by households
in the region (e.g., see Devereux 2000; Vogel and Smith 2002)
and the factors (such as institutions, governance, and policy issues)
that enhance or constrain access to food. The contributions of
adverse synergies, including natural triggers (such as drought) and
politics (such as civil stress) that have precipitated famines (Dever-
eux 2000), have in some cases become more prevalent and en-
demic in sub-Saharan Africa.

A number of interesting adaptive measures have emerged
from assessments undertaken of the 2002/03 famine in the region
(see www.fews.net). Vulnerability assessments show, for example,
that cereal production is sometimes not a key activity in procuring
food in risk-prone households. Rather, it is food purchases and
other inputs (remittances, gifts, and so on) that enable households
to obtain food. Such insight on adaptation practices has only
emerged from detailed food economy investigations. Such studies
reveal and question the role of ‘‘food relief ’’ as an intervention
strategy in reducing the impacts of the crisis. Furthermore, the
role of HIV/AIDS in aggravating the situation in several house-
holds is also emerging as a strong and negative factor (SADC
FANR Vulnerability Assessment Committee 2003).

With the background of this regional scale, vulnerabilities to
a similar suite of risks (including climate, management, and other
factors) can be understood at the scale of South Africa and Lim-
popo Province. These case studies clearly show that, similar to
the regional examples described earlier, a well-intentioned focus
on early warning can do little to enhance resilience to risks if it is
not coupled with a careful examination of the wider socioeco-
nomic environment in which such activities operate (such as the
policy environment, or institutional strengths and weaknesses),
consistent with the northern Argentina case.

6.8.2.2 South Africa, 2002/03 Season—The National Scale

An unusually dry 2002/03 summer rainfall season caused wide-
spread livestock mortality and water scarcity for growing crops in
Limpopo, Mpumalanga, and North West Provinces in South Af-
rica. In Limpopo, the provincial government requested 40 million
rand in drought relief from the National Department of Agricul-
ture, in addition to 6 million rand of provincial emergency fund-
ing that was made available (largely for subsidized fodder). Official
estimates were that drought-related cattle mortalities exceeded
18,000.
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A range of potentially valuable mechanisms to promote
drought mitigation and risk reduction was, however, in place.
Institutions and mechanisms included the Agricultural Risk Man-
agement Directorate, whose Early Warning Subdirectorate was
substantively involved in improving awareness of early warning
in the agricultural sector. The Early Warning Subdirectorate was
established to improve forecast dissemination to smallholder farm-
ers after forecasters and decision-makers realized that the informa-
tion did not reach any further than provincial departments of
agriculture (Archer and Easterling 2004). In addition, the Na-
tional Agrometeorological Committee was established as a forum
for reviewing updated seasonal outlook and provincial reports
regularly throughout the season.

Essentially, the seasonal warning advisory was developed and
disseminated at least to the provincial level in South Africa for the
2002/03 season. In spite of this, the adverse effects of climatic risk
were substantial. Accepting that further investigation is required
(and is planned), some preliminary observations on the 2002/03
season at the national scale in South Africa are possible.

As is well documented in a variety of case studies, forecasts,
warnings, and information were in themselves insufficient to en-
sure action to improve resilience to environmental stress. In this
case study, failures may have occurred in dissemination (for exam-
ple, forecast information may not have been disseminated to ex-
tension officers or farmers). There may also have been failures in
response capacity—even had farmers heard the seasonal warning,
they may, for a variety of reasons, have been constrained in their
ability to take anticipatory action (such as destocking). Last, there
may have been weaknesses in institutional capability as well as
weaknesses of ‘‘fit’’ and ‘‘interplay’’ between what institutions are
providing and what is required (see, e.g., Folke et al. 1998; Berkes
and Folke 1998; Orlove and Tosteson 1999; Raskin et al. 2002).
Even with effective information dissemination, provincial, mu-
nicipal, and local institutions may themselves be constrained in
their ability to either recommend or support appropriate actions
to improve resilience.

6.8.2.3 Vhembe District, Limpopo Province, 2002/03 Season

Results from research at the district and local level in Vhembe
district of Limpopo Province show where gaps and weaknesses
existed with regard to improved resilience to climatic risk in the
2002/03 season. It appears that this was the first season that the
surveyed community (first surveyed in 2000/01) had exposure to
seasonal forecast information. The Vhembe District Department
of Agriculture and the District Department of Water Affairs and
Forestry also received the forecast. Yet both at the community
level and at the district institutional level, little response was ap-
parent. Identifying the reasons for the lack of action is key to
understanding the adverse drought effects at the national and pro-
vincial level described earlier.

First, it is clear that the forecast alone was insufficient, both
for the needs of farmers and for district institutions. Both farmers
and institutions explicitly asked for more guidance in terms of
what actions might be appropriate in the light of the forecast or
warning information. Farmers requested, for example, that when
the seasonal forecast (or severe weather warning) was broadcast
over the radio, the announcement needed to be coupled with an
advisory. Such an advisory could include a wide range of general
advice at various scales—at the district level, for instance, infor-
mation on planting dates; at the farm level, very specific informa-
tion on cultivars and planting. The District Department of
Agriculture asked that the existing agricultural advisory be further
developed and refined for local district conditions. The District
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Department of Water Affairs and Forestry requested that the ag-
ricultural advisory be adapted for the water sector (and for other
climate-sensitive sectors as well, such as health).

Second, farmers themselves may have been constrained in
their ability to respond to information about climatic stress. The
most commonly documented constraint on response capacity was
resource limitation, including lack of access to credit, supplemen-
tal irrigation, land, and markets as well as lack of decision-making
power (particularly in the case of women farmers) (Archer 2003).
Further research in the area is seeking to understand the precise
role of resource limitations and misdirected inputs (such as inap-
propriate irrigation infrastructure) in constraining both the ability
to respond to forecasts and warnings and, more important, the
ability to increase resilience and adaptive capacity.

There are also, however, encouraging signs in Vhembe district
and at the national scale in South Africa of building adaptive ca-
pacity under conditions of climatic (and environmental) stress.
Progress has been made in the dissemination of the forecast to
district institutions and to the community level. And intermediary
mechanisms described at the national scale (such as the programs
under the Directorate of Agricultural Risk Management) show
promise. There are signs that research on ways to improve adap-
tive capacity in South Africa is becoming increasingly well posi-
tioned to produce generalized recommendations that may inform
policy.

6.8.2.4 Synthesis: Cross-scale Interactions and Multiple
Stressors

The results from this case suggest that although gaps and weak-
nesses were evident in the ability of entities at different scales to
decrease vulnerability to the emergence of multiple stressors, suc-
cess stories were also apparent. In this example it is clear that the
spatial scale is a valuable unit of analysis. The level of interplay,
however, between scales of ‘‘intervention’’ is equally important
(e.g., Orlove and Tosteson 1999).

This example illustrates the ‘‘misfit’’ between scales of re-
search and intervention, between what is investigated and what is
required. This example points to a greater understanding of these
complex issues, particularly in a region undergoing complex
shocks and stressors, and the deeper interrogation that is required
of the range of institutional responses that may be needed to man-
age these systems effectively. The South African Weather Service,
as the official national forecast producer, works with other fore-
cast producers at the international and national levels to derive a
multiple-sourced seasonal outlook, containing three-month rain-
fall and temperature forecasts. The forecast, looking specifically at
the agricultural sector, is disseminated to the National Department
of Agriculture and from there to provincial, district, ward exten-
sion, and finally farm level.

The process of sub-provincial dissemination of the forecast is
still in progress. There are three areas of on-going activity to im-
prove the system: the process of combining multiple source fore-
casts, the role of the National Disaster Management Centre in
receiving forecasts and coordinating response in appropriate areas
and sectors, and the sub-provincial receipt of, and response to,
the forecasts.

At present, however, there remains a misfit between what is
currently being provided by the forecast producers and the sug-
gested requirements from the agricultural sector within the pro-
vincial levels. From the province down to ward level extension,
suggested forecast information differs from the three-month tem-
perature and rainfall forecasts provided from the national and in-
ternational levels. Finer levels suggest information be provided on
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seasonal quality (such as information on intra-seasonal variability),
advisories coupled to forecasts, retroactive forecast applications,
and impact-specific interpretation of forecasts (Orlove and Toste-
son 1999). To reiterate, the system is highly dynamic and should
be seen as evolving. The key question remains how to best inter-
vene to aid a system in building resilience to sustain socioecologi-
cal systems under conditions of environmental stress and surprise.

6.8.3 The Benefits of Reducing Vulnerability in
Bundelkhand, India

The Bundelkhand region in the central highlands of India consists
of semiarid plateau land. Rising population, subsequent agricul-
tural expansion, and increased demand for wood has led to rapid
deforestation in the region, which together with poor land man-
agement practices and government-approved commercial logging
has aggravated soil erosion and ecological degradation. Erratic
rainfall coupled with soil erosion has further reduced soil produc-
tivity and contributed to crop failure, and the area is now highly
degraded (EcoTech Services 1997). (This paper draws on Eco-
Tech Services 1999; the study was carried out to support the Uttar
Pradesh state government initiatives in the area, under a grant
from the Government of the Netherlands.)

The region has some of the lowest levels of per capita income
and human development in India. Illiteracy and infant mortality
rates were high, and local inhabitants depended on rain-fed single-
crop agriculture and small-scale livestock production. The forests
that were the traditional source of livelihood have largely dis-
appeared.

Lalitpur district lies at the heart of the Bundelkhand region.
The main monsoon crops grown in the district are maize, gram,
and groundnut, while the main winter crops are wheat, peas, and
gram. Most people collect green fodder from their own land dur-
ing kharif and feed harvest remains to the animals in rabi and
summer. Harvest is sold as dry fodder. Most households use the
same well through the year, and it takes approximately two hours
per household to collect water each day. Nonavailability of pota-
ble water is a major problem across the district (EcoTech Services
1997).

6.8.3.1 Watershed Management

A technical plan for the Donda Nala watershed in Lalitpur district
was drawn up, aimed at land treatment and drainage line treat-
ment measures (EcoTech Services 1997). Land treatment mea-
sures sought to reduce the loss of topsoil and to augment
rainwater retention and biomass production. Measures such as
embankments, earthen gully (channel) plugs, and agroforestry
were deemed applicable to cultivated land, while silvipasture was
deemed applicable to uncultivated lands. Drainage treatments
suggested by the plan included mechanical measures such as the
construction of dams and surface water storage tanks. Long-term
benefits envisioned from these measures were retention of topsoil
and an increase in the moisture-retaining capacity of soil. The
technical plan estimated that the high-grade lands in the water-
shed would show increased crop yields by about 50% in the first
five years as a result of such improvements.

6.8.3.2 Quantifying Benefits

Benefits projected from the watershed management activities in-
cluded increased productivity of land, improvement in the health
of animals due to increased fodder availability, better access to
drinking water, increased employment, lower rates of soil erosion,
and stabilizing environmental degradation. For the economic
analysis in the plan, the benefits were summarized as irrigation
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benefits, benefits from vegetative treatments, drinking water ben-
efits, and employment benefits. (The assessment did not attempt
to evaluate environmental and health benefits, which are more
complex to quantify.)

Farmers realized benefits from cultivation in the form of in-
creased profits. The incremental net profit was computed as the
difference between current profits and potential future profits
from cultivation. Assuming that prices would remain constant,
profits in the future were estimated on the present value of future
cultivation. It was estimated that the average annual incremental
profit would be 3,910,700 rupees (or 1,450 rupees per acre) as a
result of additional water on existing farmlands. It was estimated
that there would be additional benefits due to cultivation on mar-
ginal lands due to a further 257 hectares coming under cultivation
during monsoon and 90 hectares in winter. This value was esti-
mated as 1,681,000 rupees.

Vegetative treatments led to increased biomass in the form
of fodder, firewood, and timber. Locally accepted species were
identified for long-term community-managed common land.
The estimates from increased fodder availability were based on
fodder collection amounts. The incremental production of dry
fodder or crop residues was valued at the existing market rate and
estimated at 777,800 rupees for the watershed as a whole. A de-
tailed cost-benefit estimation of silvipastural treatments planned
in the wastelands for a period of 30 years was also assessed to
compute the net present value of the future stream of benefits.
Some 420 hectares of land were to be covered under the afforesta-
tion plan.

The potential benefits from better access to drinking water
were valued by using the opportunity cost of time saved in water
collection for women. Three open wells were proposed in the
villages of Agar, Dhurwara, and Ghisoli. These sought to enhance
women’s participation in the project and to benefit families who
lacked easy access to drinking water. The new wells were typically
located near a cluster so that these families would not have to go
more than a quarter of a kilometer. The estimated cost of digging
wells in the watershed was 304,065 rupees, and the total value of
time savings was 45,090 rupees for the year. The value of this is
projected to rise over time as daily wages increase.

Given the labor requirements for each type of project activity,
the market and opportunity costs for labor were determined. The
benefits were calculated from activity-specific labor components
of the technical work plan. Total incremental benefits from em-
ployment were valued at the prevailing wage rate. The employ-
ment benefits disbursed in the first two years of project activities
were estimated at 5,480,000 rupees.

The projected present value of the future stream of the total
annual benefits from each of the estimated components provides
the overall value for the stream of benefits accruing from the proj-
ect. The average projected present value of benefits per hectare
was 47,461 rupees as opposed to an average project activity cost
of 7,500 rupees per hectare. (See Table 6.6.) Assuming a 30-year
horizon, the present projected value of the estimated benefits
were computed using a 12% discount rate. The net present value
of total benefits worked out to be over 100 million rupees for the
entire watershed.

6.8.3.3 Synthesis: Distributional Issues

Most of the village community of Lalitpur district consists of small
farmers and landless people. While the benefits from additional
employment and access to drinking water are projected to directly
enhance their quality of life, benefits from irrigation and green
fodder production (which are the major source of benefits) are
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Table 6.6. Total Benefits for Donda Nala Watershed (EcoTech
Services 1997)

Project
Activity

Total Undiscounted
Benefits

Total Discounted
Benefits

(Rs crores)

Irrigation 16.5620 3.5799

Digging wells 0.1300 0.0281

Employment 0.5476 0.4132

Silvipasture 24.4177 6.0871

Forestry 5.5876 0.3949

Total benefits 47.2449 10.5320

likely to accrue to those with land or cattle. The benefits will
reach poorer households only if the access to treated wastelands
and to harvest can be assured.

6.9 Implications for Assessment and Policy
The discussion and cases in this chapter emphasize that the pat-
terns and dynamics that shape the vulnerability of coupled socio-
ecological systems are composed of a multitude of linkages and
processes. As such, assessments of vulnerability need to be com-
prehensive, sensitive to driving forces at different scales, but also
appreciative of the differences among places.

A number of observations relevant to attempts to assess and
reduce vulnerability and to build resilience may be offered. First,
conceptual frameworks of vulnerability have improved, repre-
senting human and biophysical vulnerabilities as a coupled socio-
ecological system. However, the relationships across scales and the
role of specific actors (as drivers of systems) are poorly represented
in most frameworks, and the existing state of knowledge is still
weak. Different components of the coupled socioecological sys-
tem may have quite different vulnerabilities and may experience
exposure to stresses and perturbations quite differently. Diverse
impacts are likely as a result; broad frameworks should not be
taken as reliable guides to local conditions. The term vulnerability
is still used in disparate ways in many assessments; a clear nomen-
clature is required to make assessments more consistent and co-
herent.

Second, the driving conditions of vulnerability have been well
characterized at least at a general level. Human alterations of eco-
systems and ecosystem services shape both the threats to which
people and places are exposed and their vulnerabilities to the
threats. The same alterations of environment can have very differ-
ent consequences, depending on the differential vulnerability of
the receptor systems.

Third, poverty and hazard vulnerability are linked and often
mutually reinforcing by creating circumstances in which the poor
and those with limited assets have few options but to exploit envi-
ronmental resources for survival. At the same time, poverty and
vulnerability are overlapping but distinct conditions, and they re-
quire analysis to determine overlaps and interactions.

Fourth, vulnerability can also be increased by the interaction
of stresses over time. In particular, sequences of stresses that erode
coping capacity or lengthen recovery periods can have long-term
impacts that still often are not adequately treated in many assess-
ments. Capturing these dynamics of vulnerability in assessment is
an ongoing challenge.
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Fifth, socioeconomic and institutional differences are major
contributors to patterns of differential vulnerability. The linkages
among environmental change, development, and livelihood are
attracting increasing attention as a nexus in building resilient com-
munities and strengthening adaptive capacity, but existing knowl-
edge is still uneven and not well developed.

Sixth, despite this general level of explanation, it is still diffi-
cult to document adequately the effects of different changes upon
different human groups with precision. While environmental
changes and natural disasters are affecting increasing numbers of
people, the existing knowledge base of vulnerability and resilience
is highly uneven, with much known about some situations and
very little about others. Some of the most vulnerable peoples and
places are those about which the least is known. New vulnerabili-
ties may be realized in the future, as in the dramatic increase of
flooding damages in Africa or the effects of HIV/AIDS as a com-
pounding factor in livelihood security. Filling the major gaps is a
high priority in improving current assessments.

Seventh, assessment methods are improving. Entering vulner-
ability assessments at different scales of analysis, and particularly
the local scales of place-based assessments, holds potential for
greater depth and understanding of the complexity and dynamics
of changing vulnerability.

Finally, despite the limitations of theory, data, and methods,
sufficient knowledge exists in most regions to apply vulnerability
analysis to contemporary problems of ecosystem management and
sustainable development in order to provide useful information to
decision-makers and practitioners.
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Lambin, E. and E. Bartholomé, 2003: Monitoring natural disasters and ‘hot
spots’ of land cover change with SPOT VEGETATION data to assess regions
at risks. [online] Cited May 2003. Available at http://www.geo.ucl.ac.be/
Disasters.htm.

Lambin, E.F, B.L. Turner II, H.J. Geist, S.B. Agbola, A. Angelsen, et al. 2001:
Our emerging understanding of the causes of land-use and land-cover
change. Global Environmental Change 11, 261–269.

Lane, R., 1997: Oral histories and scientific knowledge in understanding envi-
ronmental change: A case study in the Tumut Region, NSW. Australian Geo-
graphical Studies 35(2), 195–205.

Lawton, J. H., 2000: Community ecology on a changing world. Excellence in
Ecology Series no. 11. Ecology Institute, Oldendorf, Germany.

Lonergan, S., 1998: The Role of Environmental Degradation in Population Displace-
ment. 2nd ed. Research Report 1. Victoria, B.C.: Global Environmental
Change and Human Security Project, University of Victoria.

Loreau, M, S. Naeem, P. Inchausti, J. Bengtsson, J.P. Grime, et al. 2001: Bio-
diversity and ecosystem functioning: Current knowledge and future chal-
lenges. Science 294, 804–808.
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Main Messages

Some of the people and places affected by changes in ecosystems and
ecosystem services are highly vulnerable to the effects and are particu-
larly likely to experience much of the damage to well-being and loss of
life that such changes will entail. Indeed, many of these people and places
are already under severe stress from environmental, health, and socioeco-
nomic pressures, as well as new forces involved in globalization. Further
threats arising from changes in ecosystems and ecosystem services will inter-
act with these other on-going stresses to threaten the well-being of these
groups while many others throughout the world benefit and prosper from
human interactions with ecosystems.

The patterns and dynamics of vulnerability in coupled socioenvironmen-
tal systems are shaped by drivers operating at scales from the interna-
tional to the local, all interacting with the specifics of places. The
dominant drivers and patterns of vulnerability differ, depending on the threat or
perturbation addressed, the scale of analysis selected, and not least the con-
ceptual framework employed. While our existing knowledge of the sources and
patterns of vulnerability is still incomplete, substantial progress is being made
in this relatively new area of analysis, and vulnerability assessment is proving
useful in addressing environmental management and sustainable develop-
ment.

At a global level, various efforts over the past several decades have
defined vulnerability indictors and indexes and have mapped relevant
global patterns. Because they use different conceptual frameworks and con-
sider vulnerability to different types of threats, these efforts largely identify
different national-scale patterns of vulnerability. Examples in the chapter intro-
duce major efforts to address vulnerability to environmental change broadly
defined, as a dimension of environmental sustainability, in respect to climate
change and natural hazards. Improvements in the state of knowledge and
methodology development are needed generally to deepen understanding of
these global patterns and their causes, although the topics of natural hazards,
desertification, and food security have received more attention than others,
due to the level of societal concern on these issues.

Trends in natural hazards reveal several patterns that are known with
high confidence at the national level. The world is experiencing a worsening
trend of human suffering and economic losses from natural disasters over the
past several decades. In the last 40 years, the number of ‘‘great’’ disasters
has increased by a factor of 4 while economic losses have increased by a
factor of 10. The significance of these events to the social vulnerability of
exposed human populations is of special concern. Even before the December
2004 tsunami, Asia was disproportionately affected, with more than 43% of all
natural disasters and 70% of deaths occurring there over the last decade of
the twentieth century. The greatest loss of life continues to be highly concen-
trated in developing countries as a group.

Desertification is another phenomenon that has received extensive atten-
tion. Vulnerability to desertification has multiple causes that are highly inter-
mingled; like all vulnerability, it is the product of the interaction between
environmental change and social and political systems. The driving forces of
environmental change generally have a high patchiness, and effects vary
widely with differences in social and geographic scales.

Food insecurity is a third primary area of concern in changes in ecosys-
tem services. Multiple domains of vulnerability exist in food security regimes
and livelihood systems. Production, economic exchanges, and nutrition are
key elements, along with more-structural issues associated with the political
economy. At this point in time, the more generalized, major contributions to
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knowledge are emerging in the realms of better understanding of driving
forces, interactions across biophysical scales and social levels, connections
between ecosystems services and human well-being, and differential vulnera-
bility at local levels. While many challenges remain in aggregating diverse case
study findings, consistency is emerging around a number of themes:

• Socioeconomic and institutional differences are major factors shaping dif-
ferential vulnerability. The linkages among environmental change, devel-
opment, and livelihoods are receiving increasing attention in efforts to
identify sources of resilience and increase adaptive capacity, but knowl-
edge in this area is uneven in its coverage of environmental threats and
perturbations as they act in relation to different ecosystems and liveli-
hoods.

• Poverty and hazard vulnerability are often closely related, as the poor
often lack assets and entitlements that allow them some buffer from envi-
ronmental degradation and variability.

• The interactions of multiple forms of stress—economic, social, political,
and physical—with environmental change can amplify and attenuate vul-
nerability abruptly or gradually, creating dynamic situations for assessment
that have still to be fully captured in research methodologies. Major world-
wide trends of population growth, urbanization, the spread of HIV/AIDS,
economic development, and globalization are acting to shape patterns of
vulnerability at national and local scales. The implications of these proc-
esses for climate change are still poorly understood.

The limitations of existing understanding point to the need for a variety
of efforts to improve assessment and identify measures to reduce vulner-
ability. These include the need for a robust and consensual conceptual frame-
work for vulnerability analysis, improved analysis of the human driving forces
of vulnerability as well as stresses, clarification of the overlaps and interactions
between poverty and vulnerability, the tracking of sequences of stresses and
perturbations that produce cumulative vulnerability, the role of institutions in
creating and mitigating vulnerability, the need to fill gaps in the knowledge
base of global patterns of vulnerability, improved assessment methods and
tools, and the need for interventions aimed at reducing vulnerability.

6.1 Introduction
The Third Assessment of the Intergovernmental Panel on Cli-
mate Change noted that over the past century average surface
temperatures across the globe have increased by 0.6� Celsius and
evidence is growing that human activities are responsible for most
of this warming (IPCC 2001b). Human activities are also altering
ecosystems and ecosystem services in myriad ways, as assessed in
other chapters. While both positive and negative effects on
human societies are involved, it is unrealistic to expect that they
will balance out.

Many of the regions and peoples who will be affected are
highly vulnerable and poorly equipped to cope with the major
changes in ecosystems that may occur. Further, many people and
places are already under severe stress arising from a panoply of
environmental and socioeconomic forces, including those ema-
nating from globalization processes. Involved are such diverse
drivers of change as population growth, increasing concentrations
of populations in megacities, poverty and poor nutrition, accu-
mulating contamination of the atmosphere as well as of land and
water, a growing dependence on distant global markets, growing
gender and class inequalities, the ravages of wars, the AIDS epi-
demic, and politically corrupt governments. (See Chapter 3 for
further discussion on drivers of change.) Environmental change
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will produce varied effects that will interact with these other
stresses and multiple vulnerabilities, and they will take their toll
particularly among the most exposed and poorest people of the
world.

The most vulnerable human and ecological systems are not
difficult to find. One third to one half of the world’s population
already lacks adequate clean water, and climate change—
involving increased temperature and droughts in many areas—
will add to the severity of these issues. As other chapters in this
volume establish, environmental degradation affects all ecosystems
and ecosystem services to varying degrees. Many developing
countries (especially in Africa) are already suffering declines in
agricultural production and food security, particularly among
small farmers and isolated rural populations. Mountain locations
are often fragile or marginal environments for human uses such as
agriculture (Jodha 1997, 2002). Increased flooding from sea level
rise threatens low-lying coastal areas in many parts of the globe, in
both rich and poor countries, with a loss of life and infrastructure
damages from more severe storms as well as a loss of wetlands and
mangroves. (See Chapters 19 and 23.)

The poor, elderly, and sick in the burgeoning megacities of
the world face increased risk of death and illness from growing
contamination from toxic materials. Dense populations in devel-
oping countries face increased threats from riverine flooding and
its associated impacts on nutrition and disease. These threats are
only suggestive, of course, of the panoply of pressures that con-
front the most vulnerable regions of the world. It is the rates and
patterns of environmental change and their interaction with
place-specific vulnerabilities that are driving local realities in terms
of the eventual severities of effects and the potential effectiveness
of human coping mitigation and adaptation.

Research on global environmental change and on-going as-
sessments in many locales throughout the world have greatly en-
riched our understanding of the structure and processes of the
biosphere and human interactions with it. At the same time, our
knowledge is growing of the effects that changes in ecosystems
and ecosystem services have upon human communities. None-
theless, the knowledge base concerning the vulnerabilities of cou-
pled socioecological systems is uneven and not yet sufficient for
systematic quantitative appraisal or validated models of cause-and-
effect relationships of emerging vulnerability. Yet what we need
to understand is apparent in the questions that researchers are ad-
dressing (Turner et al. 2003a): Who and what are vulnerable to
the multiple environmental and human changes under way, and
where? How are these changes and their consequences attenuated
or amplified by interactions with different human and environ-
mental conditions? What can be done to reduce vulnerability to
change? How may more resilient and adaptive communities and
societies be built?

In this chapter key definitions and concepts used in vulnera-
bility analysis are first considered. Included in this is a clarification
of what is meant by the terms ‘‘vulnerability’’ and ‘‘resilience.’’
Several of the principal methods and tools used in identifying and
assessing vulnerability to environmental change are then exam-
ined (but see also Chapter 2). Efforts to identify and map vulnera-
ble places at the global scale are described, followed by three
arenas—natural disasters, desertification, and food security—that
have received substantial past analyses in vulnerability research
and assessment. Several specific case studies that illustrate different
key issues that pervade vulnerability assessments are presented
and, finally, implications of our current knowledge for efforts to
assess and reduce vulnerability and to build greater resilience in
coupled socioecological systems are assessed.
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6.2 Definitions and Conceptual Framework
The term vulnerability derives from the Latin root vulnerare,
meaning to wound. Accordingly, vulnerability in simple terms
means the capacity to be wounded (Kates 1985). Chambers
(1989) elaborated this notion by describing vulnerability as ‘‘ex-
posure to contingencies and stress, and the difficulty in coping
with them.’’ It is apparent from relating the notion of vulnerabil-
ity to the broader framework of risk that three major dimensions
are involved:
• exposure to stresses, perturbations, and shocks;
• the sensitivity of people, places, and ecosystems to stress or

perturbation, including their capacity to anticipate and cope
with the stress; and

• the resilience of exposed people, places, and ecosystems in
terms of their capacity to absorb shocks and perturbations
while maintaining function.

6.2.1 Conceptual Framework for Analyzing
Vulnerability

A wide variety of conceptual frameworks have arisen to address
the vulnerability of human and ecological systems to perturba-
tions, shocks, and stresses. Here we draw on a recent effort of the
Sustainability Science Program to frame vulnerability within the
context of coupled socioecological systems (Turner et al. 2003a,
2003b). The framework seeks to capture as much as possible of
the totality of the different elements that have been demonstrated
in risk, hazards, and vulnerability studies and to frame them in
regard to their complex linkages. (See Figure 6.1.)

The framework recognizes that the components and linkages
in question vary by the scale of analysis undertaken and that the
scale of the assessment may change the specific components but
not the overall structure. It identifies two basic parts to the vul-
nerability problem and assessment: perturbation-stresses and the
coupled socioecological system.

Perturbations and stresses can be both human and environ-
mental and are affected by processes often operating at scales
larger than the event in question (such as local drought). For ex-
ample, globally induced climate change triggers increased varia-
tion in precipitation in a tropical forest frontier, while political
strife elsewhere drives large numbers of immigrants to the fron-
tier. The coupled socioecological system maintains some level of
vulnerability to these perturbations and stresses, related to the
manner in which they are experienced. This experience is regis-
tered first in terms of the nature of the exposure—its intensity,
frequency, and duration, for instance—and involves measures that
the human and environment subsystems may take to reduce the
exposure. The coupled system experiences a degree of harm to
exposure (risk and impacts), determined by its sensitivity. The
linkage between exposure and impact is not necessarily direct,
however, because the coupled system maintains coping mecha-
nisms that permit immediate or near-term adjustments that reduce
the harm experienced and, in some cases, changes the sensitivity
of the system itself.

If perturbations and stresses persist over time, the types and
quality of system resilience change. These changes are potentially
irreversible, as the case of ozone depletion illustrates. Change may
lead to adaptation (fundamental change) in the coupled system.
The role of perception and the social and cultural evaluation of
stresses and perturbations is important to both the recognition of
stresses and the decisions regarding coping, adaptation, and adjust-
ment. These decisions reflect local and regional differences in per-
ceptions and evaluations. The social subsystem must be altered, or
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Figure 6.1. A Framework for Analyzing Vulnerability

it ceases to function (a place or region is abandoned, for example);
the ecological subsystem changes in climate and vegetation. This
process of more fundamental change, sometimes also referred to
as ‘‘reorganization,’’ may move the coupled socioecological sys-
tem in a direction of greater sustainability, but perhaps at a cost to
those depending on current patterns of ecosystem services. The
MA Policy Responses volume addresses adjustments and adaptation
in ecosystems and with respect to human well-being in greater
detail. By definition, no part of a system in this vulnerability
framework is unimportant.

6.2.2 The Concept of Resilience

The concept of resilience as applied to integrated socioecological
systems may be defined as the amount of disturbance a system can
absorb and still remain within the same state or domain of attrac-
tion, the degree to which the system is capable of self-organization
(versus lack of organization or organization forced by external
factors), and the degree to which the system can build and in-
crease its capacity for learning and adaptation (Carpenter et al.
2001). Socioecological systems are complex adaptive systems that
are constantly changing, and the resilience of such systems repre-
sents the capacity to absorb shocks while maintaining function
(Holling 1995, 2001; Gunderson and Holling 2002; Berkes et al.
2002). When a human or ecological system loses resilience, it
becomes vulnerable to change that previously could be absorbed
(Kasperson and Kasperson 2001).

New insights have been gained during the last 10 years about
the essential role of resilience for a prosperous development of
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human society (Gunderson and Holling 2002). A growing num-
ber of case studies have revealed the tight connection between
resilience, diversity, and the sustainability of socioecological sys-
tems (Berkes and Folke 1998; Adger et al. 2001).

Ecosystems with low resilience may still maintain function and
generate resources and ecosystem services—that is, they may seem
to be in good shape—but when subject to disturbances and sto-
chastic events, they may reach a critical threshold and slide into a
less desirable state. Such shifts may significantly constrain options
for social and economic development, reduce options for liveli-
hoods, and create environmental migrants as a consequence of the
impact on ecosystem life-support.

In ecological systems, Lawton (2000) and Loreau et al. (2001)
synthesized the evidence from many experiments and affirmed
that the diversity of functionally different kinds of species affected
the rates of stability and increased the reliability of ecosystem
processes locally. Furthermore, a number of observations suggest
that biodiversity at larger spatial scales, such as landscapes and re-
gions, ensures that appropriate key species for ecosystem func-
tioning are recruited to local systems after disturbance or when
environmental conditions change (Peterson et al. 1998; Bengtsson
et al. 2003). In this sense, biological diversity provides insurance,
flexibility, and risk spreading across scales in the face of uncer-
tainty and thereby contributes to ecosystem resilience (Folke et
al. 1996). (See also Chapter 11.)

Ecological resilience typically depends on slowly changing
variables such as land use, nutrient stocks, soil properties, and bio-
mass of long-lived organisms (Gunderson and Pritchard 2002),
which are in turn altered by human activities and socioeconomic
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driving forces (Lambin et al. 2001). The increase in social and
economic vulnerability as a consequence of reduced resilience
through land degradation and drought may cause losses of liveli-
hood and trigger tension and conflict over critical resources such
as fresh water or food (Homer-Dixon and Blitt 1998).

Increased vulnerability and fragility places a region on a trajec-
tory of greater risk to the panoply of stresses and shocks that occur
over time. Stressed ecosystems are often characterized by a ‘‘dis-
tress syndrome’’ that is indicated not only by reduced biodiversity
and altered primary and secondary productivity but also by in-
creased disease prevalence, reduced efficiency of nutrient cycling,
increased dominance of exotic species, and increased dominance
by smaller, shorter-lived opportunistic species (Rapport and
Whitford 1999). The process is a cumulative one, in which se-
quences of shocks and stresses punctuate the trends, and the in-
ability to replenish coping resources propels a region and its
people to increasing vulnerability (Kasperson et al. 1995).

Key attributes of resilience in ecosystems, flexibility in eco-
nomic systems, and adaptive capacity in institutions used in assess-
ments include the following:
• Ecological resilience can be assessed by the amount of variabil-

ity that can be absorbed without patterns changing and con-
trols shifting to another set of keystone processes.

• Key sources of resilience lie in the requisite variety of func-
tional groups; the accumulated financial, physical, human, and
natural capital that provides sources for reorganization follow-
ing disturbances; and the social networks and institutions that
provide entitlements to assets as well as coping resources and
social capital (Adger 2003).

• In an ecosystem, these key processes can be recognized as the
processes that interact and are robust in an overlapping, re-
dundant manner.

• When a system is disrupted, resilience is reestablished through
regeneration and renewal that connect that system’s present to
its past.
Management can destroy or build resilience, depending on

how the socioecological system organizes itself in response to
management actions (Carpenter et al. 2001; Holling 2001; MA
Policy Responses). There are many examples of management sup-
pressing natural disturbance regimes or altering slowly changing
ecological variables, leading to disastrous changes in soils, waters,
landscape configurations, or biodiversity that did not appear until
long after the ecosystems were first managed (Holling and Meffe
1996). Similarly, governance can disrupt social memory or re-
move mechanisms for creative, adaptive response by people in
ways that lead to the breakdown of socioecological systems (Mc-
Intosh et al. 2000; Redman 1999). By contrast, management that
builds resilience can sustain socioecological systems in the face of
surprise, unpredictability, and complexity. Successful ecosystem
management for human well-being requires monitoring and insti-
tutional and organizational capacity to respond to environmental
feedback and surprises (Berkes and Folke 1998; Danter et al.
2000), a subject treated at the conclusion of this chapter.

6.3 Methods and Tools for Vulnerability Analysis
Many tools and methods exist for undertaking vulnerability analy-
sis, as described in Chapter 2. This section describes several tools
more specific to assessing vulnerability issues and outcomes. The
vulnerability toolkit described here and in Chapter 2 is consider-
able, ranging from qualitative to quantitative methods, with vari-
ous levels of integration among disciplines, and it is suitable for
participation of stakeholders. Matching the types of analytical ap-
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proaches in a toolkit to the characteristics of a specific assessment
is a necessary step in scoping projects.

6.3.1 The Syndromes Approach

The syndromes approach aims to ‘‘assess and monitor a multitude
of coupled processes taking place on different (spatial and tempo-
ral) scales with different specificities’’ (Petschel-Held 2002). The
goal of the syndromes approach is to identify where intervention
can help contribute to sustainable development pathways. In
order to achieve this, similarities between regions are found by
looking for functional patterns that are called ‘‘syndromes’’
(Schellnhuber et al. 1997). An assessment of these patterns of rela-
tionships is achieved by combining qualitative and quantitative
approaches. Some 16 syndromes of global change are grouped
according to the dominant logic: utilization of resources, eco-
nomic development, and environmental sinks. The results enable
critical regions to be identified for different syndromes, so that
future development can set priorities for key areas necessary for
establishing more-sustainable systems.

The syndromes approach recognizes the need to examine
human-environment interactions, as global change is a function
of how society responds to natural changes and vice versa. It is
therefore important that the socioecological system is seen as a
whole. Within this context, archetypal patterns are most relevant
to representing the process of global change. For example, the
Sahel syndrome (Lüdeke et al. 1999), characterizes a set of proc-
esses that result in the overuse of agriculturally marginal land.
(Note that the names of syndromes represent an archetype rather
than a specific location, event, or situation; for more detailed
analysis of environmental change in the Sahel itself, see Chapter
22.)

The Sahel syndrome can be located in certain parts of the
world and characterized by a number of factors. Its driving forces
or core mechanisms include impoverishment, intensification of
agriculture, and soil erosion, which in turn lead to productivity
loss. Various factors might contribute to the disposition toward
this syndrome, including socioeconomic dimensions, such as high
dependence on fuelwood, and natural dimensions, such as aridity
and poor soils. The core mechanisms can be quantitatively as-
sessed to determine which areas of the world experience the syn-
drome most extensively and intensively. The syndromes approach
is a transdisciplinary tool, drawing on both quantitative and quali-
tative assessments of dynamic patterns at a variety of scales, and by
identifying patterns of unsustainable development, it can be used
to target future development priorities aimed at enabling sustain-
able development.

6.3.2 Multiagent Modeling

Multiagent behavioral systems seek to model socioecological in-
teractions as dynamic processes (Moss et al. 2001). Human actors
are represented as software agents with rules for their own behav-
ior, interactions with other social agents, and responses to the
environment. Physical processes (such as soil erosion) and institu-
tions or organizations (such as an environmental regulator) may
also be represented as agents. A multiagent system could represent
multiple scales of vulnerability and produce indicators of multiple
dimensions of vulnerability for different populations.

Multiagent behavioral systems have an intuitive appeal in par-
ticipatory integrated assessment. Stakeholders may identify with
‘‘their’’ agents and be able to validate a model in qualitative ways
that is difficult to do for econometric or complex dynamic simu-
lation models. However, such systems require significant compu-

................. 11432$ $CH6 10-11-05 14:54:19 PS



149Vulnerable Peoples and Places

tational resources (proportional to the number of agents), and a
paucity of data for validation of individual behavior is a constraint.

6.3.3 Vulnerability and Risk Maps

The development of indicators and indices of vulnerability and
the production of global maps are prominent vulnerability assess-
ments techniques at the global level, although these approaches
are still being developed to better capture the full concept of vul-
nerability. Global assessments using these techniques are described
later in this chapter.

In order to bring conceptual understanding of vulnerability
closer to their cartographic representations, vulnerability and risk
mapping efforts are working to resolve several methodological
challenges. Generally, risk maps are explicitly concerned with the
human dimensions of vulnerability, such as the risks to human
health and well-being associated with the impacts from natural
hazards.

Given the common focus on human well-being at an aggre-
gate level, vulnerability is quantified in terms of either single or
multiple outcomes, such as water scarcity and hunger. Two ex-
ceptions are the hotspots of biodiversity (Myers et al. 2000) and
the GLOBIO analysis (Nellemann et al. 2001), which are con-
cerned with the vulnerability of biodiversity. For example, the
hotspots of biodiversity identify areas featuring exceptional con-
centrations of endemic species and experiencing exceptional loss
of habitat. The GLOBIO analysis relates infrastructure density and
predicted expansion of infrastructure to human pressure on eco-
systems in terms of the reduced abundance of wildlife. Limited
progress, however, has been made as yet in integrating analyses of
the vulnerability of human and ecological systems.

Many of the risk maps have been generated from remotely
sensed data or information held in national data libraries. The
maps are generally developed and displayed using a geographic
information system. The analytical and display capabilities of GIS
can draw attention to priority areas that require further analysis or
urgent attention. Interactive risk mapping is presently in its in-
fancy. The PreView project (UNEP-GRID 2003) is an interac-
tive Internet map server presently under development that aims
to illustrate the risk associated with natural disasters at the global
level.

For the most part, risk maps have tended to be scale-specific
snapshots at a particular time, rarely depicting cumulative and
long-term risk. A challenge is linking global and local scales in
order to relate indirect drivers (which operate at global, national,
and other broad levels and which originate from societal, eco-
nomic, demographic, technological, political, and cultural factors)
to direct drivers (the physical expressions of indirect drivers that
affect human and natural systems at regional or local scales). Tem-
porally, risk maps generally depict short-term assessments of risk.
The accuracy of these maps is rarely assessed, and risk maps are
usually not validated empirically. Two exceptions are the fire
maps and the maps of the risk of land cover change. The uncer-
tainty that surrounds the input risk data needs to be explicit and
should also be mapped.

A challenging problem for the effective mapping of risk is to
move from solely identifying areas of stress or likely increased
stress to mapping the resistance or sensitivity of the receptor sys-
tem. This would highlight regions where the ability to resist is
low or declining and the sensitivity of the receptor systems is
high. The difficulty here lies in quantifying the ability to resist
external pressures. Quantifying resistance, at least in ecological
systems, is presently largely intractable as it requires information
on the effects of different levels of severity of threats, which is
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usually species-specific, as well as ways of integrating this infor-
mation across assemblages of species or areas of interest.

A further challenge to risk mapping is the analysis of multiple
and sequential stressors. Generally, single threats or stressors are
analyzed and multiple stressors are rarely treated. The ProVention
Consortium (2003) aims to assess risk, exposure, and vulnerability
to multiple natural hazards. Possible limitations to undertaking a
multiple hazard assessment of this kind include accounting for
the different ways of measuring hazards (for example, in terms of
frequency, intensity, duration, spatial extent), different currencies
of measurement, varied data quality, and differences in uncer-
tainty between varying hazard assessments.

Scale and how to represent significant variation within popu-
lations of regions are common challenges for global mapping ex-
ercises, with broad implications for vulnerability assessment
(German Advisory Council on Global Change 1997). Political
and social marginalization, gendered relationships, and physiolog-
ical differences are commonly identified variables influencing vul-
nerability, but incorporating this conceptual understanding in
global mapping remains a challenge. Global-scale maps may con-
sider vulnerability of the total population, or they may consider
the situation of specific groups believed to be particularly vulnera-
ble. Because many indigenous peoples are less integrated into po-
litical and social support systems and rely more directly on
ecosystem services, they are likely to be more sensitive to the
consequences of environmental change and have less access to
support from wider social levels.

Women and children are also often reported to be more vul-
nerable than men to environmental changes and hazards (Cutter
1995). Because the gendered division of labor within many socie-
ties places responsibility for routine care of the household with
women, degradation of ecosystem services—such as water quality
or quantity, fuelwood, agricultural or rangeland productivity—
often results in increased labor demands on women. These in-
creased demands on women’s time to cope with loss of ecosystem
services can affect the larger household by diverting time from
food preparation, child care, and other beneficial activities. While
women’s contributions are critical to the resilience of households,
women are sometimes the focus of vulnerability studies because
during pregnancy or lactation their physiology is more sensitive
and their ill health bears on the well-being of children in their
care. Children and elderly people are also often identified as par-
ticularly vulnerable primarily because of their physiological status.

Measures of human well-being and their relationship to eco-
systems services also often incorporate data on the sensitivity and
resilience dimensions of vulnerability, expressed as assets, capabili-
ties, or security. These measures are discussed in greater detail in
Chapter 5.

6.4 Assessing Vulnerability
The causes and consequences of human-induced change in eco-
systems and ecosystem services are not evenly distributed through-
out the world but converge in certain regions and places. For
some time, for example, Russian geographers prepared ‘‘red data
maps’’ to show the locations of what they regarded as ‘‘critical
environmental situations’’ (Mather and Sdasyuk 1991). The Na-
tional Geographical Society (1989) created a map of ‘‘environ-
mentally endangered areas’’ depicting areas of natural hazards,
pollution sources, and other environmental stresses. Nonetheless,
it is only in recent years that concerted efforts have been made to
develop indices and generate maps that depict the global distribu-
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tion of people and places highly vulnerable to environmental
stresses.

As noted earlier, several challenges remain in developing indi-
cators, indices, and maps that capture all the dimensions of vul-
nerability, but this section reviews major notable efforts that
address vulnerability in the context of human security, as an aspect
of environmental sustainability, and natural disasters and that point
to environmental health issues addressed further in Chapter 14.

Although modest progress has occurred in identifying and
mapping vulnerable places and peoples, the state of knowledge
and methodology are still significantly limited. Few of the analyses
presented here integrate ecological and human systems. They
rarely treat multiple stresses, interacting events, or cumulative
change. Indicators continue to be chosen without an adequate
underlying conceptual framework and are typically not validated
against empirical cases. For the most part, they are scale-specific
and snapshots in time. Disaggregated data are lacking, and much
remains to be done before a robust knowledge base at the global
scale will exist.

In a demonstration project, the Global Environmental
Change and Human Security Project of the International Human
Dimensions Programme on Global Environmental Change (Lon-
ergan 1998) mapped regions of ecological stress and human vul-
nerability, using an ‘‘index of vulnerability’’ composed from 12
indicators:
• food import dependency ratio,
• water scarcity,
• energy imports as percentage of consumption,
• access to safe water,
• expenditures on defense versus health and education,
• human freedoms,
• urban population growth,
• child mortality,
• maternal mortality,
• income per capita,
• degree of democratization, and
• fertility rates.

The criteria used in selecting indicators were that data were
readily available, that the resulting ‘‘index’’ consisted of a small
number of indictors, and that the indicators covered six major
categories—ecological and resource indicators, economic indica-
tors, health indicators, social and demographic indicators, politi-
cal/social indicators, and food security indicators. Through cluster
analysis, a vulnerability ‘‘index’’ was derived and then used to
map estimated vulnerability patterns, such as one for Africa. (See
Figure 6.2.)

The work of the Intergovernmental Panel on Climate Change
(IPCC 2001a) has made clear that ongoing and future climate
changes will alter nature’s life-support systems for human societies
in many parts of the globe. Significant threats to human popula-
tions, as well as some potential benefits, are involved. (See Box
6.1.) As the example on the Arctic region illustrates, changes that
benefit some may harm others in the same area. (See also Chapter
25.)

But it is unrealistic to assume that positive and negative effects
will balance out, particularly in certain regions and places. Many
of the regions and human groups, the IPCC makes clear, will be
highly vulnerable and poorly equipped to cope with the major
changes in climate that may occur. Many people and places are
already under severe stresses arising from other environmental
degradation and human driving forces, including population
growth, urbanization, poverty and poor nutrition, accumulating
environmental contamination, growing class and gender inequali-
ties, the ravages of war, AIDS/HIV, and politically corrupt govern-
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ments. The IPCC points to the most vulnerable socioecological
systems: one third to one half of the world’s population lack ade-
quate clean water; many developing countries are likely to suffer
future declines in agricultural production and food security; sea
level rise is likely to greatly affect low-lying coastal areas; small-
island states face potential abandonment of island homes and relo-
cation; and the poor and sick in growing megacities face increased
risk for death and illness associated with severe heat and humidity.

In preparation for the World Summit on Sustainable Develop-
ment in 2002, the Global Leaders for Tomorrow Environment
Task Force (2002) of the World Economic Forum to created a
global Environmental Sustainability Index. It has five major com-
ponents developed from globally available national data, including
one on reducing human vulnerability. (See Table 6.1.) While it
would be desirable to display regional differences within coun-
tries, finer-scale information is not consistently available for many
types of data.

Human vulnerability seeks to measure the interaction be-
tween humans and their environment, with a focus on how envi-
ronmental change affects livelihoods. Two major issues are
included in the vulnerability component (one of the five compo-
nents in the overall index): basic human sustenance and environ-
mental health. The index is based on five indicators: proportion
undernourished in the total population, percentage of population
with access to improved drinking water supply, child death rate
from respiratory diseases, death rate from intestinal infectious dis-
eases, and the under-five mortality rate. The standardized values
for each indicator were calculated and converted to a standard
percentile indicator for ease of interpretation. The indicators were
unweighted. Country scores were then derived to demarcate
global patterns, as shown in Table 6.2.

The United Nations Environment Programme (UNEP 2003)
has also assessed definitions, concepts, and dimensions of vulnera-
bility to environmental change in different areas of the world. In
particular, it calls attention to the importance of environmental
health in the vulnerability of different regions and places. It notes,
for example, that every year thousands of people die from a range
of disasters, but the fate of many of these people is never reported.
The International Red Cross Federation (IFRC 2000) has shown
that the death toll from infectious diseases (such as HIV/AIDS,
malaria, respiratory diseases, and diarrhea) was 160 times the
number of people killed in natural disasters in 1999. And this
situation is becoming worse rapidly. It is estimated, for example,
that over the next decade HIV/AIDS will kill more people in
sub-Saharan Africa than died in all wars of the twentieth century.

The United Nations Development Programme, in Reducing
Disaster Risk: A Challenge for Development (UNDP 2004), under-
takes the formulation of a ‘‘disaster risk index,’’ which it then uses
to assess global patterns of natural disasters and their relationship
to development. The Disaster Risk Index calculates the relative
vulnerability of a country to a given hazard (such as earthquakes
or floods) by dividing the number of people killed by the number
of people exposed to the hazard. The analysts then compared the
risk of the hazard (the number of people actually killed by the
hazard in a country) with 26 indicators of vulnerability, selected
through expert opinion. Analyzing a series of statistical analyses, a
number of findings concerning the impact of development on
disaster risk emerge:
• The growth of informal settlements and inner city slums has

led to the growth of unstable living environments, often lo-
cated in ravines, on steep slopes, along floodplains, or adjacent
to noxious industrial and transport facilities.
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Figure 6.2. Vulnerability Index for African Countries (Lonergan 1998)

• Rural livelihoods are put at risk by the local impacts of global
climate change or environmental degradation.

• Coping capacities for some people have been undermined by
the need to compete in a globalizing economy, which pres-
ently rewards productive specialization and intensification
over diversity and sustainability (UNDP 2004, p. 2).

6.5 Natural Hazards and Vulnerability
Natural hazards and disasters are products of both natural variabil-
ity and human-environment interactions, and vulnerability to
them has received substantial past attention. (See also Chapter 16.)
The extremes of environmental variability are defined as hazards
when they represent threats to people and what they value and
defined as disasters when an event overwhelms local capacity to
cope. Natural hazards offer a particularly dramatic view of the role
of vulnerability in explaining patterns of losses among people and
places. Indeed, research on this topic was the first realm to docu-
ment the vast differences in the magnitude of losses among people
and places experiencing the same types of events (White 1974).
Since the 1970s, researchers have consistently reported greater loss
of life among poorer populations and countries than in industrial
countries, along with the inverse relationship for economic
damage.
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Natural hazards and disasters have always been a part of human
history. Yet human relationships to hazards have evolved as the
power of humans to shape natural landscapes and their biogeo-
chemical processes has grown. Over the centuries, humans have
changed from relatively powerless victims in the face of natural
hazards and disasters to active participants shaping natural hazards
and our vulnerability to them. Only recently has policy recog-
nized that natural hazards are not ‘‘Acts of God’’ and begun to
shift hazard management from a model of response and relief to
an active engagement with mitigation, prevention, and integra-
tion of hazard management into development planning (ISDR
2002).

It is well established that the impacts of natural disasters con-
tinue to create uneven patterns of loss in populations around the
world. The rising economic costs, the relative significance of
those costs to the budgets of developing countries, the increasing
numbers of people affected, and the decreasing loss of life demon-
strate the dynamics of vulnerability across scales and experienced
in local places.

6.5.1 Trends in Natural Hazards and Vulnerability

The best available data on a global scale (e.g., Swiss Re 2000;
Munich Re 2003; CRED 2002) indicate that the world is wit-
nessing a worsening trend of human suffering and economic loss
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BOX 6.1

Threats and Potential Benefits of Climate Change to Human
Societies (IPCC 2001a)

Threats
• Reduced potential crop yields in some tropical and sub-tropical

regions and many mid-latitude regions
• Decreased water availability for populations in many water-

scarce regions, particularly those with inadequate management
systems

• An increase in the number of people exposed to vector-borne
diseases (such as malaria) and waterborne diseases (such as
cholera)

• Increases in the number of people dying from heat stress, partic-
ularly in large cities in developing countries

• A widespread increase in the risk of flooding for many human
settlements throughout the world

• Severe threats to millions of people living on low-lying islands
and atolls

• Threats to aboriginals living in Arctic and high mountains (for
example, through the breakup of ice fields preventing people
from reaching their traditional hunting and fishing grounds)

Potential Benefits
• Increased potential crop yields in some mid-latitude regions
• A potential increase in global timber supply from appropriately

managed forests
• Increased water availability for populations in some water scarce

regions (such as parts of South East Asia)
• Reduced winter mortality in mid- and high latitudes
• Improved marine transportation in the Arctic

to natural disasters over recent decades.( Data available at the time
this chapter was written do not include losses caused by the 2004
tsunami.) While the general trend is clear, the precise estimates
vary somewhat, due to improvements in reporting over time, data
gathering practices, and definitional differences across organiza-
tions. (See Chapter 16 for more detailed description of the limita-
tions and variations among data sets.)

During the past four decades, the number of ‘‘great’’ catastro-
phes—when the ability of a region to help itself is distinctly over-
taxed, making interregional or international assistance necessary—
has increased about four times, while economic losses have in-
creased over 10 times. (Munich Re 2000) (See Table 6.3.) This
trend reflects the increasing economic costs of disasters, lives lost,
and the unequal ability of nations to cope with the impacts. Natu-
ral disasters affected twice as many people in the 1990s as in the
1980s (CRED 2003). The annual average losses for all disasters
over the 1990s were 62,000 deaths, 200 million affected, and $69
billion in economic losses (IFRC 2001). Although comprehen-
sive global databases do not exist for smaller-scale natural hazard
events, the significance of these more common events to the so-
cial vulnerability of exposed human populations is also a major
concern (ISDR 2002; Wisner et al. 2004).

Throughout the twentieth century, three general observations
can be drawn from global trends: the number of disasters has in-
creased, economic losses from disasters have increased (primarily
in industrial countries), and the ratio of loss of life to total popula-
tion affected has decreased, although this decline has also been
heavily concentrated in industrial societies. (See Figure 6.3 in Ap-
pendix A.)

PAGE 152

Table 6.1. Components of Environmental Sustainability
(Global Leaders for Tomorrow Environmental Task Force 2002)

Component Logic

Environmental
systems

A country is environmentally sustainable to the
extent that its vital environmental systems are main-
tained at healthy levels and to the extent to which
levels are improving rather than deteriorating.

Reducing
environmental
stresses

A country is environmentally sustainable if the lev-
els of anthropogenic stress are low enough to
engender no demonstrable harm to its environmen-
tal systems.

Reducing human
vulnerability

A country is environmentally sustainable to the
extent that people and social systems are not vul-
nerable (in the way of basic needs such as health
and nutrition) to environmental disturbances;
becoming less vulnerable is a sign that a society is
on a track to greater sustainability.

Social and
institutional
capacity

A country is environmentally sustainable to the
extent that it has in place institutions and underlying
social patterns of skills, attitudes, and networks that
foster effective responses to environmental chal-
lenges.

Global
stewardship

A country is environmentally sustainable if it coop-
erates with other countries to manage common
environmental problems, and if it reduces negative
transboundary environmental impacts on other
countries to levels that cause no serious harm.

The global trends in natural disaster occurrences and impacts
suggest several important patterns of vulnerability among people
and places at the same time that they mask considerable geo-
graphic variation. Asia is disproportionately affected, with more
than 43% of all natural disasters in the last decade of the twentieth
century. During the same period, Asia accounted for almost 70%
of all lives lost due to natural hazards. In China alone, floods af-
fected more than 100 million people on average each year (IFRC
2002).

Variation among types of natural hazards is also significant.
Over the decade 1991–2000, the number of hydro-meteorological
disasters doubled, accounting for approximately 70% of lives lost
from natural disasters (IFRC 2001). Floods and windstorms were
the most common disaster events globally, but not consistently
the cause of greatest losses. Disasters causing the greatest number
of deaths varied among regions, with floods causing the most
deaths in the Americas and Africa, drought or famine the most in
Asia, earthquakes the most in Europe, and avalanches or landslides
narrowly exceeded windstorms or cyclones in Oceania. Chapter
16 provides a more comprehensive description of flood and fire
hazards.

While the economic loss per event is much larger in industrial
countries, the greatest losses still occur in developing nations in
absolute numbers of lives as well as in relative impact as measured
by percentage of GDP represented by disaster losses. (See Figure
6.4.)

Considering lack of resources and capacity to prevent or cope
with the impacts, it is clear that the poor are the most vulnerable
to natural disasters. Among the poorest countries, 24 of 49 face a
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Table 6.2. Reducing Human Vulnerability: Country Scores (Global Leaders for Tomorrow Environmental Task Force 2002)

1. Austria 85.1
2. Netherlands 85.1
3. Sweden 85.0
4. Canada 85.0
5. Slovenia 85.0
6. Australia 84.9
7. Finland 84.9
8. United Kingdom 84.8
9. Norway 84.8
10. Hungary 84.3
11. Slovakia 84.3
12. Switzerland 84.3
13. Ireland 83.9
14. Iceland 83.6
15. Italy 82.7
16. New Zealand 82.2
17. France 82.2
18. Japan 82.1
19. Denmark 82.0
20. Greece 81.9
21. South Korea 81.7
22. Uruguay 81.1
23. Germany 80.9
24. Belgium 80.8
25. Spain 80.6
26. Israel 80.4
27. United States 80.4
28. Chile 79.9
29. Russia 79.7
30. Czech Republic 79.7
31. Belarus 79.3
32. Bulgaria 79.1
33. Costa Rica 79.1
34. Portugal 78.9
35. Poland 78.5
36. Moldova 77.3
37. Croatia 76.6
38. Kuwait 76.5
39. Estonia 76.3
40. Saudi Arabia 76.2
41. Argentina 75.2
42. United Arab Emirates 75.0
43. Lebanon 74.8
44. Latvia 74.8
45. Macedonia 73.8
46. Ukraine 73.6
47. Malaysia 73.0
48. Cuba 72.6

49. Colombia 71.7
50. Trinidad and Tobago 71.4
51. Jordan 70.9
52. Iran 70.7
53. Kazakhstan 70.6
54. Tunisia 68.8
55. Syria 68.1
56. Mexico 67.2
57. Turkey 66.8
58. Panama 66.2
59. Brazil 66.0
60. Lithuania 64.8
61. Algeria 64.2
62. Bosnia and Herzegovina 63.7
63. Romania 62.7
64. Libya 62.2
65. Egypt 62.1
66. China 61.9
67. Jamaica 61.4
68. Honduras 61.3
69. Ecuador 61.2
70. Paraguay 60.7
71. Morocco 60.4
72. Uzbekistan 60.3
73. Albania 59.8
74. Thailand 58.9
75. North Korea 57.9
76. Venezuela 57.8
77. South Africa 57.7
78. Indonesia 57.5
79. Philippines 56.4
80. Sri Lanka 56.3
81. Kyrgyzstan 52.3
82. Guatemala 52.3
83. Dominican Republic 51.5
84. Peru 51.1
85. Botswana 51.0
86. Armenia 51.0
87. Viet Nam 50.5
88. El Salvador 48.8
89. Azerbaijan 47.6
90. Nicaragua 45.6
91. India 43.8
92. Bolivia 43.5
93. Turkmenistan 42.0
94. Pakistan 41.5
95. Oman 41.0
96. Bangladesh 40.3

97. Zimbabwe 39.2
98. Namibia 38.5
99. Gambia 37.3
100. Laos 35.3
101. Iraq 33.8
102. Mongolia 32.8
103. Myanmar (Burma) 32.6
104. Ghana 32.3
105. Nepal 31.5
106. Bhutan 31.4
107. Senegal 30.6
108. Sudan 29.5
109. Gabon 25.6
110. Congo 25.1
111. Côte d’Ivoire 22.4
112. Tajikistan 21.6
113. Benin 21.0
114. Togo 18.3
115. Nigeria 18.2
116. Papua New Guinea 18.0
117. Uganda 15.4
118. Cameroon 15.1
119. Burkina Faso 10.3
120. Kenya 10.2
121. Tanzania 9.9
122. Mauritania 9.7
123. Central African Rep. 9.4
124. Mali 9.3
125. Cambodia 8.2
126. Guinea 8.1
127. Madagascar 7.9
128. Haiti 7.9
129. Malawi 7.4
130. Zambia 6.9
131. Burundi 6.4
132. Rwanda 6.1
133. Mozambique 5.4
134. Niger 5.1
135. Guinea-Bissau 5.1
136. Liberia 3.9
137. Chad 3.8
138. Somalia 3.5
139. Zaire 2.7
140. Ethiopia 2.4
141. Sierra Leone 2.2
142. Angola 1.9

high level of disaster risk; at least 6 countries have been affected
by two to eight major disasters per year in the past 15 years, with
long-term consequences for human development (UNEP 2002).
Ninety percent of natural disaster–related loss of life occurs in the
developing world. When countries are grouped according to the
UNDP Human Development Index, socioeconomic differences
are strongly reflected in disaster losses (IFRC 2001). For the
1990s, countries of low human development experienced about
20% of the hazard events and reported over 50% of the deaths and
just 5% of economic losses. High human development countries
accounted for over 50% of the total economic losses and less than
2% of the deaths.

In assessing the distribution of vulnerability, several limitations
to existing research need to be considered. First, economic valua-
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tions do not reflect the difference in relative value of losses among
wealthier and poorer populations or the reversibility of environ-
mental damages incurred. Similarly, land degradation due to land-
slides, flooding, or saline inundation from coastal events can
diminish the natural capital resources of livelihoods, further com-
pounding recovery challenges. The meaning of the economic
value of these losses of ecosystem services is also difficult to capture
and is seldom included in conventional economic assessments.

Second, because of the definitions of disaster used, local-scale
disasters of significance to the affected community are often not
reflected in these disaster statistics. If those losses were included,
the figures on damages could easily be much higher.

Finally, there is the tendency to treat natural hazards in sepa-
rate categories and to treat disasters as discrete, individual events.
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Table 6.3. Great Natural Catastrophes and Economic Losses:
Comparison of Decades, 1950–99 (Munich Re 2000)

Catastrophes
and Losses 1950–59 1960–69 1970–79 1980–89 1990–99
Number 20 27 47 63 82

Economic
losses (bill.
1998 dollars)

38.5 69.0 124.2 192.9 535.8

Insured losses
(bill. 1998
dollars)

unknown 6.6 11.3 23.9 98.9

Note: Natural catastrophes are classified as “great” if the ability of the
region to help itself is distinctly overtaxed, making interregional or inter-
national assistance necessary.

Figure 6.4. Disaster Losses, Total and as Share of GDP, in 10
Richest and Poorest Nations, 1985–99 (Abramovitz 2002)

This accounting practice limits insights into the consequences of
threats from multiple hazards in one place and of sequences of
disasters following upon one another. Over time, multiple and
recurring hazards exacerbate vulnerability, and across scales, vul-
nerability is generally greater during the recovery period, when
systems are already damaged. These patterns of differential impact
affect efforts to cope with the impacts of environmental variability
and degradation, as described earlier.

6.5.2 Explaining Vulnerability to Natural Hazards

Human-driven transformation of hydrological systems, popula-
tion growth (especially in developing countries), and movements
of people and capital into harm’s way are major driving forces
underlying the increasing numbers of disasters (Mitchell 2003).
Conflict among people contributes further to vulnerability (Hew-
itt 1997). The causal reasons relate to basic characteristics of econ-
omy and political system but also to the perceptions, knowledge,
and behavior of local managers and institutions (Hewitt 1997).

In some regions, significant environmental changes have re-
sulted in the degradation of ecological services that mediated the
effects of hydro-climatological events. Two common forms of
ecological change—desertification and deforestation—can exacer-
bate the impacts of drought in some areas by reducing the moisture-
holding capacity of the soil and contribute to increased flooding
through reducing infiltration. (See Chapter 16.) In Honduras, de-
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forestation contributed losses through increasing flooding as well
as landslides following Hurricane Mitch in 1998. In other areas,
efforts at river or flood control have reduced vulnerability to
smaller hazard events, but increased losses when larger events
overwhelmed dams, dykes, or levees and damaged the usually
protected area.

The growth in numbers of people affected is a particularly
important measure, as it provides an indication of the potential
increase of exposure and sensitivity of people to environmental
variability. The global annual average number of people affected
has increased over the last decade, although the number of deaths
due to disasters has declined. This shift highlights the potential for
changes in pattern of vulnerability though adaptations. (See also
MA Policy Responses, Chapter 11.) The greatest proportion of
people affected resides in countries of medium human develop-
ment, which include the large-population countries of Brazil,
China, India, and Indonesia (IFRC 2001).

In addition to changing exposure, socioeconomic changes are
shaping the overall patterns of vulnerability. First, while poverty
is not synonymous with vulnerability, it is a strong indicator of
sensitivity, indicating a lack of capability to reduce threats and
recover from harm. The number of people living in poverty is
increasing (UNDP 2002a). The greater number of people affected
in medium human development countries may also reflect their
experience with the additional challenges of transition, a situation
somewhat akin to recovery, in which infrastructure and support
systems, both physical and social, may be disrupted by the proc-
esses of change and be unable to contribute to reducing vulnera-
bility.

Urbanization creates particular problems in disaster vulnera-
bility. Due to the concentrations of people and complex infra-
structure systems involved, the repercussions of an event in cities
can spread quickly and widely, and the scale of resources needed
for effective response is often challenging for national or interna-
tional coordination. In many cases, these cities also draw in vast
numbers of people seeking better lives, but they are often unable
to keep up with the demand for planning, housing, infrastructure,
and jobs. The informal housing that immigrants create is often
located in marginal areas, such as hill slopes and floodplains, and
accessible construction options cannot address the site limitations
(Wisner et al. 2004). In 1950, just under 30% of the world’s pop-
ulation (of 2.5 billion) lived in cities; by 2025 it is projected to be
over 60% (of an estimated 8.3 billion) (UNDP 2002b). This rapid
urbanization trend is particularly pronounced in countries with
low per capita income. (See also Chapter 27.)

Globalization is contributing to natural hazard vulnerability as
it is changing the sensitivity and coping options available (Adger
and Brooks 1003; Pelling 2003). On an international scale, in-
creasing connectedness is causing societies to become more de-
pendent on services and infrastructure ‘‘lifelines.’’ In such a
connected world, the consequences of natural disaster reach far
beyond the area physically damaged. It has been estimated that
the possible extent of damage caused by a extreme natural catas-
trophe in one of the megacities or industrial centers of the world
has already attained a level that could result in the collapse of the
economic system of entire countries and may even be capable of
affecting financial markets worldwide (Munich Re 2000, 2002).
Globalization has also increased the risks faced by marginalized
indigenous peoples; many of these are developmental effects that
will become apparent over only the long term. Traditional coping
mechanisms have come under severe pressure, and adaptation
strategies, at one time effective, can no longer cope (Pelling
2003).
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Data on global trends do not report on the social differentia-
tion among victims, but case study evidence and other synthesis
efforts indicate some social groups are continually disproportion-
ately represented among those harmed the most (Wisner et al.
2004). These are often people who are marginalized within soci-
ety, due to combinations of prejudice, lack of or ignored rights,
and lack of access to social supports or personal resources or due
to distance from concentrations of services and power. Indigenous
peoples, such as the Inuit, Sami, and others from northern re-
gions, represent the vulnerability of this type of situation well.
(See Chapter 25 for further details). These circumstances often
apply to poor people, women, children, elderly individuals, and
ethnic minorities in affected areas. In addition, the elderly, chil-
dren, women, and handicapped people are more likely to have
physical limitations or special needs that reduce their ability to
cope with disaster.

6.6 Desertification: Lessons for Vulnerability
Assessment
Desertification—land degradation in drylands—has been a subject
of interest for over 30 years, with numerous technical assessments
and policy analyses, and it is a good example of changes in a
coupled socioecological system that threaten livelihoods across
large swaths of Earth. It is also a good example of understanding
vulnerability. (See Downing and Lüdeke (2002) and Chapter 22
for more on drylands and desertification and a useful set of maps.)

Local to global studies of social vulnerability to desertification
suggest at least three lessons for vulnerability from past experi-
ence:
• Vulnerability is dynamic. Desertification arises from the interac-

tions of the environment and social, political, and economic
systems—through the actions of stakeholders and the vulnera-
ble themselves (Downing and Lüdeke 2002).

• Vulnerability takes different forms at different scales. Similar con-
stellations of institutions have diverse effects at different social
or geographic scales. The patchiness of driving forces, often
represented in global scenarios, precludes developing a simple
hierarchy from local vulnerability to global maps of desertifi-
cation risks.

• Vulnerability cannot be differentiated into different causes. At the
level of human livelihoods and systems, exposure to desertifi-
cation is entangled with poverty, drought, water, food and
other threats and stresses.
One example of the close coupling of social and environmen-

tal systems related to desertification is apparent in the syndromes
approach developed by the Potsdam Institute for Climate Impact
Research, which depicts the close linkages and components in-
volved in the coupling. The basic idea behind syndromes is ‘‘not
to describe Global Change by regions or sectors, but by archetyp-
ical, dynamic, co-evolutionary patterns of civilization–nature in-
teractions’’ (Petschel-Held et al. 1999, p. 296). Syndromes are
charted in dynamic process models that link state variables that
change over time and between states. The scale is intermediate,
reflecting processes that occur between household and national/
macro scales. The typology of syndromes reflects expert opinion,
modified over time based on modeling. Local case examples are
used to generalize to mechanisms in the modeling and also to
validate the syndrome results. Desertification is a case of several
syndromes operating independently, reflecting the internal dy-
namics of places, resources, economies, and populations.

The syndrome approach illustrates how concepts of dynamic
vulnerability might be implemented to understand multiple
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stresses arising from the human use of ecosystem services. It takes
the analysis one stage beyond purely biophysical explanations to
examine linkages with human systems. The next steps might be
integrated analysis at the level of different users of ecosystem ser-
vices, and how they interact with each other in markets and in
governance.

6.7 Food Insecurity
The arena of food security has been a third primary focus of vul-
nerability analysis. The severe famines in the 1980s in Africa saw
the launch of dozens of famine early warning schemes. These
implemented various designs, but all expanded beyond the simple
monitoring of agricultural production. By the mid-1980s, Amartya
Sen’s entitlement theory (Sen 1981), which emphasized factors
influencing the distribution of food as well as the absolute levels
of available food, was widely circulated and implemented in food
security monitoring. Attention to the socioeconomic failures that
limit access to global food supplies became a substantial compo-
nent of these efforts. More recently, more holistic approaches
have sought to focus on livelihood security, to include food secur-
ity, thereby widening the conceptual framing of vulnerability still
further.

Much of the literature on food security focuses on human
vulnerability; ecosystem services are limited to crop production,
grazing for livestock, and to a lesser extent wild foods. While
vulnerability assessment is maturing as an analytical tool, the need
exists for assessments that are more dynamic and actor-oriented.
An essential way forward in vulnerability analysis is to adopt a
more precise terminology and nomenclature (see, e.g., the papers
in Smith et al., 2003).

6.7.1 Methodology

Methodological lessons learned in vulnerability assessment over
the past several decades reinforce the general messages of this
chapter: food security is a relative measure that can be captured
in various quantitative and semi-quantitative ways, but it is not an
absolute condition that can be measured objectively. Food secur-
ity is multidimensional and it integrates exposure to stresses be-
yond more narrow treatment of the production or availability of
food. (See Chapters 8 and 18 for a further description of food
provisioning services.) It is also clear that indicators of food secur-
ity need to represent an explicit conceptual framework, such as
that offered earlier in this chapter. The collation of indicators into
profiles and aggregated indexes needs also to reflect the causal
structure of food insecurity, going beyond the indiscriminate add-
ing up of available indicators into a single index (see Downing et
al. 2001).

A common feature of almost all food security (and livelihood)
analyses is the recognition of multiple domains of vulnerability.
Operational assessments commonly treat production, economic
exchanges, and nutrition, while longer-term and more structural
analyses include some measure of the political economy that un-
derlies the more immediate dimensions of food security. Examples
of operational assessments include India (MSSRF 2001) and
Kenya (Haan et al. 2001). Figure 6.5 charts three domains of rural
food insecurity for states in India.

A more heuristic illustration of the multiple dimensions of
food security, related to climate change, is shown in Figure 6.6
(in Appendix A). The Figure is speculative, based on a subjective
assessment of food security and climatic risks. Nevertheless, it
clearly shows that global food production is of less concern than
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Figure 6.5. Food Insecurity Indicators of Rural India. Compiled
at the state level, the MS Swaminathan Research Foundation aggre-
gated food insecurity into three dimensions—food availability and
production (x-axis), economic access (y-axis), and nutritional utiliza-
tion (size of the circles, where larger is better-off). (MS Swaminathan
Research Foundation 2001)

the impacts of droughts, which are already economically and so-
cially significant for some livelihoods.

6.7.2 Wild Foods at the Local Scale

While a myriad of propositions regarding food security are possi-
ble, relating to different elements of causal structure, from the
nature of the hungry themselves to the global political economy
of food trade, here the case of wild foods and their role in food
security is examined. (See also Chapters 5, 8, and 18 for food
production and hunger issues.)

The most common approaches to food security are designed
to balance consumption and production at the household level—
including such indicators as expected yields of major foods (re-
lated to rainfall, soil quality, and pests, for instance), economic
exchanges (such as terms of trade for agricultural sales or access to
off-farm employment), hunting of wild foods, and some measures
of entitlement through remittances from kin, official food relief,
and relief work schemes. Set against the total of available food is
the expected consumption, from meeting the FAO calorie stan-
dards to various levels of deprivation and starvation resulting in
measurable effects on health. Aggregating to a regional or national
level, such food balances guide policies for imports and exports,
for targeted relief, and for declaration of a food crisis.

Notably absent from such food balances is the role of off-farm
food collection—the gathering of wild foods either for consump-
tion or sales. (See Chapter 8 for a more detailed description of the
role of wild foods, including game, fish, and plants, in diets and
for the underestimation in accounting in food balances.) In forest
regions, these are called non-wood forest products and can be a
major livelihood activity. Equally, few monitoring schemes in-
clude direct measures of ecosystem services such as charcoal sales,
increased burdens of water shortages, or even effects of vegetation
and land cover on livestock and pests. Nevertheless, for some
marginal communities, such ecosystem services are essential and
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particularly important for surviving food shortages (Ericksen
2003).

Investigations of two dryland sites in Kenya and Tanzania
found that indigenous plants were an important source of raw
material in the majority of coping mechanisms when alternative
sources of food or income were required, such as when the har-
vest failed or sudden expenses had to be met. Such coping mecha-
nisms included making use of trees for making and hanging
beehives (flowering trees are also a source of nectar); of fuelwood
for sale, burning bricks, or producing charcoal; of reeds, fibers,
and wood for handicrafts such as mats or tools; and of fruit, vege-
tables, and tubers for food and sale. Indigenous plant-based coping
mechanisms are particularly important for the most vulnerable,
who have little access to formal employment or market opportu-
nities, thus providing a crucial safety net in times of hardship.
Wild fruits provide important nutrients to children during times
when meals are reduced at home in many parts of Africa and
South Asia (Brown et al. 1999), for example.

Such raw materials can often be acquired from communal land
or from neighbors without cash transactions, and they are avail-
able at critical times of the year due to the climatic resilience of
indigenous plants. In addition, the sale of livestock and poultry
and engaging in casual labor, which are critical sources of cash
during crises, often depend on ecosystem services, such as grazing
land and fodder or forest products for fencing, construction, and
other typical casual labor tasks. Table 6.4 shows the high percent-
age of households that depended on indigenous plant-based cop-
ing mechanisms in the Kenya and Tanzania site (Eriksen 2000),
and Figure 6.7 illustrates the relative importance of indigenous
foods. While the findings refer to a particular point in time (the
1996 drought), the widespread use of forest products as a source
of food and income figures is consistent with findings from nu-
merous other studies (Arnold 1995; Brown et al. 1999).

6.7.3 Global Influence on Local Food Balance

The literature on food security has a long tradition recognizing
that local food balances are embedded in national economies and
global flows of food trade and aid (for one representation, see
Kates et al. 1988). A fictitious illustration captures the notion of
global exposure:

During a drought, a farm household suffers a loss of yields in one of
its fields of maize and beans. The field is primarily used for domestic
consumption, cultivated by the women. Rainfall shortages are appar-
ent with the delay in the onset of the rains—although the field is
planted and later weeded by the women, the family does not apply
expensive pesticides and fertilizers, expecting low returns during a
poor season. Another field has a different problem. The head of the
household acquired it as part of a community-based irrigation scheme

Table 6.4. Households That Depended on Indigenous Plant-
based Coping Mechanisms in Kenya and Tanzania
(Eriksen 2000)

Activities that
Involve Use of
Indigenous Plants

Share of
Households,
Kenya site

Share of
Households,
Tanzania site

(percent)

All use 94 94

Food use 69 54

Non-food use 40 42
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Figure 6.7. Use of Indigenous Plants in Mbitini, Kenya, by
Activity during the 1996 Drought. ‘‘Skilled job’’ entailed tailoring,
stone masonry/construction of houses, and woodcarving. Total num-
ber of households is 52. (Eriksen 2000)

that he joined a few years ago. He plants it this year with a cash crop
of tomatoes and invests in fertilizer and pesticide. Halfway through
the season, however, the drought restricts the availability of irrigation
water. As a ‘‘junior’’ member of the scheme, his supply is reduced
earlier than expected and his yields and quality are poor. When he
tries to sell his crop to the local factory for processing into tomato juice,
he discovers that there is a glut in the market due to a relaxation of
import controls. Good conditions in a nearby country and export sub-
sidies have produced a surplus, and the factory cannot afford to pur-
chase local produce.

The fictitious example is not unrealistic—farmers have to
contend with local conditions, with social, economic, and envi-
ronmental relations in their community, and with the global and
national food system. This global nature of vulnerability makes it
impossible to clearly ‘‘bound’’ exposure, and it is often misleading
to adopt a single spatial scale, as is often attempted in mapping
vulnerability (as noted earlier regarding tools and methods).

6.7.4 Reporting Vulnerability

An essential way forward in food security analysis is to use at least
a more precise terminology and nomenclature. A fairly simple
scheme is proposed here, which makes clear four fundamental
considerations that are not consistently reported: who is exposed,
what the stresses are, what time frame is considered, and what
consequences evaluated (see Downing et al. 2004). The notation
below calls for reporting vulnerability (V) as specific to time frame
(t); the sector, such as agriculture (s); the group, such as small-
scale farmers, women farmers, or residents of peri-urban areas (g);
and the consequences evaluated, such as food production, change
in food purchasing power, nutritional levels or hunger (c).

tVs,g
c

(where s�sector, g�group, c�consequence, t�time frame and
V�vulnerability)

For instance, an examination of climate change vulnerability in
agriculture could offer greater utility to future comparisons and
policy by specifying differences as follows:
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• Climate change vulnerability (T�climate change, no other
terms specified)

• Drought (T) vulnerability for food systems (s)
• Drought (T) vulnerability for smallholder (g) agriculturalists

(s)
• Drought (T) vulnerability for smallholder (g) agriculturalists

(s) at risk of starvation (c�health effects of reduced food con-
sumption)
These four different statements about climate change vulnera-

bility suggest the range of potential differences in assessment find-
ings. The process of conducting a vulnerability assessment can be
labeled VA. If the indicators are mapped, this is extended to a
vulnerability assessment map, a VAM. A database of vulnerability
indictors used in a VA (or VAM) can be labeled VI. Greater preci-
sion and analytical comparability could be gained by assigning a
nomenclature to individual indicators (VIx), such as:

t � time period (historical, present or specific projection)
g � group of people if specific to a vulnerable population
r � region (or geographic pixel)
* � transformed indictors, as in standard scores

This basic set of relationships can be extended into a variety of
assessment tools and facilitate comparison of case studies.

6.8 Exploring Vulnerability Concepts: Three Case
Studies
The broad patterns of vulnerability apparent in the patterns and
trends of natural disasters, the assessment of desertification, and
the lessons from food security studies all demarcate important as-
pects of the sources and outcomes of stresses and perturbations on
coupled socioecological systems. But it is well known that these
interactions are highly place-specific. Thus it is useful to turn to
particular cases to explore these issues in greater depth.

This section considers three specific examples. First, the situa-
tion of two types of resource-poor farmers in northeastern Argen-
tina is examined, illustrating how vulnerability can take different
forms with different types of farming systems. Second, we look at
how shifting the scale of analysis or vulnerability and resilience
yields quite different insights on the sources of vulnerability and
the potential effectiveness of resilience-building strategies, using a
case study from Southern Africa. Finally, efforts to reduce vulner-
ability and the challenges involved in assessing the benefits of dif-
ferent types of interventions are examined through a case study
from the one of the poorest areas of India.

6.8.1 Resource-poor Farmers in Northeastern
Argentina

The Misiones region, in a hilly area of northeastern Argentina,
has a sub-tropical wet climate where about 60% of the original
vegetation (sub-tropical forest) has now been replaced by agricul-
ture, despite the fact that soils are fragile, ill-suited for continuous
cropping, and subject to nutrient depletion and erosion (Rosen-
feld 1998).

Subsistence farming is common in the region, and two major
types of farmers can be distinguished. Both have a similar farm
structure in terms of land, capital, and labor; both are very poor;
and both types often cannot meet their basic needs (Cáceres
2003). But they have designed very different farming systems and
developed contrasting strategies to interact with the wider context
within which they operate. On the one hand, agroecological
farmers have developed farming systems of very high diversity,
use few external inputs, rely mostly on local markets, and are part
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of representative peasant farmer organizations. Tobacco growers,
by contrast, manage less diverse agroecosystems, rely on external
inputs provided by the tobacco industry, have a weak participa-
tion in local organizations, and are closely linked to external mar-
kets. (See Table 6.5.)

6.8.1.1 Agrobiodiversity

The number of domesticated animals and cultivated plants
(agrobiodiversity) maintained by the two types of farmers is strik-
ingly different. On average, agroecological farmers grow or raise
three times as many species within a single farm as tobacco grow-
ers do. The total number of species in all surveyed farms is also
very different: 97 species in the case of agroecological farmers and
41 species for tobacco growers. This indicates that agrecological
farmers maintain a higher degree of heterogeneity among farms
and a higher agrobiodiversity at the landscape-to-region level.
Horticultural, aromatic, and medicinal crops and fruit trees are the
most diverse categories both within and among farms.

Agrobiodiversity has a direct impact on food security (Altieri
1995). The more diverse farms are, the more likely they are to
meet subsistence food needs. The opposite occurs in the case of
farmers specialized in the production of commodities (such as to-
bacco), since most of the farm resources are allocated to a goal
that does not strengthen local food security (Dewey 1979; Fleuret
and Fleuret 1980). This situation is clearly observed in this case,
where agroecological farmers grow more than three times as
many species for food as tobacco growers do.

6.8.1.2 Technology

Agroecological farmers and tobacco growers also differ strongly
in terms of farm technology. Although both draw on the same
technological matrix (draft power and the use of fire to clear up
land), the ‘‘final’’ technologies used in their farms are very differ-
ent (Cáceres 2003). In order to produce their cash crop, tobacco
growers rely on modern technology and a conventional approach
to farming. This involves the use of high external input technol-
ogy (chemical pesticides and fertilizers and high-yield seeds) and
monocropping. Nearly all the inputs needed for tobacco produc-
tion come from the market. Because tobacco growers have an
extremely limited financial capacity, they rely on the credit pro-
vided by tobacco companies, which in turn buy the tobacco
leaves from them, in a typical contract-farming relationship.

In contrast, the technology used by agroecological farmers
rests mostly on the understanding and management of natural
processes and cycles. Rather than relying on external inputs, they
maximize the use of both local and agroecological knowledge and
resources that are locally available. As a consequence of both their

Table 6.5. Differences between Agroecological Farmers and Tobacco Growers in Terms of Agrobiodiversity, Food Safety, Links with
Markets, and Representative Organizations (P� 0.001, Mann-Witney U test for independent samples) (Cáceres 2003)

Agroecological Farmers Tobacco Growers

Variable Median Minimum Maximum Median Minimum 222

Total number of plant and animal
species grown or raised on the farm

40 21 54 14 7 82

Number of species grown or raised for
family consumption

28 18 42 10 4 11

Number of species sold in the market 5 3 10 2 1 1

Participation in organizations (number) 2 1 5 1 1 1
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traditions and the extension work of development agencies, the
use of raised beds, composting practices, intercropping, biological
pest control, and crop rotation is common among the agroeco-
logical farmers (Rosenfeld 1998). In order to gain access to this
technology, these farmers do not need to develop a heavy reliance
on the market, nor do they require the financial support of the
agroindustry.

6.8.1.3 Scale Interactions
The socioeconomic and institutional context, in particular of
markets and organization, is another key element shaping the vul-
nerability of rural societies. Tobacco growers in the Misiones have
a less diversified relationship with the markets, since the tobacco
companies are the main social actor with whom they interact.
This is the highly asymmetrical relationship that typically develops
in contract farming (Watts 1990). Tobacco growers are unable to
make the most important farming decisions (such as how many
tobacco plants to have, or which varieties), negotiate the quality
and price of their tobacco with the agroindustry, or even decide
which company to sell their product to.

The contacts of agroecological farmers with the agroindustry,
on the other hand, are weak, and they are mostly linked to NGOs
and governmental programs fostering rural sustainable develop-
ment. Agroecological farmers have substantial control over the
productive decisions concerning their farms and have developed
a more diversified relationship with the market. They sell their
production through different channels, of which the organic
farmers’ markets is the main one. In these markets, farmers and
consumers meet once a week, when they set the price and other
aspects of the commercial transactions. The wider range of prod-
ucts that agroecological farmers bring to the market also allows
more spreading of commercial risks and thereby has a favorable
impact on the stability of their cash flow.

The differences among these two types of farmers are even
more noteworthy in terms of their participation in local organiza-
tions. Agroecological farmers not only relate with a higher num-
ber of organizations, they are also part of a larger number of
grassroots representative organizations committed to peasant in-
terests and civil rights. In contrast, tobacco growers are almost
exclusively related to the Tobacco Growers’ Association of Misi-
ones, a highly bureaucratized organization that primarily repre-
sents tobacco company-interests (Schiavoni 2001). Yet the
participation of tobacco growers in this organization is compul-
sory in order to be able to sell their tobacco to the agroindustry.

6.8.1.4 Synthesis: Differential Vulnerability
Agroecological farmers and tobacco growers share many key so-
cial and productive features. Both types of farmers and the envi-
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ronment in which they develop their farming strategies may be
regarded as ‘‘vulnerable.’’ However, as this case illustrates, factors
shaping vulnerability can come together in a variety of ways that
result in substantial variations in the magnitude and types of vul-
nerability, even among a group such as small-scale farmers, who
are often assumed to be homogeneous.

Given these differences in vulnerability, the agroecological
farmers appear less vulnerable overall than tobacco growers. Dif-
ferences in agrobiodiversity, technology, and articulation to the
wider context are the main factors underpinning this contrast. On
the one hand, agroecological farmers appear to have developed
more autonomous and resilient livelihood strategies. They man-
age more diverse and stable agroecosystems, produce more food,
and show a stronger negotiating capacity within the political
process. The strategy of tobacco growers, in contrast, depends far
more on the agroindustry. They produce less food, have very lim-
ited negotiation power, and are more exposed to the control of
tobacco companies and the fluctuations of tobacco prices and in-
dustry.

All this suggests that livelihood strategies used by different
groups can dramatically increase or decrease their level of vulnera-
bility. Since the articulation to the wider context is a key aspect
in determining the vulnerability of poor farmers, the latter can
change drastically due to external factors, no matter how ‘‘sensi-
ble’’ the within-farm decisions. This suggests that vulnerability
involves the amplification and attenuation of a variety of condi-
tions that depend on both internal and external circumstances,
and that vulnerability changes over time with changing stresses or
needs in households or with wider socioeconomic and political
changes that increase or decrease access to various assets and op-
portunities.

6.8.2 Vulnerability and Resilience in Southern
Africa: Perspectives from Three Spatial Scales

The southern African region is currently facing a suite of complex
emergencies driven by a mix of factors, including HIV/AIDS,
conflict, land tenure, governance, and lack of access to resources,
coupled with climate risks—not least of which is the emergence
of floods as a serious hazard (Mano et al. 2003; Vogel and Smith
2002; IPCC 2001a). Existing adaptive capacity is also, arguably,
being increasingly eroded and undermined by such factors. The
World Food Programme has recently estimated that around 14
million people in the region are in a heightened food insecurity
situation (Morris 2002). Contributing factors emerging from this
situation include, among others, low opening stocks of cereals
from previous years, low grain reserves in some countries, low
levels of preparedness for such food insecurity, and inappropriate
and constraining policies that contributed to market failures
(Mano et al. 2003).

This case examines the multiple roles of global environmental
change as part of a complex suite of stressors (such as climate,
governance, and health) and adaptation to such stressors in South
Africa, using the 2002/03 famine situation in the Southern Afri-
can Development Community as a backdrop. The theme of resil-
ience and adaptation in the face of global change (Adger 2000) is
analyzed at three spatial scales, moving from the regional (SADC)
level to the district and community levels, focusing particularly
on the role of information as a potential input into building sus-
tainability. The greatest priority in such an investigation is less one
of describing the problem than it is interactively crafting appro-
priate sustainable interventions. (No suitable ‘‘sustainable’’ inter-
ventions can be designed in isolation of the institutions and
stakeholders involved.)
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6.8.2.1 The SADC Region 2002/03 Season: Coping with
Complex Environmental Stress

The contributions of various socioeconomic and political factors,
often generated outside the region, have long been acknowledged
to contribute to the complexities associated with climate stress
and food insecurity facing Southern Africa (Benson and Clay
1998). Several of these myriad of factors usually become particu-
larly important during a severe dry spell, flood, or other climate-
driven event.

In response to the droughts of the 1970s, 1980s, and 1990s,
international organizations, bilateral donors, African governments
and NGOs established numerous early warning systems and en-
larged institutional capacity to manage food security and risks
(Moseley and Logan 2001). These entities have been actively un-
dertaking efforts to reduce vulnerability to a number of risk fac-
tors in the region. A clear activity has been to examine current
risks and threats primarily relating to drought-induced production
deficits and to provide improved climate information to serve the
agricultural sector (see, e.g., Archer 2003).

Another priority has been not only to increase the under-
standing of food provision and production but also to improve
assessments of food procurement and access to food by households
in the region (e.g., see Devereux 2000; Vogel and Smith 2002)
and the factors (such as institutions, governance, and policy issues)
that enhance or constrain access to food. The contributions of
adverse synergies, including natural triggers (such as drought) and
politics (such as civil stress) that have precipitated famines (Dever-
eux 2000), have in some cases become more prevalent and en-
demic in sub-Saharan Africa.

A number of interesting adaptive measures have emerged
from assessments undertaken of the 2002/03 famine in the region
(see www.fews.net). Vulnerability assessments show, for example,
that cereal production is sometimes not a key activity in procuring
food in risk-prone households. Rather, it is food purchases and
other inputs (remittances, gifts, and so on) that enable households
to obtain food. Such insight on adaptation practices has only
emerged from detailed food economy investigations. Such studies
reveal and question the role of ‘‘food relief ’’ as an intervention
strategy in reducing the impacts of the crisis. Furthermore, the
role of HIV/AIDS in aggravating the situation in several house-
holds is also emerging as a strong and negative factor (SADC
FANR Vulnerability Assessment Committee 2003).

With the background of this regional scale, vulnerabilities to
a similar suite of risks (including climate, management, and other
factors) can be understood at the scale of South Africa and Lim-
popo Province. These case studies clearly show that, similar to
the regional examples described earlier, a well-intentioned focus
on early warning can do little to enhance resilience to risks if it is
not coupled with a careful examination of the wider socioeco-
nomic environment in which such activities operate (such as the
policy environment, or institutional strengths and weaknesses),
consistent with the northern Argentina case.

6.8.2.2 South Africa, 2002/03 Season—The National Scale

An unusually dry 2002/03 summer rainfall season caused wide-
spread livestock mortality and water scarcity for growing crops in
Limpopo, Mpumalanga, and North West Provinces in South Af-
rica. In Limpopo, the provincial government requested 40 million
rand in drought relief from the National Department of Agricul-
ture, in addition to 6 million rand of provincial emergency fund-
ing that was made available (largely for subsidized fodder). Official
estimates were that drought-related cattle mortalities exceeded
18,000.
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A range of potentially valuable mechanisms to promote
drought mitigation and risk reduction was, however, in place.
Institutions and mechanisms included the Agricultural Risk Man-
agement Directorate, whose Early Warning Subdirectorate was
substantively involved in improving awareness of early warning
in the agricultural sector. The Early Warning Subdirectorate was
established to improve forecast dissemination to smallholder farm-
ers after forecasters and decision-makers realized that the informa-
tion did not reach any further than provincial departments of
agriculture (Archer and Easterling 2004). In addition, the Na-
tional Agrometeorological Committee was established as a forum
for reviewing updated seasonal outlook and provincial reports
regularly throughout the season.

Essentially, the seasonal warning advisory was developed and
disseminated at least to the provincial level in South Africa for the
2002/03 season. In spite of this, the adverse effects of climatic risk
were substantial. Accepting that further investigation is required
(and is planned), some preliminary observations on the 2002/03
season at the national scale in South Africa are possible.

As is well documented in a variety of case studies, forecasts,
warnings, and information were in themselves insufficient to en-
sure action to improve resilience to environmental stress. In this
case study, failures may have occurred in dissemination (for exam-
ple, forecast information may not have been disseminated to ex-
tension officers or farmers). There may also have been failures in
response capacity—even had farmers heard the seasonal warning,
they may, for a variety of reasons, have been constrained in their
ability to take anticipatory action (such as destocking). Last, there
may have been weaknesses in institutional capability as well as
weaknesses of ‘‘fit’’ and ‘‘interplay’’ between what institutions are
providing and what is required (see, e.g., Folke et al. 1998; Berkes
and Folke 1998; Orlove and Tosteson 1999; Raskin et al. 2002).
Even with effective information dissemination, provincial, mu-
nicipal, and local institutions may themselves be constrained in
their ability to either recommend or support appropriate actions
to improve resilience.

6.8.2.3 Vhembe District, Limpopo Province, 2002/03 Season

Results from research at the district and local level in Vhembe
district of Limpopo Province show where gaps and weaknesses
existed with regard to improved resilience to climatic risk in the
2002/03 season. It appears that this was the first season that the
surveyed community (first surveyed in 2000/01) had exposure to
seasonal forecast information. The Vhembe District Department
of Agriculture and the District Department of Water Affairs and
Forestry also received the forecast. Yet both at the community
level and at the district institutional level, little response was ap-
parent. Identifying the reasons for the lack of action is key to
understanding the adverse drought effects at the national and pro-
vincial level described earlier.

First, it is clear that the forecast alone was insufficient, both
for the needs of farmers and for district institutions. Both farmers
and institutions explicitly asked for more guidance in terms of
what actions might be appropriate in the light of the forecast or
warning information. Farmers requested, for example, that when
the seasonal forecast (or severe weather warning) was broadcast
over the radio, the announcement needed to be coupled with an
advisory. Such an advisory could include a wide range of general
advice at various scales—at the district level, for instance, infor-
mation on planting dates; at the farm level, very specific informa-
tion on cultivars and planting. The District Department of
Agriculture asked that the existing agricultural advisory be further
developed and refined for local district conditions. The District
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Department of Water Affairs and Forestry requested that the ag-
ricultural advisory be adapted for the water sector (and for other
climate-sensitive sectors as well, such as health).

Second, farmers themselves may have been constrained in
their ability to respond to information about climatic stress. The
most commonly documented constraint on response capacity was
resource limitation, including lack of access to credit, supplemen-
tal irrigation, land, and markets as well as lack of decision-making
power (particularly in the case of women farmers) (Archer 2003).
Further research in the area is seeking to understand the precise
role of resource limitations and misdirected inputs (such as inap-
propriate irrigation infrastructure) in constraining both the ability
to respond to forecasts and warnings and, more important, the
ability to increase resilience and adaptive capacity.

There are also, however, encouraging signs in Vhembe district
and at the national scale in South Africa of building adaptive ca-
pacity under conditions of climatic (and environmental) stress.
Progress has been made in the dissemination of the forecast to
district institutions and to the community level. And intermediary
mechanisms described at the national scale (such as the programs
under the Directorate of Agricultural Risk Management) show
promise. There are signs that research on ways to improve adap-
tive capacity in South Africa is becoming increasingly well posi-
tioned to produce generalized recommendations that may inform
policy.

6.8.2.4 Synthesis: Cross-scale Interactions and Multiple
Stressors

The results from this case suggest that although gaps and weak-
nesses were evident in the ability of entities at different scales to
decrease vulnerability to the emergence of multiple stressors, suc-
cess stories were also apparent. In this example it is clear that the
spatial scale is a valuable unit of analysis. The level of interplay,
however, between scales of ‘‘intervention’’ is equally important
(e.g., Orlove and Tosteson 1999).

This example illustrates the ‘‘misfit’’ between scales of re-
search and intervention, between what is investigated and what is
required. This example points to a greater understanding of these
complex issues, particularly in a region undergoing complex
shocks and stressors, and the deeper interrogation that is required
of the range of institutional responses that may be needed to man-
age these systems effectively. The South African Weather Service,
as the official national forecast producer, works with other fore-
cast producers at the international and national levels to derive a
multiple-sourced seasonal outlook, containing three-month rain-
fall and temperature forecasts. The forecast, looking specifically at
the agricultural sector, is disseminated to the National Department
of Agriculture and from there to provincial, district, ward exten-
sion, and finally farm level.

The process of sub-provincial dissemination of the forecast is
still in progress. There are three areas of on-going activity to im-
prove the system: the process of combining multiple source fore-
casts, the role of the National Disaster Management Centre in
receiving forecasts and coordinating response in appropriate areas
and sectors, and the sub-provincial receipt of, and response to,
the forecasts.

At present, however, there remains a misfit between what is
currently being provided by the forecast producers and the sug-
gested requirements from the agricultural sector within the pro-
vincial levels. From the province down to ward level extension,
suggested forecast information differs from the three-month tem-
perature and rainfall forecasts provided from the national and in-
ternational levels. Finer levels suggest information be provided on
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seasonal quality (such as information on intra-seasonal variability),
advisories coupled to forecasts, retroactive forecast applications,
and impact-specific interpretation of forecasts (Orlove and Toste-
son 1999). To reiterate, the system is highly dynamic and should
be seen as evolving. The key question remains how to best inter-
vene to aid a system in building resilience to sustain socioecologi-
cal systems under conditions of environmental stress and surprise.

6.8.3 The Benefits of Reducing Vulnerability in
Bundelkhand, India

The Bundelkhand region in the central highlands of India consists
of semiarid plateau land. Rising population, subsequent agricul-
tural expansion, and increased demand for wood has led to rapid
deforestation in the region, which together with poor land man-
agement practices and government-approved commercial logging
has aggravated soil erosion and ecological degradation. Erratic
rainfall coupled with soil erosion has further reduced soil produc-
tivity and contributed to crop failure, and the area is now highly
degraded (EcoTech Services 1997). (This paper draws on Eco-
Tech Services 1999; the study was carried out to support the Uttar
Pradesh state government initiatives in the area, under a grant
from the Government of the Netherlands.)

The region has some of the lowest levels of per capita income
and human development in India. Illiteracy and infant mortality
rates were high, and local inhabitants depended on rain-fed single-
crop agriculture and small-scale livestock production. The forests
that were the traditional source of livelihood have largely dis-
appeared.

Lalitpur district lies at the heart of the Bundelkhand region.
The main monsoon crops grown in the district are maize, gram,
and groundnut, while the main winter crops are wheat, peas, and
gram. Most people collect green fodder from their own land dur-
ing kharif and feed harvest remains to the animals in rabi and
summer. Harvest is sold as dry fodder. Most households use the
same well through the year, and it takes approximately two hours
per household to collect water each day. Nonavailability of pota-
ble water is a major problem across the district (EcoTech Services
1997).

6.8.3.1 Watershed Management

A technical plan for the Donda Nala watershed in Lalitpur district
was drawn up, aimed at land treatment and drainage line treat-
ment measures (EcoTech Services 1997). Land treatment mea-
sures sought to reduce the loss of topsoil and to augment
rainwater retention and biomass production. Measures such as
embankments, earthen gully (channel) plugs, and agroforestry
were deemed applicable to cultivated land, while silvipasture was
deemed applicable to uncultivated lands. Drainage treatments
suggested by the plan included mechanical measures such as the
construction of dams and surface water storage tanks. Long-term
benefits envisioned from these measures were retention of topsoil
and an increase in the moisture-retaining capacity of soil. The
technical plan estimated that the high-grade lands in the water-
shed would show increased crop yields by about 50% in the first
five years as a result of such improvements.

6.8.3.2 Quantifying Benefits

Benefits projected from the watershed management activities in-
cluded increased productivity of land, improvement in the health
of animals due to increased fodder availability, better access to
drinking water, increased employment, lower rates of soil erosion,
and stabilizing environmental degradation. For the economic
analysis in the plan, the benefits were summarized as irrigation
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benefits, benefits from vegetative treatments, drinking water ben-
efits, and employment benefits. (The assessment did not attempt
to evaluate environmental and health benefits, which are more
complex to quantify.)

Farmers realized benefits from cultivation in the form of in-
creased profits. The incremental net profit was computed as the
difference between current profits and potential future profits
from cultivation. Assuming that prices would remain constant,
profits in the future were estimated on the present value of future
cultivation. It was estimated that the average annual incremental
profit would be 3,910,700 rupees (or 1,450 rupees per acre) as a
result of additional water on existing farmlands. It was estimated
that there would be additional benefits due to cultivation on mar-
ginal lands due to a further 257 hectares coming under cultivation
during monsoon and 90 hectares in winter. This value was esti-
mated as 1,681,000 rupees.

Vegetative treatments led to increased biomass in the form
of fodder, firewood, and timber. Locally accepted species were
identified for long-term community-managed common land.
The estimates from increased fodder availability were based on
fodder collection amounts. The incremental production of dry
fodder or crop residues was valued at the existing market rate and
estimated at 777,800 rupees for the watershed as a whole. A de-
tailed cost-benefit estimation of silvipastural treatments planned
in the wastelands for a period of 30 years was also assessed to
compute the net present value of the future stream of benefits.
Some 420 hectares of land were to be covered under the afforesta-
tion plan.

The potential benefits from better access to drinking water
were valued by using the opportunity cost of time saved in water
collection for women. Three open wells were proposed in the
villages of Agar, Dhurwara, and Ghisoli. These sought to enhance
women’s participation in the project and to benefit families who
lacked easy access to drinking water. The new wells were typically
located near a cluster so that these families would not have to go
more than a quarter of a kilometer. The estimated cost of digging
wells in the watershed was 304,065 rupees, and the total value of
time savings was 45,090 rupees for the year. The value of this is
projected to rise over time as daily wages increase.

Given the labor requirements for each type of project activity,
the market and opportunity costs for labor were determined. The
benefits were calculated from activity-specific labor components
of the technical work plan. Total incremental benefits from em-
ployment were valued at the prevailing wage rate. The employ-
ment benefits disbursed in the first two years of project activities
were estimated at 5,480,000 rupees.

The projected present value of the future stream of the total
annual benefits from each of the estimated components provides
the overall value for the stream of benefits accruing from the proj-
ect. The average projected present value of benefits per hectare
was 47,461 rupees as opposed to an average project activity cost
of 7,500 rupees per hectare. (See Table 6.6.) Assuming a 30-year
horizon, the present projected value of the estimated benefits
were computed using a 12% discount rate. The net present value
of total benefits worked out to be over 100 million rupees for the
entire watershed.

6.8.3.3 Synthesis: Distributional Issues

Most of the village community of Lalitpur district consists of small
farmers and landless people. While the benefits from additional
employment and access to drinking water are projected to directly
enhance their quality of life, benefits from irrigation and green
fodder production (which are the major source of benefits) are
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Table 6.6. Total Benefits for Donda Nala Watershed (EcoTech
Services 1997)

Project
Activity

Total Undiscounted
Benefits

Total Discounted
Benefits

(Rs crores)

Irrigation 16.5620 3.5799

Digging wells 0.1300 0.0281

Employment 0.5476 0.4132

Silvipasture 24.4177 6.0871

Forestry 5.5876 0.3949

Total benefits 47.2449 10.5320

likely to accrue to those with land or cattle. The benefits will
reach poorer households only if the access to treated wastelands
and to harvest can be assured.

6.9 Implications for Assessment and Policy
The discussion and cases in this chapter emphasize that the pat-
terns and dynamics that shape the vulnerability of coupled socio-
ecological systems are composed of a multitude of linkages and
processes. As such, assessments of vulnerability need to be com-
prehensive, sensitive to driving forces at different scales, but also
appreciative of the differences among places.

A number of observations relevant to attempts to assess and
reduce vulnerability and to build resilience may be offered. First,
conceptual frameworks of vulnerability have improved, repre-
senting human and biophysical vulnerabilities as a coupled socio-
ecological system. However, the relationships across scales and the
role of specific actors (as drivers of systems) are poorly represented
in most frameworks, and the existing state of knowledge is still
weak. Different components of the coupled socioecological sys-
tem may have quite different vulnerabilities and may experience
exposure to stresses and perturbations quite differently. Diverse
impacts are likely as a result; broad frameworks should not be
taken as reliable guides to local conditions. The term vulnerability
is still used in disparate ways in many assessments; a clear nomen-
clature is required to make assessments more consistent and co-
herent.

Second, the driving conditions of vulnerability have been well
characterized at least at a general level. Human alterations of eco-
systems and ecosystem services shape both the threats to which
people and places are exposed and their vulnerabilities to the
threats. The same alterations of environment can have very differ-
ent consequences, depending on the differential vulnerability of
the receptor systems.

Third, poverty and hazard vulnerability are linked and often
mutually reinforcing by creating circumstances in which the poor
and those with limited assets have few options but to exploit envi-
ronmental resources for survival. At the same time, poverty and
vulnerability are overlapping but distinct conditions, and they re-
quire analysis to determine overlaps and interactions.

Fourth, vulnerability can also be increased by the interaction
of stresses over time. In particular, sequences of stresses that erode
coping capacity or lengthen recovery periods can have long-term
impacts that still often are not adequately treated in many assess-
ments. Capturing these dynamics of vulnerability in assessment is
an ongoing challenge.
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Fifth, socioeconomic and institutional differences are major
contributors to patterns of differential vulnerability. The linkages
among environmental change, development, and livelihood are
attracting increasing attention as a nexus in building resilient com-
munities and strengthening adaptive capacity, but existing knowl-
edge is still uneven and not well developed.

Sixth, despite this general level of explanation, it is still diffi-
cult to document adequately the effects of different changes upon
different human groups with precision. While environmental
changes and natural disasters are affecting increasing numbers of
people, the existing knowledge base of vulnerability and resilience
is highly uneven, with much known about some situations and
very little about others. Some of the most vulnerable peoples and
places are those about which the least is known. New vulnerabili-
ties may be realized in the future, as in the dramatic increase of
flooding damages in Africa or the effects of HIV/AIDS as a com-
pounding factor in livelihood security. Filling the major gaps is a
high priority in improving current assessments.

Seventh, assessment methods are improving. Entering vulner-
ability assessments at different scales of analysis, and particularly
the local scales of place-based assessments, holds potential for
greater depth and understanding of the complexity and dynamics
of changing vulnerability.

Finally, despite the limitations of theory, data, and methods,
sufficient knowledge exists in most regions to apply vulnerability
analysis to contemporary problems of ecosystem management and
sustainable development in order to provide useful information to
decision-makers and practitioners.
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Lüdeke, M.K.B., O. Moldenhauer, and G. Petschel-Held, 1999: Rural poverty
driven soil degradation under climate change: The sensitivity of the disposi-
tion toward the SAHEL Syndrome with respect to climate. Env. Modeling
Asses. 4, 315–326.

MSSRF (M S Swaminathan Research Foundation), 2001: Food Insecurity Atlas
of Rural India. Chennai: MSSRF.

Mano, R., B. Isaacson, P. Dardel, 2003: Identifying policy determinants of food
security response and recovery in the SADC region: The case of the 2002 food emer-
gency. FANRPAN Policy Paper, FANRPAN.

Mather, J. and G. Sdasyuk, 1991: Global Change: Geographic Approaches. Univer-
sity of Arizona Press, Tucson.

................. 11432$ $CH6 10-11-05 14:54:57 PS



164 Ecosystems and Human Well-being: Current State and Trends

McIntosh, R.J., J.A. Tainter and S.K. McIntosh, (eds.), 2000: The Way the
Wind Blows: Climate, History and Human Action. Columbia University Press;
New York, 448 pp.

Mitchell, J.K., 2003: European river floods in a changing world. Risk Analysis
23(3), 567–574.

Morris, J.T., 2002: Executive Summary of the First mission of the Special Envoy to
Lesotho, Malawi, Mozambique, Swaziland, Zimbabwe and Zambia. United Na-
tions, Rome.

Moseley, W.G. and B.I. Logan, 2001: Conceptualising hunger dynamics: A
critical examination of two famine early warning methodologies in Zim-
babwe. Applied Geography 21, 223–248.

Moss, S., C. Pahl-Wostl, and T.E. Downing, 2001: Agent based integrated as-
sessment modelling: The example of climate change. Integrated Assessment
2(1), 17–30.

Munich Re, 2000: Topics 2000: Natural Catastrophes—the Current Position. Mu-
nich, Germany. Available online at www.munichre.com.

Munich Re, 2003: Topics: Annual Review of Natural Catastrophes 2002. Munich,
Germany. Available online at www.munichre.com.

Myers, N., R. Mittermeier, C. Mittermeier, G. da Fonseca, and J. Kent, 2000:
Biodiversity hotspots for conservation priorities. Nature 403(24), 853–858.

National Geographic Society, 1989: Endangered Earth. Washington DC,
USA.

Nellemann, C., L. Kullerud, I. Vistnes, B. Forbes, T. Foresman, et al. 2001:
GLOBIO. Global Methodology for Mapping Human Impacts on the Biosphere.
UNEP/DEWA/TR.-1–3, UNEP-DEWA, Nairobi, Kenya.

Orlove, B. S., and J. L. Tosteson, 1999: The Application of Seasonal to Interan-
nual Climate Forecasts Based on El Nino-Southern Oscillation (ENSO)
Events: Australia, Brazil, Ethiopia, Peru, and Zimbabwe. Working Paper
WP99–3-Orlove. Berkeley, CA: Institute of International Studies, Berkeley
Workshop on Environmental Politics, http://repositories.cdlib.org/iis/
bwep/WP99–3-Orlove.

Pelling, M., (ed.), 2003: Natural Disasters and Development in a Globalizing World.
Routledge, London.

Peterson, G., C.R. Allen, and C.S. Holling, 1998: Ecological resilience, bio-
diversity, and scale. Ecosystems 1, 6–18.

Petschel-Held, G., 2002: Requirements for socio-economic monitoring: The
perspective of the millennium assessment and integrated assessments in gen-
eral. Prepared for Social Monitoring: Meaning and methods for an Integrated
Management in Biosphere Reserves. Biosphere Reserve Integrated Monitor-
ing (BRIM) Series No.1.W. Lass and F. Reusswig, (eds.), 2002. Available at:
www.pik-potsdam.de/�gerhard/homepage/pdfs/rome01.pdf

Petschel-Held, G., A. Block, M. Cassel-Gintz, J. Kropp, M.K.B. Lüdeke,
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Main Messages

Global freshwater use is estimated to expand 10% from 2000 to 2010,
down from a per decade rate of about 20% between 1960 and 2000. These
rates reflect population growth, economic development, and changes in
water use efficiency. Projections that this trend will continue have a high
degree of certainty. Contemporary water withdrawal is approximately 3,600
cubic kilometers per year globally or 25% of the continental runoff to which the
majority of the population has access during the year. If dedicated instream
uses for navigation, waste processing, and habitat management are consid-
ered, humans then use and regulate over 40% of renewable accessible sup-
plies. Regional variations from differential development pressures and
efficiency changes during 1960–2000 produced increases in water use of 15–
32% per decade.

Four out of every five people live downstream of, and are served by,
renewable freshwater services, representing 75% of the total supply. Be-
cause the distribution of fresh water is uneven in space and time, more than 1
billion people live under hydrologic conditions that generate no appreciable
supply of renewable fresh water. An additional 4 billion (65% of world popula-
tion) is served by only 50% of total annual renewable runoff that is positioned
in dry to only moderately wet conditions, with concomitant pressure on that
resource base. Only about 15% live with relative water abundance.

Forest and mountain ecosystems serve as source areas for the largest
amounts of renewable freshwater supply—57% and 28% of total runoff,
respectively. These ecosystems each provide renewable water supplies to at
least 4 billion people, or two thirds of the global population. Cultivated and
urban ecosystems generate only 16% and 0.2%, respectively, of global runoff,
but because of their close proximity to human settlements, they serve 4–5
billion people. Such proximity is also associated with nutrient and industrial
water pollution.

From 5% to possibly 25% of global freshwater use exceeds long-term
accessible supply. Overuse implies delivery of freshwater services
through engineered water transfers or nonrenewable groundwater sup-
plies that are currently being depleted. Much of this water is used for irriga-
tion with irretrievable losses in water-scarce regions. All continents record
overuse. In the relatively dry Middle East and North Africa, non-sustainable
use is exacerbated, with current rates of freshwater use equivalent to 115% of
total renewable runoff. In addition, possibly one third of all withdrawals come
from nonrenewable sources, a condition driven mainly by irrigation demand.
Crop production requires enormous quantities of fresh water; consequently,
many countries that aim at self-sufficiency in food production have entrenched
patterns of water scarcity. Alternatively, crops can be traded on global food
markets, with some countries accruing substantial benefits from importing ‘‘vir-
tual water’’ that would otherwise be required domestically to irrigate crops.

The water requirements of aquatic ecosystems in the context of expand-
ing human freshwater use results in competition for the same resources.
Changes in flow regime, transport of sediments and chemical pollutants, modi-
fication of habitat, and disruption of migration routes of aquatic biota are some
of the key consequences of this competition. In many parts of the world, com-
petition for fresh water has produced impacts that fully extend to the coastal
zone, with effects including oxygen depletion, coastal erosion, and harmful
algal blooms. Through consumptive use and interbasin transfers, several of
the world’s largest rivers (the Nile, the Yellow, and the Colorado in the United
States) have been transformed into highly stabilized and in some cases sea-
sonally nondischarging river channels.
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The supply of fresh water continues to be reduced by severe pollution
from anthropogenic sources in many parts of the world. Over the past
half-century, there has been an accelerated release of artificial chemicals into
the environment. Inorganic nitrogen pollution of inland waterways, for example,
has increased substantially, with nitrogen loads transported by the global sys-
tem of rivers rising more than twofold over the preindustrial state. Increases of
more than tenfold are recorded across many industrialized regions of the world.
Many anthropogenic chemicals are long-lived and transformed into by-products
whose behaviors, synergies, and impacts are for the most part unknown as
yet. As a consequence of pollution, the ability of ecosystems to provide clean
and reliable sources of fresh water is impaired. Severe deterioration in the
quality of fresh water is magnified in cultivated and urban systems (high use,
high pollution sources) and dryland systems (high demand for flow regulation,
absence of dilution potential).

The demand for reliable sources of fresh water and flood control has
encouraged engineering practices that have compromised the sustain-
ability of inland water systems and their provision of freshwater services.
Prolific dam-building (45,000 large dams and possibly 800,000 smaller ones)
has generated both positive and negative effects. Positive effects on human
well-being have included flow stabilization for irrigation, flood control, drinking
water, and hydroelectricity. Negative effects have included fragmentation and
destruction of habitat, loss of species, health issues associated with stagnant
water, and loss of sediments and nutrients destined to support coastal ecosys-
tems and fisheries.

Water scarcity is a globally significant and accelerating condition for 1–2
billion people worldwide, leading to problems with food production,
human health, and economic development. A high degree of uncertainty
surrounds these estimates, and defining water scarcity merits substantial fur-
ther analysis in order to support sound water policy formulation and manage-
ment. Rates of increase in a key water scarcity measure—water use relative
to accessible supply—from 1960 to present averaged nearly 20% per decade
globally, with values of 15% to more than 30% per decade for individual conti-
nents. Inequalities in level of economic development, education, and gover-
nance result in differences in coping capacity for water scarcity.

The annual burden of disease from inadequate water, sanitation, and hy-
giene totals 1.7 million deaths and the loss of at least 50 million healthy
life years. Some 1.1 billion people lack access to safe drinking water and 2.6
billion lack access to basic sanitation. Investments in drinking water supply and
sanitation show a close correspondence with improvement in human health
and economic productivity. Each person needs only 20 to 50 liters of water
free of harmful contaminants each day for drinking and personal hygiene to
survive, yet there remain substantial challenges to providing this basic service
to large segments of the human population. Half of the urban population in
Africa, Asia, and Latin America and the Caribbean suffers from one or more
diseases associated with inadequate water and sanitation.

The state of freshwater resources is inadequately monitored, hindering
the development of indicators needed by decision-makers to assess
progress toward national and international development commitments.
Substantial deterioration of hydrographic networks is occurring throughout the
world, increasing the difficulty of making an accurate assessment of global
freshwater resources. The same is true for groundwater monitoring, standard
water quality monitoring, and freshwater biological indicators. New techniques
make it possible to identify literally thousands of chemicals, including long-lived
synthetic pharmaceuticals, in freshwater resources. But universal application
of these techniques is lacking, and there are no systematic epidemiological
studies to understand their impact on long-term human well-being.

................. 11432$ $CH7 10-11-05 14:54:53 PS



168 Ecosystems and Human Well-being: Current State and Trends

Trade-offs in meeting the Millennium Development Goals and other inter-
national commitments are inevitable. It is very certain that the condition of
inland waters and coastal ecosystems has been compromised by the conven-
tional sectoral approach to water management, which, if continued, will jeopar-
dize human well-being. In contrast, the implementation of the established
ecosystem-based approaches adopted by the Convention on Biological Diver-
sity, the Convention on Wetlands, the Food and Agriculture Organization, and
others could substantially improve the future condition of water-provisioning
services by balancing economic development, ecosystem conservation, and
human well-being objectives.

7.1 Introduction to Fresh Water as a Provisioning
Service
This chapter provides a picture of the recent history and contem-
porary state of global freshwater provisioning services. It docu-
ments a growing dependence of human populations on these
services, which has resulted in a variety of activities aimed at stabi-
lizing and delivering water supplies. So effective has been the abil-
ity of water management to influence the state of this resource, in
terms of both its physical availability and chemical character, that
anthropogenic signatures are now evident across the global water
cycle. Much of this influence is negative due to overuse and poor
management. The capacity of ecosystems to sustain freshwater
provisioning services is thus strongly compromised throughout
much of the world and may continue to remain so if historic
patterns of managed use persist.

7.1.1 Fresh Water in the MA Context

Within the MA conceptual framework (see Chapter 1), water is
treated as a service provided by ecosystems as well as a system
(inland waters). Because the water cycle plays so many roles in the
climate, chemistry, and biology of Earth, it is difficult to define
it as a distinctly supporting, regulating, or provisioning service.
Precipitation falling as rain or snow is the ultimate source of water
supporting ecosystems. Ecosystems, in turn, control the character
of renewable freshwater resources for human well-being by regu-
lating how precipitation is partitioned into evaporative, recharge,
and runoff processes. Together with energy and nutrients, water
is arguably the centerpiece for the delivery of ecosystem services
to humankind (Falkenmark and Folke 2003).

While recognizing the role of water in supporting and regu-
lating services, the placement of this chapter among other provi-
sioning services is done from a practical point of view, in part
because water resources are the most tangible and well-documented
aspect of this broader spectrum of freshwater services. This chap-
ter assesses the condition and recent trends in global freshwater
resources, examining the amount and condition of renewable and
nonrenewable surface and groundwater supplies, changes in these
supplies over time and into the near future, and the impacts on
human well-being of changes in the service. Chapter 20 examines
the role of inland water ecosystems that provide a multitude of
services, including water, fish, habitat, cultural and aesthetic val-
ues, and flood prevention. Because fresh water is so essential to
life on Earth, its assessment overlaps with services and ecosystem
chapters across the MA.

Throughout this chapter reference is made to summary statis-
tics on the fresh water associated with specific ecosystems. While
ecosystems are strongly dependent on the water cycle for their
very existence, at the same time these systems represent domains
over which precipitation is processed and transferred back to the
atmosphere as ‘‘green water’’ (through evapotranspiration drawn
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from soils and plant canopies in natural ecosystems and rain-fed
agriculture). The remainder runs off as ‘‘blue water’’ which con-
stitutes the renewable water supply that can pass to downstream
users—both aquatic ecosystems and humans such as farmers who
irrigate. These water flows can be tabulated across ecosystems to
identify areas that are critical to human well-being as well as those
that require particular attention in designing strategies for envi-
ronmental protection. Box 7.1 defines key terms used in this anal-
ysis.

7.1.2 Setting the Stage

Prior to the twentieth century, global demand for fresh water was
small compared with natural flows in the hydrologic cycle. With
population growth, industrialization, and the expansion of irri-
gated agriculture, however, demand for all water-related goods
and services has increased dramatically, putting the ecosystems
that sustain this service, as well as the humans who depend on
it, at risk. While demand increases, supplies of clean water are
diminishing due to mounting pollution of inland waterways and
aquifers. Increasing water use and depletion of fossil groundwater
adds to the problem. These trends are leading to an escalating
competition over water in both rural and urban areas. Particularly
important will be the challenge of simultaneously meeting the
food demands of a growing human population and expectations
for an improved standard of living that require clean water to
support domestic and industrial uses.

Meeting even the most basic of needs for safe drinking water
and sanitation continues to be an international development pri-
ority. Some 1.1 billion people lack access to clean water supplies
and more than 2.6 billion lack access to basic sanitation (WHO/
UNICEF 2004). Reducing these numbers is a key development
priority. By adopting the initial targets of the Millennium Devel-
opment Goals, governments around the world have made a com-
mitment to reduce by half the proportion of people lacking access
to clean water supply and basic sanitation between 1990 and
2015.

The ministerial declaration from the 2nd World Water Forum
in The Hague in 2000 captured the essence of the goals and chal-
lenges faced (see Box 7.2), including articulation of the impor-
tance of ecosystems in sustaining freshwater services. Water
continues to rise in importance in major policy circles, with 2003
declared the International Year of Fresh Water, release of the first
World Water Development Report (UN/WWAP 2003) by a
collaboration of 24 U.N. agencies through the World Water As-
sessment Programme, and proclamation by the UN General As-
sembly of the International Decade of Action ‘‘Water for Life’’ in
2005–15.

Societies have benefited enormously through their use of fresh
water. However, due to the central role of water in the Earth
system, the effects of modern water use often reverberate
throughout the water cycle. Key examples of human-induced
changes include alteration of the natural flow regimes in rivers
and waterways, fragmentation and loss of aquatic habitat, species
extinction, water pollution, depletion of groundwater aquifers,
and ‘‘dead zones’’ (aquatic systems deprived of oxygen) found
in many inland and coastal waters. Thus, trade-offs have been
made—both explicitly and inadvertently—between human and
natural system requirements for freshwater services.

The challenge for the twenty-first century will be to manage
fresh water to balance the needs of both people and ecosystems,
so that ecosystems can continue to provide other services essential
for human well-being. Human impacts on the capacity of ecosys-
tems to continue delivering freshwater services are assessed in

................. 11432$ $CH7 10-11-05 14:54:54 PS



169Fresh Water

BOX 7.1

Operational Definitions of Key Terms on Fresh Water

The global water cycle involves major transports that link Earth’s atmo- source (Ua). Such losses are associated predominantly with irrigation, and
sphere, land mass, and oceans, though the emphasis in this chapter is emerge from both renewable and nonrenewable freshwater supplies. Ca

on the continental hydrologic cycle. The Figure here outlines the major is also referred to as irretrievable losses. While humans ‘‘consume’’ water
fluxes of fresh water, which help to define the renewable supplies on directly for drinking, this is not termed water consumption but simply a
which humans and ecosystems depend. The water cycle can be divided component of domestic water use tabulated under Ua.

into a portion that is accessible to humans and that which is not. The Non-sustainable Water Use (Uan). This is computed by comparing
portion of the global water cycle that is accessible to humans is shown in total water demand or withdrawals for human use (Ua) to the available
the diagram. The following nomenclature is used throughout this chapter. renewable water supply (Ba). Where Ua exceeds Ba at the point of extrac-

Total Precipitation (Pt). This term is equivalent to the total sustainable tion, non-sustainable use is tabulated. For most parts of the planet, this
water supply falling as rain and snow over the terrestrial portion of Earth. will refer to the ‘‘mining’’ of groundwaters, especially in arid and semiarid
Pt represents the ultimate source of fresh water for recharge into soils, areas, where recharge rates to the underground aquifer are limited. Uan

evaporation, and transpiration by plants in natural and cropped ecosys- can also embody the interbasin transport of fresh water from water rich to
tems, recharge into groundwaters, and, eventually, runoff and discharge water poor areas.
through river corridors. For the purposes of this study, Pt represents cli- Environmental Flows. These are the water requirements needed to
matic means, unless otherwise noted. Pt can be divided into precipitation sustain freshwater ecosystems.
that is accessible (Pa) or inaccessible (Pi) to humans on the land mass. Water Abundance and Scarcity. The conjunction of renewable fresh-
Ocean precipitation is denoted as Po. water supply, withdrawals, consumptive losses, and level of development

Total Blue Water Flow (Bt). This term represents the global renewable can be used to define quantitative measures of water abundance or scar-
water supply computed as surface and sub-surface runoff. ‘‘Total’’ here city. The number of people supported on a unit of renewable freshwater
refers to ‘‘blue water’’ that is both accessible and inaccessible to humans. flows (the ‘‘water crowding’’ index) will define thresholds of chronic water
It is a subcomponent of Pt, representing the net fresh water remaining after scarcity, as will use-to-supply ratios (Ua /Bt or Ua / Ba).
accounting for evapotranspiration (ET) losses to the atmosphere from the
soils and vegetation of natural ecosystems and rain-fed agriculture, known
as ‘‘green water’’ (Gt). Blue water represents the sustainable supply of
fresh water that emanates from ecosystems and is then transferred
through rivers, lakes, and other inland aquatic systems. These down-
stream ecosystems evaporate and consume water (Ciws) and reduce blue
water flows. In basins occupied by humans, accessible blue water (Ba) is
further reduced (Ba’) through consumptive losses (Ca) from water resource
management, such as irrigation.

Water Use (Ua). This represents water withdrawn or used by humans.
Ua is derived from either accessible blue water flows (Ba) or nonrenewable
sources, predominantly fossil groundwater mining, which constitutes a
non-sustainable water use. Use is divided into domestic (Da), industrial
(Ia), and agricultural (Aa) applications, a part of which can be returned to
inland water systems, though sometimes degraded in its quality in such
return flows.

Water Consumption (Ca). The portion of water that is lost as net
evapotranspiration after being withdrawn from an accessible supply

Chapter 20. Some options on balancing human and ecosystem
water requirements are discussed in Chapter 7 of the MA Policy
Responses volume.

Before describing the details of this chapter’s assessment, a
word is in order on the quality of information on which it is
based. Monitoring the continental water cycle in a timely manner
at the global scale using traditional discharge gauging stations—
the mainstay of water resource assessment—continues to chal-
lenge the water sciences (IAHS 2001; NRC 1999; Kanciruk
1997). Data collection is now highly project-oriented, yielding
often poorly integrated time series of short duration, restricted
spatial coverage, and limited availability. In addition, there has
been a legal assault on the open access to basic hydrometeorologi-
cal data sets, aided in large measure by commercialization and
fears surrounding piracy of intellectual property. Delays in data
reduction and release (up to several years in some places) are also
prevalent. Much information has yet to be digitized, and exists in
difficult-to-use book and report formats.
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Based on available global archives at the WMO Global Run-
off Data Center, to which member states contribute voluntarily,
there was arguably a better knowledge of the state of renewable
surface water supplies in 1980 than today. Such statements apply
to many parts of the world, including otherwise well monitored
countries like the United States and Canada (IAHS 2001; Shiklo-
manov et al. 2002), though most marked declines are in the de-
veloping world. Our understanding of groundwater resources is
even more limited, since well-log, groundwater discharge/
recharge, and aquifer property data for global applications are only
beginning to be synthesized (Foster and Chilton 2003; UNESCO-
IHP 2004). Information on water use and operation of infrastruc-
ture has never been assembled for global analysis (IAHS 2001;
Vörösmarty and Sahagian 2000).

While remote sensing and models of the water cycle can be
used to fill some data gaps, these approaches themselves produce
a range of outputs arising from differences in their input data
streams and detailed calculation procedures (e.g., Fekete et al.
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BOX 7.2

Ministerial Declaration from the 2nd World Water Forum

The ongoing series of World Water Forums (Marrakech 1997, Hague
2000, Kyoto 2003, Mexico 2006), organized by the World Water Coun-
cil and its partners, brings together a broad array of thousands of
stakeholders to discuss strategies for sustainable development with
respect to water. While there have been three such gatherings to date,
outputs from the affiliated Ministerial Conference of the 2nd Forum
are most relevant to the MA. This Ministerial Declaration captures the
interconnections among ecosystem integrity, human actions affecting
water supply, and human well-being. It is precisely these interactions
that define the contemporary conditions and trends and that are sug-
gestive of responses that foster water stewardship, sustainable water
use, and progress toward development. These fundamental goals high-
light the need for well-functioning ecosystems. They also reflect
strongly the Millennium Development Goals:

• meeting basic human needs—that is, access to safe and suffi-
cient water and sanitation, which are essential to health and
human well-being;

• securing the food supply to enhance food security through a
more efficient mobilization and use of water for food production;

• protecting ecosystems and ensuring their integrity through sus-
tainable water resources management;

• sharing water resources to promote peaceful cooperation and
develop synergies between the different uses of water within and
between the states concerned;

• managing risks to provide security from floods, droughts, pollu-
tion, and other water-related hazards;

• valuing water to manage it in a way that reflects economic, social,
environmental, and cultural values for all its uses; and

• governing water wisely to ensure good governance, including
public participation.

2004). Without a sustained international commitment to baseline
monitoring, global water assessments will be difficult to make and
fraught with uncertainty. Box 7.3 gives the range of current esti-
mates used in global water resource models, an uncertainty that
in part arises from these data problems.

7.2 Distribution, Magnitude, and Trends in the
Provision of Fresh Water
While it is true that there is an abundance of water across blue
planet Earth, only a small portion of it exists as fresh water, and
even a smaller fraction is accessible to humans. Nearly all water
on Earth is contained in the oceans, leaving only 2.5% as fresh
water. (See Table 7.1.) Of this small percentage, nearly three quar-
ters is frozen, and most of the remainder is present as soil moisture
or lies deep in the ground. The principal sources of fresh water
that are available to society reside in lakes, rivers, wetlands, and
shallow groundwater aquifers—all of which make up but a tiny
fraction (tenths of 1%) of all water on Earth. This amount is regu-
larly renewed by rainfall and snowfall and is therefore available on
a sustainable basis.

Global averages fail to portray a complete picture of the
world’s water resource base, however. The basic climatology of
the planet dictates that fresh water will be distributed unevenly
around the globe, with abundant supplies across zones like the
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wet tropics and absolute water scarcity across the desert belts and
in the rain shadow of mountains. For this assessment, both locally
available runoff and water transported though river networks is
considered (Vörösmarty et al. 2005). River corridor flows convey
essential water resources to those living on the banks of large riv-
ers, such as along the lower Nile. Figure 7.1 (in Appendix A)
shows the broad range of sustainable water resources (blue water
flows), which varies from essentially zero in many arid and semi-
arid regions to hundreds and thousands of cubic kilometers per
year as major river corridor flow. Such regional differences in the
quantity of available fresh water establish the diverse patterns of
water supply across the globe.

The supply of fresh water is conditioned by several additional
factors, which amplify the patterns of abundance and scarcity.
These factors include the distribution of humans relative to the
supply of water (that is, access to water), patterns of demand, pres-
ence of water engineering to stabilize flows, seasonal and interan-
nual climate variations, and water quality. The following sections
assess the state of global freshwater supplies, demands (withdraw-
als or use), and water quality. The time domain covered here is
the last several decades and into the near future of 2010–15.

7.2.1 Available Water Supplies for Humans

Estimates of global water supply are imprecise and complicated
by several factors, including differences in data and methodologies
used, loss of hydrographic monitoring capacity, alternative time
frames considered, and distortions from land cover, climate, and
hydraulic engineering that are increasingly a part of the water
cycle. The renewable resource base expressed as long-term mean
runoff has been estimated to fall between 33,500 and 47,000 cubic
kilometers per year (Korzoun et al. 1978; L’vovich and White
1990; Gleick 1993; Shiklomanov and Rodda 2003; Fekete et al.
2002; Nijssen et al. 2001; Döll et al. 2002). Within-year variations
also define the basic nature of water supply. At the continental
scale, maximum-to-minimum runoff ratios vary between 2:1 and
10:1 (Shiklomanov and Rodda 2003), with individual rivers ex-
periencing ratios far higher, such as in snowmelt-dominated basins
or episodically flooded arid and semiarid river systems. These
variations necessitate flow stabilization through hydraulic engi-
neering for either protection (for example, from floods) or seasonal
supply augmentation (for example, for dry-season agriculture or
hydroelectricity).

Water supply can also be assessed from the standpoint of soci-
etal access to renewable runoff and river flow, from which hu-
mans can secure provisioning services. By one estimate (Postel et
al. 1996), one third of global renewable water supply is accessible
to humans, when taking into account both its physical proximity
to population and its variation over time, such as when flood
waves pass uncaptured on their way to the ocean. Such accessibil-
ity is considered as part of this assessment later in this chapter.

Groundwater plays an important role in water supply. It has
been estimated that between 1.5 billion (UNEP 1996) and 3 bil-
lion people (UN/WWAP 2003) depend on groundwater supplies
for drinking. It also serves as the source water for 40% of self-
supplied industrial uses and 20% of irrigation (UN/WWAP
2003). For certain countries this dependency is even greater; for
example, Saudi Arabia meets nearly 100% of its irrigation require-
ments through groundwater (Foster et al. 2000). Two important
classes of groundwater can be identified. The first is renewable
groundwater resources, closely linked to the cycling of fresh
water, through which the ground is periodically replenished
when sufficient precipitation is available to recharge soils or when
floodplains become inundated. The second, fossil groundwater, is
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BOX 7.3

Uncertainties in Estimates of Contemporary Freshwater Services, Use, and Scarcity

All entries are ranges in the units indicated and represent near-contemporary conditions.

Geographic Region

Renewable 

Water Supplya Total Withdrawals
Mean Water
Crowding

Mean Use-to-Supply
(Ua/Bt) Ratio

Population with 
Ua/Bt Ratio Greater

than 40%
(cu. km. per year ) (people/mill.

m3/yr)
(percent) (million)

Asia 7,850–9,700 1,520–1,790 320–384 16–22 712–1,200

Former Soviet Union 3,900–5,900 270–380 48–74 6–8 56–110

Latin America 11,160–18,900 200–260 25–42 1–2 84–160

North Africa/Middle East 300–367 270–370 920–1,300 74–108 91–240

Sub-Saharan Africa 3,500–4,815 60–90 115–160 2–2 16–140

OECD 7,900–12,100 920–980 114–129 8–12 164–370

World Total 38,600–42,600 3,420–3610 133–150 8–9 1,123–2,100

a For the purpose of this intercomparison, supply is total supply (Bt). See also Box 7.1 and Table 7.2.

The ranges reported here are from three global-scale water resource mod- are noted for population living under severe water scarcity (use-to-supply
els, two of which were used directly in the MA: University of New Hamp- �40%). The order-of-magnitude range apparent for sub-Saharan Africa
shire (Vörösmarty et al. 1998a; Fekete et al. 2002; Federer et al. 2003) can be linked in part to the distribution of sharp climatic gradients that are
for the Condition and Trends Working Group assessment and Kassel Uni- difficult to analyze geographically. The result is also a function of the
versity (Alcamo et al. 2003; Döll et al. 2003) used in the Scenarios Work- assumptions made regarding access to water. Because of such uncertain-
ing Group. A third model from the University of Tokyo and Global Soil ties, the current state-of-the-art in global models put 1–2 billion people at
Wetness Project (Oki et al. 2001, 2003b; Dirmeyer et al. 2002) was also risk worldwide arising from high levels of water use. The MA models
compared. predict a much smaller range, from 2.0–2.1 billion.

The global-scale correspondence for total supply, withdrawals, water Large uncertainties surround current estimates of water consumption
crowding, and demand-to-supply ratio is high, but masks continental-scale by the largest user of water, agriculture. Recent estimates vary from 900
differences. Such disparities can be large, as for water supply in Latin (Postel 1998) up to 2000 cubic kilometers per year (Shiklomanov and
America, where large remote tropical river systems have proved difficult Rodda 2003). A value of 1200 cubic kilometers per year is reported in this
to monitor systematically. Substantial differences at the continental scale assessment (Table 7.4).

Table 7.1. Major Storages Associated with the Contemporary
Global Water System (Shiklomanov and Rodda 2003)

Type Volume
Fraction of

Total Volume 
Fraction of
Fresh Water

(thous. cu. km.) (percent) (percent)

World ocean 1,338,000 96.5 –

Groundwaters 23,400 1.7 –

–Fresh 10,530 0.76 30.1

Soil moisture 16.5 0.001 0.05

Glaciers/permanent ice 24,100 1.74 68.7

Ice in permafrost 300 0.022 0.86

Lakes (fresh) 91 0.007 0.26

Wetlands 11.5 0.0008 0.03

Rivers 2.12 0.0002 0.006

Biological water 1.12 0.0001 0.003

Atmosphere 12.9 0.001 0.04

Total hydrosphere 1,386,000 100 –

Total fresh water 35,029 2.53 100
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typically locked in deep aquifers that often have little if any long-
term net recharge. Whenever this is extracted, it is functionally
‘‘mined,’’ a particularly acute problem in arid regions, where re-
plenishment times can be on the order of thousands of years
(Margat 1990a, 1990b).

Establishing the contribution of groundwater to the global
supply of freshwater inserts a substantial element of uncertainty
into the overall assessment. Problems of poor data harmonization,
incomplete and fragmentary inventories, and methodological dif-
ficulties are well documented (Revenga et al. 2000; UN/WWAP
2003; Morris et al. 2003). As a result, there is large uncertainty in
estimates of fresh groundwater resources, ranging from 7 million
to 23 million cubic kilometers (UN/WWAP 2003; Morris et al.
2003). While abundant, their use can be severely restricted by
pollution (Foster and Chilton 2003) or by the cost of extracting
water from aquifers, which rises progressively in the face of ex-
traction rates exceeding recharge (Dennehy et al. 2002).

Another important water supply is represented by the wide-
spread construction of artificial impoundments that stabilize river
flow. Today, approximately 45,000 large dams (�15 meters high
or between 5 and 15 meters high and a reservoir volume of more
than 3 million cubic meters) (WCD 2000) and possibly 800,000
smaller dams (McCully 1996; Hoeg 2000) have been built for
municipal, industrial, hydropower, agricultural, and recreational
water supply and for flood control. Recent estimates place the
volume of water trapped behind documented dams at 6,000–
7,000 cubic kilometers (Shiklomanov and Rodda 2003; Avakyan
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and Iakovleva 1998; Vörösmarty et al. 2003). In drainage basins
regulated by large reservoirs (�0.5 cubic kilometers) alone, one
third of the mean annual flow of 20,000 cubic kilometers is stored
(Vörösmarty et al. 2003). Assuming seasonal six-month low flows
constitute roughly 40% of annual discharge (Shiklomanov and
Rodda 2003), this impounded water represents a global potential
to carry over an entire year’s minimum flows.

Desalinization constitutes a renewable water supply using dis-
tillation and membrane techniques to withdraw salt from other-
wise unusable water. While the technology continues to improve,
desalinization remains the most costly means of supplying fresh
water and is highly energy-intensive (Gleick 2000). Costs range
between $1 and $4 per cubic meter, placing it well above the
most expensive traditional sources (Gleick 2000). Despite this, in
2002 there were over 10,000 desalinization plants in 120 coun-
tries supplying more than 5 cubic kilometers per year, with a
global market of $35 billion per year (UN/WWAP 2003). Col-
lectively, these plants provide for much less than 1% of global
freshwater use.

More than 70% of global installed desalinization capacity is in
the oil-rich states of the Middle East and North Africa (UN/
WWAP 2003). While its use may be difficult to justify for high-
water-consumptive activities like irrigation, investments in desali-
nization technologies are likely to improve efficiency and bring
down costs, creating a potentially important source at least for
domestic drinking water (Gleick 2000), and the annual supply of
desalinized water could double in 15 years (UN/WWAP 2003).
The unresolved issue of adequately managing brine waste from
the desalinization process to protect nearby coastal ecosystems re-
quires special attention.

Finally, rainwater harvesting through traditional methods or
modern technology is another way in which humans augment
freshwater supply. Rainwater harvesting can directly increase the
soil water content or be stored for later application as supplemen-
tal irrigation during dry periods. This is particularly important in
places like India, which relies heavily on a short period of intense
rainfall (WWC 2000). The groundwater authorities in India, for
instance, have made it mandatory for multistoried buildings in
New Delhi and several other states to have a rooftop rainwater
harvesting system (Hindustan Times, Patna, September 2002).
Rainwater harvesting can also be an appropriate technology for
maintaining groundwater base flow and reducing flood peaks.
(See MA Policy Responses, Chapter 7, for further discussion.)

7.2.1.1 Total Flows of Fresh Water

Ecosystems vary greatly in their exposure to precipitation and
hence as source areas for renewable runoff that emerges as part of
the hydrologic cycle. (See Table 7.2.) The proportional contribu-
tion of each ecosystem to global runoff is generally equivalent to
the fraction of precipitation to which it is exposed. Forests there-
fore are associated with slightly more than half of global precipita-
tion and yield about half of global runoff, while mountains
represent one quarter of both global precipitation and runoff.
Cultivated and island systems are the next most important source
areas, each constituting about 15% of global runoff. All other sys-
tems contribute 10% or less. Paradoxically, dryland ecosystems,
due to their large aerial extent, receive a nearly identical fraction
of global precipitation as mountains do, yet because of substantial
losses from the system due to evapotranspiration, they are a rela-
tively minor contributor to global renewable water supply
(�10%). Urban systems, because of their restricted extent (��1%
of land area), receive only 0.2% of global precipitation and pro-
vide the same very minor proportion of global runoff.
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From a regional perspective, Latin America is most water-
rich, with about one third of global runoff. Asia is next, with
one quarter of global runoff, followed by OECD (20%), and sub-
Saharan Africa and the former Soviet Union, each with 10%. The
Middle East and North Africa is clearly driest and most water-
limited, accounting for only 1% of global runoff.

7.2.1.2 Freshwater Flows Accessible to Humans

Ecosystems constitute the ultimate source areas for freshwater
provisioning services. The accessibility of renewable water supply
can be estimated through an index measuring the proportion of
total annual renewable runoff generated locally that eventually
flows through river corridors and encounters downstream human
populations. The importance of upstream ecosystems as source
areas for freshwater supply is demonstrated in Table 7.2. Culti-
vated, coastal, and urban systems, with sizable fractions of the
global population, have from 90% to 100% of their renewable
runoff accessible. Drylands also show high accessibility, likely re-
flecting the propensity of humans to settle near scarce freshwater
resources. Mountains, forests, and inland waters each show 70–
80% of total runoff as accessible to downstream populations. The
exception is polar systems, which yield less than 20% of total run-
off as accessible, reflecting their remote and generally uninhabited
environment.

Populations served by accessible runoff emerging from indi-
vidual ecosystems are typically in the billions. Cultivated systems,
forests, inland waters, and mountains each serve at least 4 billion
people. Four fifths of the world lives downstream of runoff from
cultivated lands, followed by a nearly identical fraction down-
stream from forests. Inland waters and mountains provide water
to two thirds of global population and drylands to one third. Re-
mote islands and polar systems serve the fewest people. Runoff
from urban systems, nearly all generated in close proximity to
densely settled areas, serves nearly three quarters of the world’s
population.

The large fractions of total runoff expressed as accessible run-
off indicate that, by and large, human society has positioned itself
into areas with identifiable local sustainable water supplies or river
corridor flows. A geographic distribution of human settlement
thus is linked to the availability of fresh water (see also Meybeck
et al. 2001). The global geography of accessible runoff, expressed
in units of dependent population per unit of delivered flow, was
shown in Figure 7.1. Mountains serve 3 times, forests 4 times, and
inland waters 12 times as many people downstream through river
corridors as they do through locally derived runoff. Urban areas
nearly double the total service when tabulating downstream pop-
ulations. Remaining ecosystems show more-limited importance
in transferring precipitation as accessible runoff to downstream
populations. For drylands, this is due to a lack of substantial quan-
tities of runoff, while for coastal or island systems it is a conse-
quence of short flow pathways to the ocean. Each of these systems
still supplies 15–30% of global population with renewable and
accessible runoff.

From a regional perspective, Latin America and Asia consti-
tute the largest proportion (together nearly 60%) of global accessi-
ble runoff. And while the OECD, sub-Saharan Africa, and the
former Soviet Union generate a large portion of the global runoff,
substantial quantities are remote and inaccessible particularly in
the former Soviet states (see also Postel et al. 1996). The Middle
East and North Africa generates less than 1% of renewable accessi-
ble runoff.

Overall, the global fraction of total annual runoff that is acces-
sible to humans is 75%, with slightly more than 80% of world
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Table 7.2. Estimates of Renewable Water Supply, Access to Renewable Supplies, and Population Served by the Provision of
Freshwater Services, Year 2000 Condition (computed based on methods in Vörösmarty et al. 2005; renewable water supply estimates from
Fekete et al. 2002 from simulated water budgets using climatology data from 1950–96)

Systema or Region Area
Total Precipitation

(Pt)

Total Renewable Water
Supply, Blue Water Flows

(Bt)

Renewable Water
Supply, Blue Water

Flows, Accessible to
Humansb (Ba)

Population Served by
Renewable Resourcec

MA System

(mill. sq.km.) thousand cubic kilometers per year (billion) 

[percent of global runoff] [percent of Bt] [percent of world population]

Forests 41.6 49.7 22.4 [57] 16.0 [71] 4.62 [76]

Mountains 32.9 25.0 11.0 [28] 8.6 [78] 3.95 [65]

Drylands 61.6 24.7 3.2 [8] 2.8 [88] 1.90 [31]

Cultivatedd 22.1 20.9 6.3 [16] 6.1 [97] 4.83 [80]

Islands 8.6 12.2 5.9 [15] 5.2 [87] 0.79 [13]

Coastal 7.4 8.4 3.3 [8] 3.0 [91] 1.53 [25]

Inland Water 9.7 8.5 3.8 [10] 2.7 [71] 3.98 [66]

Polar 9.3 3.6 1.8 [5] 0.3 [17] 0.01 [0.2]

Urban 0.3 0.22 0.062 [0.2] 0.062 [100] 4.30 [71]

Region
Asia 20.9 21.6 9.8 [25] 9.3 [95] 2.56 [42]

Former Soviet Union 21.9 9.2 4.0 [10] 1.8 [45] 0.27 [4]

Latin America 20.7 30.6 13.2 [33] 8.7 [66] 0.43 [7]

North Africa/Middle East 11.8 1.8 0.25 [1] 0.24 [96] 0.22 [4]

Sub-Saharan Africa 24.3 19.9 4.4 [11] 4.1 [93] 0.57 [9]

OECD 33.8 22.4 8.1 [20] 5.6 [69] 0.87 [14]

World Total 133 106 39.6 [100] 29.7 [75] 4.92 [81]
a Note double-counting for ecosystems under the MA definitions.
b Potentially available supply without downstream loss.
c Population from Vörösmarty et al. 2000.
d For cultivated systems, estimates are based on cropland extent from Ramankutty and Foley 1999 within this MA reporting unit.

population (4.9 billion people) being served by these renewable
and accessible water flows. However, while providing an estimate
of long-term water supply, these figures overstate the effective
availability of fresh water. Given that approximately 30% of an-
nual runoff is uncaptured flood flow (Shiklomanov and Rodda
2003), the world’s population has its access reduced from 75% to
53% of total runoff.

Globally, renewable freshwater services reflect the geographic
distributions of both water supply and human populations. Four
out of every five people live downstream of and are served by
renewable freshwater services. (See Figure 7.2.) Thus, while the
human population is generally well organized with respect to the
availability of fresh water, 20% of humanity remains without any
appreciable quantities of sustainable supply or must gain access to
such resources through costly interbasin transfers from more
water-rich areas. (See also Table 7.2.) These people are highly
reliant on unsustainable water resources. For those with access to
renewable supplies, a total of 65% of the world’s population is
served by the 50% of total annual renewable runoff that is posi-
tioned in dry to moderately wet conditions, with concomitant
pressure on that resource base. Only 15% live with relative water
abundance—that is, in conjunction with the remaining 50% of
total runoff (represented by the high runoff-producing regions
shown in the upper part of the curve in Figure 7.2). If uncaptured
flood flow is incorporated into these calculations, for the 80% of
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Figure 7.2. Cumulative Distribution of Population with Respect
to Freshwater Services, 1995–2000. Fraction of runoff is ranked
from low to high based on mean annual conditions. This distribution
is also affected by seasonal variations in available runoff.
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world population who reside in the lower half of the water avail-
ability spectrum in Figure 7.2 (65% plus 15% with no appreciable
renewable freshwater flows), the effective supply is reduced from
50% to 35% of total runoff.

7.2.2 Water Use

Over the last few centuries, global water use has shown roughly
an exponential growth and been linked closely to both population
growth and economic development. There was a fifteenfold in-
crease in global water withdrawals between 1800 and 1980
(L’vovich and White 1990), when population increased by a fac-
tor of four (Haub 1994). Since the 1900s, the overall increase
has been sixfold (WMO 1997). Global consumptive water losses,
primarily from evapotranspiration through irrigation, increased
thirteenfold during this same period. A major, recent feature of
human water use is the reduction in per capita use rates, dropping
as of around 1980 from about 700 to 600 cubic meters per year,
though the aggregate global withdrawal continues to increase
(Gleick 1998; Shiklomanov and Rodda 2003).

While the general features of a historical rise in freshwater
demands are clear, there are substantial uncertainties surrounding
water use estimates, reflecting the current state of knowledge, as-
sumptions (or lack thereof ) on potential efficiency changes and
reuse potential, number of years projected into the future, and
interactions with market forces (Gleick 2000; Shiklomanov and
Rodda 2003). The summary statistics from three global tabula-
tions provided earlier, in Box 7.3, demonstrate the current degree
of uncertainty.

Global water withdrawals today total about 3,600 cubic ki-
lometers per year, with a wide range of use over individual conti-
nents. (See Table 7.3.) The largest user is Asia, accounting for
nearly half of the world total, with OECD next, using about one
third. The remaining continents each represent less than 10% of
global use. Water use today is dominated by agricultural with-
drawals (70% of all use), followed by industrial and then domestic
applications. Withdrawals in agriculture are fundamentally de-
fined by irrigation. In Asia, the Middle East and North Africa,
and sub-Saharan Africa, agriculture accounts for 85–90% of all
withdrawals. Driven by irrigation demand, overall withdrawals
across MENA constitute 120% of renewable accessible supplies,

Table 7.3. Freshwater Services Tabulated as Withdrawals for
Human Use over MA Regions and the World, 1995–2000 (WRI et
al., 1998, updated using Shiklomanov and Rodda 2003, as in
Vörösmarty et al. 2000; resampled to MA reporting units)

MA
Geographic
Region

Domestic
Water Use 

Da

Industrial
Water Use 

Ia

Agricultural
Water Use 

Aa

Total Use
(Withdrawals) 

Ua

(cu. km. per year)

Asia 80 99 1,373 1,550

Former Soviet
Union

34 115 188 337

Latin America 33 31 205 269

North Africa/ 
Middle East

22 15 247 284

Sub-Saharan 
Africa

10 4 83 97

OECD 149 489 384 1,020

Global Total 328 753 2,480 3,560
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meaning that this region relies on nonrenewable supplies for food
production. Agricultural water use in the former Soviet Union
and the OECD is proportionally much lower, reflecting the water
needs of other sectors in these industrial economies. In contrast,
industrial water use is only 4% in sub-Saharan Africa, reflecting a
low level of economic development.

Water lost from groundwater and surface water sources to the
atmosphere through net evaporation (such as from irrigation,
cooling towers, or reservoirs) is termed water consumption or
irretrievable losses, which today represent a substantial fraction of
water use. Contemporary irretrievable losses through irrigation,
computed as the evapotranspiration component of agricultural
withdrawals, are assessed here. (See Table 7.4.) Irretrievable losses
from irrigation represent one third of all water use globally. The
efficiency computed for irrigated agriculture (the ratio of water
withdrawn to water consumed or lost through evapotranspiration
on irrigated cropland) is on average 50% globally and varies from
25% (in Latin America) to 60% (in Asia). Additional losses from
evaporation from reservoirs, irrigation ditches, and so on are dif-
ficult to estimate accurately but could total over 500 cubic kilome-
ters per year (Postel 1998), thus indicating the conservative nature
of the consumption estimates in Table 7.4. (See Box 7.3 earlier in
this chapter for the range in current estimates of consumptive loss
from irrigation.)

Non-sustainable water use could be a substantial component
of total withdrawals. Earlier work based on documentary evi-
dence showed approximately 200 cubic kilometers per year of
global aquifer overdraft (Postel 1999; WWC 2000), though the
estimate is regarded as highly uncertain (Foster 2000). This assess-
ment of water supply and use (based on Vörösmarty et al. 2000,
2005; Fekete et al. 2002) using a geospatial framework (about 50-
kilometer resolution) enables calculations to be made of the de-
gree to which water withdrawal exceeds locally accessible supplies—
in other words, non-sustainable water use (Uan). Worldwide, non-
sustainable withdrawals can be computed using two endpoints:
crop evaporative demands or water use statistics, which include
both consumption and transport losses, some unknown fraction
of which reenters the surface-groundwater system for potential
reuse (Molden 2003). These endpoints give a calculated non-
sustainable use of about 400–800 cubic kilometers per year. In
terms of total freshwater withdrawals, 10–25% could represent
nonrenewable use. When the earlier estimate of 200 cubic kilome-
ters per year is also included, a large degree of uncertainty results,
and from 5% to 25% of freshwater withdrawals could represent
nonrenewable use.

Nevertheless, each of these estimates reflects a high depen-
dence on existing water services, especially in areas where in-
duced, chronic water stress necessitates costly water engineering
remedies, groundwater depletion, or curtailment of water-using
activities. Each continent shows a heavy reliance on such nonre-
newable extraction, ranging up to one third of total use based on
the high estimates. Asia and MENA show the greatest level of
such dependence; OECD, the least. In MENA, 30% of all water
use is from non-sustainable sources, and this use is equivalent to
over one third of accessible renewable supplies.

Figure 7.3 (in Appendix A) shows the contemporary geogra-
phy of such non-sustainable use and demonstrates the much larger
impacts that arise at subcontinental scales. The summary in Table
7.4 may thus understate the true degree of this overconsumption
locally. The spatial pattern of overuse is broadly consistent with
previously reported regions of use exceeding supply, major water
transfer schemes, or groundwater overdraft: Australia, western
Asia, northern China, India, North Africa, Pakistan, Spain, Tur-
key, and the western United States (Muller 2000; Shah et al. 2000;

................. 11432$ $CH7 10-11-05 14:55:03 PS



175Fresh Water

Table 7.4. Consumptive and Non-sustainable Freshwater Use over MA Regions and the World, 1995–2000. Renewable supplies
calculated as for Table 7.2. Irrigated water consumption was computed over irrigation-equipped land (Döll and Siebert 2000) within the
cropland domain depicted by Ramankutty and Foley (1999). Evapotranspiration losses from irrigated cropland (Vörösmarty et al. 1998;
Federer et al. 2003) relative to available local runoff or, when available, river corridor flows determine non-sustainable use. See Figure 7.3
for geography of non-sustainable use.

Geographic
Region

Consumptive
Losses from

Irrigated
Agriculture (Ca)

Consumptive
Losses from

Irrigated
Agriculture 

Non-sustainable
Water Usea (Uan)

Non-sustainable
Water Use 

Non-sustainable
Water Use as Share

of Agricultural
Water Use

Non-sustainable
Water Use as
Share of Total

Water Use
(cu. km./ year) (percent of agricul-

tural use/total use)
(cu. km./year) (percent of accessible

renewable supplies)
(percent) (percent)

Asia 811 59 / 52 295–543 3–6 21–40 19–35

Former Soviet 
Union

78 41 / 23 20–58 1–3 11–31 6–17

Latin America 49 24 / 18 8–37 <0.1–0.4 4–18 3–14

North Africa/ 
Middle East

94 38 / 33 25–86 10–36 10–35 9–30

Sub-Saharan 
Africa

33 39 / 34 10–18 0.2–0.4 12–22 10–19

OECD 141 37 / 14 31–88 0.5–2 8–23 3–9

World Total 1,210 49 / 34 391–830 1–3 16–33 11–23

a Range represents crop demand alone (low estimate) versus reported withdrawals (high estimate, which includes delivery loss; Table 7.3). Recycling
within river basins of irrigation withdrawals that are not consumed by crops reduces, to some unknown degree, the high estimate (see Molden 2003).
Calculations assume a maximum 75-kilometer buffer around river corridors from which irrigation areas can secure fresh water.

Vörösmarty and Sahagian 2000; Dennehy et al.2002; EEA 2003;
MDBC 2003; NLWRA 2004).

Non-sustainable use expressed as a proportion of irrigated ag-
ricultural withdrawals shows an even higher degree of depen-
dency on nonrenewable supplies. Globally, about 15–35% of
irrigation withdrawals are computed to be non-sustainable. Indi-
vidual continental areas show percentages ranging from less than
10% to 40%, as in the case of Asia. Such high rates indicate an
increasing degree of food insecurity. Given projections showing
no major expansion in global cropland area (Bruinsma 2003), in-
creasing pressure will be placed on irrigated cropland, which
today provides nearly 40% of crop production (Shiklomanov and
Rodda 2003; UN/WWAP 2003). By its very nature, this water
use cannot persist indefinitely, and many regions of the world
have well-documented cases of aquifer depletion and abandon-
ment of irrigation, adding constraints to irrigated crop production
arising from rising development costs, soil salinization, and com-
petition for water required by sensitive ecosystems and commer-
cial fisheries (Postel and Carpenter 1997; Postel 1998; Foster and
Chilton 2003).

7.2.3 The Notion of Water Scarcity

The assessment thus far has shown a growing dependence of
human society on accessible freshwater resources. To assess the
state of these provisioning services more comprehensively, the
supply of renewable water must be placed into the context of
interactions with people and their use of water. A set of relative
measures can be used in this regard.

One measure of dependence on fresh water is the population
served per million cubic meters per year of accessible runoff (re-
newable supply). This is known as the ‘‘water crowding’’ index,
with levels on the order of 600–1,000 people per million cubic
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meters per year (that is, 1,000–1,700 cubic meters per year supply
per person) showing water stress, and above 1,000 people (that is,
less than 1000 cubic meters per year per person) indicating ex-
treme water scarcity (Falkenmark 1997). Another measure is the
relative water use or water stress index (WMO 1997; UN/
WWAP 2003), expressed as the ratio of water withdrawals to sup-
ply. More sophisticated indicators are available that incorporate
social and economic dimensions of water use (Raskin 1997; Sulli-
van et al. 2003), and these will be described in the section on
water and human well-being. A major water scarcity indicator
effort is under way through the World Water Assessment Pro-
gramme (UN/WWAP 2003).

Worldwide, a substantial quantity of renewable freshwater
supply—nearly 30,000 cubic kilometers per year—is accessible to
humans. Thus contemporary use represents slightly more than
10% of annual supply. However, there is a substantial range in the
share of accessible runoff used by humans across different conti-
nents as well as a rapidly changing picture over the last few dec-
ades. Time series of use indicate increasing pressures on the
freshwater resource base.

Between 1960 and 2000, world water use doubled from about
1,800 to 3,600 cubic kilometers per year, a rate of about 17% per
decade, with a slower (10%) increase projected to 2010. (See
Table 7.5.) Individual continents show increases over the 1960–
2000 timeframe from 15% up to 32% per decade. MENA has
historically shown a great dependence on its freshwater supply,
using well over half as early as 1960 and exceeding all renewable
supplies shortly after 1980. Today its withdrawals represent 120%
of accessible sustainable supply, and these are projected to rise
to �130% by 2010. Asia, the former Soviet Union, and OECD
countries show intermediate levels of use relative to supply over
this period. In sub-Saharan Africa, substantial contributions of
fresh water from river basins in the wet tropics coupled with rela-
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Table 7.5. Indicators of Freshwater Provisioning Services and Their Historical and Projected Trends, 1960–2010. Water use, ‘‘water
crowding’’ (population supplied per unit accessible renewable supply), and use relative to accessible supply, by region, are shown. These
figures are based on mean annual conditions. The values for the relative use statistics shown rise when the sub-regional spatial and temporal
distributions of renewable water supply and use are considered. (Population from Vörösmarty et al. 2000; demand estimates from WRI et al.
1998, updated using Shiklomanov and Rodda 2003, as in Vörösmarty et al. 2000; resampled to MA reporting units)

MA Geographic Region Population Water Use Ua

Water Crowding on
Accessible Renewable

Supplya

Use Relative to Accessible
Renewable Supply1 (Ua/Ba)

(million) (km3/yr) (people/mill. m3/yr) (percent)

Asia 1960: 1,490
2000: 3,230
2010: 3,630

1960: 860
2000: 1,553
2010: 1,717

1960: 161
2000: 348
2010: 391

1960: 9
2000: 17
2010: 19

Former Soviet Union 1960: 209
2000: 288
2010: 290

1960: 131
2000: 337
2010: 359

1960: 116
2000: 160
2010: 161

1960: 7
2000: 19
2010: 20

Latin America 1960: 215
2000: 510
2010: 584

1960: 100
2000: 269
2010: 312

1960: 25
2000: 59
2010: 67

1960: 1
2000: 3
2010: 4

North Africa/Middle East 1960: 135
2000: 395
2010: 486

1960: 154
2000: 284
2010: 323

1960: 561
2000: 1,650
2010: 2,020

1960: 63
2000: 117
2010: 133

Sub-Saharan Africa 1960: 225
2000: 670
2010: 871

1960: 27
2000: 97
2010: 117

1960: 55
2000: 163
2010: 213

1960: <1
2000: 2
2010: 3

OECD 1960: 735
2000: 968
2010: 994

1960: 552
2000: 1,021
2010: 1,107

1960: 131
2000: 173
2010: 178

1960: 10
2000: 18
2010: 20

World Total 1960: 3,010
2000: 6,060
2010: 6,860

1960: 1,824
2000: 3,561
2010: 3,935

1960: 101
2000: 204
2010: 231

1960: 6
2000: 12
2010: 13

a Renewable supply calculated as for Table 7.2, and refers to accessible blue water flows (Ba). Index uses full regional population.

tively poor water delivery infrastructure and restricted develop-
ment mean that only 2% of renewable supply is tapped. In water-
rich Latin America, relative use rates also remain low, at less than
5%.

The contemporary water crowding index is modest in almost
all regions. Only MENA shows a value reflective of its well-
known position as a highly water-scarce region. Over the last four
decades there has been a sustained and substantial increase in the
water crowding index with respect to accessible runoff, reflecting
directly the impact of population growth. Worldwide, the num-
ber of people served per unit of supply has doubled during this
period, at an average rate of 20% per decade. Several regions show
even greater rates of increase—a tripling for MENA and sub-
Saharan Africa and a more than doubling for Asia and Latin
America. Globally, an additional 13% crowding in renewable sup-
ply is predicted between 2000 and 2010, with greatest regional
increases expected in sub-Saharan Africa (30%) and MENA
(20%). A slight slowing in rate of increase is noted globally, with
near stability in the index for OECD and the former Soviet states.

Several cautionary notes are needed in interpreting these
trends. The statistics are based on mean annual flows and access
computed for 100% of individual continental and global popula-
tions. In the context of the 50% of continental runoff generated
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in dry to moderately wet climate zones (19,800 cubic kilometers
per year) that serves the majority of global population, contempo-
rary use represents nearly 20% of the mean annual supply. When
seasonal variations in runoff are considered (reducing supplies to
13,900 cubic kilometers per year), withdrawals exceed 25% of the
renewable resource. In addition, if dedicated instream uses of
about 2,000 cubic kilometers per year for navigation, waste proc-
essing, and habitat management are considered (based on Postel
et al. 1996), humans then use and regulate 40% or more of renew-
able accessible supplies.

Further, the crowding index does not take into account differ-
ent countries’ abilities to deal with water shortages. For example,
high-income countries that are water-scarce may be able to cope
to some degree with water shortages by investing in desalination
or reclaimed wastewater. The study also discounts the use of fossil
water sources because such use is unsustainable in the long term.

In addition, while the global numbers are well below the ex-
treme scarcity threshold of 1,000 people per million cubic meters
per year of renewable supply, they mask important local and re-
gional differences and thus understate the true degree of stress
(Vörösmarty et al. 2000, 2005). Prior assessments (Revenga et al.
2000) show that as of 1995 some 41% of the world’s population,
or 2.3 billion people, were living in river basins under water
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stress, with some 1.7 billion of these people residing in river basins
under conditions of extreme water scarcity. From a river basin
perspective, the Volta, Nile, Tigris and Euphrates, Narmada, and
Colorado in the United States will show ongoing pressure
through 2025 (Revenga et al. 2000). Another 29 basins will de-
scend further into scarcity by 2025, including the Jubba, Goda-
vari, Indus, Tapti, Syr Darya, Orange, Limpopo, Yellow, Seine,
Balsas, and Rio Grande. Indicators based on mean annual condi-
tions also mask important supply limits imposed by seasonal and
inter-annual variability. For example, in India most of the annual
water supply is generated as a result of the monsoons, which in
many cases means both flooding downstream as well as seasonal
drought.

Another measure of adequacy of the freshwater supply is the
mean use-to-supply ratio. A set of thresholds for water stress was
given by the United Nations in a recent global analysis that used
this ratio based on mean annual conditions (WMO 1997): low
(�10%), moderate (10–20%), medium/high (20–40%), and high
(�40%). Using this classification and a grid-based approach nec-
essary to capture the high degree of spatial heterogeneity (see Vörö-
smarty et al. 2000), the contemporary global-scale ratio is from
low-to-moderate, as seen in Table 7.5, although entire continents
are under a moderate (Asia, former Soviet Union, and OECD) to
high (MENA) state of scarcity. This is in stark contrast to the
situation in 1960, when uniformly low levels of scarcity were
noted (with the exception of MENA). Globally, it has been
shown that 2.5 billion people suffer from at least moderate levels
of chronic water stress (Vörösmarty et al. 2000) and from 1–2
billion people suffer high levels of scarcity even when tabulations
are made conservatively on total renewable supplies. Calculating
the population at risk through a ratio based on accessible supplies
would increase the overall exposure to stress.

Water scarcity as a globally significant problem is a relatively
recent phenomenon, evolving only over the last four decades.
Rates of increase in the relative use ratio from 1960 to the present
averaged about 20% per decade globally, with values from 15% to
more than 30% for individual regions. A slowing in the rate of
increase in use is projected between 2000 and 2010, to 10% per
decade globally. With anticipated population growth, economic
development, and urbanization, a further increase in the relative
use ratio for some continents is likely to remain high (MENA at
14% per decade, Latin America at 16%, and sub-Saharan Africa at
20%).

7.2.4 Environmental Flows for Ecosystems

In light of the expanding use of fresh water by humans and several
indicators of growing water stress, an important issue emerges
with respect to the sustainability of water provisioning services—
that is, being able to continue providing water for human use
while also meeting the water requirements of aquatic ecosystems
so as to maintain their capacity to provide other services. ‘‘Envi-
ronmental flows’’ refers to the water considered sufficient for pro-
tecting the structure and function of an ecosystem and its
dependent species. These flow requirements are defined by both
the long-term availability of water and its variability and are estab-
lished through environmental, social, and economic assessment
(King et al. 2000; IUCN 2003).

Determining how much water can be allocated to human uses
or distorted through flow stabilization (such as dam construction)
without loss of ecosystem integrity is central to an understanding
of how freshwater ecosystems support human well-being through
the range of provisioning, supporting and regulating services. As-
sessment of water availability, water use, and water stress at the
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global scale has been the subject of on-going research. However,
water requirements of aquatic ecosystems are only now being es-
timated globally and considered explicitly in these assessments
(Smakhtin et al. 2003). Flow requirements can range globally
from 20% up to 80% of mean annual flow, depending on the
river type, its species composition, and the river health condition
objectives sought (for instance, pristine, moderate modification
from natural conditions, minimum flows), indicating the high de-
gree of potential conflict with river regulation and human uses
should the environment be preserved.

If human systems are viewed as being embedded within natu-
ral systems, human water use can expand to a ‘‘sustainability
boundary’’ beyond which a substantial degradation of ecosystem
services results (King et al. 2000; Postel and Richter 2003). Deter-
mining the location of the sustainability boundary is critical to
successful management and rests on clearly defining what consti-
tutes a degraded ecosystem. Environmental flows should consider
both the quantity and timing of flow to maintain ‘‘naturally vari-
able flow regimes’’ (Poff et al. 1997), whereby seasonal flow pat-
terns are maintained with the aim of retaining the benefits
provided by low and high flows. (See Figure 7.4.) Naturally low
flows, for example, help exclude invasive species while high
flows, especially floods, shape channels and allow the delivery of
nutrients, sediments, seeds, and aquatic animals to seasonally in-
undated floodplains. High flows may also provide suitable migra-
tion and spawning cues for fish (Poff et al. 1997; Baron et al.
2002).

7.2.4.1 Global Trends in Water Diversion and Flow Distortion
While global trends in altered water regime are difficult to assem-
ble with certainty due to incomplete information, they reflect an
overall increase in regulation of the world’s inland river systems
(Revenga et al. 2000; Vörösmarty and Sahagian 2000). Tables 7.4
and 7.5 provided an indication of the scope of such changes.
Water withdrawals show a doubling between 1960 and 2000, by
which time irretrievable losses from irrigation alone totaled 34%
of all global use.

One third of all rivers for which contemporary and pre-
disturbed discharges could be compared in a compendium
(Meybeck and Ragu 1997) showed substantial declines in dis-
charges to the ocean. Long-term trend analysis (more than 25
years) of 145 major world rivers indicated more than one fifth
with declines in discharge (Walling and Fang 2003). From 1960
to 2000 there was a near quadrupling of reservoir storage capacity
and more than a doubling of installed hydroelectric capacity (Re-
venga et al. 2000). Worldwide, large artificial impoundments
(storing each 0.5 cubic kilometers or more) now hold two to
three months of runoff, capable of significant hydrograph distor-
tion, with several major basins showing storage potentials of
greater than a year’s runoff (Vörösmarty et al. 2003). Much of this
regulation occurred over the last 40 years.

Through consumptive use and interbasin transfers, several of
the world’s largest rivers (Nile, Yellow, Colorado) have been
transformed into highly stabilized and in some cases seasonally
nondischarging river channels (Meybeck and Ragu 1997; Kowa-
lewski et al. 2000). In the case of the Yellow River, improved
water management since 2000 has helped to restore flows (MWR
2004).

7.2.4.2 Recent History of Governance and Management for
Environmental Flows
Over the last decade, policy solutions to developing environmen-
tal flows have taken several forms, depending on social and histor-
ical context, degree of scientific knowledge, water infrastructure,
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Figure 7.4. Managing for Environmental Flows: Contrasts among Natural, Reservoir-affected, and Reconstituted River Discharge
Regimes. Observed alteration of natural flow regimes (left) arises from the provision of freshwater services, as through impoundment on the
Nile River and interbasin transfer to optimize hydropower on the Burntwood River (Vörösmarty 2002). Environmental flow management
attempts (right) to preserve key facets of the (a) natural flow regime in light of (b) typical 20th century flow distortion after damming. Condition
(c) represents a partially ‘‘re-naturalized’’ flow regime, which retains important hydrologic characteristics: 1) peak wet season flood, 2) baseflow
during the dry season, and 3) a ‘‘flushing’’ flow at the start of the wet season to cue life cycles, and 4) variable flows during the early wet
season. Flow regime (b) shows many more negative effects than (c), even though both regulate similar volumes of water annually. (Right
panel adapted from Tharme and King 1998)

and local ecosystem conditions. These approaches include manag-
ing the quantity and temporal pattern of water withdrawals or
releases (Poff 2003; Postel and Richter 2003), developing water
markets, and preemptively managing land use to protect water-
sheds.

Water allocation for environmental flows to sustain function-
ing freshwater ecosystems is practiced in parts of Australia, Eu-
rope, New Zealand, North America, and South Africa. However,
there appears to be very little consideration of this matter any-
where in Asia, despite aggressive water extraction from many riv-
ers during the dry season across the continent. But there is cause
for cautious optimism. The calculation, adoption, and implemen-
tation of environmental flows are under consideration in other
parts of the world. In addition, more than 2,000 river, lake, and
floodplain restoration projects in at least 20 countries, particularly
in Europe but also in Africa and Asia, are being carried out
(DRRC 1998; UKRRC 2004; Richter et al. in prep.). Some key
examples include the restoration of the Diawling delta in Mauri-
tania (Hamerlynck and Duvail 2003), the Waza Logone flood-
plain in Cameroon (Loth 2004), the Danube and Rhine Rivers,
and the South Florida Everglades—one of the largest ecosystem
restoration projects ever attempted (Baron et al. 2002).

The shift toward management for natural flow regimes is also
reflected by parallel shifts in public policy from laws favoring pri-
vate interests and prior appropriations (as in much of the Ameri-
can West) to protecting water rights and environmental flows as
part of the ‘‘public trust.’’ In 1998, South Africa passed landmark
legislation to aid decision-making on all or part of any significant
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water resource (National Water Act 1998). One of the most pro-
gressive aspects of this act was establishment of a Reserve to sup-
port both essential human needs (water for drinking, food
preparation, personal hygiene) and aquatic ecosystem integrity.
Notably, this two-part Reserve—with human and environmental
components—takes priority over other uses such as irrigation and
industrial withdrawal. In Burkina Faso, a new water framework
law (Loi d’Orientation sur L’eau), adopted in 2001, establishes the
legal and institutional framework for promoting integrated basin
management, equitable access, water for nature, and international
cooperation. The legislation recognizes that ‘‘infrastructures
which are built on a water course must maintain a minimal flow
that guaranties aquatic life’’ (MEE 2001).

For many highly regulated river systems in North America
(e.g., Colorado, Columbia, Missouri, Savannah), recent changes
in dam operations and adaptive management plans are now foster-
ing conditions that improve fish habitat, river-floodplain connec-
tivity, and estuarine ecosystems, often at the cost of hydroelectric
generation or navigability to barges (Postel and Richter 2003;
Richter et al. in prep.). In addition, the decommissioning and
removal of some dams has begun in the United States (Hart et al.
2002). In Australia, water allocation reforms have led to limits on
future withdrawal (that is, a ‘‘water cap’’) in the Murray-Darling
River basin, subsequent development of a water market where
allocations are traded, and creation of incentives to increase water
productivity and efficiency (Blackmore 1999; MDBC 2004).
Similarly, water markets developed in Mexico, Chile, and some
western states in the United States have been used to secure flows
for ecosystems (Thobani 1997).
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Watershed management strategies that integrate ecological
principles have been used to prevent water supply crises from
developing. An often-cited example is the New York City water
supply management strategy, which includes protection of ripar-
ian habitat in the nearby source area of the Catskills Mountains,
thus eliminating the need to construct a water filtration plant at
an estimated cost of $6 billion. The �400,000-hectare Pinelands
National Reserve in nearby New Jersey is regulated under a
Comprehensive Management Plan developed at the local, state,
and federal level in 1978–79 (Good and Good 1984). The plan
permits a wide spectrum of land use development categories,
ranging from intensive development to full protection, and it suc-
cessfully redirected human activities to areas deemed appropriate
while protecting a large core area, which is ecologically sensitive,
drought-prone, and nutrient-poor and which harbors a unique
community of wildlife with a large number of endemic species
(Walker and Solecki 1999; Bunnell et al. 2003). The benefits of
maintaining high water quality are recognized outside the reserve
through the delivery of relatively high-quality fresh water to an
estimated 9 million people in New York City for less than if a
water filtration plant were built. In addition, water discharged
into Delaware Bay helps to support populations of anadromous
fish and spawning horseshoe crabs, which in turn support large
numbers of migrating shorebirds and local industries.

7.2.5 Water Quality

Summarizing patterns and trends in water quality, particularly at a
global scale, encompasses an array of challenges that include basic
definitional problems, a lack of worldwide monitoring capacity,
and an inherent complexity in the chemistry of both natural and
anthropogenic pollutants. From a management perspective, water
quality is defined by its desired end use. Water for recreation,
fishing, drinking, and habitat for aquatic organisms thus require
higher levels of purity, whereas for hydropower, quality standards
are much less important. For this reason, water quality takes on a
broad definition as the ‘‘physical, chemical, and biological charac-
teristics of water necessary to sustain desired water uses’’ (UN/
ECE 1995).

Natural water chemistry is inherently highly variable over
space and time (Meybeck and Helmer 1989; Meybeck 2003), and
aquatic biota are adapted to this variability. With added pressure
from human activities, the biogeophysical state of inland waters
plus their variability is altered, often to the detriment of aquatic
species (see Chapter 20), thereby compromising the sustainability
of aquatic ecosystems. Many chemical, physical, biological, and
societal factors affect water quality: organic loading (such as sew-
age); pathogens, including viruses in waste streams from humans
and domesticated animals; agricultural runoff and human wastes
laden with nutrients (such as nitrates and phosphates) that give
rise to eutrophication and oxygen stress in waterways; salinization
from irrigation and water diversions; heavy metals; oil pollution;
literally thousands of synthetic and persistent engineered chemi-
cals, such as plastics and pesticides, medical drug residues, and
hormone mimetics and their by-products; radioactive pollution;
and even thermal pollution from industrial cooling and reservoir
operations.

Furthermore, despite important improvements in analytical
methodologies (UN/ECE 1995; Meybeck 2002), the capacity to
operationally monitor contemporary trends in water quality is
even more limited than monitoring the physical quantity of water.
In terms of the spatial coverage, frequency, and duration of moni-
toring, data currently available for global and regional-scale assess-
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ments are patchy at best, leading to oversimplified and sometimes
misleading information. (See Table 7.6.)

Data abundance is generally associated with level of economic
development: industrial countries show a higher level of data
availability, while water quality in developing countries is less well
monitored. Even when data from monitoring stations are avail-
able, they only provide a fragmented view of water quality issues
for very local sections of rivers, necessitating potentially unreliable
extrapolation to the rest of the basin (Meybeck 2002). For this
reason, water quality assessments or trajectories are usually river-
or station-specific. Even for the best-represented regions of the
globe, a coherent time series of data is available for only the last
30 years or less, constraining the ability to clearly quantify trends
in water quality.

Data comparability problems are yet another constraint on the
utility of water quality data. Standardized protocols, in terms of
sampling frequency, spatial distribution of sampling networks, and
chemical analyses, are still not in place to ensure the production
of comparable data sets collected in disparate parts of the world.
The monitoring of groundwater supplies is even more problem-
atic (Meybeck 2003; Foster and Chilton 2003); because ground-

Table 7.6. Data Assessment of Existing Monitoring Programs
Worldwide. The entries relate to the quantity of available data,
indicated by the number of � symbols. For the purposes of this
assessment, data quantity is an aggregate measure of station
network density, spatial coverage, frequency of data collection, and
duration of monitoring programs. (Updated from Vörösmarty et al.
1997b)

Constituent
Industrial
Countries

Rapidly
Developing
Countries

Other
Developing
Countries

Sediment

Bedload (+) 0 0 0

Total suspended (TSS) +++ ++ +

Carbon +++ ++ +

Dissolved Inorganic (DIC) +++ ++ +

Dissolved Organic (DOC) ++ + 0

Particulate Organic (POC) + 0 0

Nitrogen

Ammonium (NH4) +++ ++ +

Nitrate (NO3) +++ ++ +

Dissolved Organic (DON) + 0 0

Particulate Organic (PON) 0 0 0

Phosphorus

Phosphate (PO4) +++ ++ +

Dissolved Organic (DOP) 0 0 0

Total (TP) ++ + 0

Metals

Dissolved ++ + 0

Total + 0 0

Particulate + 0 0

Major dissolved constituentsa +++ ++ +

Discharge +++ ++ +

aSO4, Cl, Ca, Mg, K, Na, SiO4, CO3.
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water is hidden from view, many pollution and contamination
problems that affect supplies have been more difficult to detect
and have only recently been discovered.

These many factors make it difficult to estimate the impact
of changing water quality on global water supply. The following
sections provide an overview assessment of trends in water quality
that have bearing on the capacity of the contemporary water cycle
to provide provisioning services for fresh water and on the sus-
tainability of inland water systems. Other assessments specifically
target water quality issues over selected regional-to-continental
domains (e.g., AMAP 2002; Hamilton et al. 2004).

7.2.5.1 General Trends in Water Quality

The state of inland water quality illustrates the long-term and
complex nature of human interactions with their environment.
The earliest changes attributable to humans likely occurred in tan-
dem with land use change in small to medium-sized catchments
some 5,000 or 6,000 years ago in the Middle East and Asia, where
water and sediment budgets were substantially altered (Wasson
1996; Vörösmarty et al. 1998b; Alverson et al. 2003; Meybeck et
al. 2004). Water also has been considered since ancient times to
be the preferred medium for cleaning, transporting, and disposing
of wastes—establishing a tradition that today has substantially
transformed the physical, biological, and chemical properties of
global runoff.

A set of syndromes depicting riverine changes arising from
anthropogenic pressures has been proposed (GACGC 2000;
Meybeck 2003) through which society transforms inland fresh
waters from a pristine state fully controlled by the natural Earth
system to a modern condition in which humans provide many of
the predominant controls. In most of the densely populated areas
of the world, river engineering, waste production, and other
human impacts have significantly changed the water and material
transfers through river systems (Vörösmarty and Meybeck 1999,
2004) to the extent that this now likely exceeds the influence of
natural drivers. This is true today in many parts of the Americas,
Africa, Australasia, and Europe (Vörösmarty and Meybeck 1999,
2004).

The contrast between pristine and contemporary states can be
dramatic and potentially global in scope. Changes to the global
nitrogen cycle are emblematic of those in water quality more gen-
erally, through which high concentrations of people or major
landscape disturbances (such as industrial agriculture) translate into
a disruption of the basic character of natural water systems. In
addition, modern changes often ‘‘reverberate’’ far downstream of
the original point of origin. Compared with the preindustrial con-
dition, loading of reactive nitrogen to the landmass has doubled
from 111 million to 223 million tons per year (Green et al. 2004)
or possibly 268 million tons (Galloway et al. 2004). (See also
Chapter 12.) Model results show these accelerated loadings trans-
formed into elevated freshwater transports through inland water-
ways to the coastal zone, doubling pre-disturbance rates from 21
million to 40 million tons per year (Green et al. 2004; Seitzinger
et al. 2002). North America, continental Europe, and South, East
and Southeast Asia show the greatest change. (See Figure 7.5 in
Appendix A.)

Riverine transport of dissolved inorganic nitrogen (immediate
precursors to nutrient pollution, algal blooms, and eutrophica-
tion) have increased substantially from about 2–3 million tons per
year from the preindustrial level to 15 million tons today, with
order-of-magnitude increases in drainage basins that are heavily
populated or supporting extensive industrial agriculture. Rivers
with high concentrations of inorganic nitrogen constitute a major
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global source for inorganic nitrogen, despite relatively modest
contributions to aggregate water runoff. (See Figure 7.6.) While
it is noteworthy that aquatic ecosystems ‘‘cleanse’’ on average
80% of their global incident nitrogen loading (Green et al. 2004;
Howarth et al. 1996; Seitzinger et al. 2002; Galloway et al. 2004),
the intrinsic self-purification capacity of aquatic ecosystems varies
widely and is not unlimited (Alexander et al. 2000; Wollheim et
al. 2001). As a result, sustained increases in loading from land-
based activities are already reflected in the deterioration of water
quality over much of the inhabited portions of the globe, they
extend their impacts to major coastal receiving waters (e.g., Raba-
lais et al. 2002), and they are likely to continue well into the
future (Seitzinger and Kroeze 1998).

While the stark contrast between pristine and contemporary
states demonstrates the overall impact of anthropogenic influences
on water quality, much of the contamination of fresh water has
occurred over the last century. The main contamination problems
100 years ago were fecal and organic pollution from untreated
human wastewater. Even though this type of pollution has de-
creased in the surface waters of many industrial countries over the
last 20 years, it is still a problem in much of the developing world,
especially in rapidly expanding cities (WMO 1997; UN/WWAP
2003). (See also Chapter 27.)

In developing countries, sewage treatment is still not com-
monplace, with 85–95% of sewage discharged directly into rivers,
lakes, and coastal areas (UNFPA 2001; Bouwman et al. 2005),
some of which are also used for water supply. Consequently,
water-related diseases, such as cholera and amoebic dysentery,
among others, claim millions of lives annually (WHO/UNICEF
2000). In Europe, organic pollution and contamination by toxic
metals are probably now less than the levels observed between
the 1950s and1980s, due to improved environmental regulation
(Meybeck 2003). In the developing world, the riverine evolution
is likely to be similar to that found in Europe, with a major lag
corresponding to their different stages of industrialization, urban-
ization, and intensification of agriculture (Meybeck 2003).

New pollution problems from agricultural and industrial
sources have emerged in industrial and developing countries and
have become one of the biggest challenges facing water resources
in many parts of the world (WMO 1997). In Western Europe and
North America, on the one hand phosphorus contamination in
waterways has been reduced considerably with the introduction

Figure 7.6. Global Summary of Inorganic Nitrogen Transport by
Contemporary Rivers. Modern patterns of pollution from anthropo-
genic sources have created characteristically high-impact regions or
‘‘hotspots’’ that represent highly polluted river systems that today
carry much greater quantities of nitrogen than their collective dis-
charge would indicate. (Meybeck and Ragu 1997; Vörösmarty and
Meybeck 2004)
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of phosphate-free household detergents, investments in waste-
water treatment plants, and to some degree modified agroecosys-
tem management. On the other hand, residues of synthetic
pharmaceuticals for humans and livestock are increasingly being
discovered at low doses in rivers and lakes (Schiermeier 2003).
There are indications that these residues can disturb the physiol-
ogy of invertebrates, and it is still a matter of debate whether and,
if so, to what degree these newly discovered pollutants may affect
human physiology (Daughton and Ternes 1999; Jones et al. 2003).

Water contamination by pesticides has grown rapidly since the
1970s. In a medium-sized river basin like the Seine, over 100
different types of active molecules from pesticides can be found
(Chevreuil et al 1998). Even if the use of xenobiotic substances is
increasingly being regulated in Western Europe and North
America, bans—when they exist—occur generally two to three
decades after the first commercial use of the products. For exam-
ple, DDT, atrazine (a common pesticide), and PCBs were in use
for a long time before they were banned in parts of the industrial
world. In general these bans take longer to implement in the de-
veloping world, so these products are still commercialized and
used in some countries.

In the United States, PCB and DDT records in estuarine sedi-
mentary archives peaked in the 1970s and are now markedly
decreasing (Valette-Silver 1993). At the same time, persistent xe-
nobiotics are widespread, with a recent study (Kolpin et al. 2002)
finding traces of at least one drug, endocrine-disrupting com-
pound, insecticide, or other synthetic chemical in 80% of samples
from 139 streams in 30 states of the United States. The persistence
of these products in continental aquatic systems can be high, and
their degradation products can be more toxic than the parent
molecules (Daughton and Ternes 1999). Because of the poor
monitoring of the long-term effects of xenobiotics, the global and
long-term implications of their use cannot be fully assessed.

7.2.5.2 Global Ranking of Water Quality Issues Based on
Regional Assessment

A global water quality assessment, originally as part of the Dublin
International Conference on Water and the Environment and in
preparation for the Rio Summit (Meybeck et al. 1991) is summa-
rized here. The original report determined a global ranking of
key water quality issues based on U.N. Global Environmental
Monitoring System data, the perceptions of local/regional scien-
tists and managers, published reports and papers, and expert
knowledge. Lakes, groundwater, and reservoir issues were consid-
ered, although as Siberia and northern Canada were not expressly
covered in the 1991 report, these have been considered separately
using the same approach (Meybeck 2003). Eleven variables were
considered and ranked, the scoring of which ultimately reflects
the aggregate impact of human pressures, natural rates of self-
purification, and pollution control measures.

The results show that pathogens and organic matter pollution
(from sewage outfalls, for example) are the two most pressing
global issues (see Figure 7.7), reflecting the widespread lack of
waste treatment. As water is often used and reused in a drainage
basin context, a suite of attendant public health problems arises,
thus directly affecting human well-being. At the other extreme,
acidification is ranked 
10 and fluoride pollution 
11. The im-
portance of the various issues varies between regions, however,
and some of these globally low-ranked issues are particularly im-
portant in certain areas, such as acidification in Northern Europe,
salinization in the Arabic peninsula, and fluoride in the Sahel and
African Great Lakes (see maximum scores on Figure 7.7). Fluo-
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ride and salinization issues are mostly due to natural conditions
(rock types and climate), but mining-related salinization can also
be found (for instance, in Western Europe). All other concerns
directly arise through human influences. An annotated continen-
tal summary is given in Table 7.7.

Although these updated results correspond well to the state of
water quality in the 1980–90s (Meybeck 2003), since the 1990s
the situation in most developing countries and countries in transi-
tion is likely worse in terms of overall water quality. In Eastern
Europe, Central and South populated Americas, China, India,
and populated Africa, it is probably worse for metals, pathogens,
acidification, and organic matter, while for the same issues West-
ern Europe, Japan, Australia, New Zealand, and North America
have shown slight improvements. Nitrate is still generally increas-
ing everywhere, as it has since the 1950s. In the former Soviet
Union there has been a slight improvement in water quality due
to the economic decline and associated decrease in industrial ac-
tivities. Eastern Europe has also seen some improvements, such as
those in the Danube and the Elbe basins. A few rivers, such as the
Rhine, have seen a stabilization of nitrate loads after 1995.

7.3 Drivers of Change in the Provision of Fresh
Water
The drivers of change in the global water cycle and the system’s
capacity to generate freshwater provisioning services act on a vari-
ety of spatial and time scales. Throughout history, humans have
pursued a very direct and growing role in shaping the character of
inland water systems, often applied at local scales, but sometimes
reflecting provincial or national policies on water. The collective
significance of human influences on the hydrologic cycle may
today be of global significance, but this has only recently begun
to be articulated (Vörösmarty and Meybeck 2004).

Humans today control and use a significant proportion of the
runoff—from 40% to 50% (Postel et al. 1996)—to which the vast
majority has access. Given high numbers of people dependent
on water provisioning services derived from ecosystems and the
growing degree of water crowding, urbanization, and industrial-
ization, the global water cycle is and will continue to be affected
strongly by humans.

Water engineering to facilitate use by humans has fragmented
aquatic habitats, interfered with migration patterns of economi-
cally important fisheries, polluted receiving waters, and compro-
mised the capacity of inland water ecosystems to provide reliable,
high-quality sources of water. Land cover changes have also altered
the patterns of runoff and created sources of pollution, negatively
affecting human health, aquatic ecosystems, and biodiversity. (See
Chapter 20.) Due to a growing reliance on irrigated agriculture
for domestic food production and international trade, freshwater
services—in decline in many parts of the world through non-
sustainable resource use practices—are directly linked to the
global food security issue. (See Chapters 8 and 26.) Finally, natural
climate variability and anticipated changes associated with green-
house warming convey additional, major constraints on the pro-
vision of renewable freshwater services.

7.3.1 Population Growth and Development

Population growth is a major indirect driver of change in the
provision of fresh water. Although freshwater supplies are re-
newed through a more or less stable global water cycle that pro-
duces precipitation in excess of evapotranspiration over the
continents, the mean quantity of water supply available per capita
is ever-decreasing due to population growth and expanding con-
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Figure 7.7. Ranking of Globally Significant Water Quality Issues Affecting the Provision of Freshwater Services for Water Resource
End Uses. Averages show the general tendencies for specific pollutants, but a wide range is noted, with minima in all cases ranked zero and
maxima often several times more severe than the mean condition. Although this ranking shows organic matter pollution and pathogens to be
relatively more important at the global scale, information to quantify the degree to which water supplies are compromised by pollution is
currently insufficient. Scores are as follows: 0: No problem or irrelevant; 1: Some pollution, water can be used if appropriate measures are
taken; 2: Major pollution with impacts on human health and/or economic use, or aquatic biota; 3: Severe pollution—impacts are very high,
losses involve human health and/or economy and/or biological integrity. (Based on expert opinion; Meybeck et al. 1991, updated by Meybeck
2003)

sumptive use (Shiklomanov and Rodda 2003). Human popula-
tion doubled from 1960 until the present (Cohen 2003), and
nearly 20 contemporary cities are home to 10 million people or
more (Cohen 2003). Substantial flow stabilization and increased
withdrawals have occurred across all regions, supporting an in-
crease in the number of people sustained by the accessible, renew-
able water supply.

Continued growth in population will fuel increases in food pro-
duction, which in the context of a stable cropland base (Bruinsma
2003) will require greater diversions of fresh water for irriga-
tion or considerably more efficient use of water supplies. The
same applies to industry and municipalities, amplifying current
pressures on the global water supply. Economic development,
technology, and lifestyle changes (such as increasing meat con-
sumption) further define the functional availability of water in
the context of declining per capita supplies. Over the twentieth
century, water withdrawals increased by a factor greater than
six—more than twice the rate of population growth (WMO
1997).

In addition to increased water demands, as mentioned in sec-
tion 7.2.5, pollution from industry, urban centers, and agricultural
runoff limits the amount of surface and groundwater available for
domestic use and food production. Threats of water quality deg-
radation are most severe in areas where water is scarce because
the dilution effect is inversely related to the amount of water in
circulation.
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7.3.2 Managed Water Supplies

A broad array of water engineering schemes has enabled variabil-
ity in the hydrologic cycle to be controlled and increasing
amounts of water to be stored and withdrawn for human use.
This technology refers to any sort of engineering used in the stor-
age, management, and distribution of water, such as dams, canals,
water transfers, irrigation ditches, levees, and so on. It also in-
cludes both traditional water harvesting techniques as well as
modern production and treatment facilities like desalinization
plants.

Global patterns of water management are not driven solely by
investments in technology and large-scale engineering. Water is
also managed through international trade, by way of the embod-
ied or ‘‘virtual’’ water content of commodities exchanged. The
agricultural sector, in particular, requires huge amounts of rainfall
or irrigation water, much of which is lost to evapotranspiration,
and in the case of irrigation there are also transit losses. Water
input-to-crop output ratios, expressed on a weight-to-weight
basis, vary from the hundreds to the thousands. Given enormous
contrasts in local availability of fresh water, there is a potentially
enormous comparative advantage in virtual water trade strategies
that transport products from water-rich to water-poor areas.

This section first assesses the role of major engineering works
in the provision of water and then considers the significance of
virtual water trade of agricultural products in the global economy.
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Table 7.7. Continental-scale Assessment of Major Water Quality
Issues. The purpose of this table is to present a general overview. It
does not capture fully large sub-regional differences that are known
to occur. (Updated from Meybeck et al. 1991)

Continental
Domain Summary of Key Findings
Africa Major sources of pollution in Africa, according to the

1992 assessment, are fecal contamination; toxic pollu-
tion downstream of major cities, industrial centers,
and/or mining; and vector-borne diseases. The Nile
Basin and Northern Africa show more contamination
problems than other regions, but this also may be
because of more information and monitoring stations
in these regions, or more altered water flows that
affect dilution potential in rivers.

Americas In the United States and Canada, the major pollution
problem is eutrophication from agricultural runoff and
acidification from atmospheric deposition. Major prob-
lems also include persistent toxic water pollution from
point and non-point sources. In South and Central
America the major contaminant problems, except in
the Amazon and Orinoco basins, where ecosystems
are more intact and high flows foster dilution, are
pathogens and organic matter, as well as industrial
and mining discharges of heavy metals and pesticide
and nutrient runoff.

Asia and 
the Pacific

Arid and semiarid regions tend to have different pollu-
tion problems than areas in the monsoon belt. In the
Indian subcontinent the major problems are
pathogens and contamination from organic matter.
While these are prevalent in Southeast Asia as well,
heavy metals, eutrophication, and sediment loads
from deforestation are also critical in this sub-region.
The Pacific Islands have higher levels of salinization
than other regions in Asia, while still having problems
with pathogens and organic matter, like much of the
developing world. China has a combination of all pol-
lution problems in its major watersheds. In the dry
north, eutrophication, organic matter, and pathogens
are major problems, while in the south in addition
there is a large sedimentation problem. Finally, Japan,
New Zealand, and Australia present similar pollution
problems as other industrial nations, like the United
States and Europe. Australia has particular problems
with salinization due to agricultural practices, espe-
cially in the Murray-Darling Basin.

Europe In the Nordic countries the major problem is acidifica-
tion, while other contaminant levels are relatively low.
In Western Europe eutrophication and nitrates pose
the greatest challenge, while in Southern and Eastern
Europe the major contaminants are organic matter
and pathogens, nitrates, increasingly pesticides, and
eutrophication.

Eastern
Mediterranean
and Middle East

Characterized by its arid climate, this area shows
great demands and pressure on its scarce water
resources. Industrial pollution and toxics are a prob-
lem in some locales, but overall salinization from over-
abstraction is the key concern in this region.
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7.3.2.1 The Role of Engineering on Water Supply

7.3.2.1.1 Dams and reservoirs

Humans have altered waterways around the world since historical
times to harness more water for irrigation, industry, and domestic
and recreational use. Dams have been a particularly significant
driver of change, buffering against both spatial and temporal scar-
city of water supplies and increasing the security of water and
food supply over the past half-century. However, large engineer-
ing works that impound and divert fresh water have caused dam-
age to key habitats and migratory routes of important commercial
and subsistence fisheries (Revenga et al. 2000), as well as serious
societal disruptions, including public health problems (as de-
scribed later; see also Chapter 14) and forced displacements
(WCD 2000).

Large dams are today the fundamental feature of water man-
agement across the globe (FC/GWSP 2004). Approximately
45,000 large dams (�15 meters in height) (WCD 2000) and pos-
sibly 800,000 smaller dams (McCully 1996; Hoeg 2000) are in
place and an estimated $2 trillion has been invested in them over
the last century. These facilities have served as important instru-
ments for development, with 80% of the global expenditure of
$32–46 billion per year focused on the developing world (WCD
2000).

Major stabilization of global river runoff from major engineer-
ing works expanded greatly between 1950 and 1990. (See Figure
7.8.) Currently the largest reservoirs—those with more than 0.5
cubic kilometers of storage capacity—intercept locally 40% of the
water that flows off the continents and into oceans or inland seas
(Vörösmarty et al. 2003). The volumetric storage behind all large
dams represents from three to six times the standing stock of water
held by natural river channels (Vörösmarty et al. 1997a, 2003;
Shiklomanov and Rodda 2003). In addition, large reservoir con-
struction has doubled or tripled the residence time of river
water—that is, the average time that a drop of water takes to
reach the sea, with the mouths of several large rivers showing
delays on the order of many months to years (Vörösmarty et al.
1997a).

Such regulation has enormous impacts on the water cycle and
hence aquatic habitats, suspended sediment, carbon fluxes, and
waste processing (Dynesius and Nilsson 1994; Vörösmarty et al.
2003; Stallard 1998; Syvitski et al. 2005). Large dams, in particu-
lar, have been a controversial component of the freshwater de-
bate. While contributing to economic development and food
security, they also produce environmental, social, and human
health impacts. A World Bank review (1996a) of the impacts and
economic benefits of 50 large dams concluded that these projects
showed proven economic and development benefits but had a
mixed record in terms of their treatment of displaced people and
environmental impacts. A further review by the World Commission
on Dams on the performance of large dams showed considerable
shortfalls in their technical, financial, and economic performance
relative to proposed expectations, particularly irrigation dams,
which often have not met physical targets, failed to recover cost,
and have been less profitable than expected (WCD 2000).

In Pakistan, for example, the direct benefits from irrigation
made possible by the Tarbela and Mangla dams are estimated at
about $260 million annually, with the farmers who own irrigated
land clearly benefiting from increased incomes (World Bank
1996a). However, the increased use of irrigation water has led to
waterlogging and increased soil salinity in the Punjab area, with a
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Figure 7.8. Time Series of Intercepted Continental Runoff and Large Reservoir Storage, 1900–2000. The series is taken from a subset
of large reservoirs (�0.5 km3 maximum storage each), geographically referenced to global river networks and discharge. The years 1960–
2000 have shown a rapid move toward flow stabilization, which has slowed recently in some parts of the world, due to the changing social,
economic, and environmental concerns surrounding large hydraulic engineering works. (Vörösmarty and Sahagian 2000)

direct link to a decline in crop productivity, and an increase in
malaria transmission (World Bank 1996b).

Hydroelectricity is another important benefit from dams.
Total production of hydropower reached 2,740 terawatt-hours in
2001 or 19% of global electrical production, and many industrial
(such as Norway and Iceland) and developing countries (Demo-
cratic Republic of Congo, Mozambique, Brazil, Honduras, Taji-
kistan, and Laos) rely on dams for more than 90% of their power
production (UN/WWAP 2003). As with irrigation dams, in
many circumstances the effectiveness of large dams for hydroelec-
tricity generation has not been sufficient to meet the predicted
benefits (WCD 2000), and they have caused loss of habitats and
species as well as the displacement of millions of people (WCD
2000).

Flood control continues to be another major objective for
building large dams. In Japan, for example, 50% of the population
lives in flood-prone areas, and in the last 10 years floods have
affected 80% of municipalities in the country. Japan is one of the
top five dam-building countries in the world. Matsubara and Shi-
mouke Dams on the Chikugo River in the Kyushu District in
southern Japan, for instance, were built for flood control after a
flood in 1953 inundated one fifth of the entire catchment, killing
147 people and destroying 74,000 households. These two dams
successfully reduced peak flows in the river years later during a
1982 flood, saving lives and property (Green et al. 2000).

However, the effectiveness of large dams to replace the role of
natural wetlands for flood mitigation is not well supported by
scientific evidence. Wetlands and floodplains act as natural
sponges; they expand by absorbing excess water in time of heavy
rain and they contract as they release water slowly throughout the
dry season to maintain streamflow. (See Chapter 20.) The large-
scale conversion of floodplains and wetlands (some of it through
dams) has resulted in declines in the natural mechanism for flood
regulation. And while a handful of dams are being decommis-
sioned in some countries (268 out of 80,000 in the United States,
for example), an estimated 1,500 dams are under construction
worldwide and many more are planned, particularly in the devel-
oping world (WWF and WRI 2004). River basins with the
largest number of dams over 60 meters high planned or under
construction include the Yangtze Basin in China with 46 large
dams, the La Plata Basin in South America with 27, and the Tigris
and Euphrates River Basin in the Middle East with 26 (WWF
and WRI 2004).
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The debate on cost, benefits, and performance of large dams
continues, but given recent reviews (see WCD 2000), the tradi-
tional reliance on constructing such large operations for water
supply is being called into question on environmental, political,
and socioeconomic grounds (Gleick 1998; WCD 2000).

7.3.2.1.2 Interbasin transfers

Interbasin water transfers represent yet another form of securing
water supplies that can greatly alleviate water scarcity. They in-
clude any canals, ditches, tunnels or pipelines that divert water
from one river or groundwater system to another, typically from
dammed reservoirs, and often represent massive engineering
works involving both ground and surface waters. Changes to nat-
ural surface water hydrographs can be enormous and virtually in-
stantaneous. The Great Man-Made River Project in Libya, for
example, transports over 2 cubic kilometers of fossil groundwater
a year through 3,500 kilometers of desert to huge coastal storage
reservoirs that support 135,000 hectares of irrigable cropland, one
third of the country’s total (UN/WWAP 2003).

Two of the world’s largest interbasin transfers are the 93% loss
of flow (27 cubic kilometers per year) from the Eastmain River
and a 97% gain of flow (53 cubic kilometers per year) in the La
Grande River (Dynesius and Nilsson 1994), both in Canada. In
total, the flow being diverted without return to its stream of ori-
gin in Canada alone totaled 140 cubic kilometers a year in the
1980s (Day and Quinn 1987), more than the mean annual dis-
charge of the Nile River and twice the mean annual flow of Eu-
rope’s Rhine River. The Farraka Barrage alone diverts over 9%
of the Ganges River’s historical mean annual flow and over 5%
of the flow for the entire Ganges-Brahmaputra basin (Nilsson et
al. 2005).

A gigantic diversion project is also under way in China, which
proposes to move 40 cubic kilometers per year (MWR 2004) of
water from southern China to the parched parts of northern
China, thus connecting the Yangtze River with the Hai, Huai
and Yellow Rivers. Three channels, two of which are over 1,000
kilometers long, will be needed for this transfer, which corre-
sponds to 4% of the average flow of the Yangtze River (U.S.
Embassy in China 2003). Developers plan to bring enough water
to replenish groundwater aquifers in the north. This withdrawal
from the Yangtze, even though it represents only a small fraction
of the river’s annual flow, will likely still have some effect on
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downstream ecosystems: sediment loads needed to maintain ripar-
ian and coastal wetlands will be reduced, and pollutants will be
marginally less diluted, raising their concentration in the Yangtze
River’s lower reaches (U.S. Embassy in China 2003). In addition,
as water flows north from one basin to another, the introduction
of non-native species and the transfer of contaminants could affect
native fauna in the receiving basins (Snaddon and Davies 1998;
Snaddon et al. 1998; U.S. Embassy in China 2003).

Social effects of interbasin water transfers are complex. Popu-
lations in the recipient basin of water transfers gain water for
irrigation, industry, and human consumption, all leading to indis-
putable economic and social benefits. However, those living in
the basin of origin (and particularly those downstream of the di-
version point) often lose precisely those same benefits (Boyer
2001), and many times they are displaced to other parts of the
country, losing their homes and cultural heritage. While some-
times economic compensation is offered to people displaced by
dams, the amounts usually do not cover the potential losses in
terms of livelihoods, economic productivity, and cultural and his-
torical heritage (WCD 2000).

Resettlement is an issue for water transfers as well as for dams,
with many resettled communities suffering from a marginalized
status, and cultural and economic conflicts with the population
into which they are resettled. The central route of the Yangtze-
to-Yellow water transfer in China, for example, will require the
resettlement of 320,000 people, each of whom is supposed to
receive the equivalent of $5,000 in compensation (U.S. Embassy
in China 2003).

The trade-offs involved in interbasin transfer schemes include
both direct societal costs and benefits, as well as those involving
ecosystems services and biodiversity. Yet given increasing de-
mands for water in the future, such transfers are likely to remain
an important mechanism for alleviating regional water shortages
(Nilsson et al. 2005).

7.3.2.2 Virtual Water in Trade
Virtual water, or VW, refers to the amount of fresh water used
during the production process and thus ‘‘embodied’’ in a good or
service (Allan 1993). While tabulations could be made for any
product, VW has been explored mainly from the perspective of
crop and livestock production and trade, given the predominance
of agriculture in water use globally.

Operationally, VW in agriculture can be defined as the quan-
tity of water used to support evapotranspiration in crops, which
are then consumed domestically (as human food or animal feeds)
or traded internationally. Additional water to process food prod-
ucts and to care for livestock can also be tabulated (Oki et al.
2003a), but VW estimates are fundamentally determined by irre-
trievable water losses through crops. There is a vast mismatch
between the weight of agricultural commodities produced and
the VW embodied in their production. For example, 1 kilogram
of grain requires 1,000–2,000 kilograms (liters) of water, even
under the most favorable of climatic conditions (Hoekstra and
Hung 2002), producing 1 kilogram of cheese requires �5,000
kilograms of water, and 1 kilogram of beef requires an average of
16,000 kilograms of water (Hoekstra 2003).

Water has been transported in internationally traded products
for hundreds of years, but the concept of trading VW has only
recently begun to be considered as a mechanism to alleviate re-
gional or global water security by exploiting the comparative ad-
vantage of water-rich or water-efficient countries (Allan 1996;
Jaeger 2001). However, VW does not take into account the na-
ture of food production systems and other factors, such as soil
erosion, biodiversity impacts, or pollution. Moreover, for political
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and social reasons, countries may elect to be self-sufficient and
independent in food production. For example, India, which is
food self-sufficient in aggregate, serves as a net exporter of food
and virtual water despite being water-stressed.

A substantial volume of VW trade in food commodities has
nonetheless been taking place. (See Figure 7.9.) Worldwide, in-
ternational VW trade in crops has been estimated at between 500
and 900 cubic kilometers per year, depending on tabulations
made from the exporting or importing country perspective and
the number of commodities considered (Oki et al. 2003a; Hoeks-
tra and Hung 2002; Hoekstra 2003). (See Table 7.8.) An addi-
tional 130–150 cubic kilometers per year is traded in livestock
and livestock products. For comparison, current rates of water
consumption for irrigation total 1,200 cubic kilometers per year,
and taking into account the use of precipitation in rain-fed agri-
culture as well, the total water use by crops has been estimated to
range from 3,200 to 7,500 cubic kilometers per year, depending
on whether allied agroecosystem evapotranspiration is included
(Postel 1998; Rockström and Gordon 2001). The most important
exporters of crop-related VW are the OECD and Latin America,
though individual sub-regions, such as Western Europe, are net
importers of VW. Asia (Central and South) is the largest importer
of VW.

Of the top 10 virtual water exporters, 7 countries are in water-
rich regions, while of the 10 largest importers of VW, 7 are highly
water-short, indicating a general redistribution of VW from rela-
tively wet to dry regions. However, the notable absence of clear-
cut relationships linking the degree of domestic water scarcity to
dependence on external VW supplies (Hoekstra and Hung 2002)
suggests that an optimal redistribution of water through crop pro-
duction and trade is yet to emerge. The consequences of food
self-sufficiency thus entrench present-day patterns of water scar-
city, as can decisions to pursue an aggressive export marketing
strategy in the face of unsustainable water use. Future increases in
water stress over the coming decades (Vörösmarty et al. 2000;
Alcamo et al. 2000) and further integration of a global economy
are likely to be powerful forces in adopting the notion of VW
into food production and trade policies. An analysis of interna-
tional trade in VW for Africa is provided in Box 7.4.

7.3.3 Land Use and Land Cover Change

Among the major processes influencing water quantity and qual-
ity at the river basin scale are changes in land use intensity and
land cover change. (See Table 7.9.) Land use changes affect
evapotranspiration, infiltration rates, and runoff quantity and tim-
ing. Particularly important for human well-being are contrasting
reductions in the overall quantity of available runoff with some
types of land cover change versus concentrated peaks of runoff
associated with flooding under other land cover changes that can
often be translocated far downstream through river networks
(Douglas et al. 2005).

For example, expanding impervious areas due to urban expan-
sion greatly increases the volume and rate of stormflow into re-
ceiving streams. Such changes also affect the water quality and
biodiversity of freshwater ecosystems (Jones et al. 1997). Land use
changes that compact soils and reduce infiltration are associated
with deficiencies in groundwater recharge and dry period base-
flow, the long-term global consequences of which are yet to be
documented. Reduced infiltration can also lead to longer lifespans
of pools with stagnant water, thus providing increased breeding
opportunities for mosquitoes and other vectors of human disease.

The impact on local water budgets of changes from forest
cover to pasture, agricultural, or urban land cover are well docu-
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Figure 7.9. Net Inter-regional Trade in Major Crops Expressed as Embodied or ‘‘Virtual’’ Water Expended in Production of These
Agricultural Commodities, 1995–99. The regions used differ from those used in the MA. Virtual water flows �100 km3 for the full period
are not shown. Rain-fed and irrigated agriculture are considered, although estimates do not include transfer and drainage losses during
irrigation. (Hoekstra and Hung 2003)

Table 7.8. Annual Transfer of Virtual and Real Water through
Global Trade of Cereal and Meat Commodities, 2000. ‘‘Virtual’’
water in this table is estimated as the fresh water required by the
importing country to produce the commodity, while ‘‘real’’ water is the
fresh water expended by the exporter to produce the same
commodity. Water equivalents are vastly greater than the actual
weights traded, from 1000:1 to 3000:1 for cereals and �20,000:1 for
beef. Through such trade there is a water-saving equivalent to
approximately 20% of agricultural water withdrawals. (Oki et al.
2003a)

Commodity
Virtual Water

Trade 
Real Water

Trade Water “Saved”
(cubic kilometers per year)

Maize 130 50 80

Wheat 460 270 190

Rice 190 110 80

Barley 92 38 54

Cereal total 870 470 400

Beef 86 82 4

Pork 28 20 8

Chicken 37 25 12

Meat total 150 130 24

mented in the hydrological and ecological literature. While his-
torically a large portion of the available information was generated
for temperate and boreal areas of North America and Europe
(Swank and Crossley 1988; Buttle et al. 2000), information is be-
coming available for selected sites in Amazonia, South Africa, and
Australia, among others (Bruijnzeel 1990; Le Maitre et al. 1999).
The global impact of 110,000 square kilometers per year net de-
forestation (FAO 1999) on runoff, however, has yet to be fully
quantified.

Impacts of land use change patterns of weather and climate at
different scales are only starting to be understood. (See Chapter
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13.) Fragmenting a landscape alone can generate changes in local
weather patterns (Avissar and Liu 1996; Pielke et al. 1997). At the
continental level, land use changes can reduce recycling rates of
water leading to reduced precipitation and distortions in the at-
mospheric circulation patterns that link otherwise widely sepa-
rated regions of the globe (Chase et al. 1996; Costa and Foley
2000; Pitman and Zhao 2000). There has also been continental-
to-global-scale acceleration in the loading of pollutants, including
nutrients, onto the land mass associated with industrial agricul-
ture, urbanization, and grazing. (See Chapters 12 and 15.) These
inputs are translated into greatly elevated fluxes to and transport
through inland water systems (Chapter 20), the effects of which
pass in many cases fully to the coastal zone (Chapter 19).

Intensive agricultural and urbanized areas have expanded rap-
idly in the last 50 years. The current extent of cultivated systems
provides an indication of the location of freshwater ecosystems
that are likely to experience water quality degradation from pesti-
cide and nutrient runoff as well as increased sediment loading
(Revenga et al. 2000). (See Figure 7.10 in Appendix A.) Figure
7.11 (in Appendix A) shows, from a drainage basin perspective,
the distribution and pattern of urban areas, as judged by satellite
images of nighttime lights for 1994–95 (NOAA-NGDC 1998).
Because more urbanized river basins tend to have greater impervi-
ous area as well as higher quantities of sewage and industrial pollu-
tion, this figure suggests the contemporary geography of pressures
on freshwater systems arising from these classes of contaminants
(Revenga et al. 2000).

The two Figures show contrasting patterns of modified land
use across the world. Intensively cropped lands are concentrated
in five areas: Europe, India, eastern China, Southeast Asia, and
the midwestern United States, with smaller concentrations in Ar-
gentina, Australia, and Central America. Africa is striking for its
lack of intensively cropped land, with the exception of small
patches along the Nile, on the Mediterranean coast, and in South
Africa. This reflects the minimal use of chemical inputs and the
low level of agricultural productivity in most African countries.
Figure 7.11 shows that highly urbanized watersheds are concen-
trated along the east coast of the United States, Western Europe,
and Japan, with smaller concentrations in coastal China, India,
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BOX 7.4

Virtual Water Content Associated with African Food Supply

The interplay between water availability and irrigation is critical in defining In Africa, much of the sustainable (rain-fed) agriculture occurs within
whether a country (or regions within a country) can be self-sufficient in food the more humid regions of the continent, while most irrigated agriculture
production and do so in a sustainable manner. This is especially true in occurs in the semiarid and arid regions in northern and southern Africa
Africa, where the climate and hydrology are highly unpredictable and as much and along the Sahel. At the continental scale, about 18% of total African
as 40% of irrigation withdrawals in the driest regions are estimated to be non- VW is used for meat production, although this number is probably much
sustainable (Vörösmarty et al. 2005). Africa also represents a flashpoint for higher because it is doubtful that all grazing land is used sustainably.
future water scarcity and food security, with a large and rapidly growing Food imports (both crops and meat) represent over 20% of Africa’s total
population, enormous expanses of dry landscapes, extensive poverty, lack VW consumption, illustrating a reliance on external sources for meeting
of investment in water infrastructure, and a lingering human health crisis. the food needs of today’s population. This reliance will likely continue to

Virtual water is the fresh water needed to produce crops embodying increase in the future, though some unknown fraction is intra-continental.
all evapotranspiration on rain-fed or irrigated cropland, plus any transit Globally, VW from crop production is computed to co-opt 14,600 cubic
losses for irrigation (Raskin et al. 1995; Allan 1996). There are enormous kilometers (20%) of the 66,400 cubic kilometers annual evapotranspira-
throughputs of water within agroecosystems to satisfy the evaporative tion. For Africa, crop production co-opts only 9% of annual evapotranspira-
demands of crops, with ratios of �1,000-to-1 by weight for cereal prod- tion, a reflection of the fact that three quarters of Africa’s cropland is
ucts and �15,000-to-1 for beef (Hoekstra 2003). Thus, while food trade located in arid and semiarid climates characterized by highly limited soil
can be highly beneficial in simply economic terms, it could also help com- moisture stocks (Vörösmarty et al. 2005). The bar chart (see Box 7.4
pensate for local water scarcity by exploiting the comparative advantage Figure B in Appendix A) illustrates that while sub-Saharan Africa relies
of water-rich countries to produce food (Allan 1996; Jaeger 2000). heavily on rain-fed agriculture (60–75% for South, East, West) and very

The map of Africa (see Box 7.4 Figure A in Appendix A) shows the little on irrigated agriculture (3–7%) for food production, North Africa has
spatial distribution of annual virtual water production on rain-fed and irri- very little rain-fed crop production and obtains more than 60% of its within-
gated croplands, computed from long-term average (1950–95) water bal- region VW from irrigated agriculture. Much of this irrigation water is with-
ance terms. VW embodied in meat (beef, pork, and chicken) production drawn from highly exploited river corridors, such as the Nile, as well as
was also estimated as the sum of VW in feed and fodder plus a portion groundwater. To satisfy overall food demand, North Africa nearly doubles
of evapotranspiration that occurs over grazing lands, where it is assumed its available VW through food trade.
that 30% of net primary production and hence evapotranspiration could
be used sustainably.

Table 7.9. Brief Overview of Hydrologic Consequences Associated with Major Classes of Land Cover and Use Change (Bosch and
Hewlett 1982; Swank et al. 1988; Bruijnzeel 1990; Hornbeck and Smith 1997; Jipp et al. 1998; Swanson 1998; Bonnell 1999; Le Maitre et al.
1999; Buttle et al. 2000; Le Maitre et al. 2000; Zavaleta 2000; Zhang et al. 2001; Paul and Meyer 2001; Sun et al. 2001; Zoppou 2001; Tollan
2002)

Type of Land Use Change Consequences on Freshwater Provisioning Service Confidence Level
Natural forest to managed forest slight decrease in available freshwater flow and a

decrease in temporal reliability (lower long-term
groundwater recharge)

likely in most temperate and warm humid climates, but
highly dependent on dominant tree species

adequate management practices may reduce impacts to a
minimum

Forest to pasture/agriculture strong increase in amount of superficial runoff with
associated increase in sediment and nutrient flux

decrease in temporal reliability (floods, lower long-term
groundwater recharge)

very likely at the global level; impact will depend on per-
centage of catchment area covered

consequences are less severe if conversion is to pasture
instead of agriculture

most critical for areas with high precipitation during con-
centrated periods of time (e.g., monsoons)

Forest to urban very strong increase in runoff with the associated
increase in pollution loads

strong decrease in temporal reliability (floods, 
lower long-term groundwater recharge)

very likely at the global level with impact dependent on
percent of catchment area converted

stronger effects when lower part of catchment is trans-
formed

most critical for areas with recurrent strong precipitation
events

Invasion by species with higher
evapotranspiration rates

strong decrease in runoff

strong decrease in temporal reliability (low long-term
groundwater recharge)

very likely, although highly dependent on the characteris-
tics of dominant tree species

scarcely documented except for South Africa, Australia,
and the Colorado River in the United States
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Central America, most of the United States, Western Europe, and
the Persian Gulf (Revenga et al. 2000). While Figures 7.10 and
7.11 show the average composition of each large river basin in
terms of intensively cultivated land or urban and industrial areas,
they nonetheless hide within-basin differences that arise from
highly localized patterns of crop production and urban point
sources of pollution (Revenga et al. 2000).

The implications of these changes and the incomplete under-
standing of their consequences affect the manner in which
humans interact with the water cycle. Integrated watershed man-
agement is the current paradigm for sustainable water use and
conservation (Poff et al. 1997). It can yield important environ-
mental and social benefits, as shown by a survey of 27 U.S. water
suppliers that found the cost of water treatment in watersheds
forested 60% or more was only half that of systems with 30%
forest cover (Ernst 2004).

In practice, the integrated management approach is complex
and difficult to implement because of limits to the understanding
of interactions linking the physical and biotic processes that con-
trol water quantity and quality (Schulze 2004). Integrated man-
agement research typically has focused on local and short time
scales and been limited to a very small portion of the world’s
watersheds. Most of the understanding of watershed dynamics and
management principles comes from hydrological research on
small watersheds and from studies at the local scale (Vörösmarty
2002). At present, the longest hydrological studies encompass only
the last 20–40 years, but the recent application of GIS techniques
facilitates reconstruction of past events to place the impact of con-
temporary land management into a longer-term perspective (Bha-
duri et al. 2000).

One significant challenge to both scientific understanding and
sound management is that multiple processes control water quan-
tity, quality, and flow regime. The pattern and extent of cities,
roads, agricultural land, and natural areas within a watershed in-
fluences infiltration properties, evapotranspiration rates, and run-
off patterns, which in turn affect water quantity and quality.
Additional challenges surround the fact that river basins extend
across contrasting political, cultural, and economic domains (the
Mekong River, for instance, flows through China, Laos, Thai-
land, Cambodia, and Viet Nam). Thus, there remains substantial
uncertainty about the effects of management on different compo-
nents of the hydrological cycle arising from the unique combina-
tions of climatic, social, and ecological characteristics of the
world’s watersheds (Bruijnzeel 1990; Tollan 2002).

It is widely recognized that while much more information is
needed to evaluate the impact of land use and cover change on
freshwater provisioning services, integrated watershed manage-
ment—despite its present degree of uncertainty—is both possible
and would contribute significantly to improved management of
water resources (Swanson 1998; Tollan 2002).

7.3.4 Climate Change and Variability

A major and natural characteristic of the land-based water cycle,
and hence of water supply, is its variability over space and time.
The large-scale patterns of atmospheric circulation dictate the
world’s climate zones and regional water availability. One particu-
lar concern arises from climate change, which in the past has
shaped major shifts in the water cycle, such as changes in the
Sahara from a much wetter region with abundant vegetation
about 10,000 years ago to the desert of today (Sircoulon et al.
1999). A changing climate can modify all elements of the water
cycle, including precipitation, evapotranspiration, soil moisture,
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groundwater recharge, and runoff. It can also change both the
timing and intensity of precipitation, snowmelt, and runoff.

Two issues are critical for water supply: changes in the average
runoff supply and changes in the frequency and severity of ex-
treme events, including both flooding and drought. Both of these
changes have been difficult to articulate due to complexities in
the processes at work as well as a non-uniform and, in many parts
of the world, deteriorating monitoring network, as discussed in
section 7.1.2.

Shiklomanov and Rodda (2003) present a study of continental-
scale variations in water supply as represented in the observational
record spanning 1921–88. They used data from a total of approxi-
mately 2,500 stations, maximizing, to the degree possible, length
of record, suitably large river basins, and hydrographs reflecting
near-natural conditions. The stations represented �10% of all
available records and reflect great disparities in maximum length
of record (from 5 to 178 years). (Statistically, the optimal record
length for trend analysis is on the order of 30 years (Lanfear and
Hirsh 1999; Shiklomanov et al. 2002), but detectability of a trend
also depends on the relative lengths of the ‘‘base’’ (pre-change)
and changed periods of record (Radziejewski and Kundzewicz
2004).)

Year-to-year variations over five continents were 10% or less
(see Figure 7.12) but rose to as high as 35% when examining 27
climate-based subdivisions. Relatively dry periods occurred in the
1940s, 1960s, and late 1970s, with global runoff declining by up
to 3,000 cubic kilometers a year. This is in contrast to relatively
wet conditions in the 1920s, late-1940s to early 1950s, and mid-
1970s. Though there are limitations to making such global state-
ments, the overall conclusion with respect to renewable supplies
of runoff is that despite some recent continental-scale trends (an
increase in South America and decrease in Africa), there was no
substantial global trend in renewable supplies of runoff over the
67 years tested. Labat et al. (2004) did, however, compute an
increasing global trend in runoff. This was correlated to increasing
global surface air temperature, amounting to 4% per degree Cel-
sius over the last century, though with regional increases (Asia,
North and South America) and decreases (Africa) or stability (Eu-
rope) over the last few decades.

Care must be exercised in interpreting such long-term trends,
which are anticipated to be associated with climate change. Maps
of trends presented by the IPCC (Houghton et al. 2001) show
large-scale and spatially coherent increases as well as decreases in
precipitation over multi-decadal periods that start in 1910, al-
though these patterns shift depending on the time frame observed.
A similar time dependency is evident in interpreting changes in
rain-to-snow ratios across Canada, with a time frame of 1948–96
indicating completely opposite results than with a time series
starting at 1960 and ending in 1990 (Mekis and Hogg 1999; Lam-
mers et al. 2001).

The clearest signatures require long time periods and sufficient
spatial integration units (that is, large drainage basins). Peterson et
al. (2002), for example, found it impossible to detect a coherent
trend in runoff without first aggregating the flow records from six
large Eurasian rivers and over 65 years. Insofar as northern Eurasia
is among the regions historically to show the clearest trends in
climate warming and the general absence of other confounding
effects such as land cover change and water engineering, these
results point to the difficulty in assessing recent runoff trends.

Nonetheless, there is evidence that climate change may al-
ready be causing long-term shifts in seasonal weather patterns and
the runoff production that defines renewable freshwater supply.
Shifts toward less severe winters and earlier thaw periods in cold
temperate climates that depend on snowfall and snowmelt result
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Figure 7.12. Time Series of Renewable Water Supply across the Global Landmass since 1920. The series is based on a subset of
available discharge station records. (Shiklomanov and Rodda 2003)

in important changes in water availability (Dettinger and Cayan
1995; Hamlet and Lettenmaier 1999; WSAT 2000; Hodgkins et
al. 2003). Multi-decade hydrological anomalies are apparent for
Africa, with decreases on the order of 20% between 1951 and
1990 for both humid and arid zone basins that discharge into the
Atlantic (Mahé 1993).

In the Sahel, persistent rainfall deficits could entrench deserti-
fication through a critical loss of water recycling between land
and atmosphere, exacerbated by reduced soil infiltration when so-
called hydrophobic soils are created in arid environments, and by
soil compaction over poorly managed lands (Sircoulon et al.
1999). Such rainfall deficits also reduce replenishment of the
groundwater resource, exacerbated by the decreased permeability
of soils that favor storm runoff and flooding, even in the context
of lower overall precipitation. In the transition zones between
wet and dry regions across Africa, there is a highly uneven and
erratic distribution of rainfall and river corridor flow (Vörösmarty
et al. 2005). While this climate already produces chronic water
stress, episodic droughts greatly increase the number of people at
risk. Once each generation, the major sub-regions of the western
Sahel, Horn of Africa, and SADCC region see a tripling in the
number of people at risk from severe water stress (Vörösmarty et
al. 2005).

An intensification of the water cycle, through more extreme
precipitation in the United States (Karl et al. 1996; Karl and
Knight 1998) and other parts of the world (Easterling et al. 2000;
Houghton et al. 2001; Frich et al. 2002) has also been recorded.
However, the effect of these increases on the rest of the hydrolog-
ical cycle is only now being articulated.

In the United States, where sufficient records are available,
Lins and Slack (1999) and Douglas et al. (2000) used stream gaug-
ing stations with 50 years of continuous records (from unregu-
lated systems) to conclude that annual minimum and mean flows
have increased. This was later confirmed by McCabe and Wol-
lock (2002), who found statistically significant increases in annual
moisture surplus (moisture that eventually becomes runoff ) over
the contiguous United States as a whole, but especially in the
East. And while Yue et al. (2003) found similar increases in mini-
mum and mean daily flows in northern Canada, they found the
opposite to be true (significant decreases in minimum, mean, and
maximum daily flows) in the southern part of the country.

Groisman et al. (2004) reported that warming in the northern
half of the coterminous United States was related to a reduction
in the extent of springtime snow cover and to the earlier onset of
spring-like weather conditions and snow retreat. This has resulted
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in the increased frequency of cumulonimbus clouds and in a na-
tionwide increase in very heavy precipitation. Warming in the
southwest and northeast part of the country has led to greater
summer dryness and increased fire danger. An interseasonal shift
of precipitation from summer to fall in the Southeast was also
noted.

The effect of increased precipitation extremes on floods is still
debated (Douglas et al. 2000; Groisman et al. 2001; McCabe and
Wolock 2002; Robson 2002; Milly et al. 2002) because flood
response is influenced by many interacting factors, such as basin
geology, terrain, and land cover as well as basin size and rainfall
patterns. Also, the natural variability of flood flows can mask small
changes in precipitation inputs.

Trends are also apparent in soil moisture distributed around
the globe. Historical time series from more than 600 sites indicate
a modest increase in growing period wetness for the majority of
stations examined (Robock et al. 2000), contrary to the expecta-
tion (by general circulation models) of drier conditions in mid-
continental areas due to climate change (e.g., Cubasch and Meehl
2000).

Taken together, these results indicate a high natural degree
of variability and difficult-to-interpret shifts in runoff generation
associated with historical climate change. The detection of such
changes is complicated by the interactions among existing physi-
cal climate variations (that is, decadal and ENSO-type oscilla-
tions), land cover change, and water engineering, which for many
parts of the world dominate the character of renewable water sup-
plies.

7.3.5 Urbanization

During the twentieth century, the world’s urban population in-
creased almost fifteenfold, rising from less than 15% to close to
half the total population (see Chapter 27), and by 2015 nearly
55% of the world will live in urban areas (UNPD 2003). In devel-
oping countries alone, the proportion of the population living in
urban centers will rise from less than 20% in 1950 to 48% in 2015
(UNPD 1999, 2003). In fact, 60% of the fastest-growing cities
with more than 750,000 people are located in the developing world,
mostly in Asia (World Bank 2001). While 70% of the world’s
water use is for agriculture, the remaining withdrawals are for
domestic household and other urban uses, including industry, and
in many places these water resources are heavily polluted and lim-
ited by local shortages and distribution problems (UN-HABITAT
2003).
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Urban residents bring with them a set of new challenges for
water supply delivery, management, and waste treatment (WHO/
UNICEF 2004; UN-HABITAT 2003). Because of the rapid rate
of increase in cities around the world, water infrastructure is prac-
tically unable to keep apace, especially in the megacities with
more than 10 million people. Large parts of these megacities lack
the basic infrastructure for drinking water and sanitation, and
most large cities in the developing world, and many in the indus-
trial world, lack basic waste and storm water treatment plants
(UN-HABITAT 2003).

The geographic location of many of these large and growing
cities, such as close to coastal areas, and their rapid pace of growth
has encouraged the overtapping of water resources that are not
necessarily renewable, such as coastal aquifers. In Europe, for in-
stance, nearly 60% of the cities with more than 100,000 people
are located in areas where there is groundwater overabstraction
(EEA 1995). Groundwater overexploitation is also evident in
many Asian cities. Bangkok, Manila, Tianjin, Beijing, Chennai
(formerly Madras), Shanghai, and Xian all have registered a de-
cline in water table levels of 10–50 meters (Foster et al. 1998).
These high levels of abstraction in many cases are accompanied
by water quality degradation and land subsidence. For instance,
the aquifer that supplies much of Mexico City had fallen by 10
meters as of 1992, with a consequent land subsidence of up to 9
meters (Foster et al. 1998).

Overabstraction is also an increasing problem with tourism-
associated development, particularly in coastal areas. Ground-
water overabstraction in such areas can reverse the natural flow of
groundwater into the ocean, causing saltwater to intrude into in-
land aquifers. Because of the high marine salt content, even low
concentrations of seawater in an aquifer are enough to make
groundwater supplies unfit for human consumption (Scheidleder
et al. 1999). Of 126 groundwater areas in Europe for which status
was reported, 53 showed saltwater intrusion, mostly of aquifers
used for public and industrial water supply (Scheidleder et al.
1999).

Unfortunately, the poor, mostly migrant workers from rural
areas suffer most from reduced quality or quantity of water supply
when they resettle to large cities. Poor residents of cities tend to
concentrate in the outskirts, where safe drinking water and sanita-
tion are less available, and they often depend on contaminated
sources of water or intermediate water vendors who charge exor-
bitant prices.

In the context of these many problems, an emerging trend
toward protecting water supplies for urban areas is noteworthy. A
study of more than 100 of the world’s largest cities, for example,
found that more than 40% rely on runoff-producing areas that are
fully or partially protected (Dudley and Stolton 2003). This re-
flects a growing recognition of the value of ecosystem services
linked to sound watershed management approaches, as well as of
the limits placed on urban water supply from polluted upstream
source areas (UN-HABITAT 2003). The geography of down-
stream populations supported by upstream runoff-producing areas
suggests the potential global importance of this management strat-
egy. This is further demonstrated by Table 7.2, with data showing
billions of people living downstream of particular MA ecosystems
and their renewable freshwater flows.

7.3.6 Industrial Development

Industrial processes, which include withdrawals for manufacturing
and thermoelectric cooling, today use about 20% of the total
freshwater withdrawals, which has more than doubled between
1960 and 2000 (Shiklomanov and Rodda 2003). Even though this
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global use remains small in comparison to water used for agricul-
ture, the current trend in shifting the manufacturing base from in-
dustrial to developing countries, due to globalization and
international trade, is of concern for future water security. Much
of the technology developed for industry is adapted to industrial
nations, which are generally considerably more water-rich. When
industrial plants are relocated to developing countries, many of
which are water-poor or have limited water delivery services,
these operations add pressure to the water resource base and in-
crease conflict among water users. In addition, the environmental
safeguards for effluent treatment are less well established or en-
forced in developing nations, adding to the scarcity problems by
increasing pollution.

The most polluting industries, in terms of organic water pol-
lutants, are those whose products are based on organic raw mate-
rials, such as food and beverage, paper and pulp, and textile plants
(UN/WWAP 2003). Power station electric generation is the
largest source of thermal water pollution. Estimates correlating
water withdrawals for industrial use with population density by
river basin show that many already water-stressed river basins are
also centers for industrial production, such as in eastern China,
India, and parts of Europe (UN/WWAP 2003).

Industrial emissions are released not only as thermal and
chemical effluents into rivers and streams but also as gases and
aerosols into the atmosphere. These can be transported for large
distances and may end up deposited in other water bodies far from
the emission source. Large areas of the continents show atmo-
spheric deposition as the single most important source of nitrogen
loading, with concomitant increases in pollutant transport
through inland waterways (Green et al. 2004).

7.4 Consequences for Human Well-being of
Changes in the Provision of Fresh Water
Water is essential for human well-being, but not all parts of the
world receive the same amount or timing of available water sup-
plies. Some areas contain abundant water throughout the year,
others have seasonal floods and droughts, and still others have
hardly any water at all. In river basins with high water demand
relative to the available supply, water scarcity is a growing prob-
lem, as is water pollution. Water availability is already one of the
major challenges facing human society, and the lack of water will
be one of the key factors limiting development (WMO 1997;
UN/WWAP 2003). The socioeconomic implications of deliver-
ing, using, managing, or buying water also have impacts on
human well-being. This section begins with a brief overview of
the benefits and required investments for water resource systems;
examines the implications of freshwater scarcity, including treat-
ment of pricing and equity issues; and concludes with descriptions
of the consequences of too much water (flooding) and the con-
nections between freshwater services and human health.

7.4.1 Freshwater Provision: Benefits and
Investment Requirements

Over the long term, water use has generally increased geometri-
cally, in line with population growth, increased food production,
and economic development (L’vovich and White 1990), and dur-
ing the last 40 years, there has been a doubling in the water used
by society—from 1,800 to 3,600 cubic kilometers a year. In an
aggregate sense, water is a required input generating value-added
in all sectors of the economy, and trends in its use can be assessed
from its ability to yield economic productivity. In the United
States, for example, water productivity measured as GDP per
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cubic meter of freshwater use rose dramatically between 1960 and
2000 by about 25% per decade, to $18 per cubic meter (Postel
and Vickers 2004), in response to shifts in regulation, technology,
and restructuring of the economy.

Water provided for irrigation has a particularly important role,
being responsible for 40% of global crop production (UN/
WWAP 2003). And despite major challenges in conveying ade-
quate drinking water and sanitation, more than 5 billion people
are routinely provided with clean water and more than 3.5 billion
have access to sanitation (WHO/UNICEF 2004). Further, with
continued investments in water infrastructure, much of the
world’s population has benefited from allied improvements in
public health, flood control, electrification, food security through
irrigation, and associated economic development. From this
standpoint, well-managed water resources have helped promote
economic development, which is tied closely to improvements in
many aspects of human well-being.

A good example is provided by a recent analysis (Hutton and
Haller 2004) of the cost-effectiveness of different options to
achieve MDG 7 (on access to safe water and basic sanitation).
Of five scenarios tested, two considered Target 10—halving the
proportion of people without sustainable access to safe water by
2015 and halving the proportion of people without sustainable
access to improved sanitation. It was shown that for each dollar
invested in both improved water supply and sanitation, a return
of $3–34 can be expected. Among the health benefits of achiev-
ing the MDG drinking water target was a global reduction in
diarrheal episodes of 10%. The economic benefits of simultane-
ously meeting the drinking water and sanitation MDG targets on
households and the health sector amount to $84 billion per year,
representing reduced health care costs, value of days gained from
reduced illness, averted deaths, and time savings from proximity
to drinking water and sanitation facilities for productive endeavor.

Because of the variability of the water cycle, economic bene-
fits often accrue only after substantial investments in infrastructure
and operations that stabilize and improve the reliability of water
resources. Capital investments in water infrastructure totaled $400
billion in the United States over the last century (Rogers 1993).
When the annual investment in water storage for irrigation glob-
ally during the 1990s of about $15 billion (WCD 2000) is tabu-
lated, an important source of required capital can be seen, which
can constitute a major fraction of agricultural investment for many
developing countries (UN/WWAP 2003).

Worldwide, investments in dams have totaled $2 trillion
(WCD 2000). World Bank lending for irrigation and drainage
averaged about $1.5 billion per year from 1960 to 2000, although
this continues to decrease from a peak of $2.5 billion in 1975 to
its current rate of $500 million (Thompson 2001). Global costs
for expanding irrigation facilities are estimated at $5 billion annu-
ally, but rehabilitation and modernization costs on existing irriga-
tion works are estimated at an additional $10 billion or more per
year (UN/WWAP 2003). Although projected funding for eco-
nomic development and meeting the MDGs for the entire water
sector is estimated to reach $111–180 billion a year, current in-
vestments in sanitation and water supply total from $10 billion to
$30 billion annually (UN/WWAP 2003). Securing water re-
sources is thus deeply embedded within development investment
and planning but incompletely resolved. The private sector, with
global revenues today standing at $300 billion annually (Gleick et
al. 2002a), is a major player in providing potential investments, as
described later.

7.4.2 Consequences of Water Scarcity

With population growth and the overexploitation and contami-
nation of water resources, the gap between available water supply
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and water demand is increasing in many parts of the world. In
areas where water supply is already limited, water scarcity is likely
to be the most serious constraint on development, particularly in
drought-prone areas. Earlier in this chapter we provided a quanti-
fication of water scarcity in physical terms. Here scarcity is
mapped to issues relating directly to human well-being.

While decreased or variable water supply has sometimes pre-
sented itself as an opportunity to develop efficiency-enhancing
responses (Wolff and Gleick 2002) and cooperation (Wolf et al.
1999; UN/WWAP 2003), more often it has spawned numerous
development challenges, including increased levels of competi-
tion for water among people and between people and ecosystems;
the use of non-sustainable supplies or development of costly alter-
natives; limits to economic growth, including curtailment of
activities and required importation of food and other water-intensive
commodities; pollution and public health problems; potential po-
litical and civil instability (Furlong and Gleditsch 2003; Miguel et
al. 2004); and international disputes in transboundary river basins
(Gleick 1998). These situations arise in part because society has
typically managed ecosystems for one dominant service such as
timber or hydropower without fully realizing the trade-offs being
made in such management. This approach has led to the docu-
mented decline in freshwater ecosystem condition, with accom-
panying consequences for human well-being. The poor, whose
livelihoods often depend most directly on ecosystem services, suf-
fer most when ecosystems are degraded. (See Chapter 6.)

One of the problems thus far has been the difficulty of relating
ecosystem condition to human well-being, particularly from the
socioeconomic perspective. An emphasis on water supply, by de-
veloping more dams and reservoirs, coupled with weak enforce-
ment of regulations, thus has limited the effectiveness of water
resource management, particularly in developing regions of the
world (Revenga and Cassar 2002).

As a consequence, policy-makers are now shifting from en-
tirely supply-based solutions to demand management, highlight-
ing the importance of using a combination of measures to ensure
adequate supplies of water for different sectors, and slowly mov-
ing toward an integrated approach to water resources manage-
ment (Schulze 2004) that is now linked directly to development
initiatives (GWP 2000; UN-HABITAT 2003; Kakabadse-
Navarro et al. 2004). Measures include improving water use effi-
ciency, pricing policies, preservation of environmental flows,
market incentives, privatization of water delivery, and public-
private partnerships among others. (See MA Policy Responses,
Chapter 7, for more on response measures in integrated water
resource management.)

Human society has relied for decades on economic and social
indicators for planning, but in virtually complete isolation of mea-
sures depicting the state and trends of ecosystem services. This
section presents some of the latest findings relating water as an
ecosystem service through social and economic indicators.

The need for integrated indicators or indices at the national
or regional scale to help donors and decision-makers establish pri-
orities in water resource management is widely acknowledged.
Such metrics can also assist in monitoring progress toward sustain-
able development goals in a systematic manner. Many such tools
have been proposed over the last several decades. For example,
the Water Stress Index was developed in the 1970s to link popula-
tion to water resources (Falkenmark 1997), and various other in-
dices have been proposed, such as the Stockholm Environment
Institute’s Water Resources Vulnerability Index (Gleick et al.
2002b). New water scarcity indices capitalizing on geospatial data
sets and high-resolution digital representations of river networks
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can define the climatic and hydrological sources of water-related
stress (Vörösmarty et al. 2005).

One important indicator that combines physical, environ-
mental, economic, and social information related to water avail-
ability and use is the Water Poverty Index. The WPI is similar to
the Human Development Index but applicable to a more local
scale, where the impacts of water scarcity are fundamentally ex-
pressed. It measures water stress at the household and community
level and was designed to ‘‘aid national decision makers, at com-
munity and central government level, as well as donor agencies,
to determine priority needs for intervention in the water sector’’
(Sullivan et al. 2003).

The WPI reflects an attempt to quantify inequities in water
allocation and the inability of the poor to govern access to water.
It has five key components, each based on a series of input vari-
ables that are weighed and aggregated into the overall index.
When an element cannot be measured, proxy indicators are used
in its place. The WPI relies in part on standardized data collected
for other purposes, and thus can be used in comparative analysis
of water stress across countries. For instance, to provide inputs on
water management capacity the index uses Log GDP per capita,
under-5 mortality rates, and a UNDP education index, all used
previously in constructing the HDI. The five components of the
WPI and some of its key variables are:
• Water resources: The physical characteristics of water availability

and water quality. This component includes total water avail-
ability, its variability across time (seasonality), and its quality.

• Access to water: This includes not only the distance to water
from dwellings but, more important, the time spent in collect-
ing water, conflicts over water use, and access to sanitation.

• Water use: This represents withdrawals for domestic, agricul-
tural, and industrial purposes. In many parts of the world,
small-scale irrigation and livestock are key components of
livelihood strategies and thus are tabulated as inputs.

• Capacity to manage water: This component is measured in terms
of income, education level, membership in water users associ-
ations, and the burden of illness due to contaminated water.

• Environmental integrity: If the ecosystems that support water de-
livery are degraded, then provision of water per se plus the
many services derived from freshwater systems will be jeop-
ardized. This component evaluates the integrity of freshwater
ecosystems based on the use of natural resources, crop losses
reported in the previous five years, and household reports of
land erosion. Overall, no variables of the actual condition of
aquatic ecosystems are included, suggesting a component of
the index that could benefit from revision.
The WPI has been tested internationally in 140 countries as

well as at the local scale in South Africa, Tanzania, and Sri Lanka.
Finland and Iceland were found to score the best, while Haiti and
Ethiopia fared worst (Lawrence et al. 2003). The results of the
local pilot analysis look promising, but the WPI would benefit
from a better incorporation of ecosystem condition and capacity
measures. Nevertheless, the WPI is a vehicle for understanding
the complex relationship between water services and human well-
being. Moreover, as the authors state, it constitutes ‘‘a systematic
approach that is open and transparent to all’’ (Sullivan et al. 2003),
allowing incremental improvements to the index to be made
through community consensus.

There are also important gender-related issues associated with
water poverty. Women and men usually have different roles in
water and sanitation activities, and these differences are pro-
nounced in rural areas across the developing world (Brismar 1997;
UN/WWAP 2003). Women are most often the users, providers,
and managers of water in rural households and the guardians of
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household hygiene. In many parts of the world, women and girls
can spend several hours a day carrying heavy water containers,
suffering acute physical problems as a result (WEDO 2004). The
inordinate burden of acquiring water also inhibits women’s and
girls’ opportunities to secure an education and contribute to fam-
ily income (WEDO 2004).

7.4.3 The Cost and Pricing of Water Delivery

Water users in most countries are generally charged but a small
fraction of the actual cost of water abstraction, delivery, disposal,
and treatment (Briscoe 1999; WHO/UNICEF 2000; Walker et
al. 2000), and in some countries implicit and explicit water sub-
sidies can reach up to 93% (Pagiola et al. 2002). Moreover, exter-
nalities associated with freshwater use, such as salinization of soils,
degradation of ecosystems, and pollution of waterways, have been
almost universally ignored, promoting current inefficiencies in
use and threats to freshwater ecosystems. In general, those with
access to abundant or underpriced water use it in a wasteful man-
ner, while many, usually the poor, still lack sufficient access to
water resources.

When water is in short supply or when it is polluted or unsafe
to drink, the expense of delivering water services can rise dramati-
cally or force curtailment in use. As scarcity increases, the cost of
developing new freshwater resources also reflects the need to se-
cure water from sources sometimes at great distances from the
eventual user, often involving complex hydrological engineering
(Hirji 1998; Rosegrant et al. 2002). Until recently there were few
incentives in most countries to use water efficiently. However,
increasing costs of water supply, dwindling supplies, and losses of
aquatic habitat and biodiversity are increasingly providing in-
centives to value water as an economic good. In most countries,
governments bear the burden of water delivery to users, but
maintaining necessary infrastructure and expanding it to reach un-
served users or improve the efficiency of water delivery is the
exception rather than the norm (Pagiola et al. 2002). Inadequate
funding results in a lack of new connections and unreliable ser-
vice, with serious consequences for the poor, who usually incur
higher costs when forced to obtain water from alternative sources
(Pagiola et al. 2002).

Water can be priced in a number of different ways, and the
past decade has shown the increasing application of several com-
mon methods, including flat fees, fixed fees plus volumetric
charges, decreasing block rates, and increasing block rates. Some
of these measures discourage waste, while others lead to overuse.
(See MA Policy Responses, Chapter 7). This section surveys recent
trends in the price and cost of water, reviews cost-recovery strate-
gies, and assesses the impact on human well-being of privatization
and public-private partnerships that deliver freshwater services.

7.4.3.1 The Price of Water and Recent Trends

There are enormous disparities in the price of fresh water supplied
to end-users, reflecting a complex interplay among several factors,
including proximity to natural sources of sufficient quantity and
quality, level of economic development, investments—both pub-
lic and private—in water infrastructure, and governance. A survey
of urban households across the developing world showed water
costs from both public and private sources varying by a factor of
10,000, from $0.00001 per liter (for piped supply in Calcutta) to
as high as $0.1 per liter (through private water vendors) (UN-
HABITAT 2003). Even municipal supplies can constitute a sub-
stantial fraction of monthly family expenditure—for example, up
to 20% in informal settlements in Namibia (UN-HABITAT
2003). An analysis of urban areas in Asia showed that prices
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charged by informal water vendors are more than 100 times that
from domestic connections (ADB 2001). In Benin, Burkina Faso,
Kenya, Mauritania, and Uganda, household connection fees to
piped water supplies exceeded per capita GDP by factors of up to
5:1, rendering these unaffordable (Collignon and Vezina 2000).

Cities also have seen a marked increase in the cost of financing
new water supplies. In Amman, Jordan, during the 1980s ground-
water sources were used to meet water needs at an incremental
cost of $0.41 per cubic meter. As groundwater supplies declined,
the city began to rely on surface water pumped from a site 40
kilometers away at an average incremental cost of $1.33 per cubic
meter (Rosegrant et al. 2002). In another example, the real cost
of water supply for irrigation in Pakistan more than doubled be-
tween 1980 and 1990 (Dinar and Subramanian 1997).

In Algeria, drought during 2000–02 forced cuts in the provi-
sion of water supply from municipal networks (access restricted
to several hours every two to four days), despite large investments
in water supply networks by the Algerian government since 1962
(UN-HABITAT 2003). The situation was further exacerbated by
lack of maintenance of the network, with water losses through
leaking pipes and underpricing of the resource use. Today, price
increases and a major facilities upgrade are under way. Many Afri-
can cities have exhausted and polluted local groundwater supplies,
necessitating expensive transport of fresh water from distant
suppliers (200 kilometers in the case of Dakar, Senegal) (UN-
HABITAT 2003) or the need to invest in desalination, which is
among the costliest methods of supplying fresh water (Gleick
2000; UN/WWAP 2003).

In addition to direct prices paid, additional costs are incurred
by the poor provision of water services. Time spent in traveling
to supplies, queuing, and transporting water can be a significant
burden on household incomes for the poor. Compared with the
late 1960s, households without piped water supply in Kenya,
Uganda, and Tanzania today spend triple the time each day secur-
ing water, an average of over 90 minutes (UN-HABITAT 2003).
Public taps are often in short supply, as in many Asian cities,
where several hundred people are served by a single source (Mc-
Intosh and Yñinguez 1997). Further, the true costs associated with
water delivery services are amplified by significant health burdens
incurred when supplies are insufficient to meet basic needs. In the
case of Lima, Peru, a major portion of household income (27%)
is represented by medical costs and lost wages from water-related
disease (Alcazar et al. 2000), while in Khulna, Bangladesh, an av-
erage of 10 labor days per month are lost due illness from poor
water provision (Pryer 1993).

7.4.3.2 Cost Recovery

The fourth guiding principle of the Dublin Statement on Devel-
opment Issues for the 21st Century (ICWE 1992) articulated that
‘‘water has an economic value’’ and ‘‘should be recognized as an
economic good.’’ At the same time, the statement argued that
water should be available to all people at affordable prices. After
much discussion and controversy, which continues to this day, the
Ministerial Declaration from the 2nd World Water Forum (2002)
established that ‘‘the economic value of water should be recog-
nized and fully reflected in national policies and strategies by
2005’’ and that ‘‘mechanisms should be established by 2015 to
facilitate the full cost pricing for water services, while the needs
of the poor are guaranteed.’’

Supporters of full-cost water pricing argue that to improve
efficiency, the set price of water needs to reflect the cost of sup-
plying, distributing, and treating it. There is some evidence that
this principle works. For instance, price increases for water in
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Bogor, Indonesia, reduced domestic consumption by 30% (Rose-
grant et al. 1995). Proponents of full-cost water pricing also point
out that most of the poor are not meeting their basic water needs
today under current public management, usually because of lack
of government capacity and resources. Consequently, poor com-
munities are already paying higher prices through intermediate
water vendors than if they were connected to a water delivery
system.

But while pricing water to reflect its true cost is relatively
simple in theory, the political and social obstacles are formidable.
Opponents to the idea of full-cost water pricing claim that access
to water is a fundamental human right. Water, like air, should
therefore not be treated as an exchangeable, marketable commod-
ity, because if market conditions rule, access to water becomes
dependent on the ability to pay and not an inherent entitlement.
In the eyes of many, establishing a price for water or privatizing
its delivery puts many of the poorest, most marginalized people at
risk of not getting enough water to meet basic needs.

The majority of OECD countries have adopted or are adopt-
ing, as an operating principle, the full-cost recovery concept in
water management, although what should be covered under this
‘‘full cost’’ is still a matter of debate. Infrastructure costs, however,
are not usually included (UN/WWAP 2003). As pricing was re-
structured and subsidies reduced during the 1990s and in the
current decade in industrial countries to capture the full-cost re-
covery of water, the real price of water was increasing in 18 out
of 19 countries surveyed (Australia being the only exception). In
two thirds of OECD countries, over 90% of single-family homes
are currently metered (OECD 1999).

The concept of full-cost water pricing in the developing
world has been introduced with the support of local communities
in situations where a more reliable service is assured. In Haiti, for
example, shantytown residents with no connection to the water
utility pay 10 times more for water from water vendors (water
trucks) than those who are connected to the private water utility
grid in nearby villages (Constance 1999). Residents connected to
the grid have their water use metered and pay the corresponding
fees.

7.4.3.3 Water Privatization

One of the most controversial trends in today’s globalized econ-
omy is the increasing privatization of some water management
and delivery services. In many countries, due to increasing costs
of maintaining and expanding water networks and overstretched
government budgets, private companies have been invited to take
over some of the management and operations of public water
systems. Private-sector investment in theory results in more fi-
nancing for infrastructure as well as more-efficient operations and
cost recovery, and the hope is that the public will benefit from
a more stable and reliable water delivery system at a reasonable
price.

Opponents to privatizing water services argue that putting pri-
vate companies in charge of water will drive prices to the point
that marginalized groups have no capacity to secure sufficient
water even for their most basic of needs. In addition, because the
profit motive fails to recognize environmental externalities, they
argue that privatization will increase risk to the very ecosystems
that help supply fresh water. The debate on public-private part-
nerships for water management was prominent on the agenda of
the World Water Forum gatherings (in particular, at the 2nd
Forum in The Hague and the 3rd Forum in Kyoto), as well as at
the World Summit on Sustainable Development.
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Despite trends toward privatization, at present over 80% of
the world’s investments in water, sanitation, and hydropower sys-
tems are by publicly owned bodies or international donors (Win-
penny 2003). Therefore, the responsibility for providing water,
over the short to medium term, will remain largely a public enter-
prise. Among industrial countries, there is much variation in the
degree of privatization. In the United States in 2000, private com-
panies provided only 15% of municipal water supply, although in
the nineteenth century they provided nearly 95% (Gleick et al.
2002a). France, in contrast, shows more than half of all residents
currently served by private companies (Gleick et al. 2002a).

In Latin America, Chile has been successful at delivering water
through privatization, and nearly all houses in Santiago have ac-
cess to clean water and sanitation. Despite exchange-rate fluctua-
tions, a foreign company, Suez, has remained the water provider
for Santiago and its region, investing over $1 billion in water
infrastructure. Water in Chile has been priced at rates affordable
by the middle classes, and stamps are given to poor people to
guarantee near-universal access. Conversely, in Argentina, what
looked like a positive trend did not withstand economic troubles.
In 1993 privatization in Buenos Aires increased the share of resi-
dents served with water from 70% to 85%—an increase of 1.6
million people, with a concurrent drop in prices (Peet 2003).
Exchange-rate fluctuations in many developing countries, such as
the currency devaluation in Argentina in 2002, add challenges to
successful implementation of privatization schemes. If the cur-
rency of a country devalues, the price paid for water will be worth
much less, and the foreign firm could pull out of the market,
leaving users without reliable service (Peet 2003).

South Africa is using a different pricing scheme to improve
poor people’s access to water and has made good progress in pro-
viding water to nearly two thirds of those who lacked access in
1994, when apartheid officially ended. Despite the relatively low
cost of water, however, some rural residents opted to consume
free—but contaminated—water from other sources. In February
2000, to improve public health for the poor, the government in-
troduced a scheme to provide households with 6,000 free liters of
water per month, enough to provide 25 liters per person per day,
with charges for additional use.

Privatization can be executed in many ways, depending on
the level of transfer from public to private hands. Full transfer of
ownership and operations of water resource systems so far has
been rare. The majority of cases embody the transfer of certain
operational aspects, such as water delivery, but the ownership of
the water resources usually remains with the state, thereby form-
ing a public-private partnership.

These partnerships have been demonstrated over the last few
years to capture the benefits of privatization without all of the risk
(Blokland et al. 1999). They do not privatize all of the water
assets, but they do give private actors control over some elements
of the water rights, infrastructure, and distribution systems. Yet
public entities typically maintain ownership over some or all of
these systems. Public-private partnerships work best when strong
regulatory controls exist. A typical arrangement in France, for ex-
ample, delegates the operation, maintenance, and development of
public potable water and sanitation to private companies, though
public bodies retain ownership of the system (Barraque et al.
1994; Gleick et al. 2002c).

Experience has shown that a clear legal framework, where
risks are decreased and the cost of capital decreases, would be
necessary to enlist private-sector involvement (Winpenny 2003).
More detailed analysis of privatization as a response option for the
sustainable management of water resources and freshwater ecosys-
tems is presented in Chapter 7 of the MA Policy Responses volume.
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7.4.4 Consequences of Too Much Water: Floods

In addition to water scarcity, the accumulation of too much water
in too little time in a specific area can be devastating to popula-
tions and national economies. (See Chapter 16.) According to the
latest World Disasters Report (IFRC/RCS 2003), on average 140
million people are affected by floods each year, more than all
other natural or technological disasters put together. Between
1990 and 1999, there were over 100,000 people reportedly killed
by floods. The majority of these deaths were in Asia (56,000),
followed by the Americas (35,000), Africa (9,000), and Europe
(3,000) (IFRC/RCS 2000).

In addition to human lives, floods are a costly natural hazard
in monetary terms, with more than $244 billion damage from
1990 to 1999, the most of any single class of natural hazard
(IFRC/RCS 2000). Although this arises from potential changes
in climate variability and extreme weather, humans also play an
important role, settling and expanding into vulnerable areas
(Kunkel et al. 1999; van der Wink et al. 1998).

While catastrophic flooding has negatively affected society for
thousands of years, naturally occurring floods also provide benefits
to humans through maintenance of ecosystem functioning such as
sediment and nutrient inputs to renew soil fertility in floodplains,
providing floodwaters to fish spawning and breeding sites and
helping to define the dynamics to which coastal ecosystems are
adapted. Although floods are primarily natural events, human ac-
tivity influences their frequency and severity. By converting natu-
ral landscapes to urban centers, deforesting hillsides, and draining
wetlands, humans reduce the capacity of ecosystems and soils to
absorb excess water and to evaporate or transpire water back into
the atmosphere, creating conditions that promote increased run-
off and flooding.

There are, then, potentially costly consequences of upstream
anthropogenic activities on hydrological function that place
downstream populations at risk, sometimes affecting other na-
tions, as in the case of more than 250 international river basins
(Wolf et al. 1999). Douglas et al. (2005) reported on a simulation
study suggesting that, in aggregate, a 32% conversion of forests to
agriculture across the pan-tropics has led to a mean increase in
annual basin yields of approximately 10%, with a concomitant rise
in seasonal high flows. More than 800 million people live along
floodplains in river basins containing some amount of tropical
forest, and if the most threatened of the existing forests are con-
verted to agriculture in the future, approximately 80 million of
them could be at risk from the hydrologic impacts associated with
these land conversions. Costa et al. (2003) present empirical evi-
dence that large-scale savanna clearance in the Tocantins basin in
Brazil (175,000 square kilometers) has been associated with in-
creases of 24% in mean annual and 28% in wet season flows, inde-
pendent of climate variations.

Nevertheless, there is some agreement that the most cata-
strophic floods in large basins result from storms so large and per-
sistent that peak flows are unaffected by land cover (Calder 1999;
Bruijnzeel 2004). Further, the proclivities of particular regions to
landslides, soil erosion, and debris flows, as in the Himalayas, con-
stitute the dominant source of risk (Gilmour et al. 1987; Hamilton
1987; Gardner 2002). Thus the costs and benefits of designing
interventions to mitigate floods have their limits, and there may
be little opportunity to escape potential vulnerabilities to flood-
ing, given current patterns of human settlement in high-risk areas.

These findings should not suggest abandonment of good land
stewardship, which yields fundamental benefits in sustaining eco-
system services. But they do argue for clearly identifying the
source areas of hazard and designing response strategies to protect
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life and property. Even when specific and well-established policy
goals for watershed protection are formulated, stakeholder inter-
ests and sustainable funding issues add to the challenge of designing
effective upstream-downstream management strategies (Pagiola
2002).

Further information on the impact of natural hazards, includ-
ing floods, on human well-being can be found in Chapter 16.

7.4.5 Consequences of Poor Water Quality on
Human Health

Water is an essential resource for sustaining human health, and
there is a basic per capita daily water requirement of 20 to 40
liters of water free from harmful contaminants and pathogens for
the purposes of drinking and sanitation, which rises to 50 liters
when bathing and kitchen needs are considered (Gleick 1996,
1998, 1999). Yet billions of people lack the services to meet this
need, as documented earlier. Water-related diseases include four
major classes: waterborne, water-washed, water-based, and
water-related vector-borne infections (Bradley 1977). Threats to
health also arise from chemical pollution.

7.4.5.1 Water-Related Diseases

As a whole, water-related diseases are a leading cause of morbidity
and mortality in many parts of the developing world, with esti-
mates ranging from 2 million to 12 million deaths per year (Gleick
2002), although monitoring and reporting remain poor in many
countries. (See Table 7.10.) UN/WWAP (2003) reports 3.2 mil-
lion deaths each year from water-related infectious disease, or
about 6% of all deaths. The lack of access to safe water and to
basic sanitary conditions also translates into the annual loss of 1.7
million lives and at least 50 million disability-adjusted life years.
(The DALY is a summary measure of population health, calcu-
lated as the sum of years lost due to premature mortality and the
healthy years lost due to disability for incident cases of the ill
health condition. The DALY is not only an effectiveness indicator

Table 7.10. Selected Water-Related Diseases. Approximate yearly number of cases, mortality, and disability-adjusted life years. The DALY
is a summary measure of population health, calculated as the sum of years lost due to premature mortality and the healthy years lost due to
disability for incident cases of the ill-health condition. (WHO 2001, 2004)

Disease Number of Cases
Disability- Adjusted 

Life Years
Estimated
Mortality Relationship to Freshwater Services

(thousand DALYs) (thousand)

Diarrhea 4 billion 55,000a 1,700a water contaminated by human feces

Malaria 300–500 million 46,500 1,300 transmitted by Anopheles mosquitoes

Schistosomiasis 200 million 1,700 15 transmitted by aquatic mollusks

Dengue and dengue 
hemorrhagic fever

50–100 million dengue;
500,000 DHF

616 19 transmitted by Aedes mosquitoes

Onchocerciasis 
(river blindness)

18 million 484 0 transmitted by black fly

Typhoid and 
paratyphoid fevers

17 million contaminated water, food; flooding

Trachoma 150 million, 6 million blind 2,300 0 lack of basic hygiene

Cholera 140,000–184,000b 5–28b water and food contaminated by human feces

Dracunculiasis 
(Guinea worm disease)

96,000 contaminated water

a Specifically attributable to unsafe water, sanitation, and hygiene from WHO (2002).
b The upper part of the range refers specifically to 2001 as reported in UN/WWAP 2003.
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in the economic evaluation of different intervention options but
also a reflection of the impact of ill health on the income-generating
capacity of the poor.)

The first three categories of water-related diseases are most
clearly associated with lack of access to improved sources of
drinking water, and in turn to ecosystem condition. Improved
sanitation through the safe disposal of human waste is a major
development objective that improves the health of those served
directly by separating drinking water from wastewater. In devel-
oping countries, however, 90–95% of all sewage and 70% of in-
dustrial wastes are dumped untreated into surface waters (UNFPA
2001), placing both downstream populations as well as ecosystem
functions at risk. (See Chapter 15.) The fourth category of water-
related disease is associated with ecological conditions that favor
disease vector breeding. These may be natural (such as those sup-
porting malaria transmission by Anopheles gambiae mosquito across
large parts of Africa south of the Sahara) or anthropogenic,
through improperly planned irrigation systems, dams, and urban
water systems. (See Chapter 14.)

Waterborne diseases are caused by consumption of water con-
taminated by human or animal waste and containing pathogenic
parasites, bacteria, or viruses. They include the diverse group of
diarrheal diseases as well as cholera, typhoid, and amoebic dysen-
tery. These diseases occur where there is a lack of access to safe
drinking water for basic hygiene, and most could be prevented by
treating water before use. The World Health Organization esti-
mates that there are 4 billion cases of diarrhea each year in addi-
tion to millions of other cases of illness associated with lack of
access to safe water (WHO/UNICEF 2000). This translates into
1.7 million deaths per year, mostly among children under the age
of five (WHO 2004). Morbidity and mortality from microbial
contamination are orders of magnitude greater in developing
countries than in the industrial world.

Water-washed diseases are caused by poor personal hygiene
and skin or eye contact with contaminated water; their incidence
is associated with the lack of access to basic sanitation and suffi-
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cient water for effective hygiene (Bradley 1977; Gleick 2002; Jen-
sen et al. 2004). These include scabies, trachoma, and flea, lice,
and tick-borne diseases. Trachoma alone is estimated to cause
blindness in 6 million people (WHO/UNICEF 2000). In addi-
tion, the transmission of intestinal helminths (Ascaris, Trichuris,
and hookworm) is linked to a lack of sanitation facilities and is
estimated to account for a global annual loss of over 2 million
DALYs.

Water-based diseases are those caused by aquatic organisms
that spend part of their life cycle in the water and another part as
parasites of animals. As parasites, they usually take the form of
worms, using intermediate animal vectors such as snails to thrive,
and then directly infecting humans either by boring through the
skin or by being swallowed. They include Guinea worm infec-
tion, schistosomiasis (bilharzia), and a few other helminths (certain
liver flukes of local importance in Southeast Asia, for instance,
such as Opisthorchis viverrini) that infect humans through either
direct contact with contaminated water or the consumption of
uncooked aquatic organisms.

Although these diseases are not usually fatal, they prevent peo-
ple from living normal lives and impair their ability to work. For
instance, 200 million people worldwide are infected with schisto-
somiasis, of which 20 million suffer severe consequences, with an
estimated global annual burden of 1.7 million DALYs (WHO
2004). The prevalence of water-based diseases often increases
where dams are constructed, because stagnant water is the pre-
ferred habitat for aquatic snails, their most important intermediary
hosts. For instance, the Akosombo Dam in Ghana, the Aswan
High Dam on the Nile in Egypt, and the Diamma Dam at the
mouth of the Senegal river have resulted in huge increases of local
schistosomiasis prevalence. (See also Chapter 14.)

Water-related vector-borne diseases are caused by parasites
that require a vector (such as insects) to develop and transmit the
disease to humans. For example, Anopheles mosquitoes are the
vectors for a protozoan parasite (Plasmodium) that causes malaria.
These diseases are strongly ecosystem-linked, in contrast to the
other three categories of water-related diseases, where water qual-
ity (and to some extent quantity) is the key determinant. Their
distribution reflects the distribution of ecosystems suited to the
propagation of the vectors.

Vector species, moreover, are highly diverse, so that detailed
ecological requirements differ over wide ranges. Anopheline
mosquitoes—vectors of malaria (1.3 million deaths a year and an
annual burden of over 46 million DALYs), for example—breed in
different types of freshwater ecosystems and brackish water coastal
lagoons. Aedes, vectors of dengue and yellow fever, originally
breeding in leaf axils of bromeliads, are cosmopolitan in human
settlement areas, where they breed in small water pools. Urban
filariasis vectors (Culex ssp.) breed in organically polluted water.
And the blackfly vectors of onchocerciasis breed in oxygenated
waters of rapids.

These vector-borne diseases are not typically associated with
lack of access to safe drinking water but rather with water man-
agement practices in tropical and sub-tropical regions of the
world. Several parasitic diseases endemic of tropical regions, such
as Rift Valley Fever and Japanese encephalitis, spread easily with
the presence of reservoirs, irrigation ditches and canals, and rice
fields (WCD 2000). (See Chapter 14.) In all, more than 30 dis-
eases have been linked to irrigation and paddy agriculture (WRI
et al. 1998). Consequently, improved water management, drain-
age, and storage practices can help reduce the transmission risk,
particularly in areas where anthropogenic conditions have led to
the introduction of these diseases.
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7.4.5.2 Chemical Pollution

Another set of diseases affecting industrial and developing nations
alike arises in response to chemical pollution of water by heavy
metals, toxic substances, and long-lived synthetic compounds.
While evidence of the long-term impacts of chemical pollution
can be detected even in the remote Arctic (AMAP 2002), the
impacts on poor populations in developing countries are difficult
to identify, given the lack of reliable and comprehensive records.
However, exposure to chemical agents in water has been related
to a range of chronic diseases, including cancer, lung damage,
and birth defects. Many such diseases develop over several years,
making the links between cause and effect difficult to establish.
On a global scale, the burden of disease from chemical pollution
is much lower than from microbial contamination and parasitic
diseases, but in some highly polluted regions these risks can be
substantial (WRI et al. 1998). Exposure to chemical pollutants
can also compromise the immune system, rendering people more
susceptible to microbial and viral infections. The cumulative and
synergetic effects of long-term exposure to a variety of chemicals,
especially at low concentrations, cannot be well quantified at
present.

Naturally occurring inorganic pollutants constitute a class of
chemical pollution with serious long-term health effects. Arsenic,
which occurs naturally in some soils, for example, can become
toxic when exposed to the atmosphere, as seen in areas with high
water abstraction from underground aquifers (WRI et al. 1998).
Arsenicosis is the result of arsenic poisoning from drinking arsenic-
rich water over long periods of time and is a great concern in
many countries, including Argentina, Bangladesh, China, India,
Mexico, Thailand, and the United States (Bonvallot 2003). WHO
estimated in 2001 that in Bangladesh alone, 35–77 million peo-
ple—close to half the population—were exposed to drinking
water from deep wells contaminated with high levels of arsenic
(5–50 times the limit of 0.01 milligrams per liter recommended
by WHO) (Bonvallot 2003). Arsenic is a carcinogen linked to
skin, lung, and kidney cancer, although these diseases can go un-
detected for decades (WRI et al. 1998). In other parts of the
world, high fluoride concentrations in drinking water have re-
sulted in long-term effects that weaken the skeleton.

Chronic effects also arise from anthropogenic pollutants such
as discharge from mining operations, pesticide runoff, and indus-
trial sources. Long-term lead poisoning from old water pipes, for
example, can cause significant neurological impairment (WRI et
al. 1998). Mercury contamination can also originate from indus-
trial discharge and runoff from mining activities, accumulating in
animal tissue, particularly fish (WCD 2000).

Nutrient runoff is another concern from the standpoint of
human health, especially in light of pandemic increase in loadings
to inland water ecosystems, for example, of nitrogen (described
earlier; see also Chapters 12 and 20). Although there is no global
assessment of how many water bodies exceed the WHO guide-
lines on nitrate levels, most countries report that nitrates are one
of the most common contaminants found in drinking water
(WRI et al. 1998). Coastal and inland waters in regions with high
levels of eutrophication have been observed to often propagate
toxic algal blooms (toxic cyanobacteria) that can cause chronic
disease. (See Chapter 19.) In China, for instance, the presence of
cyanobacterial toxins in drinking water has been associated with
elevated levels of liver cancer (WCD 2000). Excess nitrate in
drinking water has also been linked to methaemoglobin anemia
in infants, the ‘‘blue baby’’ syndrome (WRI et al. 1998).

Discharge from aquaculture facilities can also be loaded with
pollutants, including high levels of nutrients from uneaten fish
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feed and fish waste, antibiotic drugs, and other chemicals, includ-
ing disinfectants such as chlorine and formaline, antifoulants such
as tributyltin, and inorganic fertilizers such as ammonium phos-
phate and urea (GESAMP 1997). These chemicals can signifi-
cantly degrade the surrounding environment, particularly local
waterways (GLFC 1999). The use of antibiotics and other syn-
thetic drugs in aquaculture can also have serious health effects on
people and ecosystems more broadly. The antibiotic chloram-
phenicol, for example, can cause human aplastic anaemia, a seri-
ous blood disorder that is usually fatal. While many countries have
banned the use of chloramphenicol in food production, the level
of enforcement varies considerably (GESAMP 1997; Health Can-
ada 2004). A further risk from antibiotic use is the spread of anti-
biotic resistance in both human and fish pathogens. The U.S.
Center for Disease Control and Prevention reported that certain
antibiotic resistance genes in Salmonella might have emerged fol-
lowing antibiotic use in Asian aquaculture (Angulo 1999 as cited
in Goldburg et al. 2001).

There is also evidence from studies on wildlife that humans
may be at risk from persistent organic pollutants and residual ma-
terial that has the ability to mimic or block the natural functioning
of hormones, interfering with natural physiological processes, in-
cluding normal sexual development (WRI et al. 1998). Certain
chemicals such as PCBs, DDT, dioxins, and at least 80 pesticides
are regarded as ‘‘endocrine disrupters,’’ chemicals that may inter-
fere with normal human physiology, undermining disease resis-
tance and affecting reproductive health (WRI et al. 1998).

Finally, pharmaceutical products excreted by livestock or hu-
mans comprise a set of ‘‘emerging contaminants,’’ whose impacts
on human well-being, ecosystems, and species are not yet under-
stood. These contaminants are hard to detect with current tech-
nologies, but their impact on wildlife are already observed in
some parts of the world. In the United States, the first nationwide
survey conducted in 1999 and 2000 found hormones in 37% of
the streams surveyed and caffeine in more than half (Kolpin et al.
2002). Just recently, 42% of the sampled male bass in a relatively
pristine stretch of the Potomac River in the United States were
found to be producing eggs. The exact cause is still unknown, but
it is hypothesized that it could be caused by chicken estrogen left
over in poultry manure or perhaps human hormones discharged
into the river with processed sewage.

7.4.5.3 Sanitation and Provision of Clean Water: Challenges for
the Twenty-first Century

Providing ‘‘improved’’ clean water supply and sanitation to large
parts of the human population remains a challenge (WHO/UNI-
CEF 2004; United Nations Statistics Division 2004). (See Box 7.5
for definitions of improvement.) The most recently completed
and comprehensive assessment of improved water and sanitation
(WHO/UNICEF 2004) concluded that 1.1 billion people around
the world still lack access to improved water supply and more
than 2.6 billion lack access to improved sanitation, with strong
geographic variations. (See Table 7.11 and Figures 7.13 and 7.14
in Appendix A.) Asia contains two thirds of all people who lack
access to improved drinking water and three quarters of those
who lack access to improved sanitation. Africa is next most prom-
inent in terms of numbers still awaiting improvements in supply
and sanitation. Other continents show much smaller numbers but
may have relatively low rates of service, as in Oceania, with less
than 50% served for both supply and sanitation.

There has been progressive improvement in the provision of
sanitation since 1990 (see Table 7.12), recently prompted by the
ambitious target for sanitation of the MDG environmental sus-
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BOX 7.5

Defining Improved Water Supply and Sanitation

‘‘Improved’’ water supply includes household connections, public
standpipes, boreholes, protected dug wells, protected springs, and
rainwater harvesting systems, but it does not include protected rivers or
ponds, unprotected wells or springs, and unmonitored vendor-provided
water (bottled water is not considered improved due to quantity limits
arising from its high expense).

‘‘Improved’’ sanitation technologies include connections to a public
sewer, connections to a septic system, pour-flush latrines, simple pit
latrines, and ventilated improved pit latrines. Excreta disposal systems
are considered adequate if they are private or shared (but not public)
and if they hygienically separate human excreta from human contact.
‘‘Not improved’’ sanitation systems are service or bucket latrines
(where excreta are manually removed), public latrines, or open pit la-
trines.

tainability goal—namely, to halve by 2015 the proportion of peo-
ple lacking such service in 1990. Worldwide, the goal was set to
move coverage from 49% to 75%, and progress is nearly on track
with the interim target for 2002 of 62% nearly attained. Of the
nine regions analyzed, however, only four are on track or nearly,
while five are behind schedule. The greatest challenge remains
sub-Saharan Africa, which met only 4% of a targeted 17% im-
provement by 2002. Western Asia and Eurasia are less off their
targets but have not moved forward. Overall, improvements in
sanitation in rural areas have been significantly less than in urban
areas, and there has even been a decline in the provision of sanita-
tion in rural areas of Oceania and the former Soviet Union
(WHO/UNICEF 2004).

The rapid and disorganized growth in cities and peri-urban
areas in developing countries is likely to hinder progress toward
improved water delivery and sanitation systems. In 2000 alone,
16 cities around the world became megacities, with more than 10
million inhabitants each, housing 4% of the world’s population
(United Nations 2002). Most of these megacities fall within re-
gions already suffering from water stress (UN/WWAP 2003). In
Africa, Asia, and Latin America, 25–50% of the population live in
informal or illegal settlements around urban centers where no
public services and no effective regulation of pollution and eco-
system degradation are available (UN-HABITAT 2003). Half of
the urban population in Africa, Asia, and Latin America and the
Caribbean suffers from one or more diseases associated with inad-
equate water and sanitation (UN/WWAP 2003).

Even if government or municipal authorities were inclined to
expand water and sanitation services to informal urban settle-
ments, the lack of formal land ownership, plot designation, and
infrastructure make this very difficult and unlikely. In many coun-
tries, water and sanitation authorities are only allowed to provide
services and connect households to the water grid if proof of land-
ownership is provided (UN-HABITAT 2003). These problems
are in addition to the basic inability of slum dwellers to pay for
connection charges and monthly fees without subsidies. With
urban populations expected to encompass 80% of the world’s
population by 2030 (UNPD 1999), the supply of water and sani-
tation to city dwellers is set to become one of the greatest chal-
lenges to development.

7.5 Trade-offs in the Contemporary Use of
Freshwater Resources
This chapter has provided an assessment of the recent history and
contemporary state of global freshwater provisioning services. It
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Table 7.11. Access to Clean Water and Sanitation (WHO/UNICEF 2004)

Geographic Regiona

Population Unserved 
by Improved Drinking 

Water Supply 
Unserved by Clean

Drinking Water Supply 
Population Unserved by

Improved Sanitation 
Unserved by 

Improved Sanitation

(million) (percent of region’s population) (million) (percent of region’s population)

Africa
North
Sub-Saharan

14
288

10
42

40
438

27
64

Asia
Western
South
Southeast
Eastern

22
237
112
302

12
16
21
22

39
933
209
756

21
63
39
55

Latin America and 
the Caribbean 

59 11 134 25

Eurasia 20 7 48 17

Oceania 4 48 4 45

World Total 1,060 17 2,600 42
a According to WHO/UNICEF definition; does not correspond fully to MA reporting units.

Table 7.12. Regional Progress toward the MDG Sanitation Goal (WHO/UNICEF 2004)

Geographic Region a Coverage in 1990 Coverage in 2002 
Coverage Needed in 2002

to Remain on Track 
Coverage Needed by 2015

to Achieve MDG Target 
(percent)

Regions on track
Eastern Asia
Southeast Asia

24
48

45
61

43
61

62
74

Regions nearly on track
North Africa
Latin America and the Caribbean

65
69

73
75

74
77

82
84

Regions not on track
South Asia
Sub-Saharan Africa 
West Asia
Eurasia
Oceania

20
32
79
84
58

37
36
79
83
55

40
49
84
88
68

60
66
90
92
79

World Total 49 58 62 75

a According to WHO/UNICEF definition; does not correspond fully to MA reporting units.

has documented a growing dependence of human well-being on
fresh water, which in turn has promoted a variety of engineering
strategies aimed at delivering reliable freshwater supplies. So ef-
fective has been the ability of water management to influence the
state of this resource that anthropogenic impacts are now evident
across the global water cycle. Much of the human influence is
negative due to overuse and poor management, which has re-
sulted in human-induced water scarcity, widespread pollution,
and habitat and biodiversity loss. The capacity of ecosystems to
sustain freshwater provisioning services thus has been greatly
compromised throughout much of the world and may continue
to remain so if historic patterns of managed use persist.

Sector-specific decisions often drive the nature of human inter-
actions with water, with often unintended or purposefully ignored
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externalities on ecosystems. There is no shortage of examples. Flow
stabilization optimizing hydroelectricity can severely fragment and
degrade aquatic habitats and lead to losses of economically important
fisheries. Industrial development with poor effluent management
can result in severe pollution, leading to the loss of aquatic ecosystem
function and biodiversity. Connecting urban dwellers to water sup-
ply and sewerage systems without due attention to water treatment,
as has been commonplace, results in the release of toxic compounds
and waterborne diseases that affect downstream water users. In arid
and semiarid regions, decisions to promote national food self-
sufficiency can translate into great risk to downstream populations
and costly infrastructure, as rivers that normally carry water and
sediments nourishing coastal lands and floodplains are diverted
onto croplands or stabilized behind dams.
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Trade-offs are thus an unavoidable component of human-
freshwater interactions. Trade-offs are also inevitable in meeting
Millennium Development Goals and other international commit-
ments. To demonstrate this, a heuristic analysis is presented here
to explore how emphasis on a particular objective could influence
the capacity to attain others. The analysis uses the contemporary
setting as its starting point, which is then tracked with respect to
the impact of five specific interventions. These correspond directly
to major objectives embodied in the Kyoto Protocol (carbon mit-
igation), the MDGs (poverty alleviation, hunger reduction, im-
proved water services), and the Conventions on Biological
Diversity and Wetlands (pragmatic ecosystem maintenance ap-
plied to inland and coastal ecosystems).

A non-intervention case (current trends) is also considered,
analyzing the implications of allowing contemporary trends to
continue. A time frame of approximately 10–15 years is consid-
ered, allowing sufficient time for general patterns to emerge. This
time frame also is associated with the first targets of the MDGs.

The interventions and their impacts are specifically viewed
through the lens of freshwater services and ecosystem mainte-
nance. Thus, for carbon mitigation the positive impacts of ex-
panding hydropower to reduce carbon emissions are considered,
together with the negative impacts of flow fragmentation that
compromises the normal functions of inland freshwater and
coastal ecosystems. To maximize relevancy to the international
development agenda, the findings refer to poor countries alone.
The interventions and key results are summarized in Table 7.13
and Figure 7.15. In each case the contemporary baseline is the
starting point, given by the intermediate of three circles. Im-
provement is depicted by movement outward to the larger circle.
Declining condition is represented by a move inward, and no
appreciable change settles on the middle curve.

It is important to note that these experiments are not predic-
tions but instead are thematic devices to demonstrate broad-scale
effects that can be supported by findings in this chapter. Although
the details could be argued legitimately one way or another, it is
the basic character of the response that is sought. Furthermore, as
will become apparent, it is the behavior of the full set of experi-
ments rather than individual cases that becomes most instructive.

Current Trends in Figure 7.15 is the first case, representing no
meaningful change in the pace at which human development is
attained or interventions are made to reverse ongoing threats to
ecosystem services. This scenario shows direct beneficiary effects
on human well-being but also sustained and substantial declines
in the condition of aquatic ecosystems. On the positive side, there
is some alleviation of hunger through increased food production
that relies on expanded irrigation and use of agrochemicals; con-
tinued improvement to health by way of drinking water and sani-
tation access; some progress toward reducing poverty; and an
expansion of hydropower, which in some parts of the developing
world (such as South America) is already an important source of
energy, with some beneficiary effects on carbon mitigation.

At the same time, aquatic ecosystems and their biodiversity
will be increasingly degraded in this scenario due to the combined
forces of industrial, agricultural, and domestic sources of pollu-
tion, hydropower with associated flow fragmentation, and habitat
destruction. Lack of environmental regulation and enforcement
exacerbates the trend. Reduced and highly regulated water flows
in rivers continue to decrease the transport of water and sediment
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to estuaries and coastal wetlands. Food provisioning services, in
terms of natural inland and coastal fisheries, are in decline, and
freshwater provisioning will continue to be placed in jeopardy by
the dual threats of overuse and pollution.

Major supporting and regulating services also continue their
decline due to loss of ecosystem function across both inland
aquatic systems and their linked terrestrial ecosystems. Particularly
relevant to fresh water are losses in flood control (from poor land
management, erosion, loss of wetlands), in self-purification po-
tential of waterways (from chronic and acute land-based sources
of pollution), and in protection of human health (from inappro-
priate waste disposal). The links between ecosystem services and
human well-being mean that these losses of natural services could
ultimately compromise the attainment of important development
goals.

While the value of controlling greenhouse gases or instituting
the MDGs is almost universally accepted, results in Table 7.13 and
Figure 7.15 suggest that pursuing each objective in isolation of
other development goals or environmentally sound management
principles will be counterproductive. Interventions in accordance
with strategies being promoted through the Conventions on Bio-
logical Diversity and Wetlands, which stress protection and wise
use of ecosystems and their services for sustainable development,
yield several positive effects on human well-being. These im-
provements arise from a purposeful strategy of integrated environ-
mental management, which links environmental stewardship
directly to poverty alleviation, food security, and clean water tar-
gets (CBD 2004; Ramsar Convention 2004).

There is a growing recognition that maintaining biodiversity
and ecosystem integrity will require compromise and trade-offs.
A good example is the critical choice between providing water
for crop production or for healthy rivers and wetlands. In areas
where irrigation and storage reservoirs are upstream of sensitive
ecosystems, both livelihoods and environmental integrity can be
at stake. One possible strategy to accommodate potential losses in
food production and income is by managing basin-wide improve-
ments in water productivity for agriculture through new crop
breeding, innovative technologies, and water reuse strategies
(Molden 2003), all saving water and reducing the need for irriga-
tion and flow stabilization.

While only qualitative in nature, these findings clearly dem-
onstrate the consequences of optimizing one development goal or
conservation objective over others. This assessment indicates that
there would be substantial inconsistencies in the major develop-
ment and sustainability strategies should they not become better
integrated. The impacts of these conflicts on freshwater provi-
sioning services and ecosystem functioning are likely to compro-
mise the sought-after progress inherent in these same international
commitments. The conjunction of several incongruous objectives
will further exacerbate the deterioration of inland and coastal sys-
tems documented in Chapters 19 and 20.

It is very certain that the condition of inland waters and coastal
ecosystems has been compromised by the conventional sectoral
approach to water management, which, if continued, will con-
strain progress to enhance human well-being. In contrast, the
ecosystem approach, as adopted by CBD, Ramsar, FAO, and oth-
ers, shows promise for improving the future condition of water
provisioning services, specifically by balancing the objectives of
economic development, ecosystem needs, and human well-being.
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Table 7.13. Major Objectives Optimized in Experiments to Discern the Compatibility of Development Goals and International
Conventions. These objectives are considered in the context of freshwater provisioning services and protection of inland and coastal waters.
General categories of responses are given, as depicted in Figure 7.13. Positive, intermediate, and negative effects are relative to contemporary
condition. A time horizon of 10–15 years is considered.

Sectoral
Intervention

Relevant
International
Commitment Positive Effects 

Intermediate or
Small Effects Negative Effects

Current trends
(non-intervention)

some progress toward carbon mitigation,
poverty reduction, hunger alleviation, and
access to water services

persistent decline in health of
inland and coastal ecosystems
and their services (provisioning,
regulating, supporting) 

Carbon mitigation Kyoto Protocol reduced CO2 emissions through
increased reliance on hydropower
assumed to override reservoir res-
piration and methane emission;
progress on hunger reduction,
water services, poverty reduction
as under current trends

water storage for irrigation yields some
reservoir fisheries for food; urban benefits
of hydroelectricity; rural poverty alleviation
effects small in relation to current trends

waterborne disease increases in
tropical regions; dams fragment
habitat and modify fluxes of con-
stituents and water through
inland waterways; loss of inland
fisheries; erosion, nutrient imbal-
ance in coastal systems due to
upstream reservoir trapping

Hunger reduction MDG 1, 
Target 2

major beneficial effects on nutri-
tion 

well-fed populations show increased health
benefits and poverty reduction; consump-
tive losses from expanded irrigation mean
less water for hydroelectricity; little effect
on improved water/sanitation

expanded irrigation and
impoundment storage means
less available water for inland
and coastal ecosystems

Improved water
services (access 
to clean water and
sanitation)

MDG 7, 
Target 10

improved health; increased pro-
ductivity of labor reduces poverty

similar water quality as under current
trends if waste treatment assumed (not the
norm); no impact on carbon mitigation or
hunger alleviation assumed

inland and coastal pollution from
sewage, assuming no treatment

Poverty alleviation MDG 1, 
Target 1

rising standards of living;
increased availability of hydropow-
er with benefits for carbon mitiga-
tion; increased food demands and
availability

increased access to water services leads
to improved health for those served; effect
mitigated by increased pollution and water-
related diseases for remaining poor

strong impacts on natural
ecosystems from agricultural
pollution; water diversions for
crops and industrial production;
river fragmentation from dams

Pragmatic ecosys-
tem maintenance 
(inland and coastal
wetlands)

Convention on
Biological
Diversity,
Convention on
Wetlands
(Ramsar)

integrated management leads to
protection of inland/coastal
ecosystems with improved fresh-
water provision (quantity and 
quality)

land management improves carbon mitiga-
tion and crop productivity; food sources
from aquatic systems; stable water sup-
plies allow for some high-productivity irri-
gation and well-managed reservoirs (for C
mitigation as well); improved water quality
leads to better health; aggregate benefit
from all factors reduces poverty

no single objective met fully;
compromises among stakehold-
ers inherent in such a multiob-
jective framework
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Figure 7.15. Trade-off Analysis, Depicting Major Interventions and Consequences on Condition of Ecosystems and Development
Goals. Note that in the absence of integrated sustainable development and environmental protection plans, current trends and development-
related interventions may compromise ecosystem functioning. Better balanced effects are noted by instituting strategies guiding the Conven-
tion on Biological Diversity and Convention on Wetlands (Ramsar). An approach balancing ecosystem protection and economic development
could yield an aggregate net benefit to the entire suite of objectives. The contemporary starting point is the middle circle. Movement toward
the outside circle indicates improvement while movement inward depicts negative trends. See text and Table 7.13 for further interpretation.
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Margat, J. 1990b: Les Gisement d’Eau Souterraine, La Recherche, 221.
McCabe, G. J. and D.M. Wolock, 2002: Trends and temperature sensitivity of

moisture conditions in the conterminous United States, Climate Research,
20(1), pp. 19–29.

McCully, P., 1996: Silenced Rivers: The Ecology and Politics of Large Dams, Zed
Books, London, UK.
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mountains and other relief classes: An application to global continental water
resources and population distribution, Mountain Research and Development, 21,
pp. 34–45.

Meybeck, M., 2003: Global analysis of river systems: From Earth system con-
trols to Anthropocene syndromes, Philosophical Transactions of the Royal Society
Of London Series B, ?DOI 10.1098/rstb.2003, pp. 1379.

Meybeck, M., P. Green, and C.J. Vörösmarty, 2001: A new typology for
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Main Messages

Despite the fact that food production per capita has been increasing
globally, major distributional inequalities exist. Global food production has
increased by 168% over the past 42 years. The production of cereals has
increased by about 130%, but that is now growing more slowly. Nevertheless,
an estimated 852 million people were undernourished in 2000–02, up 37 mil-
lion from the period 1997–99. Of this total, nearly 96% live in developing
countries. Sub-Saharan Africa, the region with the largest share of undernour-
ished people, is also the region where per capita food production has lagged
the most.

Rising incomes, urbanization, and shifting consumption patterns have
increased per capita food consumption in most areas of the world. Food
preferences, including those arising from cultural differences, are important
drivers of food provision. As incomes have increased in regions such as East
and Southeast Asia, so has demand for high-value products such as livestock
and fish, but cereals are likely to remain the major single component of global
diets and to occupy the predominant share of cultivated land.

A diverse diet, with sufficient protein, oils and fats, micronutrients, and
other dietary factors is as important for well-being as access to and con-
sumption of sufficient calories. Average daily energy (calorific) intake has
declined recently in the poorest countries. Inadequate energy intake is exacer-
bated by the fact that poor people tend to have low-quality diets. The world’s
poorest rely on starchy staples for energy, which leads to significant protein,
vitamin, and mineral deficiencies. Overconsumption is also a health problem.
Nutritional status and children’s growth rates improve with consumption of
greater food diversity, particularly of fruits and vegetables.

A global epidemic of diet-related obesity and noncommunicable disease
is emerging as increasingly urbanized people adopt diets that are higher
in energy and lower in diversity in fruits and vegetables than traditional
diets (known as the nutrition transition). Many countries now face the double
burden of diet-related disease: the simultaneous challenges of significant inci-
dence of acute, communicable diseases in undernourished populations and
increasing incidence of chronic diseases associated with the overweight and
obese.

An increasing number of people everywhere suffer from diseases caused
by contaminated food. As the world eats more perishable foods such as
meat, milk, fish, and eggs, the risk of food-borne illnesses is increasing. The
relative health risks from food vary by climate, diet, income, and public infra-
structure. Food of animal origin poses health risks particularly when it is im-
properly prepared or inadequately refrigerated. Microbial contamination is of
special concern in developing countries. Non-microbial contaminants include
metals and persistent organic pollutants. Other growing health concerns re-
lated to food production are diseases passed from animals to humans (zoono-
ses), toxin-containing animal wastes, and overuse of antibiotics in livestock
production that may cause allergies or render human antibiotics less effective.

Local food production is critical to eliminating hunger and promoting
rural development in areas where the poor do not have the capacity to
purchase food from elsewhere. The number of food-insecure people is grow-
ing fastest in developing regions, where underdeveloped market infrastructures
and limited access to resources prevent food needs from being satisfied by
international trade alone. In these areas, local food production is critical to
eliminating hunger and providing insurance against rising food prices. In addi-
tion, rural households gain income and employment from engaging in food
provision enterprises. In sub-Saharan Africa, two thirds of the population relies
on agriculture or agriculture-related activities for their livelihoods.
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Maintaining a focus on raising the productivity of food production sys-
tems continues to be a priority for both global food security and environ-
mental sustainability. While major cereal staples are likely to continue as the
foundation of the human food supply, some doubts are being raised about our
ability to reproduce past yield growth in the future—especially with regard to
sustaining rates of yield growth in high-productivity systems that are already
producing near the yield potential threshold, as well as in terms of the availabil-
ity of land that is suitable for sustaining expanded food output needs.

Government policies are significant drivers of food production and con-
sumption patterns, both locally and globally. Investments in rural roads,
irrigation, credit systems, and agricultural research and extension serve to
stimulate food production. Improved access to input and export markets boosts
productivity. Opportunities to gain access to international markets are condi-
tioned by international trade and food safety regulations and by a variety of
tariff and non-tariff barriers. Selective production and export subsidies, includ-
ing those embodied in the European Union’s Common Agricultural Policy and
the U.S. Farm Bill, stimulate overproduction of many food crops. This in turn
translates into relatively cheap food exports that benefit international consum-
ers at the expense of domestic taxpayers and has often undermined the ability
of food producers in many poorer countries to enter international food markets.

The accelerating demand for livestock products is increasingly being met
by intensive (industrial or so-called landless) production systems, espe-
cially for chicken and pigs, and especially in Asia. These systems have contrib-
uted to large increases in production: over the last decade, bovine and ovine
meat production increased by about 40%, pig meat production rose by nearly
60%, and poultry meat production doubled. However, intensified livestock pro-
duction poses serious waste problems and puts increased pressure on culti-
vated systems to provide feed inputs, with consequent increased demand for
water and nitrogen fertilizer.

Per capita consumption of fish is increasing, but this growth is unsus-
tainable with current practices. Total fish consumption has declined some-
what in industrial countries, while it has doubled in the developing world since
1973. Demand has increased without corresponding increases in supply pro-
ductivity, leading to increases in the real prices of most fresh and frozen fish
products at the global level. Pressure on marine ecosystems is increasing to
the point where a number of targeted stocks in all oceans are near or exceed-
ing their maximum sustainable levels of exploitation, and world fish catches
have been declining since the late 1980s due to overexploitation. Inland water
fisheries in the developing world are expanding slowly and will remain an
important source of high-quality food for many of the world’s poor, particularly
in Africa and Asia; however, habitat modifications and water abstraction
threaten the continued supply of freshwater fish. For the world as a whole,
increases in the volume of fish consumed are made possible by aquaculture,
which in 2002 is estimated to have contributed 27% of all fish harvested and
40% of the total amount of fish products consumed as food. Future growth of
aquaculture will be constrained by development costs and by fishmeal and oil
supplies, which are increasingly scarce.

Wild foods are locally important in many developing countries, often brid-
ging the hunger gap created by stresses such as droughts and civil un-
rest. In addition to fish, wild plants and animals are important sources of
nutrition in some diets, and some wild foods have significant economic value.
In most cases, however, wild foods are excluded from economic analysis of
natural resource systems as well as official statistics, so the full extent of their
importance is improperly understood. In some cases, plants and animals are
under pressure from unsustainable levels of harvesting, and there is a local
need for conservation of wild food resources to satisfy the nutritional needs of
those who do not have access to agricultural land or resources.
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8.1 Introduction
The initial use and subsequent transformation of ecosystems for
the purpose of meeting human food needs has been a vital, long-
standing, and, for the most part, fruitful dimension of the human
experience. The provision, preparation, and consumption of food
are daily activities that for most societies represent an important
part of their identity and culture. But while human ingenuity
has transformed the specter of global famine into an unparalleled
abundance of food, there are still too many people in the world
for whom an adequate, safe, nutritious diet remains an illusion.

Before dealing squarely with the remaining inequities in food
distribution and access, as well as the environmental damage often
associated with the provision of food, the first and foremost fact
is that our ability to provide sufficient food and to do so in in-
creasingly cost-effective ways has been a major human and hu-
manitarian achievement. It is all the more remarkable given that
the past 50 years have seen the global population double, adding
more mouths to be fed than existed on the planet in 1950. And
according to most projections, it appears likely that growing food
needs can be met in the foreseeable future, notwithstanding a
growing list of technological, distributional, food safety, and
health issues that require serious attention and action (Bruinsma
2003; Runge et al. 2003).

Figure 8.1 illustrates the trend in a number of key indicators
of food provision. The most significant trend is the growth in
food output from 1961 to 2003, increasing by over 160%, or 1.7%
per year. As a consequence, average food production per capita
also increased by around 25% during the period. Fueling this out-
put growth in many parts of the world were long-term invest-
ments in the generation and distribution of new seeds and other
farming technologies, and in infrastructure such as irrigation sys-
tems and rural roads. This allowed farm productivity to increase
and marketing margins to decrease, reducing the price of many
foods. Figure 8.1 shows that following significant spikes in the
1970s caused primarily by oil crises, there have been persistent
and profound reductions in the price of food globally. It is well
established that past increases in food production, at progressively

Figure 8.1. Trends in Key Indicators of Food Provision, 1961–2002 (FAOSTAT 2004; IMF various; FAO 2001, 2003, 2004a; World Bank
2004) Global Production, Prices, and Undernourishment, left. Food Supply in Industrial and Developing Countries, right.
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lower unit costs, have improved the health and well-being of bil-
lions of people, particularly the poorest, who spend the largest
share of their incomes on food.

Despite rising food production and falling food prices, more
than 850 million people still suffer today from chronic under-
nourishment, and the absolute number of hungry people is rising.
In 1970 there were an estimated 959 million people suffering
from hunger, or about one quarter of the world’s population. By
1998 that number had been reduced to 815 million, but progress
has been slow. And in sub-Saharan Africa, there are now many
more hungry people than there were in 1970. There have also
been recent declines in food security in South Asia and the transi-
tion economies. In 2000–02, the total number of 852 undernour-
ished people globally was up 37 million from 1997–99. Of this
total, 815 million people were in developing countries, up by
around 38 million from the 777 million in 1997–99 (FAO 2001,
2004a). In industrial countries, approximately 1.6% of children
under five are underweight (WHO 2004d).

This chapter provides insights into the structure and distribu-
tion of food provision, with particular emphasis on the relative
contribution of various ecological systems. It examines trends in
the core food sources (crops, livestock, and fisheries), some of the
key linkages to ecosystems and ecosystem service provision, and
the drivers of those trends. Examining the drivers of change is
particularly important, since some are amenable to intervention
so as to bring about improved outcomes, particularly with regard
to greater provision of (or fewer trade-offs with) other ecosystem
services. Finally, the chapter addresses linkages between human
well-being and food access and use. The chapter does not dwell
on the important issue of the specific ways in which food is culti-
vated or harvested, and how those ways affect ecosystem capacity
and the provision of other services. These topics are the core
focus of specific systems chapters, of which cultivated systems
(Chapter 26), drylands (Chapter 22), inland waters (Chapter 20),
coastal (Chapter 19), and marine (Chapter 18) systems are the
ones most directly relevant. Key related service chapters are those
on biodiversity (Chapter 4), fresh water (Chapter 7), and nutrient
cycling (Chapter 12).
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8.2 Magnitude, Distribution, and Structure of
Food Provision
This section has two main subsections. First, a contemporary per-
spective of the structure of food provision is presented, focusing
both on major food groups and on a breakdown of food provision
by system types. An assessment of the spatial distribution of global
food production by value for crops, livestock, and fisheries is also
presented. Second, a review in more depth is provided of the
specific regional and food group trends for crops, livestock, and
fisheries.

8.2.1 Structure and Distribution of Food Provision

The overall distribution of food production by MA system type
and by major food group is presented in Table 8.1. Care must be
taken in interpreting the Table for several reasons. First, the MA
systems are neither mutually exclusive nor fully exhaustive of all
terrestrial ecosystems. For example, a single cropland area might
simultaneously be counted as belonging to several MA systems,
since it is a cultivated system in a dryland area, situated in the coastal
zone. Second, it is very difficult to obtain any reliable information
on the quantity and value of wild sources of food (apart from
commercial fisheries), even though they are extremely important
in many parts of the world.

All crop production is considered to take place in cultivated
systems. (See Chapter 26.) Dryland systems account for about
38% of total crop production, with forest and mountain ecosys-
tems each accounting for about 25%, and coastal systems around
12%. Table 8.1 shows both annual and perennial crop production,
irrigated and rain-fed production proportions, and an assessment
of the food and feed utilization of crops. On average, about 53%
of food crops find their way into food and 21% are used for feed.

Table 8.1. The Global Structure of Food Provision by Food Category and MA Ecosystem (2000 production)

Food/Feed Types
Total
Value

Share By Use Value by Selected MA System

Food Feed Dryland Forests
Cultivated
Systems Mountains Polar

Inland
Waters Coastal Marine

(percent) (billion 1989–91 dollars)

Crops Total 815 53.3 21.1 314 202 815 195 100

336 185 38 336 38

479 129 165 479 157

Annual 663 49.3 23.0 254 164 663 151

Perennial 152 95.8 2.0 60 38 152 44

Wild plants n.a.

Livestock Total 576 83.0 15.7 294 98 242 150 35

Wild meat n.a.

Fish Total 32 2 32 67 57

Wild 83.0 17.0 2 n.a. 34 57

65 100.0 32 32 33 n.a.

Aquatic
plants

Wild n.a.

Aquaculture 8 n.a. 8

Total value of food production 1,557 608 300 1,089 345 2 32 210 57

Production values derived from 2000 production estimates weighted by 1989–91 global average international dollar prices for individual products in each food type group (FAO-
STAT 2004; FAO Fishstat 2003; FAO 1997). The 1989–91 prices are the most recent set of complete and comparable prices covering all FAO crop and livestock products.
Fisheries prices based on landed values by group of species. Production values by MA system and irrigated/rain-fed split derived by authors from GIS analysis of cropland, irri-
gated area, and pasture and livestock distribution. Non-food agricultural products were excluded from the analysis. Note that total value for each food group is not the sum of
individual MA system values since MA systems overlap and not all MA systems are included in the table.
a Fisheries totals do not include wild inland water catches.
n.a. = data not available.

Irrigated

Rain-fed

Aquaculture

158a

93a
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The remaining 26% is categorized as used for seed, waste, or other
industrial processing. Only a small share of perennial crop produc-
tion is used for feed. However, a significant quantity of wild fish-
eries capture is used for feed—for aquaculture and, to a lesser
extent, livestock. Aquaculture production is roughly split evenly
between inland/fresh and coastal/brackish waters. Wild fish
catches from freshwater systems are extremely difficult to esti-
mate, as most go unreported. Some 63% of wild marine fish
catches are from marine systems and 37% from coastal systems.

Figure 8.2 (in Appendix A) shows the spatial distribution of
the total value of food production summarized in Table 8.1, indi-
cating where the major calorie and protein sources of the world
are concentrated. Figure 8.3 (in Appendix A) shows a detail for
Asia, highlighting the importance of coastal zone systems in pro-
viding high values of both marine and terrestrial food sources.
This dual pressure on coastal zones poses particular management
challenges. (See Chapter 19.)

8.2.2 Distribution of and Trends in Domesticated
and Wild Food Production

8.2.2.1 Domesticated Species
As domestication of plant and animal species favored for food
production has evolved, the species base supporting food provi-
sion has been eroded. Of the estimated 10,000–15,000 edible
plants known, only 7,000 have been used in agriculture and less
than 2% are deemed to be economically important at a national
level. Only 30 crops provide an estimated 90% of the world pop-
ulation’s calorific requirements, with wheat, rice, and maize alone
providing about half the calories consumed globally (Shand 1997;
FAO 1998; FAOSTAT 2004).

There is a large potential for the improvement and greater use
of neglected and underutilized species (FAO 1996; Naylor et al.
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2004). In addition, along with traditional crop varieties, wild rela-
tives of crop plants have been used to supply specific traits that
have been introduced into crop plants using conventional breed-
ing techniques, and, increasingly, using modern biotechnology
(FAO 1998). There is also a large potential for the domestication
and improvement of new crops, especially fruits, vegetables, and
industrial (or cash) crops (Janick and Simon 1993), but the proba-
bility of developing new major staple crops is probably rather lim-
ited (Diamond 1999). With regard to livestock, of the estimated
15,000 species of mammals and birds, only some 30–40 (0.25%)
have been used for food production, with fewer than 14 species
accounting for 90% of global livestock production.

Since the origins of agriculture, farmers—and, more recently,
professional plant and animal breeders—have developed a diverse
range of varieties and breeds that contain a high level of genetic
diversity within the major species used for food. For some crop
species, there are thousands of distinct varieties (FAO 1998). Sim-
ilarly, there are many breeds of livestock that originate from a
single species. However, as larger and larger areas are planted with
a smaller and smaller number of crop varieties, and as livestock
systems are intensified, many of these varieties and breeds are at
risk of being lost in production systems and increasingly are found
only in ex situ collections. (See Chapter 26.) For example, FAO
estimates that in Europe 50% of livestock breeds that existed 100
years ago have disappeared (Shand 1997).

Plant breeders have achieved yield increases through changing
plant physiology and number of grains; increasing the oil, protein,
and starch content of specific crops; shortening the maturity pe-
riod for annual and perennial crops; and increasing drought resis-
tance and nutrient use efficiency. Plant breeding per se has been
complemented by deliberate programs of genetic enhancement or
‘‘base broadening’’ in order to incorporate genetic variation into
plant breeders’ stocks. Generally, there has been insufficient in-
vestment in such ‘‘pre-competitive’’ crop improvement activities
(Simmonds 1993; FAO 1996; Cooper et al. 2000).

8.2.2.1.1 Crops

Over the 40 years from 1964 to 2004, the total output of crops
expanded by some 144% globally, an average increase of just over
2% per year, always keeping ahead of global population growth
rates. As shown in Table 8.2, output growth varied by region and
over the period as a whole.

Despite a resurgence of crop output in the early to mid-1990s
in response to both the decline in outputs from countries in tran-

Table 8.2. Global and Regional Growth Rates in Crop Output
(Bruinsma 2003)

Region 1969–99 1979–99 1989–99

(percent per year)

Sub-Saharan Africa 2.3 3.3 3.3

Near East/North Africa 2.9 2.9 2.6

Latin America and Caribbean 2.6 2.3 2.6

South Asia 2.8 3.0 2.4

East Asia 3.6 3.5 3.7

Developing countries 3.1 3.1 3.2

Industrial countries 1.4 1.1 1.6

Transition economies –0.6 –1.6 3.7

World 2.1 2.0 2.1

g
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sition and a surge in food prices, many middle-income and richer
countries have seen a gradual slowing down in the growth of crop
output in line with the deceleration of population growth and the
attainment of generally satisfactory levels of food intake. Deceler-
ating growth patterns in crop output have been most evident in
industrial countries and in Asia more widely.

Output in the transition economies fell by about 30% between
1990 and 1995 from its fairly stable level in the mid to late 1980s.
While output has since steadied around a lower level, a significant
drop in average food energy intake and an increase in the inci-
dence of malnutrition have been documented during the 1990s,
as described elsewhere in this chapter.

In response to growing affluence and shifting dietary patterns
that increased demand for both food and feed crops, growth of
food output in Asia has been consistently high, at 3% a year or
more since the early 1960s. The feed market is important not only
for intensive livestock production, but increasingly for aquacul-
ture, as seen in the rapid increase in soybean demand for carp
cultivation in China.

While growth in overall crop output in sub-Saharan Africa
has been relatively strong over the past two decades, beverage and
fiber crops, predominantly for export, still represent a significant
share of that production. Since food crop production has not
grown as markedly, and population growth rates remain high,
sub-Saharan Africa remains the only region in which per capita
food production has not seen any sustained increase over the last
three decades, and this has recently been in decline. In North
Africa and the Middle East, growth in crop output has been both
moderate and often erratic.

The past 40 years have also seen some considerable shifts in
crop production, driven by changes in consumption. Figure 8.4
shows the trends in crop production by major crop group on a
per capita basis. There have been four general trends exhibited by
oilcrops; fruits and vegetables; cereals and sugar crops; and roots,
tubers, and pulses.

Growth in output of oilcrops and vegetable oils between 1961
and 2001was consistently strong at just over 4% per year, largely
propelled by a rapid growth in palm oil (8.2% per year), rapeseed
oil (6.9% per year), and soybeans (4.1% per year). The principal
commodities included in this category (and their global produc-
tion quantities in million tons in 2001) include soybeans (177), oil
palm (128), coconuts (52), groundnuts (36), and rapeseed (36).
Cottonseed (37 million tons) is usually often part of this group,
but it is excluded here as it is not considered a food product.

Food use of oil and vegetable oil crops, expressed in oil equiv-
alent, grew from 6.3 kilograms per capita per year in 1964/66 to
11.4 kilograms in 1997/99. Demand has grown more in develop-
ing countries (5.0% per year) than in industrial ones (3.2%), stim-
ulated by rising incomes and urbanization that have increased
consumption of cooking oil, processed foods, and snacks. More
than for any other crop (and excluding pastures), it is the global
area expansion of oilcrops over the past 40 years that has driven
cropland expansion. (See Box 8.1.)

Fruit and vegetable production grew in line with population
during the 1960s and 1970s, when growing demand lead to in-
creased per capita output. The principal commodities in this cate-
gory, and their 2001 production in million tons, are tomatoes
(106), watermelons (81), bananas (65), cabbages (61), grapes (61),
oranges (60), apples (58), and dry onions (51). While per capita
output growth was modest during the 1980s, it accelerated during
the 1990s. Between 1961 and 2001, production of vegetables
grew from 72 kilograms per capita on average per year to 126
kilograms, and that of fruits from 56 to 77 kilograms per year.
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Figure 8.4. Aggregate Structure of Per Capita (1961–2003) and Total Food Crop Output by Group (2001–03 averages) (Calculated
from FAOSTAT 2004)

BOX 8.1

Cropland Dynamics: The Case of Oil Crops (Bruinsma 2003: 101–03)

In 1961 the harvested areas of cereals and oilcrops stood at 648 million economies. In these countries, the expansion of oilseed area (25 million
and 113 million hectares respectively. Over the past 40 years, output of hectares) substituted and compensated for part of the deep decline in the
oilcrops expanded dramatically, and by 2001 their harvested area stood area sown to cereals. But in developing countries, it seems likely that it
at 233 million hectares compared to 674 million hectares for cereals. The was predominantly new land that came under cultivation, as land under
harvested area of soybean alone expanded by some 50 million hectares. the other crops also increased.
Most of the oilcrop expansion took place in land-abundant countries (Bra- These numbers illustrate the dramatic changes in cropping patterns
zil, Argentina, Indonesia, Malaysia, the United States, and Canada). that occurred, particularly in industrial countries, as a result of policies

The big four oil crops have been responsible for a good part of the (such as EU support to oilseeds) and of changing demand patterns toward
expansion of cultivated land under all crops in developing countries and oils for food in developing countries and toward oilcakes/meals for live-
the world as a whole. In terms of harvested area, land devoted to the stock feeding everywhere. They also demonstrate that land expansion still
world’s principal crops (cereals, roots and tubers, pulses, fibers, sugar can play an important role in the growth of crop production. The 200%
crops, and oilcrops) expanded by 59 million hectares (or 6%) since the increase in oilcrop output between 1974/76 and 1997/99 in developing
mid-1970s. (Increases in harvested area arise from a physical expansion countries was brought about by a 70% (50-million-hectare) expansion of
of cultivated land, an expansion of land under multiple cropping (a hectare land under these crops at the same time as land under other crops in-
of arable land is counted as two if it is cropped twice in a year), or both. creased by an almost equal amount.
Therefore, the harvested area expansion under the different crops dis- Particularly notable is the rapid expansion of the share of oil palm
cussed here could overstate the extent to which physical area in cultiva- products (in terms of oil palm fruit) from Southeast Asia (from 40% of
tion has increased. This overstatement is likely to be more pronounced for world production in 1974/76 to 79% in 1997/99) and the dramatically
cereals (where the arable area has probably declined even in developing shrinking share from Africa (from 53 to 14%). Africa’s share in terms of
countries) than for oilcrops, as the latter include also tree crops (oil and actual production of palm oil (9% of the world total, down from 37% in the
coconut palms and olive trees).) mid-1970s) remained well below that of its share in oil palm fruit produc-

A 105-million-hectare increase in harvested area in developing coun- tion. This denotes the failure to upgrade the processing industry, but also
tries was accompanied by a 46-million-hectare decline in industrial coun- the potential offered by more-efficient processing technology to increase
tries and transition economies. The expansion of land under the big four oil output from existing oil palm areas. The contrast of these production
oil crops was 63 million hectares—that is, they accounted for all the in- shares with the shares of land area under oil palm is even starker: Africa
crease in world harvested area, and more than compensated for the dras- still accounts for 44% of the world total, three quarters of it in Nigeria.
tic declines in the area under cereals in industrial countries and transition

Cereal and sugar crop production grew at an accelerated rate
in the 1960s and 1970s, increasing their total per capita output by
around 25% by 1980. The principal cereal crops, according to
their 2001 production in million tons, are maize (615), paddy rice
(598), wheat (591), barley (114), sorghum (60), millet (29), and
oats (27).

Per capita cereal production peaked in the mid-1980s and has
been in slow decline ever since. Sugar crop production followed
broadly the same pattern as that for cereals. The per capita pro-
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duction of roots, tubers, and pulses declined by around 25% be-
tween the early 1960s and the early 1980s, with pulses declining
more rapidly at first. Since then production has roughly kept pace
with population growth.

Overall, these trends suggest that higher-value cereals, fruits,
and vegetables have tended to displace pulses and roots and tubers.

The cereal sector remains particularly important in several
ways. Cereals provide almost half of the calories consumed di-
rectly by humans globally (48% in 2001) and will continue as
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the foundation of human food supply into the foreseeable future
because of their high yields, nutrient density, and ease of cooking,
transport, and storage compared with other staples such as root
and starch crops. Cereal production accounts for almost 60% of
the world’s harvested crop area and an often disproportionately
larger share of the usage of fertilizer, water, energy, and other
agrochemical inputs. The cereal sector therefore is especially im-
portant from the perspective of ecosystem services and trade-offs
between services both locally and globally. Chapter 7 in the MA
Scenarios volume describes the technological and humanitarian
successes of the cereal-based Green Revolution, as well as the
subsequent and continuing controversy about the scale and lon-
gevity of its environmental and equity implications. At the heart
of this debate lie many questions of trade-offs among ecosystem
services and among elements of human well-being. One part of
that debate has focused on the relative economic, social, and envi-
ronmental costs of intensification versus expansion strategies for
meeting global (cereal) food needs (Evenson and Gollin 2003;
Conway 1997; Green et al. 2005) as well as on key assumptions
regarding the scientific opportunities for improving future crop
yield potential (Cassman 1999; Cassman et al. 2003).

Aggregate cereal consumption and production patterns are in-
fluenced by three major, codependent forces. The first force is a
two-stage income effect in which cereal consumption increases in
proportion with incomes as they grow from low levels, but a
reversal in this behavior (technically, a reverse in the ‘‘income
elasticity’’) is witnessed as incomes continue to rise and as basic
energy and other dietary needs are met. At this stage most con-
sumers tend to replace food staples like cereals with higher-value
foods, such as animal protein and fruits and vegetables. The sec-
ond force is urbanization, which often brings a shift in cereal pref-
erences toward wheat and rice at the same time as an overall
decline in the share of cereals in a more diverse diet. And the
third force is the increasing role of coarse grains (maize, sorghum,
millet) but also wheat and, to a lesser extent, rice as livestock feed.
These forces, all at various stages of evolution in different parts of
the world, have resulted in a net increase in per capita cereal
consumption globally from 135 to 155 kilograms per year be-
tween 1961 and 2001, even though cereals now constitute a
slightly lower proportion of total energy intake (down from 50%
to 48%).

The trends are clearer if industrial- and developing-country
groupings are distinguished. In industrial countries, per capita
consumption of cereal as food fell from 148 to 130 kilograms per
year (representing 38% and 31% respectively of dietary energy
supply), while in developing countries per capita consumption
increased from 129 to 162 kilograms per year (representing 59%
and 53% respectively of DES). (See Box 8.2 for a description of
trends in cereals for feed.)

Following a peak in food prices in 1996, there was strong
growth in crop output in 1999 in both industrial and developing
countries, but since then the general pattern of growth decelera-
tion has resumed. In industrial countries, output actually declined
in both 2001 and 2002. In the case of cereals, global output levels
have stagnated since 1996, while grain stocks have been in de-
cline. The area devoted to the major cereals has been decreasing
at about 0.3% annually since the 1980s. These trends are likely to
continue if real cereal prices continue to fall, causing farmers to
switch to more profitable crops, such as vegetables and fruits. Loss
of highly productive cereal-growing land is particularly acute in
areas of rapid urban expansion, a common feature of development
in many countries. Although there has been some cereal price
recovery since 2001, prices still stand at some 30–40% lower than
their peak in the mid-1990s (FAO 2004b).
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Growth in the yield of the major cereals has been virtually
constant for the past 35 years since the release of the first miracle
varieties of wheat and rice and of the single-cross maize hybrids.
And in many of the world’s most important cereal production
areas, there has even been a plateauing of yields in the past 15–20
years as average farm yields reached about 80–85% of the genetic
yield potential (Cassman 1999). Such stagnation is evident in key
rice-growing provinces in China, Java and other parts of Indone-
sia, Central Luzon in the Philippines, the Indian Punjab, Japan,
and South Korea (Cassman et al. 2003), as well as for irrigated
wheat in the Yaqui Valley of Mexico. However, yield growth
rates will have to increase to meet future food demand unless
more land area is devoted to cereal production. While in many
low-productivity areas there is still considerable scope (and press-
ing need) for raising yields through the use of improved technolo-
gies and management practices, in high-productivity areas future
yield growth will depend increasingly on raising genetic yield po-
tential and more fine-tuned crop and soil management practices
to allow consistent production near the yield potential ceiling.

Despite the potential contribution of genomics and molecular
biology, as well as substantial research investments to improve
photosynthesis during the 1970s and 1980s, there is as yet limited
evidence that biotechnology approaches can help raise the yield
potential ceiling. Indeed, there has been little progress toward in-
creasing maximum net assimilation rates (photosynthesis minus
respiration) in crop plants, and the determinants of yield potential
are under complex genetic control that result in trade-offs be-
tween different options for increasing seed number, seed size, par-
titioning of dry matter among different organs, crop growth
duration, and so forth (Denison 2003; Sinclair et al. 2004). Con-
sideration of these issues has led to calls for caution in projecting
forward past achievements in yield growth as a basis for assessing
future food security, as well as for greater urgency in the key
scientific challenges involved (Denison 2003; Cassman 2001).

8.2.2.1.2 Livestock

Livestock and livestock products are estimated to make up over
half of the total value of agricultural gross output in industrial
countries, and about a third of the total in developing countries,
but this latter share is rising rapidly (Bruinsma 2003). The global
importance of livestock and their products is increasing as con-
sumer demand in developing countries expands with population
growth, rising incomes, and urbanization. This rapid worldwide
growth in demand for food of animal origin, with its accompany-
ing effects on human health, livelihoods, and the environment,
has been dubbed the ‘‘Livestock Revolution’’ (Delgado et al.
1999). Livestock production has important implications for eco-
systems and ecosystem services, as it is the single largest user of
land either directly through grazing or indirectly through con-
sumption of fodder and feedgrains (Bruinsma 2003). Industrial
livestock production, the most rapidly growing means of raising
livestock, poses a range of pollution and human health problems.
(See Chapter 26.) At the same time, livestock production can
promote linkages between system components (land, crops, and
water) and enables the diversification of production resources for
poor farmers (Devendra 2000).

The overall annual growth rates for livestock product outputs
are summarized by region and by time period in Table 8.3. The
global growth rate is currently just over 2% per year and is declin-
ing over time, but this masks the true dynamics of the sector (and
highlights the potential pitfalls of interpreting global-scale data),
as there are large regional disparities. While growth rates in indus-
trial countries, where people already enjoy adequate supplies of
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BOX 8.2

The Growing Use of Crops as Feed (Delgado et al. 1999)

Crops are used both as feed inputs for intensive livestock systems and increasing demand for food crops, substantially more feed grains will have
for direct or processed sources of food. Global use of cereals as feed to be imported by developing countries in the future.
increased at only 0.7% per year between 1982 and 1994 despite rapid Alternatives to crops in the way of feed include household waste prod-
increases in meat production. Growth rate in cereal use in industrial coun- ucts and crop residues. In developing countries, household food waste,
tries was negligible, while it increased by about 4% a year in the develop- such as tuber skins, stems, and leaf tops, has traditionally been an impor-
ing countries. Despite the higher growth rate, developing countries still tant feed source for backyard monogastric production in particular. But
use less than half as much cereal for feed as industrial countries do. small-scale backyard operations are disappearing because of low returns
During the early 1990s, concentrated cereal feed provided between 59% to labor and increased competition from large-scale producers. Although
and 80% of the nutrition given to animals in the industrial world. By con- each backyard operation is small, at the aggregate level such systems act
trast, cereals accounted for only 45% of total concentrate feed in South- as major transformers of waste into meat and milk. Because large opera-
east Asia, the developing region with the most intensive use of feed tions are unlikely to find it cost-effective to collect small amounts of waste
grains. from many households, this source of animal feed may be underused in

For the world as a whole, it is estimated that 660 million tons (in 1997) industrial systems.
of mainly coarse grains, making up 35% of all cereal use, are fed to
animals. Most of these are used in the United States and other industrial Trends and Projections in the Use of Cereal as Feed. Figures are
countries. Nevertheless, increasing amounts are being fed to intensive three-year moving averages centered on year shown. The 2020
livestock in developing countries, as poultry and pig production increased. projections are from the July 2002 version of the IMPACT model. (Delgado
Over the last decade, the increase in cereal use for feed has been more et al. 2003, calculated from data in FAOSTAT 2004)
gradual than expected, partly because of a reduction in intensive livestock
production in the transition economies, partly because of high cereal
prices in the EU, and partly because of increasing efficiency of feed con-
version.

Poultry are very efficient feed converters, requiring only 2–2.5 kilograms
of feed per kilogram of meat produced and even less per kilogram of eggs.
Pigs require 2.5–4 kilograms of dry matter per kilogram of pig meat, while
concentrate-fed ruminants require much more feed per kilogram of meat.

The use of cereals as feed has been fastest in Asia, where output
growth has risen the most and land is scarce. In Other East Asia, South-
east Asia, and Sub-Saharan Africa, cereal use as feed grew faster than
meat production, indicating that those regions are intensifying their use of
feed per unit of meat output. Most of Asia, West Asia–North Africa, and
Sub-Saharan Africa lack the capacity to produce substantial amounts of
feed grain at competitive prices. The growing amounts of feed grains
imported into these regions attest to this deficiency. Given that many
developing countries cannot expand crop area, two possibilities remain:
intensification of existing land resources and importation of feed. Because
much of the gain from intensification will probably go toward meeting the

Region

Total Cereal Use as Feed

1983 1993 1997 2020
(million tons)

Chinaa 40–49 78–84 91–111 226

India 2 3 2 4

Other East Asia 3 7 8 12

Other South Asia 1 1 1 3

Southeast Asia 6 12 15 28

Latin America 40 55 58 101

Western Asia and North Africa 24 29 36 61

Sub-Saharan Africa 2 3 4 8

Developing world 128 194 235 444

Industrial world 465 442 425 511

World 592 636 660 954
a Ranges show high and low estimates based on data from various
sources.

animal protein, have remained at just over 1% for the past 30
years, growth rates in developing countries as a whole have been
high and generally accelerating. The trends in East Asia (and par-
ticularly China) are particularly strong, with livestock product
growth rates of over 7% a year over the last 30 years, albeit from
a low base. South Asia and the Middle East and North Africa have
maintained long-term growth in livestock product output of over
3% per year.

As with crops, two regions have lagged behind in livestock
production: the countries in transition and sub-Saharan Africa.
The transition economies exhibit the same pattern as for crops—
slow long-term shrinkage of output, followed by collapse in the
early 1990s. Sub-Saharan Africa, faced with the world’s highest
stresses of poverty, hunger, and population growth (see Chapters
3, 6, and 7) and with continuing insecurity, particularly in pastoral
areas within the subcontinent, has made slow progress; per capita
livestock output has hardly increased at all in the past 30 years
(Ehui et al. 2002).
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With regard to the product structure of growth, Figure 8.5
presents the trends in growth of global output for each of the
major livestock food product categories, expressed in per capita
terms. Three broad groupings of trends are shown; for poultry
meat; for pigmeat and eggs; and for bovine, mutton, and goat
meat and milk. Poultry meat production has expanded almost
ninefold, from some 2.9 to 11.2 kilograms per capita per year
between 1961 and 2001. In developing countries, this entailed a
production expansion from 1.0 to 7.7 kilograms per capita per
year as population in those countries increased from 2.1 billion to
4.8 billion. In industrial countries, the equivalent figure was from
6.7 to 24 kilograms as population increased from 980 million to
1.3 billion. This quite remarkable growth in output has been
achieved through rapid expansion of industrial (‘‘landless’’)
chicken rearing and processing facilities located in peri-urban
areas throughout the world. (See Chapter 26.) These enterprises
in turn depend on supplies of quality grain-based feedstuffs from
national or international markets.
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Table 8.3. Global and Regional Growth in Livestock Output
(Bruinsma 2003)

Region 1969–99 1979–99 1989–99

(percent per year)

Sub-Saharan Africa 2.4 2.0 2.1

Near East/North Africa 3.4 3.4 3.4

Latin America and Caribbean 3.1 3.0 3.7

South Asia 4.2 4.5 4.1

East Asia 7.2 8.0 8.2

Developing countries 4.6 5.0 5.5

Industrial countries 1.2 1.0 1.2

Transition economies –0.1 –1.8 –5.7

World 2.2 2.1 2.0

While growth in the poultry meat sector has been relatively
consistent since the early 1960s, the output of eggs and pork was
slower both in its takeoff and in its subsequent growth, with
higher and more sustained growth starting only in the early 1980s.
Per capita production of both eggs and pork almost doubled be-
tween 1961 and 2001. Total production of eggs rose from 15.1
million to 57.0 million tons, and pork from 24.7 million to 91.3
million tons. In developing countries, annual per capita produc-
tion of eggs and pork increased from 1.6 and 2.1 kilograms, re-
spectively, in 1961 to 7.0 and 11.3 kilograms in 2001. In industrial
countries, growth has been more modest, however, from 10.8 to
12.7 kilograms per capita in the case of eggs, and from 20.5 to
24.0 kilograms per capita in the case of pork during the same time
period. Pig and poultry meat each now account for about a third
of all meat produced worldwide, and more than one half of total
pig production is in China.

Growth in milk (cattle and buffalo), beef, and mutton and
goat meat production has, on the whole, kept pace with popula-
tion growth rates, and average per capita global production has
stayed relatively constant over the last 40 years. The 1961 global
production of 344 million, 29 million, and 6 million tons of milk,
beef, and mutton and goat meat, respectively, increased to 590

Figure 8.5. Aggregate Structure of Per Capita (1961–2003) and Total Livestock Output by Group (2001–03 averages) (Calculated from
FAOSTAT 2004)
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million, 59 million, and 11 million tons in 2001. Milk production
has risen faster in developing than in industrial countries, from 32
to 50 kilograms per capita per year, but still lies far below the 264
kilograms per capita per year of industrial countries. Annual per
capita production of beef increased in developing countries from
4.6 to 6.2 kilograms between 1961 and 2001, while in industrial
countries, despite the large-scale switch to poultry meat, annual
per capita beef production edged up from 19.6 kilograms in 1961
to 22.4 in 2001.

Looking back at the trends in the evolution of livestock sys-
tems, three points can be made: First, almost the entire expansion
in output from poultry and pigs, globally, and from beef and milk
cattle in industrial countries, has taken place in intensive, indus-
trial production systems. Second, while providing food in rela-
tively safe, reliable, and progressively cheaper ways, there have
been many examples in both industrial and developing countries
of a wide range of soil, water, and odor pollution problems, as
well as potential large-scale health risks from the more intensive
production of livestock. (See Chapter 26.) Third, the expansion
of extensive beef production systems, primarily in South and
Central America, has been associated with high rates of deforesta-
tion (Mahar and Schneider 1994; Kaimowitz 1996; Vosti et al.
2002).

Livestock productivity (output per head of livestock) contin-
ues to be higher in industrial than in developing countries, with
the largest difference in the case of milk production, which is
more than six times higher. In 2001, for example, milk yield was
3,075 and 480 kilograms per animal in industrial and developing
countries, respectively. In general, sub-Saharan Africa and South
Asia have the lowest output per animal compared with other parts
of the world. In sub-Saharan Africa, milk production per animal
has been declining since 1961, and in 2001, while production of
beef per animal was about 65% of the world average, production
of milk per animal was only 14% of the world average.

This low productivity level can be attributed to the types of
production systems prevailing in sub-Saharan Africa. Generally,
three phases of the income-herd relationship in smallholder pro-
ducers can be distinguished, which coincide with the process of
commercialization of the livestock sector: emergence, expansion,
and contraction. Poor farmers raise few livestock, but as develop-
ment begins to take place poor rural households are able to gradu-
ally expand their livestock holdings. The herd size gradually
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expands with further development, but there is a point of devel-
opment in many rural economies after which most farmers choose
to stop raising livestock. Beyond a certain income level, herd size
for most households falls as productivity increases, and only a few
specialized households evolve toward larger-scale commercial op-
erations (McIntire et al. 1992).

To date, overall growth in livestock production has been suf-
ficient to meet increases in demand without significant price in-
creases, and relative to the long-term downward trend in prices
for cereals, oils, and fats, the prices for livestock products have
remained relatively stable. However, there are considerable differ-
ences between continents and countries in production and con-
sumption, and international trade between surplus and deficit
producers has increased. Developing countries, as a group, have
become net importers of livestock products from industrial coun-
tries. Between 1990 and 2000, net imports of meat and milk to
developing countries grew by more than 6% a year, while net
imports of eggs declined by a little over 16%.

8.2.2.2 Wild Food Sources: Fisheries

Biodiversity provides a diverse range of edible plant and animal
species that have been and continue to be used as wild sources of
food, including plants (leafy vegetables, fruits, and nuts), fungi,
bushmeat, insects and other arthropods, and fish (including mol-
lusks and crustaceans as well as finfish) (Pimbert 1999; Koziell and
Saunders 2001). Many types of wild food remain important for
the poor and landless, especially during times of famine and inse-
curity or conflict, when normal food supply mechanisms are dis-
rupted and local or displaced populations have limited access
other forms of nutrition (Scoones et al. 1992). Even in normal
times, these wild land-based foods are often important in comple-
menting staple foods to provide a balanced diet, and plants grow-
ing as weeds may often be important in this respect (Johns and
Staphit 2004; Cromwell et al. 2001; Satheesh 2000).

About 7,000 species of plants and several hundred species of
animals have been used for human food at one time or another
(FAO 1998; Pimbert 1999). Some indigenous and traditional
communities use 200 or more species for food (Kuhnlein et al.
2001). The capacity of ecosystems to provide wild food sources is
generally declining, as natural habitats worldwide are under in-
creasing pressure and as wild plant and animal populations are
exploited for food at unsustainable levels.

This section focuses on freshwater and marine fisheries, as
they are globally significant sources of wild food, and it also covers
aquaculture.

During the past century, the production and consumption of
fish (including crustaceans and mollusks) has changed in impor-
tant ways. Three trends are notable: average per capita consump-
tion has increased steadily; the proportion of fish consumed at
considerable distances from where it is harvested is growing; and
an increasing number of fish stocks have been critically depleted
by catch rates that exceed, often considerably, any commonly un-
derstood measure of maximum sustainable yield.

During the last four decades, the per capita consumption of
fish as seafood increased from 9 to 16 kilograms per year. Table
8.4 shows fish production and utilization over the last half of the
1990s.

8.2.2.2.1 Trends in trade, commercialization, and intensification

Ninety percent of full-time fishers conduct low-intensive fishing
(a few tons per fisher per year), often in species-rich tropical wa-
ters of developing countries. Their counterparts in industrial
countries generally produce several times that quantity of fishing
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output annually, but they are much fewer, probably numbering
about 1 million in all (FAO 1999), and their numbers are declin-
ing. In industrial countries, fishing is seen as a relatively dangerous
and uncomfortable way to earn an income, so as a result fishers
from economies in transition or from developing countries are
replacing local fishers in these nations.

Nearly 40% of global fish production is traded internationally
(FAO 2002). Most of this trade flows from the developing world
to industrial countries (Kent 1987; FAO 2002). Many developing
countries are thus trading a valuable source of protein for an im-
portant source of income from foreign revenue, and fisheries ex-
ports are extremely valuable compared with other agricultural
commodities. (See Figure 8.6.)

Although fish are consumed in virtually all societies, the levels
of consumption differ markedly. Per capita consumption is gener-
ally higher in Oceania, Europe, and Asia than in the Americas
and Africa. Small island countries have high rates of consumption;
land-locked countries often low levels. Fish is eaten in almost all
social strata, due to the large variety of fish species and products
derived from them, ranging from the very exclusive and expen-
sive and rare to the cheap and currently still plentiful.

8.2.2.2.2 Overfishing and sustainability

After 50 years of particularly rapid expansion and improving tech-
nological efficiency in fisheries, the global state of the resources is
causing widespread concern. Between 1974 and 1999, the num-
ber of stocks that had been overexploited and were in need of
urgent action for rebuilding increased steadily and by 1999 stood
at 28% of the world’s stocks for which information is available.
While the percentage of overexploited stocks appears to have sta-
bilized since the late 1980s, the latest information indicates that
the number of fully exploited stocks has been increasing in recent
years while the number of underexploited stocks has been de-
creasing steadily—from an estimated 40% in 1970 to 23% in 2004.
The most recent information available from FAO suggests that
just over half of the wild marine fish stocks for which information
is available are fully or moderately exploited, and the remaining
quarter is either overexploited or significantly depleted.

The Atlantic Ocean was the first area to be fully exploited and
overfished, and fish stocks in the Pacific Ocean are almost all
currently fully exploited. There still seems to be some minor po-
tential for expansion of capture fisheries in the Indian Ocean and
the Mediterranean Sea, although this may be due to environmen-
tal changes including eutrophication. Phytoplankton plumes near
densely populated areas and riverine plumes have been associated
with higher levels of fisheries productivity (Caddy 1993).

At the beginning of the twenty-first century, the biological
capability of commercially exploited fish stocks was probably at a
historical low. FAO has reported that about half of the wild ma-
rine fish stocks for which information is available are fully ex-
ploited and offer no scope for increased catches (FAO 2002). Of
the rest, 25% are underexploited or moderately exploited and the
remaining quarter are either overexploited or significantly de-
pleted.

Although information on catches from inland fisheries is less
reliable than for marine capture fisheries, it appears that freshwater
fish stocks are recovering somewhat from depletion in the North-
ern Hemisphere, while the large freshwater lakes in Africa are
fully exploited and in parts overexploited. Some fish species ex-
hibit more dramatic threshold effects, appearing less able to re-
cover than others.

Accentuating the ecological implications of the increase in
capture fisheries production is an important trend in catch com-
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Table 8.4. World Fishery Production and Utilization, 1996–2001

Production and Utilization 1996 1997 1998 1999 2000 2001a

(million tons)
Production
Inland

Capture 7.4 87.6 8.0 8.5 8.8 8.8

Aquaculture 15.9 17.5 18.5 20.2 21.4 22.4

Total inland 23.3 25.0 26.5 28.7 30.2 31.2

Marine

Capture 86.0 86.4 79.2 84.7 86.0 82.5

Aquaculture 10.8 11.2 12.0 13.3 14.1 15.1

Total marine 96.9 97.5 91.3 98.0 100.2 97.6

Total capture 93.5 93.9 87.3 93.2 94.8 91.3

Total aquaculture 26.7 28.6 30.5 33.4 35.6 37.5

Total production 120.2 122.5 117.8 126.7 130.4 128.8

Utilization
Human consumption 88.0 90.8 92.7 94.5 96.7 99.4

Non-food uses 32.2 31.7 25.1 32.2 33.7 29.4

(kilograms)

Per capita food fish supply 15.3 15.6 15.7 15.8 16.0 16.2

a Denotes projected data (Fisheries Centers, UBC).

Figure 8.6. Developing-Country Net Exports of Fish and Se-
lected Agricultural Commodities, 1982, 1992, and 2002 (FAO
2004)

position—over the past 30 years the average trophic level of fish
landed from marine and freshwater ecosystems has declined. (See
Box 8.3.) Trophic level decline is the progressive change in catch
composition, in the case of marine systems, from a mixture of top
predatory fish such as sharks and saithe, mid-trophic level fish such
as cods and herrings, and a few lower trophic level animals such as
shrimp to a catch of a few mid-trophic species such as whiting and
haddock and many low-trophic species such as shrimp. This
change is a result of three phenomena: the expansion of fisheries
from benthic coastal production areas to the pelagic open ocean;
the expansion of fisheries from the Northern Hemisphere (domi-
nated by large shelves and bottom fish) to the Southern Hemi-
sphere (dominated by upwelling systems and pelagic fish); and
overfishing, possibly leading to a local replacement of depleted
large predators by their smaller preys. This change in catch compo-
sition is sometimes called ‘‘fishing down marine food webs.’’
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BOX 8.3

Trophic Level

One way to understand the structure of ecosystems is to arrange them
according to who eats what along a food chain. (See Figure.) Each link
along the chain is called a trophic level. Levels are numbered accord-
ing to how far particular organisms are along the chain—from the pri-
mary producers at level 1 to the top predators at the highest level.
Within marine systems, large predators such as sharks and saithe are
at a high trophic level, cod and sardines are in the middle, and shrimp
are at a low trophic level, with microscopic plants (mainly phytoplank-
ton) at the bottom sustaining marine life (Pauly et al. 2003).
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8.2.2.2.3 Freshwater fisheries and food security

Approximately 10% of wild harvested fish are caught from inland
waters, likely a smaller proportion than in the early twentieth
century. However, it is more difficult to measure freshwater fish-
eries catches than marine catches. They may be underreported by
as much as a factor of two because informal fisheries activities,
such as subsistence fisheries, are not accurately accounted for in
national statistics (Coates 1995). Fish production from inland wa-
ters is almost entirely finfish, with negligible amounts of crusta-
ceans or mollusks, except in localized areas. As shown in Figure
8.7, the mean tropic level of freshwater fisheries landings tends to
be lower than that of marine catches.

The socioeconomic value of freshwater fish catches is espe-
cially high. Freshwater fish tend to be consumed in their entirety,
with minimal wastage, providing key sources of protein for local
communities. And in addition to their nutritional value, fresh-
water fisheries provide livelihoods for low-income and resource-
poor groups. The high level of artisanal and informal activity, re-
lying on labor-intensive catching methods, contributes to food
security for vulnerable groups, including women and children.

Figure 8.7. Decline in the Trophic Level of Fishery Catch,
1970–95 (Pauly et al. 1998)

8.2.2.2.4 Aquaculture

Although aquaculture is an ancient activity, it is only during the
past 50 years that it has become a globally significant source of
food. In 2002 it contributed approximately 27% of fish harvested
and 40% (by weight) of all fish consumed as food. However, the
variety of supply from aquaculture is well below that of capture
fisheries: only five different Asian carp species account for about
35% of world aquaculture production, and inland waters currently
provide about 60% of global aquaculture outputs.

The distinction between capture fisheries and aquaculture in
fresh waters can be unclear. For example, extensive aquaculture
in China includes catches from stocked rivers and lakes (which
are substantial). While expanding aquaculture production can
take the pressure off wild fisheries resources in some cases, in
other cases the opposite is true (Naylor et al. 2000), as cultivation
of carnivorous species can require large inputs of wild fish for
feed. Overall, catches of wild fish for non-food uses are increasing
faster than catches for food.

8.3 Food Provision and Biodiversity
This section reviews some of the key impacts of the provision of
food on biodiversity. Since food provision involves the purposive
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management or exploitation of ecosystems to enhance food pro-
ductivity, there are often trade-offs involved with other ecosystem
services. In the past, when food production activities affected a
smaller share of Earth’s land and ocean bodies, and overall de-
mand for ecosystem services supported by biodiversity was less
than today, many of these trade-offs were not recognized or were
not considered to be important. Now cultivated systems account
for about 27% of the world’s land surface and for a much higher
share of habitable land (Wood et al. 2000).

The most direct impact of food provision on biodiversity has
been through habitat conversion: around 43% of tropical and sub-
tropical dry and monsoon forests and 45% of temperate broadleaf
and mixed forests globally have been converted to croplands.
Huge areas of the world are now planted to a small number of
crop species or covered by modified pastures. In addition, rapid
increases in coastal aquaculture have lead to the loss of mangrove
ecosystems. Though future rates of conversion are expected to be
much lower in absolute terms than historically, the major loca-
tions of agricultural expansion have frequently coincided with
remnants of natural habitats with high biodiversity value (Myers
et al. 2000). And the construction of roads and other infrastruc-
ture (such as irrigation canals), which are seen as key to promoting
agricultural development and meeting the Millennium Develop-
ment Goals, tends to dissect the landscape and to further limit the
movement of wildlife and the dissemination of plant species.

Second, food provision affects wild biodiversity through its
demand for inputs other than land, most notably water and nutri-
ents, and through the pollution of ecosystems with pesticides and
excess nutrients. Irrigated agriculture is a major user of fresh water
(see Chapter 7), which, together with the direct loss of wetland
habitats from conversion and the pollution of inland waters from
excess nutrients, has a major negative impact on inland water bio-
diversity. (See Chapter 20.) As a consequence, wild fish popula-
tions in inland waters can be greatly reduced, often having the
greatest negative impacts on the poor (Bene et al. 2003). Despite
increases in water use efficiency, total water demand for agricul-
ture is increasing and in many regions is projected to outstrip
sustainable supplies over the coming decades. (See Chapter 7.)

Agriculture is the major consumer of reactive nitrogen, but
only a fraction this is used in plant growth and retained in food
products. The excess leads to biodiversity loss and reduced water
quality in inland waters and coastal systems through eutrophica-
tion and to terrestrial plant diversity losses through aerial deposi-
tion. (See Chapters 12, 19, and 20.) Despite modest increases in
nitrogen use efficiency, demand for fertilizer is projected to in-
crease by 65% by 2050, leading to a doubling of current rates of
N aerial deposition and N loading in waterways (Galloway et al.
2004).

Of the pesticides in widespread use, the most important effects
on biodiversity are from persistent organic pollutants, since these
have effects on large spatial and temporal scales. (See Chapter 25.)
Many of the most persistent chemicals are being phased out
through appropriate legislation and replaced by ones with fewer
environmental impacts. However, the total use of pesticides is still
increasing, and the poor regulatory environments in many coun-
tries mean that highly toxic chemicals continue to be used un-
safely.

A third aspect of the impact of food provision on biodiversity
concerns the effects within agricultural production systems and
landscapes. Since agricultural landscapes (areas containing a sig-
nificant share of cropland and pasture) now occupy 38% of Earth’s
land area, the maintenance of biodiversity within them is an im-
portant part of any overall strategy for biodiversity conservation.
Even in relatively intensely farmed areas, cultivated crop produc-
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tion typically only covers a portion of the actual land areas, and
much of the rest of the land can serve as habitat for wild species, if
appropriately managed. However, in many agricultural landscapes
wild biodiversity appears to be declining. For example, the pan-
European bird index for farmland birds shows a declining trend
since 1980 (see Chapter 26), in contrast to the situation for overall
pan-European bird index.

One positive landscape-wide impact noted in sub-Saharan Af-
rica, South Asia, and Southeast Asia is the trend of growing more
trees in agricultural landscapes, for a wide variety of purposes.
Trees stabilize and enhance soils, contribute in themselves to bio-
diversity, but also play host to a variety of birds and insects. Man-
agement practices can have major impacts on such biodiversity
and the services that it provides for nutrient cycling, pest control,
and pollination (Chapter 26), with positive spillovers for agricul-
tural production.

The spread of invasive alien species is a fourth way that food
provision affects biodiversity. While most of the world’s major
crops species are ‘‘alien’’ in the sense that their main production
areas are outside their areas of origin (with notable exception of
rice, the world’s most important crop), none of the major crop
plants are invasive. The greatest ecological risks probably arise
from the spread of alien aquatic species. (See Chapter 20.) The
introduction of the Nile perch in Lake Victoria, for example, led
to the extinction of a large number of cichlid fish species.

Tilapia is the second most important fish species for aquacul-
ture. Like carp, tilapia is vegetarian, and therefore tilapia-based
aquaculture avoids many of the negative effects of carnivorous
species. However, escapes into surrounding freshwater ecosystems
may disrupt local species populations. Besides the direct use of
alien species for food production, trade in food products is a major
potential pathway for the introduction of pests and diseases, and
most countries have quarantine systems to address this threat
(FAO/NACA 2001).

Finally, when food provision is from wild sources, overexploi-
tation and certain fishing practices can have major impacts on
species composition. Overexploitation has been implicated as the
leading threat to the world’s marine fishes and has led to a decline
in the average trophic level of catches, as described earlier. Over-
fishing affects not only the target species but also habitats, food
webs, and non-target species. High-impact fishing (including bot-
tom trawling, long-lining, gill netting, and dynamite fishing)
causes damage to the biodiversity of sensitive habitats, such as
cold-water reefs, tropical coral reefs, and seamounts, and to mi-
gratory seabirds (Pauly et al. 1998, 2003; Jackson et al. 2001). (See
Chapter 18.)

Historically, many terrestrial species have become extinct due
to hunting, and there are currently 250 mammal species, 262 bird
species, and 79 amphibian species listed as threatened due to over-
exploitation for food (Baillie et al. 2004). In some groups of spe-
cies and in some ecosystems, overexploitation is a particularly
serious threat. In eastern and southeastern Asia, for example, al-
most all species of turtles and tortoises are in serious decline as a
result of harvesting for human consumption and medicine, mainly
in China (Baillie et al. 2004). In some cases overexploitation of
plants, particularly medicinal plants, is also threatening many pop-
ulations.

Food insecurity can have very severe consequences for local
biodiversity. Famines, conflict, civil unrest, floods, and other nat-
ural disasters can decimate local food production and break food
supply chains. In such cases, people are often forced to resort to
exploitation of local wild plant and animal sources of food, often
unsustainably.
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8.4 Drivers of Change in Food Provision
The MA defines a driver as ‘‘any natural or human-induced factor
that directly or indirectly causes a change in an ecosystem.’’ (See
Chapter 3.) In this section, that definition is limited to factors
causing change in a specific ecosystem service: food provision.

Increased understanding of the drivers of change in food pro-
vision can generate insights into potential intervention opportuni-
ties for accelerating desired change and mitigating or adapting to
less welcome trends. The discussion of drivers here is organized
around two key dimensions. The first is the distinction recog-
nized by the MA conceptual framework between indirect and
direct drivers of ecosystem change. The second is the distinction
between factors influencing food demand as opposed to those
shaping food supply.

Assessing the impact of drivers for both demand and supply is
particularly important in the case of food. The demand for food
has long since outstripped the capacity of nature to provide it
unaided, and for several millennia humans have transformed natu-
ral ecosystems for the singular purpose of obtaining more accessi-
ble, reliable, and productive sources of food to meet growing
demands (Evans 1998; Smith 1995). The factors driving these
changing demands must therefore be examined as a proper con-
text for examining drivers of change in food provision.

Emerging patterns of food consumption provide early signals
of the shifts in stresses on specific ecosystems in specific locations.
In subsistence-oriented food production systems there is strong
geographical coincidence of food consumption and ecosystem
stress. In the increasingly globalized commodity trade and food
industry sectors, the consumption-driven footprint of production
on ecosystems might be several continents or oceans removed
from the sites where consumption takes place.

Chapter 3 in this volume and Chapter 7 in the Scenarios vol-
ume contain information that is complementary to this section,
particularly with regard to the treatment of indirect drivers such
as technology, demographic trends, and economic growth. Chap-
ter 26 in this volume also provides a brief summary with regard
to the agricultural sector in exemplifying the important role of
science and technology as a driver of change. That material is not
repeated here, but appropriate cross-references are made.

Table 8.5 presents an assessment of the key indirect drivers of
food provision, using separate grouping of drivers for food de-
mand and supply. Table 8.6 presents the key direct (supply-side)
drivers. For each driver the Tables provide a qualitative assessment
of its rate of change and a judgment of its relevance in terms
of influencing food provision. These variables are assessed both
retrospectively over the past 50 years and for current and pro-
jected trends (up to 2015). Finally, to provide a slightly more
nuanced perspective, these driver-specific assessments are pro-
vided for both industrial (In) and developing (Dg) regions in two
adjacent rows. In the subsections that follow, every driver is not
described in detail, but the key drivers where some relevant data
exist are dealt with selectively. Trends in some important drivers
are shown in Figure 8.8.

8.4.1 Indirect Drivers

8.4.1.1 Drivers of Food Demand

Eight factors are identified here that shape the demand for food.
The first four of these (population growth, urbanization, eco-
nomic growth, food prices) encompass the major demographic
and economic trends that condition the demand for food and
specific types of food in the aggregate. The remaining four factors
(food marketing, food-related information, consumer attitudes to
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Table 8.5. Indirect Drivers of Food Provision (compiled by authors from assessment of literature and evidence)

Drivers

Past 50 Years Current Trends

Remarks/ExamplesChange
Relevance
of Driver Change

Relevance
of Driver

Demand factors
Population growth 
and structure

In
Dg

+/++
+++

med
high 

–/+
+/+++

low/med
med/v. high

Europe static/shrinking; North America still growing
East Asia slow; SSA, WANA, SA highest growth rates

Urbanization In
Dg

++ 
+++

med
med

–/+
++/+++

low
med/high 

70–80% urbanized
40% urbanized, 3%/yr growth, 80% of global urban total

Income growth In
Dg

++
+/+++ 

med/high
high

++
–/+++ 

med/high
high 

slow to medium long-term growth
some negative, esp. SSA; strong growth: East Asia

Food prices In
Dg

––
–

med
high

–/o
–/+

low/med
med/high

well-integrated markets, productivity growth
weaker markets, lower productivity growth

Food marketing:
branding and advertising

In
Dg

++
+

med
low

+++
+/++

med
med

major diet changes are through switching brands/product
less in poor rural areas, but increasing, e.g., radio, tv

Diet and health 
information 

In
Dg

++
o/+

med
low

++/+++
+/++

med/high
med

increased information on the healthfulness or otherwise
related to specific food types or food processing

Consumer concerns 
with production context 

In
Dg

x
o/x

low
low

xx
o/x

low/med
low

concerns with environmental, food safety, child labor,
equity, GMOs, animal welfare, etc. issues

Dietary (and lifestyle) 
preferences

In
Dg

o/x
x/xxx

low/med
med/high

o/x
xx

low/med
med/high

largely consequence of marketing, diet, and health info
largely consequence of urbanization and income growth

Consumer demands for mini-
mum produce grades, stan-
dards, labels

ln
Dg

++
o/+

med/high
low

+++
o/+++

high/v. high
med/v. high

most producers conform; contract farming on the rise 
major challenge to poor smallholders

Supply factors
Investments in 
infrastructure and institutions

In
Dg

++
–/+

med
high

+
–/+

med
very high

industrial countries maintained investments in high stock
developing countries often underinvesting in low stock

Investments in science 
and technology

In
Dg

++
o/+

high
high

+/++
–/+

high
very high

biotechnology: increasing, conventional: stable/decline
widening gap between industrial and developing R&D

Domestic price policies 
(e.g., producer subsidies, 
price controls)

In
Dg

++
++

med/high
med/high

+
++

med
very high

powerful farm lobbies resist support reduction 
policies often favor urban consumer

International trade regimes 
and regulations (e.g., WTO)

In
Dg

+
o/+

med
low/med

++
+/++

med
high

limited incentives for industrial-country concessions
growing incentives developing countries to seek change

Regulatory environment for pro-
duction practices

In
Dg

+
o/+

med
low

++
+/++

med/high
med

regulatory pressures on effluents, animal welfare, etc.
less regulation/enforcement

Food industry integration and
food retailing practices

In
Dg

+++
o/+

med
med

+/++
+/++

med
high

increased attention to on-farm standards and food safety
increased incentives for smallholder collective marketing

Prices of produce and inputs C/W
In/Dg

– –/+
–/–

high
high

o/++
–/–

med/high
high/v. high

prices increasing with scarcity of wild food sources 
real prices declining; raise productivity to compete

Access to information, technolo-
gy and credit, markets

In
Dg

++
o/+

high
high

++
+/++

very high
very high

growing ICT role; weather/price forecasts, credit
credit is a major constraint; ICT role growing fast

Level of market access/integra-
tion

In
Dg

++
–/+

high/v. high
high

+
–/++

high
very high

more mature and integrated; lower transactions costs often
poor infrastructure, institutions; high costs

Insecurity and instability In
Dg

o
–/+

very low
v. high )(loc)

o
–/++

very low
v. high (loc)

not a significant issue; FSU a possible exception locally
critical loss of assets, resources

Key:
In – industrial-country grouping; Dg – developing-country grouping
Increases: + low; ++ medium; +++ high; decreases: – low, – – medium, – – – high; – –/+ indicates a range from – – to +
Change (no sign): x low, xx medium, xxx high, o no change.
C/W: cultivated/wild
ICT: information and communication technologies
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Table 8.6. Direct Drivers of Food Provision (compiled by authors from assessment of literature and evidence)

Drivers

Past 50 Years Current Trends 

Remarks/Examples Change
Relevance
of Driver Change

Relevance
of Driver

Increasing climate variability 
and long-term climate change 

In
Dg

+
++

low
low/med

+
++

low/med
med/high

current and projected changes often low/positive
apparent increases in variability/extremes; high/neg

Area expansion of cropland, 
pasture, fishing grounds

In
Dg

+
++

low/med
med/high

–/+
+/++

low
lmed/high

little available unexploited area; some are in decline
forest/habitat loss, urban growth loss

Intensification of production 
(e.g., seeds, irrigation, 
fertilizers) 

In
Dg

+++
+/++

med/high
high

++
+/++

med
very high

main source of growth in food output
mixed; sustainable increases critical for SSA 

Degradation of underpinning
resource stocks 

In
Dg

++
– – –/+

med 
very high

o/+
– – –/+

med 
very high

overfishing of marine fisheries; agrobiodiversity loss 
major impact on soil degradation, wild food sources

Pest and disease incidence 
and adaptation 

In
Dg

o/+
o/++

med/high
high

–/+
o/++

med 
high

extensive (regulated) pesticide use; GM crops (US)
greater pressures, less regulation; IPM increasing

Key:
In – industrial-country  grouping; Dg – developing-country grouping.
Increases: + low, ++ medium, +++ high; decreases: – low, – – medium, – – – high; – –/+ indicates a range from – – to + 
No change: o

Figure 8.8. Trends in Selected Drivers of Food Provision World-
wide, 1961–2001 (FAOSTAT 2004; World Bank 2003)

production practices, and diet and lifestyle preferences) are often
more subtle expressions of the interplay of the previous three
drivers but are increasingly shaping the structure of food con-
sumption. Finally, these trends are drawn together in the para-
digm of the ‘‘diet transition’’ (Popkin 1993, 1998; WHO 2003b).

8.4.1.1.1 Population growth and age structure

Between 1961 and 2001 the major driver of growth in total food
consumption was population growth. Global population doubled
in this time period, from just over 3 billion to 6.1 billion, while
the apparent consumption of calories per person increased on av-
erage by around 24% (FAOSTAT 2004). But from a global per-
spective the central role of population growth as a driver of food
demand has started to decline, significantly in some regions of the
world. Population growth rates, which peaked at 2.1% per year
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in the late 1960s, had fallen to around 1.35% (or 78 million addi-
tional people) per year by the turn of the millennium (UNDP
2003). This still represents a daunting food security and humani-
tarian challenge, as approximately 90% of this increase is taking
place in developing countries. Around half of the total population
increase in developing countries will occur in sub-Saharan Africa
and South Asia, where the incidence of hunger is already high
and, according to estimates for 2000–02, increasing in absolute
terms (FAOSTAT 2004; Bruinsma 2003; FAO 2004a).

By contrast, in Western Europe, transition countries, and East
Asia, population growth is extremely low and in some cases nega-
tive. As a consequence of lower fertility rates and increased life
expectancy, typical of richer countries, the average age of individ-
uals in such countries is increasing. Conversely, countries with
higher fertility rates, which are also often poorer, have younger
age structures. (See Chapter 3.)

While population size and growth rates have direct conse-
quences for food needs and the required resilience of food pro-
duction systems, age structure has more subtle impacts. One such
impact is that energy and diet diversity requirements are age- (and
sex-) dependent and, for example, increase for mothers during
pregnancy and lactation. Furthermore, there is evidence of differ-
ences in food consumption according to age in the United States
(Blisard and Blaylock 1993) and Japan (Mori and Gorman 1999).
For example, U.S. and Japanese studies found older people to be
consuming more fruit, as well as eating more meals at home.

8.4.1.1.2 Urbanization

Urbanization has proceeded at such a pace that globally, urban
dwellers will outnumber rural populations by around 2007. High-
income countries currently have populations that are 70–80%
urban, and the same pattern is being seen as development prog-
resses elsewhere (such as in Latin America and the Caribbean).
The proportion of those in developing countries who live in cities
has doubled since 1960 from 22% to over 40%. This share is ex-
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pected to grow to almost 60% by 2030 (UN 2004). Developing
countries now account for around 80% of the world’s urban pop-
ulation. In 2001, 13 of the world’s 17 ‘‘megacities’’ were in devel-
oping countries, and by 2015 it is expected that figure will have
risen to 17 (UN 2001). (See also Chapter 27.)

Urbanization affects many dimensions of food demand. First,
food energy requirements of urban populations are generally less
than those in rural areas because of more sedentary lifestyles
(Clark et al. 1995; Delisle 1990). Urban consumers generally have
higher incomes as well as access to a more diverse array of both
domestic and imported foods. Urban lifestyles often mean less
time at home, and more meals eaten away from home (Popkin
1993). As a consequence, urban consumers eat more processed
and convenience foods. This raises issues of food cost, quality, and
safety in terms of the use of appropriate inputs, especially safe
water in food processing.

Empirical evidence shows that urban diets are more diversified
and contain more micronutrients and animal proteins but with a
considerably higher intake of refined carbohydrates as well as of
saturated and total fats and lower intakes of fiber (Popkin 2000).
Data for China, Indonesia, and Pakistan at two points in time
show reduced consumption of cereals and roots and tubers and
increased consumption of fruits and vegetables and meats among
urban populations (Regmi and Dyck 2001). The greater diversity,
including of fruits and vegetables, generally available to urban
populations does not necessarily translate into increased diversity
of consumption (Popkin et al. 2001; Johns and Shtapit 2004).

A widely observed trend in urban diets is the switch away
from traditional staples (locally produced millet, sorghum, root
crops, and plantains, for instance) and toward consumption of rice
and wheat, even though cereal diet shares decline overall. Often
the rice and wheat needs are met through imports. Rice is partic-
ularly attractive because its preparation is quick and simple relative
to other cereals. Wheat gains popularity through increased con-
sumption of bread, noodles, pasta, dumplings, and so on. Given
the scale and speed of urbanization, particularly in developing
countries, these dietary shifts amount to significant changes in the
structure of food demand at the national and regional scale. While
importing rice and wheat for urban markets requires foreign ex-
change and can undercut the market potential for domestic sup-
pliers, it can increase the food security of urban populations
(usually a politically important social group) by tapping into
sources of food supply that are often more reliable and of higher
quality than domestic sources. Because of domestic infrastructure
constraints and related high transaction costs, it may also be more
economical to import food even when local and foreign produc-
tion costs are similar.

There are other impacts of urbanization apart from structural
changes in food consumption. One is the loss of prime agricul-
tural land as a consequence of urban expansion, often displacing
food production into less productive land elsewhere. Another is
the major changes in nutrient flows associated with the flow of
food from rural to urban areas. Whereas organic matter residues
were once recycled locally, this nutrient export from rural to
urban areas can deplete soil nutrient content in the production
areas and can concentrate nutrients in human wastes and other
residues in and around cities. The latter incurs effluent treatment
and disposal costs and often causes pollution of water courses or
coastal waters. A good example is the depletion of soil fertility in
the banana-growing regions of Uganda due to the high demand
for cooking bananas in Kampala, which involves shipping com-
plete stems for processing in the city. There are also significant
other, often negative, effects associated with the continuous need
for food transportation (such as the contribution of increased ex-
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haust emissions to local particulate matter as well as to greenhouse
gases).

8.4.1.1.3 Income growth
It is well established that income is the single most important factor
determining the amount and quality of food consumption. The
relative share of budget spent on food is significantly higher
among the poor but decreases rapidly as incomes increase and
basic nutritional needs are met (Engel’s law) (Tomek and Robin-
son 1981). At higher levels of income, high-value, more nutri-
tious, or more culturally prestigious foods, such as fresh seafood
or imported specialty foods, replace less-valued food sources (as
described earlier regarding the transition to high-value meat, fish,
vegetables, and fruits in East Asia since the late 1980s). In particu-
lar, the extra demand for meat is driving the ‘‘Livestock Revolu-
tion.’’

The most widely used proxy of income derived from aggre-
gate statistics is the national measure of GDP per capita. (See
Chapter 2.) At a macroeconomic scale there is strong evidence of
the association between national average energy supply (kilo-
calories per person per day) and national economic growth as
measured by GDP. (See Figure 8.9.)

8.4.1.1.4 Food advertising, information, consumer power, and
changing food preferences
The previous drivers have played and will continue to play key
roles in shaping the overall quantity and structure of food con-
sumption in generally predictable ways: more people, urban mi-
gration and urban lifestyles, higher incomes, and lower food
prices. This second group of drivers acts to influence the food
consumption decisions of individuals in more subtle ways. They
are often factors that come increasingly into play as incomes rise
and basic food needs are met, but far from exclusively so.

Consumers in industrial and developing countries, particularly
in the urban environment, are exposed to advertising for food,
and poor consumers are often the specific targets of food-related
information and safety-net programs. Such advertising and infor-
mation can directly alter food preferences. And as a variety of
obstacles have slowly been removed, opportunities for providing
consumers with information, particularly about food safety, nutri-

P Capita

Figure 8.9. Association between National Average Dietary
Energy Supply and GDP, Per Capita (Arcand 2001)
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tion, and health have increased. At the same time, however, local
and traditional knowledge that underpin traditional diets and cui-
sine is often in decline (Johns and Sthapit 2004).

Public information media—radio stations, newspapers, and
television channels as well as public service access points such as
clinics, schools, churches—are increasingly being used as cost-
effective means of providing food and nutrition information to
the public. Messages are varied, from direct commercial advertis-
ing to important public health information, such as the advantages
of breast-feeding or the existence of contaminated food supplies
locally. In richer countries, this phenomenon is most apparent
with regard to the high levels of consumer interest and credence
in information concerning health-related or weight-control-
related attributes of food. While the latter are often passing fads,
they do have significant impacts on food production. The current
attention being given to low-carbohydrate diets for weight loss,
for example, has had a measurable increase in demand for white
meats, fish, and eggs and a measurable reduction in demand for
wheat-flour based products and, in the United States, tomatoes (a
large share of which are grown for tomato paste in pastas and
pizzas).

In the transition to lifestyles more characteristic of industrial
societies, retaining a strong traditional food system in which diet
has recognized health, cultural, and ecological roles has allowed
some countries to reduce the often concomitant increases in
chronic noncommunicable diseases (Popkin et al. 2001). Asian
and Mediterranean diets (Trichopolulou and Vaasiloppoulou
2000) provide the clearest examples. Traditional societies often
see food, medicine, and health as interrelated. Food may have
strong symbolic and religious value and is highly associated with
cultural identity and social well-being (Etkin 1994; Johns 1990;
Johns and Sthapit 2004).

Trade liberalization and the increased role of transnational
food companies, urbanization, and migration, combined with the
equalizing effects of rising incomes, has led to convergence be-
tween diets internationally. Yet cultural and religious factors ap-
pear to limit such convergence and to help retain dietary diversity
(Bruinsma 2003).

8.4.1.1.5 The ‘‘diet transition’’
Excessive consumption, particularly of some food types, has been
associated with the growing phenomena of excessive body weight
and obesity and with the associated health risks. Urbanization and
socioeconomic changes have resulted in diets that are higher in
energy and lower in diversity of fruits and vegetables than those
consumed historically. As a consequence, many countries now
face a ‘‘double burden’’ of diet-related disease: the simultaneous
challenges of increased morbidity and susceptibility to communi-
cable diseases among undernourished populations and increased
incidence of chronic diseases associated with the overweight and
obese (WHO 2003a; Ezzati et al. 2002). The pathway from tradi-
tional rural diets to those of increasingly urban and affluent socie-
ties and its attendant implications for nutrition and health has been
dubbed the nutrition transition or the diet transition (Popkin
1993; Smil 2000; Receveur et al. 1997). (See Box 8.4.) The diet
transition can be viewed as the integration of many of the individ-
ual consumption-related drivers just described, having both sig-
nificant human and ecosystem health outcomes.

8.4.1.2 Drivers of Food Supply

8.4.1.2.1 Investments in agricultural research and development
It is well established that technological innovation is a major driver
of increased agricultural productivity and in many cases is now
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the major source of increased productivity (Evenson et al. 1999;
Acquaye et al. 2003; Roe and Gopinath 1998; Ruttan 2002). In
turn, a major indirect driver of changes in food production sys-
tems has been the flow of innovations arising from investments in
agricultural research and development. Worldwide, public invest-
ments in agricultural research nearly doubled in inflation-adjusted
terms, from an estimated $11.8 billion (in 1993 dollars) in 1976
to nearly $21.7 billion in 1995. (See Table 8.7.) Developing coun-
tries account for just over half of the world’s public agricultural
research (Pardey and Beintema 2001). (See Table 8.8.)

Regional totals fail to reveal, however, that the public spend-
ing was concentrated in only a handful of countries. Just four
countries—the United States, Japan, France, and Germany—
accounted for two thirds of the $10.2 billion of public agricultural
research done by rich countries in 1995. Similarly, China, India,
and Brazil dominate the spending on agricultural research in de-
veloping countries. By the mid-1990s, about one third of the
annual $33-billion investment in agricultural research worldwide
was done by private firms, including those involved in providing
farm inputs and processing farm products. The overwhelming
majority ($10.8 billion, 94% of the global total) of this privately
funded research was conducted in industrial countries (Pardey and
Beintema 2001).

Chapter 7 of the Scenarios volume discusses the historical evo-
lution of the impacts of investments in agricultural productivity.
A meta-study of quantitative evidence on the economic payoffs
from improved productivity attributable to agricultural research,
which included 1,845 data points from evaluation studies pub-
lished between 1950 and 1995, revealed that the mean average
economic rate of return on investment was 30.4% per year,
though the range was wide; there appeared not to have been, as
was popularly believed, any observable decrease in the rate of
return to research investment over time; nor was there any sig-
nificant regional bias in payoffs—that is, the economic returns to
research investments in sub-Saharan Africa were not statistically
different from those in Asia (Alston et al. 2000). One persistent
finding has been the importance in agricultural research of spill-
over of knowledge and technologies between different locations.
Indeed, evaluation studies that have specifically taken account of
knowledge and technology spillovers have shown that this has
accounted for a large share, and in many cases more than half, of
the overall economic benefits (Alston 2002). Nonetheless, local
R&D is necessary to facilitate spillover, and the lower levels of
local R&D in Africa as opposed to Asia help account for the for-
mer’s lower level of productivity growth (Masters 2005).

8.4.1.2.2 Agricultural policy and trade: producer subsidies and import
tariffs

One of the most important and controversial set of drivers condi-
tioning food provision globally are agricultural production and
trade policies, and especially the producer subsidy and tariff pro-
tection measures supported, in particular, by the European
Union, the United States, and Japan. By subsidizing food produc-
tion and exports, while keeping in place high import tariffs, par-
ticularly on semi-processed or processed foods, these OECD
countries drive down food prices on the world market, undercut-
ting the potential profitability of developing-country producers
in their own markets while simultaneously limiting their export
opportunities (Watkins and von Braun 2003).

In 2002, some $235 billion of the over $300 billion spent by
OECD countries on their agricultural sectors (some six times the
amount they allocate to overseas development aid) went to sup-
port agricultural producers. This support is paid for by higher
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BOX 8.4

Diet and Nutrition Drivers: The ‘‘Diet Transition’’

Popkin (1998) has described five broad nutrition patterns (see Figure), not Pattern 5: Behavioral Change. A new dietary pattern appears to be
restricted to particular periods of human history but presented as historical emerging as a result of changes in diet, evidently associated with the
developments. ‘‘Earlier‘‘ patterns are not restricted to the periods in which desire to prevent or delay degenerative diseases and prolong health.
they first arose, but continue to characterize certain geographic and socio- Whether these changes, instituted in some countries by consumers and
economic subpopulations. in others also prodded by government policy, will constitute a large-scale

Pattern 1: Collecting Food. This diet, which characterizes hunter- transition in dietary structure and body composition remains to be seen.
gatherer populations, is high in carbohydrates and fiber and low in fat, If such a new dietary pattern takes hold, it may be very important in
especially saturated fat. The proportion of polyunsaturated fat in meat increasing disability-free life expectancy.
from wild animals is significantly higher than in meat from modern domes- The focus is increasingly on patterns 3 to 5, in particular on the rapid
ticated animals. Activity patterns are very high and little obesity is found shift in much of the world’s low- and moderate-income countries from
among hunter-gatherer societies. pattern 3 to pattern 4, commonly termed the ‘‘diet transition’’ or ‘‘nutrition

Pattern 2: Famine. The diet becomes much less varied and subject transition.’’
to larger variations and periods of acute scarcity of food. During the later
phases of this pattern, social stratification intensifies, and dietary variation
increases according to gender and social status. The pattern of famine
has varied over time and space. Some civilizations have been more suc-
cessful than others in alleviating famine and chronic hunger. The types
of physical activities changed, but there is little change in activity levels
associated with this pattern.

Pattern 3: Receding Famine. The consumption of fruits, vegetables,
and animal protein increases, and starchy staples become less important
in the diet. Many earlier civilizations made great progress in reducing
chronic hunger and famines, but only in the last third of the last millennium
have these changes become widespread, leading to marked shifts in diet.
However, famines continued well into the eighteenth century in portions
of Europe and remain common in some regions of the world. Activity
patterns start to shift and inactivity and leisure becomes a part of the lives
of more people.

Pattern 4: Nutrition-related Noncommunicable Disease. A diet high
in total fat, cholesterol, sugar, and other refined carbohydrates and low
in polyunsaturated fatty acids and fiber, and often accompanied by an
increasingly sedentary life, is characteristic of most high-income societies
(and increasing portions of the population in low-income societies), result-
ing in increased prevalence of obesity and contributing to the degenerative
diseases that characterize Omran’s final epidemiologic stage.

Table 8.7. Global Agricultural Research Spending, 1976–95.
Figures in parenthesis indicate number of countries. (Pardey and
Beintema 2001)

Region 1976 1985 1995

(thousand 1993 dollars)

Developing countries (119) 4,738 7,676 11,469

Sub-Saharan Africa (44) 993 1,181 1,270

China 709 1,396 2,063

Asia and Pacific, excluding China (23) 1,321 2,453 4,619

Latin America and the Caribbean (35) 1,087 1,583 1,947

Middle East and North Africa (15) 582 981 1,521

Industrial countries (34) 7,099 8,748 10,215

Total (153) 11,837 16,424 21,692

g
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Table 8.8. Public-Private Breakdown of Research Expenditures,
Circa 1995 (Pardey and Beintema 2001)

Region Public Private Total

(thousand 1993 dollars)

Developing countries 11,469 672 12,141

Industrial countries 10,215 10,829 21,044

Total 21,692 11,511 33,204

domestic food prices and by taxes ($100 billion in the EU, $44
billion in Japan, and $31 billion in the United States). And it
represents around 31% of average farm income (18% in the
United States and 36% in the EU). For individual commodities
that OECD countries target for support (wheat, maize, cotton,
dairy, beef, sugar, rice, and oilcrops), the levels of support can
be much higher (OECD 2003a; Watkins and von Braun 2003).
Government support in Japan has consistently represented around
85% of farmers’ rice production revenues, while U.S. rice support
has declined from around 50% in 2002 (OECD 2004). The eco-
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nomic losses to developing countries due to these policies has
been estimated as some $24 billion a year in lost agricultural pro-
duction and incomes of farm households and about $40 billion a
year in lost access to markets in OECD countries (Diao et al.
2004).

Fisheries are another area of food production where subsidies
have become controversial. In the early 1990s it was established
that subsidies had probably contributed to an excessive buildup of
fishing fleets worldwide during the preceding decade. (See Chap-
ter 18.) Since then, it has proved difficult to limit the fishing of
existing fleets, and fish stocks continue to be overexploited as
illegal, unreported, and unregulated fishing spreads. Subsidies to
the fishing industry are regulated through WTO agreements;
however, the international community has agreed that existing
WTO rules are not sufficient to ‘‘discipline’’ their use, and efforts
are now being made to seek improved measures under the so-
called Doha round of trade talks (Chang 2003).

From an ecosystem perspective, these market distortions have
two major effects. In countries where subsidies are paid, food out-
put increases to levels that would be uneconomic in the absence
of subsidies, drawing proportionately more land, labor, and other
resources into production and creating higher levels of agricul-
tural pollution. While other factors such as increasing productivity
have caused the net amount of agricultural land to grow more
slowly or even to decline in some OECD countries, those effects
would have been more significant in the absence of subsidies.
Recently, the OECD reported that while nitrogen runoff, pesti-
cide use, and agricultural greenhouse gas emissions have fallen
since the mid-1980s in most OECD countries, they have in-
creased in the United States (OECD 2003b).

The other major impact of producer subsidies is the reduction
of production and income opportunities in other parts of the
world where subsidies are not paid, although these impacts can be
ambiguous. While it could be argued that reduced production
incentives might conserve more habitat and reduce demands on
local natural resources, it also can make poor people even poorer
by limiting productivity enhancement incentives on existing
lands, thus accelerating land degradation and further increasing
pressure to convert more land.

International processes and agreements under the World
Trade Organization have a major bearing on these drivers, partic-
ularly WTO’s Agreement on Agriculture. This provides a frame-
work for removing the ‘‘amber box’’ trade biases induced by
producer subsidies and import tariffs, as well as for agreeing on a
broader set of ‘‘green box’’ provisions dealing with support to
producers for improving the environmental and landscape dimen-
sions of farming through a range of ‘‘set-aside,’’ ‘‘conservation,’’
‘‘countryside stewardship,’’ or similar programs. The espoused in-
tent of ‘‘green box’’ measures is to provide incentives to farmers
to follow less polluting, more environmentally sensitive produc-
tion practices. However, such provisions have become highly
contentious as they are seen by many, including most developing
countries, as a way of legitimizing existing rich-country producer
support in another guise.

There are other ecosystem-relevant dimensions of the Agree-
ment on Agriculture, including the notion of decoupling support
to producers from the quantity of production so as to limit per-
verse incentives to overproduce food, use more agricultural land,
use more potentially polluting agricultural inputs, and generate
more wastes. The impacts of the WTO on agriculture are still
emerging and developing, but its potential ramifications will
likely grow, bringing with it a significant change in food produc-
tion incentives globally. Through the WTO, for example, devel-
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oping countries are becoming increasingly effective at asserting
demands for more liberal agricultural trade policies.

8.4.1.2.3 Food industry commercialization and integration
Just as agriculture has witnessed a gradual industrialization of the
production process, so too have there been sweeping changes in
food marketing, processing, and retailing practices. Even where
industrialization of the production process has not taken place, the
concentration and formalization of marketing is having significant
repercussions on production decisions and on the need for im-
proved smallholder collective action in order to stay engaged in
food markets. Several forces at work are leading to the integration
and formalization of food marketing and supply chains: growing
economies of scope and scale in the transportation, processing,
and retailing subsectors; falling food prices that have reduced
profit margins and further encouraged consolidation in the post-
harvest sector; a growing need to respond to consumer demands
for specific type and quality of product that provides incentives
to shorten the marketing ‘‘chain,’’ such as vertical integration; a
growing need for transparency and accountability in the certifi-
cation of food sources, such as organic foods, and to satisfy appro-
priate (regulated or self–imposed) standards and food safety
requirements; and the enormous expansion in the role of super-
markets, even in developing countries (Berdegue et al. 2003).

Thus an increasing share of food production is being con-
tracted for before planting, with contracts that often involve pro-
ducer obligations relating to minimum quantities, product quality,
and delivery dates. Such stringent criteria are very difficult for
smallholders to meet, and farmer associations and marketing
groups are increasingly being formed to help respond to these
needs. For example, in the United States there has been massive
consolidation of farms due to the economic pressures to improve
economies of scale for both production and marketing purposes
(as well as, in recent times, to fully reap the benefit of production
subsidies). In the 1920s and 1930s there were more than 6 million
farms of around 40 hectares each. By the late 1990s, there were
fewer than 2 million farms and they averaged 200 hectares each
(Bread for the World 2003).

8.4.2 Direct Drivers

8.4.2.1 Climate Change and Climate Variability
Although there is a relatively rich literature on the potential im-
pacts of long-term climate trends on future food production (see,
for example, Rosenzweig and Parry 1996; Sombroek and Gom-
mes 1996; Parry et al. 2004), evidence on the impacts of historical
and recent climate change on food production is relatively sparse.
Although climate is a major uncontrollable factor influencing
food production (especially in areas of rain-fed agriculture), it is
extremely difficult to reliably isolate the influence of climate from
other factors such improved seeds, the use of irrigation, fertilizer,
pesticides, crop and land management.

However, some data do exist. For example, based on over 80
years of crop yield and climate data in five central Corn Belt states
in the United States, Thompson (1998) developed relationships
describing the influence of monthly average temperature and total
precipitation on corn yields. These suggest that 40 millimeters
above normal precipitation in July would lead to a corn yield
increase of 316 kilograms per hectare above the long-term aver-
age. It has also been suggested that U.S. corn and soybean yields
could drop by as much as 17% for each degree that the growing
season warms (Lobell and Asner 2003), although the level of cer-
tainty in such findings remains low (Gu 2003). Weather variability
in China has been shown to have a measurable effect on year-to-
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year national grain output (Carter and Zhang 1998), and a study
of the temperature and wine quality in the world’s top 27 wine
regions over the past 50 years reveals that rising temperatures have
already affected vintage quality ( Jones et al. 2004).

Global-scale cyclical weather patterns have also strongly in-
fluenced food production. This includes the impact of, in particu-
lar, the El Niño-Southern Oscillation and the North Atlantic
Oscillation. Carlson et al. (1996) found that a negative Southern
Oscillation Index (a measure of pressure difference in an ENSO
event) can result in a corn yield that is 10% above trend line in
U.S. Corn Belt states, and ENSO-based climate variability has
significant impact on cereal production in Indonesia (Naylor et al.
2002), where year-to-year fluctuations in the August sea-surface
temperature anomaly explain about half the interannual variance
in paddy production during the main (wet) growing season. The
North Atlantic Oscillation has also been shown to significantly
correlate to vegetation productivity in northern Asia, with a sur-
prisingly long lag time of one-and-a-half years (Wang and You
2004).

8.4.2.2 Area Expansion and Intensification
There have been two main direct drivers of growth in food pro-
duction: the increase in the area extent of cultivation, grazing,
or fishing and the intensity of production or exploitation within
cultivated areas. Figure 8.8 showed increasing trends in both har-
vested area (area expansion) and cereal yields (a proxy of increased
intensification). It is clear that, for crops, it is intensification rather
than area expansion that has mainly driven increased food output.
Over the past 40 years cropland area has expanded globally by
some 15%—from 1.3 billion to 1.5 billion hectares (see Chapter
26), the area of pasture has grown some 11% from 3.14 billion to
3.48 billion hectares (FAOSTAT 2004), and practically all corners
of the world’s oceans are now accessible to the world’s fishing
fleet (given the capacity of modern fishing vessels to stay at sea for
extended periods and the large amounts of catch in refrigerated
holds).

While physical expansion in the area dedicated to food provi-
sion has been important in the past, rates of growth are now rela-
tively low—and in some places in decline (for instance, in the
European Union and Australia). This slowdown reflects both the
slowing growth in global food demand and the more limited op-
portunities for area expansion. Just as with the large growth in
crop yields per hectare of cropland, there has also been substantial
increase in livestock production per animal; however, intensive
livestock systems are dependent on inputs from a significant land
area for feed production. (These trends are described in more
detail in Chapter 26.)

Investments in agricultural research and the resulting flow of
innovation have been key to the intensification process. Technical
change and increased use of external inputs such as irrigation,
fertilizer, and mechanical power contribute to changes in produc-
tivity—the formal means by which changes in intensification can
be measured. Increased productivity can also come from the in-
troduction of less capital-intensive food-feed systems, whereby
both the main crops as well as the introduction of legumes can
enhance the cropping system. The complementary advantages of
both food and feed enable intensification of mixed crop-livestock
systems and can increase total factor productivity (Devendra et al.
2001).

8.5 Food Provision and Human Well-being
The MA defines five dimensions of human well-being—basic
material for a good life, security, health, good social relations, and
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freedom and choice (MA 2003)—into which the production and
consumption of food maps in several ways. Food production, dis-
tribution, processing, and marketing provide employment and in-
come to a large share of the world’s population. About 2.6 billion
people depend on agriculture for their livelihoods, either as ac-
tively engaged workers or as dependants (FAO 2004b). (The exact
number of people dependent on food processing, distribution,
and marketing for their livelihoods is not certain.) Food con-
sumption contributes directly to health and is an important aspect
of cultures and social relations, and indirectly supports improved
security and freedom and choices.

There are several attributes of food that have a major bearing
on its potential impact on human well-being—quantity and price,
diversity and quality of its nutrient content, and safety. The actual
impact of food depends on local food availability and the ability
of consumers to gain access to and properly use it, as well as on
individual food preferences. The dimensions of food availability,
access, and utilization are integrated in the notion of food security,
defined as ‘‘access by all people at all times to enough food for an
active, healthy life’’ (Reutlinger and van Holst Pellekan 1986).
For the poor, the price of food (as well as access to wild sources
of food) is key to determining the value of incomes, and for many
such people the relationship between wage rates and food prices
is a critical determinant of human well-being. It is well established
that a productive food and agriculture sector not only benefits
individual farmers and food consumers but also provides a plat-
form for economic growth (Mellor 1995; Hazell and Ramasamy
1991).

8.5.1 Health and Nutrition

The most direct and tangible benefit of food is its role in enabling
individuals to pursue active, healthy, productive lives as a conse-
quence of adequate nutrition. For these reasons, access to ade-
quate, safe food has been recognized as a basic human right. The
1948 Universal Declaration of Human Rights proclaimed that
‘‘everyone has the right to a standard of living adequate for the
health and well-being of himself and his family, including food.’’
Nearly 20 years later, the International Covenant on Economic,
Social and Cultural Rights (1966) developed these concepts more
fully, stressing ‘‘the right of everyone to . . . adequate food’’ and
specifying ‘‘the fundamental right of everyone to be free from
hunger.’’ These rights were specifically embodied in the 1989
International Convention on the Rights of the Child and have
found further expression and practical interpretation through sub-
sequent confirmation at the 1996 and 1999 World Food Summits
(UN/SCN 2004).

Proper nutrition has many benefits for human, physical, and
mental development. Better-fed children show improved educa-
tional performance, and better-fed adolescents and adults are able
to lead more economically productive lives. Good nutrition also
reduces neonatal and child mortality, helping to slow population
growth by increasing birth intervals and reducing demand for
large families. Well-nourished mothers are also more likely to sur-
vive childbirth themselves and to deliver healthier babies (ACC/
SCN 2002).

Inadequate consumption of protein and energy as well as de-
ficiencies in key micronutrients such as iodine, vitamin A, and
iron are key factors in the morbidity and mortality of children and
adults. An estimated 55% of the nearly 12 million deaths each year
among children under five in the developing world are associated
with malnutrition (UNICEF 1998). Malnourished children also
have lifetime disabilities and weakened immune systems (UNICEF
1998). Moreover, malnutrition is associated with disease and poor
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health, which places a further burden on households as well as
health care systems.

A commonly used measure of the impact of ill health on
human well being is disability-adjusted life years. This is a mea-
sure of the burden of disease, reflecting the total amount of
healthy life lost, to all causes, whether from premature mortality
or from some degree of disability during a period of time. Table
8.9 summarizes the available evidence regionally and globally on
the burden of nutrition-related health impacts measured in terms
of DALYs.

While the human health consequences of undernourishment,
since they arise largely out of conditions of poverty and marginali-
zation, legitimately dominate global humanitarian concerns,
health problems associated with overconsumption of (certain
types of ) food have grown alarmingly over the past 40 years. The
health-related aspects of nutrition are examined in three steps.
First, micronutrient deficiency is considered, since although this
is most often associated with undernourishment, it can arise even
in diets with adequate or excessive protein and energy content.
Second, undernourishment-related aspects are looked at, largely
acute and communicable diseases. And third, the evidence on
overnourishment-related noncommunicable diseases is reviewed.

The constituents of good nutrition are fairly well understood, but
dietary needs vary according to a range of context- and individual-
specific characteristics, including climate, metabolism, and occu-
pation. Guidelines indicate that a healthy adult diet includes a
daily intake of 2,780 kilocalories for males and 2,235 kilocalories
for females. Recommended daily allowances for protein are 37

Table 8.9. Regional and Global Burden of Nutrition-related Disease Risk Factors. The Table shows the estimated disease burden for
each risk factor considered individually. These risks act in part through other risks and act jointly with other risks. Consequently, the burden
due to groups of risk factors will usually be less than the sum of individual risks. The disability-adjusted life year is a measure of the burden
of disease. It reflects the total amount of healthy life lost to all causes, whether from premature mortality or from some degree of disability,
during a period of time. (Adapted from Ezzati et al. 2002; Ollila n.d.; and WHO 2002a)

Population/Risk Factor Africa Americas
East

Mediterranean Europe
Southeast

Asia
Western
Pacific World

(thousand)

Total population 639,593 827,345 481,635 873,533 1,535,625 1,687,287 6,045,017

Childhood and maternal-undernutrition-related diseases
(DALYs as percent of regional and world population)

Underweight 9.82 0.24 3.58 0.09 3.06 0.48 2.28

Iron deficiency 1.59 0.21 0.77 0.12 0.91 0.26 0.58

Vitamin A deficiency 2.57 0.04 0.61 0 0.42 0.03 0.44

Zinc deficiency 2.15 0.06 0.67 0.01 0.35 0.03 0.46

Malaria 0.74

HIV/AIDS 1.49

Respiratory infections 1.67

Iodine deficiency 0.04

Measles 0.4

Diarrhea 1.19

Other nutrition-related risks
High blood pressure 0.69 0.78 1.02 2.22 0.98 0.83 1.06

High cholesterol 0.31 0.55 0.67 1.51 0.8 0.31 0.67

High BMI 0.23 0.89 0.6 1.35 0.27 0.35 0.55

Low fruit and vegetable intake 0.24 0.36 0.34 0.76 0.57 0.3 0.44

Diabetes 0.25
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grams for males and 29 grams for females (FAO/WHO/UNU
1985); however, these recommendations vary by country. Rec-
ommended daily intakes have also been established for a number
of vitamins, minerals, and other micronutrients. For example,
daily intakes have been established of 750 micrograms of vitamin
A for both males and females, 130 micrograms of iodine for males,
and 110 micrograms for females (FAO/WHO 2002). In addition,
components of foods may have functions that include antibiotic,
immuno-stimulation, nervous system action, anti-inflammatory,
antioxidant, anti-glycemic, and hypolipidemic properties (Johns
and Sthapit 2004).

Figure 8.10 presents a simplified schematic summary of the
principal pathways of impact of food on human well-being, as
mediated through nutrition. The following sections describe
some of these pathways and, as far as available evidence permits,
quantify the scale and intensity of specific nutrition, health,
human development, and economic outcomes. But first the
major trends in key measures of nutrition over the past 40 years
are reviewed.

8.5.1.1 Diet Quantity: Dietary Energy Supply

The most commonly used proxy of food availability is the gross
availability of food, as proxied by the average per capita availabil-
ity of calories from food products, the dietary energy supply. Fig-
ure 8.11 shows levels and trends in DES over the period 1961 to
2001 for industrial and developing countries and for the world.
Expansion of food production, coupled with declining real prices
for food, increased DES by 24% globally over that period (an
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Figure 8.10. Key Linkages in the Nutrition, Health, and Economic Well-being Nexus
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Figure 8.11. Dietary Energy Supply, 1961–2001 (FAOSTAT 2004)

11% and a 39% average increase, respectively, in industrial and
developing countries). In 1961, with a world population of
around 3 billion, the average DES was around 2,250 kilocalories
per capita per day. By 2001, average DES had reached 2,800 kilo-
calories per capita despite a doubling of world population to 6.1
billion (FAOSTAT 2004).

But there have been, and remain, large geographic and socio-
economic differences in DES. Such disparities largely arise from
differences in income, in the disposition of and access to food and
to lands favorable for food production, and in dietary preferences
and food utilization practices. Figure 8.12 depicts an obvious twin
peak structure—one peak for developing countries and another
for industrial ones. From the 1960s through to and especially dur-
ing the 1980s, there was a progressive shrinking of the DES gap
between these two groups (Wang and Taniguchi 2003). Although
the average DES of developing countries increased from 1929 to
2,675 kilocalories per day over 40 years, it is still lower than the
DES in industrial countries in 1961, some 2,947 kilocalories per
day. And during those 40 years the figure in industrial countries
increased to 3,285 kilocalories a day (FAOSTAT 2004).

The progress of individual countries varies more markedly.
Over the same 40 years Indonesia’s average DES grew by 68%
from a very low 1,727 to 2,904 kilocalories per day, Uganda’s
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average figure barely increased from 2,318 to 2,398, while in the
United States average DES grew by some 31%—from 2,883 to
3,766 kilocalories a day. With regard to overall shares of food
consumption, industrial countries—with 24% of the world’s pop-
ulation—consumed 29% of global calories, 34% of global protein,
and 43% of global fat in 2001 (FAOSTAT 2004). (Trends in hun-
ger are discussed in further detail later.)

Of particular concern in Figure 8.12, however, is that the
trend of improvement was reversed during the 1990s, when a
noticeable leftward shift (lower DES) became apparent in several
parts of the distribution (Wang and Taniguchi 2003). The figure
suggests that the nutritional status of at least some developing and
middle-income countries worsened during the 1990s.

8.5.1.2 Dietary Quality and Diversity

There are many other dimensions of good nutrition besides di-
etary energy supply. In addition to quantity, key elements of good
nutrition are diet quality and diversity. A healthy diet comprises
both sufficient quantities and a proper mix of carbohydrates, pro-
teins, fats, fibers, vitamins, and micronutrients, as well as compo-
nents with health-mediating functional properties (Johns and
Sthapit 2004). These can be derived from a diverse range of crop
and livestock products as well as wild and cultivated fisheries
products and other wild sources of food. (See Box 8.5.)

A handful of epidemiological studies from the United States
and Europe, along with a few case studies from Africa and Asia,
uphold the conventional wisdom concerning the benefits of a
varied diet, particularly in fruits and vegetables. Nutritional status
and child growth improve with consumption of greater food di-
versity, as do measures of functional properties of dietary compo-
nents likely to play an important role (Johns and Sthapit 2004;
Johns 2003).

Micronutrients are needed, as the term suggests, in only min-
uscule amounts; the consequences of their absence are severe,
however, and contribute significantly to the burden of disease.
Micronutrients enable the body to produce enzymes, hormones,
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Figure 8.12. Distribution of Per Capita Dietary Energy Supply by
Decade (Wang and Taniguchi 2003)

BOX 8.5

Biofortification (IFPRI/CIAT 2002)

It is now possible to breed plants for increased vitamin and mineral
content, making ‘‘biofortified’’ crops a promising tool in the fight to end
malnutrition and save lives. An estimated 3 billion people suffer the
effects of micronutrient deficiencies because they lack money to buy
enough meat, fish, fruits, lentils, and vegetables. Women and children
in sub-Saharan Africa, South and Southeast Asia, and Latin America
and the Caribbean are especially at risk of disease, premature death,
and impaired cognitive abilities because of diets poor in crucial nutri-
ents, particularly iron, vitamin A, iodine, and zinc.

We have the ability today to further improve and disseminate more
widely iron-rich rice, quality protein maize, high-carotene sweet potato,
and high-carotene cassava. The potential advantages of biofortification
are that it does not require major changes in behavior by farmers or
consumers, can directly address the physiological causes of micronutri-
ent malnutrition, can readily be targeted to the poorest people, uses
built-in delivery mechanisms, is scientifically feasible and cost-effective,
and can complement other ongoing methods of dealing with micronutri-
ent deficiencies.

The potential disadvantages are that biofortification may not benefit
small-scale and poor farmers; it undermines dietary diversity and cre-
ates possible conflict with distinctive food cultures; nutrient traits (ex-
cept (-carotene) are difficult to verify without advanced technology;
public investment is needed where infrastructure, including formal seed
systems and marketing , and economies are weak; evaluations will be
time-consuming; and resistance to and ethical issues related to trans-
genic crops are found in some regions.

and other substances essential for proper growth and develop-
ment. Different micronutrients interact: there is a correlation, for
example, between iron deficiency and deficiency in other vita-
mins and minerals (WHO 2004b). In addition, the content of
specific micronutrients in foods can affect the absorption of other
minerals.

Iodine, vitamin A, iron, and zinc are the most important indi-
vidual micronutrients in global public health terms; their lack
represents a major threat to the health and development of popu-
lations the world over, particularly to preschool children and
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pregnant women in low-income countries. Vitamin A deficiency
and iron deficiency (related to anemia) alone affect as many as 3.5
billion people (WHO 2004b). Micronutrients with high bioavail-
ability that are provided from animal-source foods include miner-
als, calcium, iron, phosphorus, zinc, magnesium, and manganese,
along with the vitamins thiamine B1, riboflavin B2, niacin, pyri-
doxine B6, and B12 (CAST 1999). Several other nutrients are
known to be inadequate in developing countries, including B12,
folate, and vitamin C. This section describes the four micronutri-
ents most important for public health at present.

Vitamin A is derived from animal sources as retinol and from
fruits and vegetables (such as dark leafy vegetables and yellow and
orange non-citrus fruits) as carotene, which is converted into vita-
min A in the body. Plant-derived vitamin A is more difficult to
absorb than that from animals. Vitamin A deficiency significantly
increases the risk of blindness and of severe illness and death from
common childhood infections, particularly diarrheal diseases and
measles. In communities where vitamin A deficiency exists, chil-
dren are on average 50% more likely to suffer from acute measles.

Improvements in vitamin A status have been demonstrated to
lead to a 23% reduction in mortality among children aged one to
five (Rahmathullah 2003), so preventing between 1.3 million and
2.5 million deaths each year and saving hundreds of thousands of
children from irreversible blindness. Vitamin A therapy is a stan-
dard treatment in children with measles infection in developing
countries. Measles infection itself causes a transient immuno-
suppression. Measles as an acute catabolic disease is thought to use
up body reserves of nutrients, making the child more vulnerable
to disease in the first instance and unable to counter the effects of
the disease. The risk of dying from diarrhea, malaria, and measles
was increased by around 20–24% in Vitamin A–deficient children
(Rice et al. 2003).

Iron is readily available in many foods, especially meat, fish,
and poultry, as well as in some leafy vegetables such as spinach.
WHO estimates that 4–5 billion people worldwide, many of
them women of reproductive age and children under 12 (as many
as half of all such women and children in developing countries),
are affected by iron-deficiency-induced anemia. Iron deficiency
is associated with malaria, intestinal parasitic infestations, and
chronic infections. One strategy to mitigate iron deficiency has
been to promote the use of home gardens with small animals.
Other strategies include food fortification and the eradication of
infections.

Iodine deficiency is the world’s most prevalent—yet easily
preventable—cause of brain damage. Iodine deficiency disorders
jeopardize children’s mental health. They affect over 740 million
people, 13% of the world’s population; 30% of the remainder
are at risk. Chronic iodine deficiency causes goiter in adults and
children. Serious iodine deficiency during pregnancy may result
in stillbirths, abortions, and congenital abnormalities such as cre-
tinism—a grave, irreversible form of mental retardation that has
affected people living in iodine-deficient areas of Africa and Asia
(Aquaron et al. 1993; Hsairi et al. 1994; Foo et al. 1994; Yusuf et
al. 1994). Global rates of goiter, mental retardation, and cretinism
are all falling, attributed in varying degrees to the increased use of
iodized salt (WHO 2004b). Of far greater global and economic
significance, however, is iodine deficiency disorder’s less visible
yet more pervasive level of mental impairment that lowers intel-
lectual development.

The consequences of severe human zinc deficiency have been
known since the 1960s, but only more recently have the effects
of milder degrees of zinc deficiency, which are highly prevalent,
been recognized. Trials have shown that zinc supplementation
results in improved growth in children; lower rates of diarrhea,
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malaria, and pneumonia; and reduced child mortality. In total,
about 800,000 child deaths per year and, through deaths and in-
creased rates of infectious diseases in affected areas, some 1.9% of
DALYs are attributed to zinc deficiency. The incidence of diar-
rhea is increased around 20% in zinc-deficient children and that
of pneumonia around 10–40% (Black 2003).

8.5.1.3 Hunger

Undernutrition can be broadly categorized into protein energy
undernutrition (the result of a diet lacking enough protein and
calorie sources) and (specific) micronutrient deficiencies. PEM is
probably the most important factor contributing to nutrition-
related mortalities (Habicht 1992).

FAO estimates that 852 million people worldwide did not
have enough food to meet their basic daily energy needs in 2000–
02. This includes 9 million in industrial countries, 28 million in
countries in transition, and 815 million in developing countries
(FAO 2004a). Some 519 million hungry people live in Asia and
the Pacific and 204 million in sub-Saharan Africa, around 60%
and 24% respectively of the global total of undernourished people.
Viewed as a share of regional population, this means that some
16% of Asians and 33% of sub-Saharan Africans are undernour-
ished. The two most populous countries in the world—China
and India—alone account for almost 43% of the global total of
hunger, but the highest incidence rates, ranging from 40% to 55%
of the population, are found in Eastern, Southern, and Central
Africa (FAO 2004a).

The latest hunger estimates signal a disturbing reversal of trends
reported since around 1970 of a gradual decline in both hunger
incidence and the absolute number of hungry people. Between
1969–71 and 1995–97, the absolute number of hungry people in
developing countries had fallen from around 959 million to 780
million people. During the period 1995–97 to 2000–02, how-
ever, while the proportion of undernourished in developing
countries fell by 1%, the number of hungry increased by some 18
million people to a total of 815 million.

This trend reversal reported by FAO (2003) confirms the anal-
ysis of overall DES patterns globally undertaken by Wang and
Taniguchi (2003). The regional trends in the number of under-
nourished in developing countries for the early to mid-1990s and
from the mid-1990s to around 2000 are clearly shown in the
upper panel of Figure 8.13. The progress in hunger reduction in
the early 1990s occurred predominantly in China and India. But
in the second half of the decade, progress in China slowed and in
India reversed, while in the Near East and Central Africa the
numbers of hungry increased throughout the 1990s. The large-
scale humanitarian crisis existing in Central Africa has escalated
unabated.

Chronic child hunger, in particular, is measured using anthro-
pometric measures for height-for-age or stunting. Using cross-
sectional data from 241 nationally representative surveys, de Onis
et al. (2000) have shown that the prevalence of stunting in chil-
dren has fallen in developing countries from 47% in 1980 to 33%
in 2000 (by 40 million). Progress has not been uniform, however.
Stunting has increased in East Africa but decreased in Southeast
Asia, South Central Asia, and South America. Stunting has mod-
erately improved in North Africa and the Caribbean. West and
Central Africa show little progress. Despite the average decrease,
child undernutrition remains a major public health problem.

Undernutrition has a huge global impact on morbidity and
mortality due to infectious diseases. In spite of a general under-
standing that undernutrition increases susceptibility to infectious
diseases, good estimates of etiological fractions for the influence
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of hunger on infectious disease mortality predominantly exist for
children under five, where being underweight confers about 50%
of the mortality risk for the main infectious diseases in the devel-
oping world like diarrhea, malaria, pneumonia, and measles (Schelp
1998; Cebu Study Team 1992). Child growth (also in utero, re-
sulting in low birth weight) has again a very strong effect on
morbidity and mortality. Birth weight alone is the single most
important predictor of mortality in early life.

Evidence suggests that PEM is linked with higher malaria
morbidity/mortality (Caulfield et al. 2004). Both malaria and
chronic hunger have effects on child growth. Undernutrition is
highly prevalent in many areas in which morbidity and mortality
from malaria is unacceptably high. The global burden of malaria
is associated with various nutrient deficiencies as well as under-
weight status. Although the association is complex and requires
additional research, improved nutritional status lessens the severity
of malaria episodes and results in fewer deaths due to malaria.
Deficiencies in vitamin A, zinc, iron, and folate as well as other
micronutrients are responsible for a substantial proportion of ma-
laria morbidity and mortality. It is recommended that nutrition
programs should be integrated into existing malaria intervention
programs.

Diarrheal diseases are an important cause of mortality and
morbidity in children, leading to more malnutrition but also
being a consequence of undernutrition, as susceptibility to diar-
rheal diseases is increased in malnourished children (Lanata and
Black 2001). There is ample evidence that giving formula and
the early introduction of solids increases susceptibility to diarrhea,
which emphasizes the importance of access to clean water.

Disease affects a person’s development from a very early age.
Gastroenteritis, respiratory infections, and malaria are the most
prevalent and serious conditions that can affect development in
the first three years of life. It is estimated that children under the
age of five in developing countries suffer from 3.5 episodes of
diarrhea per year and between four and nine respiratory tract in-
fections in their first two years of life (Mirza et al. 1997). Infec-
tions affect children’s development by reducing their dietary
intake, by causing a loss of nutrients, or by increasing nutrient
demand as a result of fever.

Undernutrition also plays a significant role in morbidity
among adults. The link between morbidity from chronic disease
and mortality, on the one side, and a high body mass index, on
the other side, has been recognized and analyzed in industrial
countries primarily for the purpose of determining life insurance
risk. These relationships have also been studied in developing
countries. A study on Nigerian men and women has shown mor-
tality rates among chronically energy-deficient people who are
mildly, moderately, and severely underweight to be 40%, 140%,
and 150% greater than rates among non-chronically energy-
deficient people (ACC/SCN 2000).

There are also linkages between food provision and HIV/
AIDS. Not only does good nutrition of afflicted individuals help
maintain the quality of their life, but in a rural environment there
are implications for the feasibility of continued engagement in
food production activities. One challenge is to minimize demands
on a household labor pool that is severely depleted by the inca-
pacitation of the afflicted family member and the time devoted
to care giving by other family members (Gillespie and Haddad
2002).

8.5.1.4 Obesity and Overweight
Obesity has become a global epidemic. At present over 1 billion
adults are overweight, with at least 300 million considered clini-
cally obese, up from 200 million in 1995 (WHO 2003a). Obesity
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Figure 8.13. Status and Trends of Hunger, 1990–2001 (FAO 2003)

is now a major determinant of the global burden of chronic dis-
ease and disability. In many countries, significant incidence of
both obesity and undernutrition may co-exist. (See Figure 8.14.)
Obesity is a complex condition, with serious social and psycho-
logical dimensions, and can be found across almost all ages and
socioeconomic groups (WHO 2003a). The prevalence of over-
weight and obesity is commonly assessed using the body mass
index, which is defined as the weight in kilograms divided by the
square of the height in meters (kilograms per square meter). A
BMI of over 25 kilograms per square meter is defined as over-
weight, and a BMI of over 30 kilograms per square meter as obese
(WHO 2003a).

Rising rates of obesity and overweight are due to both re-
duced physical activity and increased consumption of more energy-
dense, nutrient-poor foods with high levels of sugar and saturated
fats. Obesity rates often increase faster in developing countries
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than in industrial ones (Chopra 2002; WHO 2003a). The under-
lying causes of these trends include urbanization, income growth,
changing lifestyles, and globalization of and convergence of
‘‘western’’ diets, the ‘‘diet transition.’’ This transition is generally
associated with an epidemiological transition in which disease pat-
terns shift over time so that infectious and parasitic diseases are
gradually but not completely displaced, and noncommunicable
diseases become the leading cause of death (Uusitalo et al. 2002).
WHO reports that NCDs now account for 59% of the 57 million
deaths annually and 46% of the global burden of disease. There is
a well-established link between an unhealthy diet and several of the
most important of these NCDs, including coronary heart disease,
cerebrovascular disease, various cancers, diabetes mellitus, dental
caries, and various bone and joint diseases (WHO 2003b). Low
levels of physical activity exacerbate dietary causes of increased
risk of NCDs (WHO 2003b).
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Figure 8.14. Double Burden of Undernutrition and Overnutrition
among Women Aged 20–49 for Selected Developing Countries.
A calculation of body mass index, BMI, can determine if a person is
not eating enough, or is consuming too much. Many developing coun-
tries are facing both problems simultaneously. Note: data for each
country are from the most recent year available. (Mendez et al. 2005)

Obesity rates have tripled or more since 1980 in some areas of
North America, the United Kingdom, Eastern Europe, the Mid-
dle East, the Pacific Islands, Australasia, and China. Current obe-
sity levels range from below 5% in China, Japan, and certain
African nations to over 75% in urban Samoa. But even in rela-
tively low prevalence countries like China, rates are almost 20%
in some cities (WHO 2003a). A study by the Centers for Disease
Control and Prevention in the United States found that almost
65% of Americans are overweight and around one quarter are
obese (Flegal et al. 2002).

Child obesity is a growing concern and is already an epidemic
in some areas. Based on an analysis of 160 nationally representa-
tive cross-sectional surveys from 94 countries, the global preva-
lence of overweight among pre-school children was assessed at
3.3%, representing, in developing countries, some 17.6 million
children (de Onis et al. 2000). According to the U.S. Surgeon
General, the number of overweight children in the United States
has doubled and the number of overweight adolescents has tripled
since 1980 (WHO 2003a).

Overweight and obesity lead to adverse metabolic effects on
blood pressure, cholesterol, triglycerides, and insulin insensitivity
(Rguibi and Belahsen 2004). Non-fatal health problems include
respiratory chronic musculoskeletal problems, skin problems, and
infertility. The more life-threatening problems are cardiovascular
disease, conditions associated with insulin resistance such as type-2
diabetes, and certain types of cancers, especially the hormonally
related and large-bowel cancers and gall bladder disease (WHO
2003b). Four out of the 10 leading global disease burden risk fac-
tors for NCDs identified by WHO (2002a) were diet-related:
high blood pressure, high cholesterol, obesity, and insufficient
consumption of fruits and vegetables.

An estimated 16.7 million deaths, or almost 30% of the global
total, result from various forms of cardiovascular disease (WHO
2004c). Many of these are preventable by action on the major
primary risk factors: unhealthy diet, physical inactivity, and smok-
ing. Cancer accounts for about 7.1 million deaths annually (12.5%
of the global total). Dietary factors account for about 30% of all
cancers in western countries and approximately up to 40% in de-
veloping countries. Diet is second only to tobacco as a prevent-
able cause (WHO 2004c). And up to 2.7 million lives could
potentially be saved each year with sufficient global fruit and veg-
etable consumption (WHO 2004c). Fruits and vegetables as part
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of the daily diet could help prevent major NCDs such as cardio-
vascular disease and certain cancers.

A number of concerns have been raised concerning the con-
vergence of diets that accompanies globalization, in addition to
the negative effects on health and nutrition. These are loss of
cultural identity and increased resource use in food production
and transportation (Bruinsma 2003). It is estimated, for example,
that an average American diet requires about three times as much
nitrogen fertilizer per capita as the average Mediterranean diet
(Howarth et al. 2002).

The simplification of diets in terms of food sources as a conse-
quence of the nutrition transition has also had implications on
demand for certain types of food and hence on the structure of
crop, livestock, and aquaculture production systems as well as the
genetic diversity they embody (Johns 2003). Although an increas-
ing number of processed foods are available, particularly in urban
and higher-income markets, the species and intra-species diversity
of food sources is narrowing (Johns 2003).

Conversely, agricultural intensification and the simplification
of agricultural landscapes can limit the availability of and access to
wild foods and to food plants growing as weeds that may be of
nutritional importance, especially to landless poor people and to
vulnerable groups within households (Scoones et al. 1992). Simi-
larly, the decline of traditional fisheries (following commercial
exploitation of coastal fisheries and damage to inland water eco-
systems due to water extraction and diversion) can have severe
negative nutritional consequences for poor artisanal fishers (DFID
2002).

8.5.2 Food Safety

Illness as a result of contaminated food is a widespread health
problem and an important factor in reduced economic productiv-
ity. The global incidence of food-borne disease is difficult to esti-
mate, but it has been reported that in 2000 alone 2.1 million
people died from diarrheal diseases, and it is estimated that 70% of
the 1.5 billion global episodes of diarrhea are due to biologically
contaminated food (WHO 2002b). Additionally, diarrhea is a
major contributor to malnutrition in infants and young children.
In industrial countries, up to 30% of people reportedly suffer from
food-borne diseases each year (WHO 2002b). In the United
States, for example, around 76 million cases of food-borne dis-
eases, resulting in 325,000 hospitalizations and 5,000 deaths, are
estimated to occur each year (Mead et al. 1999).While the situa-
tion in developing countries is less documented, they bear the
brunt of food safety problems due to the presence of a wide range
of food-borne diseases, including those caused by parasites. For
example, cholera is a major public health problem in developing
countries (WHO 2002b).

Food contaminants can occur naturally or as a result of poor or
inadequate production, storage, and handling. Hazardous agents
include microbial pathogens, zoonotic disease agents, parasites,
myco- and bacterial toxins, antibiotic drug residues, hormones,
and pesticide residues. Genetically modified organisms and their
potential to contain allergens or toxins have also begun to receive
attention (Unnevehr 2003). Food safety risks vary with climate,
diet, income level, and public infrastructure, and food-borne
pathogens are more prevalent in developing countries, where
food safety may be as important as food security for health and
nutrition. Consumption of contaminated food may cause children
to be stunted, underweight, and more susceptible to infectious
diseases in childhood and later in life.

In addition to food safety risks associated with uncontrolled
endemic diseases found in developing regions, there are also food
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safety risks that appear in highly developed production systems
when animal concentrations are high, feeds contain contaminants,
or meat and milk are improperly handled. There have been out-
breaks of several zoonotic diseases (those naturally transmitted
from animals to humans) recently in people, including avian in-
fluenza, severe acute respiratory syndrome, and Creutzfeldt-Jakob
Disease. Of 1,709 human pathogens, 832 are zoonotic, and of 156
emerging diseases, 114 are zoonotic. Overall, zoonotic pathogens
are more than three times more likely to be associated with
emerging diseases than non-zoonotic pathogens. Examples in-
clude influenza, brucellosis, bovine spongiform encephalopathy,
tuberculosis, and rabies (Kaufmann and Fitzhugh 2004).

Genetically modified foods are increasingly receiving atten-
tion in the food safety debate with regard to toxicity, allergenicity,
stability of the modified genetic composition, nutritional effects
associated with genetic modification, and unintended effects as a
result of gene insertion (WHO 2005). Outcrossing (the move-
ment of genes from GM plants into conventional crops or related
species in the wild), as well as the mixing of crops derived from
conventional seeds with those grown using GM crops, may have
an indirect effect on food safety and food security if the gene
products are toxic. The risk of seed mixing is real, as was shown
when traces of a maize type that was only approved for feed use
appeared in maize products for human consumption in the
United States (WHO 2005).

GM foods currently available on the international market have
passed risk assessments and are not likely to present risks for
human health (WHO 2005). In the developing world, the ap-
proval and cultivation of GM crops is largely limited to soybean,
maize, and cotton in Argentina, Brazil, China, India, Mexico, and
South Africa ( James 2004). Consumption of GM foods has not
shown any adverse effects on human health in the general popula-
tion in the countries where they have been approved. Neverthe-
less, food safety assessments are essential to GM approvals and thus
need to be started early in the process of GM crop development
(Unnevehr 2003).

Pesticide residues on food are also of growing concern. In the
United States, for example, the Environmental Protection
Agency has set maximum legal limits for pesticide residues on
food commodities for sale domestically. In the most recent U.S.
Food and Drug Administration studies, dietary levels of most pes-
ticides were less than 1% of the acceptable daily intake established
by the FAO and WHO (Bessin 2004). Consumption of pesticide
residues in food remains a significant problem in most developing
countries, however, especially for food that is produced and con-
sumed locally (Dasgupta et al. 2002). Pesticides, especially organ-
ochlorides, are expected to increase in importance as a health
concern, particularly in the context of multiple pesticide expo-
sure. Although the long-term effects of pesticide exposure remain
uncertain, evidence suggests that toxins may increase carcinogenic
and neurotoxic health risks in susceptible sub-groups (Alavanja et
al. 2004; Maroni and Fait 1993).

8.5.3 Household Economic Impacts

Consumption of food is also linked to cognitive development and
labor productivity. Nutrition has a dynamic and synergistic rela-
tionship with economic growth through the channel of educa-
tion, and the evidence shows that the causality works in both
directions: better nutrition can lead to higher cognitive achieve-
ment and increased learning capacity, and thus to higher labor
productivity as well as higher incomes. And higher levels of edu-
cation lead to better nutrition.
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8.5.3.1 Nutrition and Cognitive Development

This dual causality between nutrition and cognitive development
is complex and varies over the life cycle of a family. In utero,
infant, and child nutrition can all affect later cognitive achieve-
ment and learning capacity during school years, ultimately in-
creasing the quality of education gained as a child, adolescent, and
adult. Parental education affects in utero, infant, and child nutri-
tion directly through the quality of care given (principally mater-
nal) and indirectly through increased household income. Human
capital development, primarily through education, has received
merited attention as a key to economic development (Verner
2004), but early childhood nutrition has yet to obtain the required
emphasis as a necessary facilitator of education and human capital
development.

Despite the limited evidence demonstrating a causal link be-
tween poor nutrition and cognitive achievement, systematic evi-
dence supports the argument that policy interventions in early
childhood nutrition are crucially important for cognitive achieve-
ment, learning capacity, and, ultimately, household welfare. Spe-
cifically, available studies (Horton 1999) have shown that:
• PEM deficiency, as manifested in stunting, is linked to lower

cognitive development and educational achievement;
• low birth weight is linked to cognitive deficiencies;
• iodine deficiency in pregnant mothers negatively affects the

mental development of their children;
• iodine deficiency in children can cause delayed maturation

and diminished intellectual performance; and
• iron deficiency can result in impaired concurrent and future

learning capacity.
Children are most vulnerable to malnutrition in utero and be-

fore they reach three years of age, as growth rates are fastest and
they are most dependent on others for care during this period.
However, nutrition interventions, such as school feeding pro-
grams, among children of school age are also important for
strengthening learning capacity.

Yet there remains significant uncertainty surrounding esti-
mates of the monetary costs associated with the impact of hunger
and malnutrition on school performance. Nevertheless, Behrman
(2000) cites three studies suggesting that, by facilitating cognitive
achievement, child nutrition and schooling can significantly in-
crease wages. Micronutrients from animal-source foods are espe-
cially important in the health of women of reproductive age and
in the cognitive development and school performance of children
(Neumann and Harris 1999). Behrman (2000) concludes that
while the link between health and educational attainment is not
as robust as most studies suggest, and specific cost-benefit analysis
is difficult to carry out, policies supporting nutrition make good
sense, and the empirical basis for this is as sound as that of many
other conventional assumptions in economics.

8.5.3.2 Nutrition and Labor Productivity

Much of the empirical work linking economic outcomes to nu-
trition to date has focused on agriculture, and it attempts to link
farm output, profits, wages, or labor allocation choices to indica-
tors of nutritional intake such as calories or to nutritional outputs
such as weight-for-height, BMI, and height. Widely cited work
by Strauss (1986) links the average calorie intake per adult in a
household to the productivity of on-farm family labor in Sierra
Leonean agriculture. For this sample, on average, a 50% increase
in calories per consumer equivalent increased output by 16.5%,
or 379 kilograms. For an increase of 50% in hours of family labor
or in the area of cultivated land, this compares with an output
response of 30% and 13%, respectively. Significantly, Strauss’s

................. 11432$ $CH8 10-11-05 14:56:16 PS



237Food

findings show that the lower the calorie intake is, the more sig-
nificant the output response is to increased calorie intake. For
example, based on a daily intake of 1,500 calories per consumer
equivalent, a mere 10% increase in calorie intake would increase
output by nearly 5%.

Findings from Ethiopia, presented in Croppenstedt and Mul-
ler (2000), show that a 10% increase in weight-for-height and
BMI would increase output and wages by about 23% and 27%,
respectively. They also find that height, an indicator of a person’s
past nutritional experience, is a significant determinant of wages
in Ethiopia, with a person who is 7.1 centimeters above the aver-
age height earning about 15% more wages. These findings have
to be contrasted with the effect of other productivity-augmenting
investments, such as education. Nutrition would appear to com-
pare well with the 4% increase in cereal output attributed to an
additional year of schooling in a rural Ethiopian household.

Poor nutritional status not only reduces a person’s output, it
may also prevent them from carrying out certain tasks. A study in
Rwanda found that those who are poorly fed have to choose
activities that are physically less demanding—and less well paid
(Bhargava 1997). A low BMI and poor nutritional status may also
limit productivity indirectly through absenteeism and reduced
employment opportunities. Moreover, to carry out certain activi-
ties, undernourished people may have to put their muscle mass
and heart rate under much greater strain than well-nourished peo-
ple do, requiring more energy to produce the same output, which
may lead to health problems in the long term.

There is also an increasing awareness of the role of micronu-
trients in people’s nutritional status, as described earlier. For ex-
ample, iron deficiency in adults negatively affects productivity as
well as contributing to absenteeism. Basta et al. (1979) found that
productivity among Indonesian rubber plantation workers with
anemia was reduced by 20% compared with non-anemic workers.
There is also some evidence that iodine deficiency during adult-
hood reduces productivity and work capacity (Hershman et al.
1986).

8.5.4 Macroeconomic Growth

There is clear evidence of an association between improvements
in nutrition and improvements in macroeconomic growth, but
the nature and strength of the association is sensitive to the con-
text and time frame (Easterly 1999; Arcand 2001; Wang and Tani-
guchi 2003). Overall, inadequate nutrition is estimated to cause
losses of between 0.23% and 4.7% per year in per capita GDP
growth rates worldwide (Arcand 2001). Improved nutrition af-
fects economic growth directly through its impact on labor pro-
ductivity and indirectly through improvements in life expectancy.
The reverse is also true, and analysis using 81 indicators found that
a 1% increase in per capita GDP raises per capita calorie intake by
approximately 540 kilocalories a day (Easterly 1999). Differences
in economic growth explained 40% of cross-country differences
in improved mortality rates over the last three decades (Pritchett
and Summers 1996), while in a separate study covering some 65
countries between 1970 and 1995, half of the decline in child
malnutrition from 1970 to 1995 could be attributed to income
growth (Smith and Haddad 2000). Half of the economic growth
that occurred in the United Kingdom and France in the eigh-
teenth and nineteenth centuries has been attributed to improve-
ments in nutrition and health (Fogel 1994).

More recent and comprehensive analysis of 114 countries over
the period 1961–99 found that, on average, the GDP growth
rate increased by 0.5% per capita for each 500 kilocalorie-per-day
increase in dietary energy supply (Wang and Taniguchi 2003).
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However, the results differed significantly between country
groups and short-term and long-term perspectives. For some
groups (East and Southeast Asia), GDP growth was up to four
times higher, while in others (sub-Saharan Africa) GDP growth
was absent or negative. Furthermore, short-term GDP impacts
were also ambiguous (a mix of positive, neutral, and negative im-
pacts). This is explained on the basis of a ‘‘nutrition trap’’ for
some countries, particularly—and persistently—in sub-Saharan
Africa. In such countries, significant increases in DES often trans-
late into an expansion in short-term population growth rates that
depress both per capita DES and GDP. To overcome this, nutri-
tion and income need to attain levels at which further increases in
DES do not promote population expansion, or DES increases
need to be large and sustained (Wang and Taniguchi 2003).

8.5.5 Cultural Aspects

Food is not just an economic good and a requirement for good
health, but also a centerpiece of culture. It is no coincidence that
the word ‘‘company’’ stems from com, meaning together and panis
meaning bread. Recalling the quasi-mystical status of the yam in
much of African culture, Wole Soyinka, the Nigerian Nobel lau-
reate for literature, speaking on the role of cultural leaders in
changing attitudes and behaviors related to food and nutrition,
said ‘‘Food is allied to culture in the most organic, interactive
way, and one may be brought to the aid of, in enhancement of,
or in celebration of the other’’ (IFPRI 2004).

Cultural aspects of food and acquired tastes (a type of ‘‘food
bias’’) can be significant determinants of both physical and eco-
nomic well-being. For example, in drought-prone southern
Zambia, some drought-resistant crops, such as millet and sor-
ghum, are not cultivated because southern Zambians have not
acquired a taste for them despite the fact that these foods could
provide food security during times of drought.

Food is so integral to the formation of cultural identities and
global unity that 2004 was declared ‘‘The International Year of
Rice’’ by FAO, to commemorate rice as a life force having ‘‘enor-
mous impact on human nutrition and global food security’’ (FAO
2004). A grain of rice is compared with a grain of gold in South-
east Asia, and many Japanese perceive rice as the ‘‘heart’’ of their
culture. Rice, along with many other foods, is used for consump-
tion by people every day, as well as to celebrate religious and
social holidays, festivals, and other special occasions.

Indeed, food rituals form the core of many religious rituals,
and inadvertently affect markets and trade. Taboos associated with
different types of food also set apart cultures, sects, and denomina-
tions. Not only do these taboos and rituals help promote social
solidarity and maintain cultural boundaries, they also promote
‘‘food bias’’ and, thereby, contribute to the kinds of food trade a
culture will initiate and promote. For example, religious beliefs
associated with pigs in the Judaic and the Muslim traditions are
not likely to initiate any pork trade in these regions. Similarly,
Hinduism’s taboo of beef, due to the sacred allegiance to the cow,
can adversely affect the beef trade in certain regions of India. In
North America, the turkey has become a cultural symbol associ-
ated with Thanksgiving, and more broadly is associated with
Christmas, generating a large turkey trade during these seasons.

Recognizing that the enjoyment of wholesome food is impor-
tant in the pursuit of happiness and, in part, as a backlash to the
rapidly growing western/urban culture of fast food, a small but
rapidly growing grassroots movement has been established that
seeks to maintain the cultural significance of food and its con-
sumption (Jones et al. 2003).
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8.5.6 Distributional Dimensions

In low-income countries, most of which are characterized by a
relatively large share of agriculture in the economy and a high
proportion of rural population, food production has critical distri-
butional impacts in the form, for example, of income or health
inequalities. It has impacts on poverty alleviation, reduced ine-
qualities in food consumption, improved nutrition and health,
low commodity and food prices, and direct and indirect employ-
ment and income generation. The size and pattern of these im-
pacts depend on a number of factors: the rate of growth of
agricultural and food production across regions and types of crops,
agriculture’s share in the economy, the proportion of the popula-
tion that is rural, asset (mainly land) distribution, rural infrastruc-
ture, well-functioning markets, availability of agricultural inputs
and credit to the poorer farmers and in remote areas, and adequate
research and extension (von Braun 2003).

Thus a whole set of factors combine to have a broad and equi-
table impact from increased food productivity. This explains the
continued food distributional inequalities despite food production
per capita increasing globally. Increased local food production re-
mains critical to alleviating poverty and providing food security.
In general, the experience of the last few decades shows that the
higher the food (and agricultural) output (especially when it is
due to higher labor and land productivity), the more equal the
land distribution, the better the small farmer’s access to inputs and
markets, and the less suppression of agricultural prices, the greater
is the positive impact on income and consumption distribution,
poverty alleviation, and food security for the poor (von Braun
2003). Further, the more ‘‘distribution friendly’’ variables that are
present, the stronger is their synergistic impact.

Livestock are also a significant source of income and con-
sumption in low-income countries. Often they provide a supple-
mentary source of income and income stability. However, in
many cases livestock are a vital, even the sole, source of income
for the poorest, the landless, pastoralists, sharecroppers, and wid-
ows. They are one of the few assets available to these groups.
Livestock also allow the rural poor to exploit common property
resources, such as open grazing areas, in order to earn incomes
and reduce income variability, especially in semiarid areas.
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Main Messages

Global timber harvest has increased by 60% in the last four decades and
will continue to grow in the near future, but at a slower rate. The growth
rate of timber harvest has slowed in recent years and is likely to continue to
grow more slowly in the foreseeable future. (In this chapter, ‘‘timber’’ is used
to denote standing trees and their immediate products). The portion of har-
vested wood that was used for pulp increased threefold since 1961, reflecting
a major shift in demand for timber products as pulpwood demand greatly out-
paced the increased demand for sawn wood products.

Timber supplies for common industrial wood products appear to be
ample for the near future, but there will be shortages of high-value spe-
cies and premium quality woods due to past overharvesting. Timber pro-
duction from both forest and agricultural plantations will increase over the near
future, providing wood for pulp and common sawtimber. Premium woods from
large and old trees of highly valuable species are scarce in most regions. They
may be restored through protection and sustainable forest management in the
longer term but will remain in short supply for the foreseeable future.

Plantations are providing an increasing proportion of timber products. In
2000, plantations were 5% of the global forest cover, but they provided some
35% of harvested roundwood, an amount anticipated to increase to 44% by
2020. The most rapid expansion will occur in the mid-latitudes, where yields
are higher and production costs lower. Gains in production will also come from
insect and disease-resistant trees, genetically improved trees with higher yields
and improved fiber characteristics, improved planting techniques, and im-
proved management. The net effect will increase the amount of products avail-
able to satisfy timber, fuel, and fiber needs, but with a reduced harvest from
natural forests in most regions.

Major shifts in the location of timber production have resulted from a
combination of globalization, economic stress, and changing national
policies, and the future for sustainable timber supplies varies across
areas and regions. In general, recent production shifts have been from north
to south. In the northern boreal and temperate regions, forest-growing stocks
have increased in the recent past, as overall annual growth has exceeded
mortality and harvest. This trend will continue into the foreseeable future (me-
dium certainty). In the low latitudes, deforestation and degradation continue to
diminish natural forests. Contributing to this are examples of destructive, ex-
ploitive, and illegal logging practices. These combine with a complex of other
drivers, including fuelwood extraction, agricultural expansion, development pol-
icies, and population pressures to contribute to forest degradation. The associ-
ated production losses are partially offset by plantation expansion, but
premium species are seldom replaced, either in regrowing forests or in planta-
tions.

International trade in forest products has increased at a rate much faster
than the increase in production. The global value of timber harvested in
2000 was around $400 billion, and around one quarter of that entered into
world trade, representing some 3% of total merchandise trade. In constant-
dollar terms, global exports increased almost twenty-five-fold between 1961
and 2000. Five countries—the United States, Germany, Japan, the United
Kingdom, and Italy—imported more than 50% of world imports in 2000, while
Canada, the United States, Sweden, Finland, and Germany accounted for
more than half of exports. During the past decade, China has increased its
imports of logs and wood products by more than 50% and, if unabated, this
rate of increase will put significant pressure on wood supplies in many regions,
particularly Russia and Southeast Asia.
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International moves toward sustainable forest management and forest
certification have expanded rapidly in recent years. To date they have been
used primarily in industrial countries, and only locally in developing countries,
and they do not seem to be affecting timber production or trade significantly.
They are, however, affecting forest management where certification is in-
volved. Their broad future effectiveness remains uncertain, but they could be-
come more important in some regions, such as Europe.

The global forestry sector annually provides subsistence and wage em-
ployment of 60 million work years, with 80% taking place in the developing
world. While timber is processed mainly by industrial firms, the management
of forests, including harvesting and transport, is dominated by individuals, fami-
lies, and small companies. In the industrial world, the forestland is both pri-
vately (in Europe and the United States, for example) or publicly (as in
Canada) owned and managed. In the developing world, most of the forest is a
public resource. These ownership factors create very different and diverse
opportunities for people to interact with and benefit from forest products and
services. As production moves South in the near future, the trend indicates
increasing forest employment opportunities in sub-tropical and tropical regions,
with declining employment in temperate and boreal regions. Labor require-
ments per unit of output in all regions will continue to shrink due to technologi-
cal change.

Illegal logging is a significant factor that skews timber markets and trade,
particularly in tropical forest regions and countries with weak or transi-
tional governments. It is estimated that up to 15% of global timber trade
involves illegal activities, and the annual economic toll is around $10 billion.
Addressing this problem will require a major effort by both governments and
private industry.

On a global basis, the recorded value of fuelwood production per capita
has fallen in recent years, and earlier concerns about a ‘‘wood energy
crisis’’ have eased. Fuelwood is the primary source of energy for heating and
cooking for some 2.6 billion people, and 55% of global wood consumption is
for fuelwood. While populations in developing regions will continue to grow,
estimates from FAO indicate that global consumption of fuelwood appears to
have peaked in the 1990s and is now believed to be slowly declining. Accurate
data on fuelwood production and consumption are difficult to collect, since
much of it is produced and consumed by households in developing countries.
It is also difficult to relate trends to ecosystem condition, since fuel is harvested
from woody plants wherever they occur. Localized fuelwood shortages in Africa
impose burdens on people who depend on it for home heating and cooking.
The impact on people may be high prices in urban areas or lengthy and ardu-
ous travel to collect wood in rural areas.

The burning of wood fuel without appropriate smoke venting creates sig-
nificant health hazards, and where wood shortages force poor families to
shift to dung or agricultural residues for heating and cooking, the
problems are exacerbated. An estimated 1.6 million deaths and 39 million
disability-adjusted life years are attributed to indoor smoke pollution, with
women and children most affected. Where adequate fuel is not available, the
consumption of cooked food may decline, leading to adverse effects on nutri-
tion and health. Human well-being can be enhanced in many developing re-
gions through efforts to assure adequate and accessible fuel supplies, as well
as to promote more-efficient stoves and more-effective smoke venting.

Wood and forest biomass, agricultural crops and residues, manure, mu-
nicipal and industrial wastes, and many other non-fossil organic materi-
als can produce renewable energy and fuel supplies through a variety of
modern industrial processes. These renewable energy technologies are
being rapidly developed throughout the world, but examples of full commercial
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exploitation are still fairly modest. Competition from low-cost and widely avail-
able fossil-based fuels currently limits the expansion of successful research
and pilot projects into widespread commercial production. Biomass-based en-
ergy production, while likely to expand slowly in the near future, offers great
promise for the mid- and long-term future, as the nonrenewable nature of fossil
fuels, particularly natural gas and petroleum crude oil, begins to affect energy
economics because of shortages and supply disruptions.

Global cotton production has doubled and silk production has tripled
since 1961, accompanied by major regional shifts in the production
areas. Production of other agricultural fibers such as wool, flax, hemp,
jute, and sisal has declined. While cotton production has doubled, the land
area on which it is harvested has stayed virtually the same. Major area expan-
sion of cotton production in India and the United States has been offset by
large declines in Pakistan and the former Soviet Union. These shifts have
important impacts on limited water resources, since much of the cotton crop is
irrigated, and on agricultural land use patterns, as cotton competes with food
crops for arable land. There have also been significant impacts of the use of
fertilizer and pesticides for the increased production of cotton. Silk production
also experienced a major shift in production area, from Japan to China, due to
lower labor costs.

There are still instances where species are threatened with extinction
due to the trade in hides, fur, or wool, in spite of international efforts to
halt poaching and trade. On the other hand, there are instances, such as for
crocodiles, where international conservation efforts have restored species and
established sustainable production of valuable commodities.

9.1 Introduction
This chapter on timber, fuel, and fiber covers a wide range of
ecosystem services provided by an equally wide range of ecosys-
tems. The major focus is on timber that is linked most closely
with forest ecosystems and forest-related communities and indus-
tries, but it extends to fuel and fibers as well. Information about
recent trends in supply and consumption of those products is pre-
sented and assessed in terms of the impact of that consumption on
ecosystems and human well-being, and efforts are made to iden-
tify and assess the important drivers of change in each resource
area. Trends in the condition of the ecosystems from which these
services are derived are found in other chapters of this volume
(particularly Chapters 21, 22, and 26).

Forests cover about 30% of the ice-free land area of Earth, but
global forest cover has declined considerably through history
(FAO 2001a; Williams 2003). (See also Chapter 21.) While there
are copious statistics for the timber and wood products that enter
into world trade, assessing the connection between production
and forest ecosystems is complicated by the fact that the produc-
tion statistics are reported by country rather than by biome or
ecosystem.

The most complete and comparable statistics are maintained
by the U.N. Food and Agriculture Organization, and its publica-
tions and databases are widely cited in this chapter. It should be
noted that all statistics on wood production, whether for fuel or
commercial purposes, have some limitations. Regional data are
reported by FAO, but the regions are geographic or geopolitical,
making their direct use in reflecting effects on forest ecosystems
of limited value. For this assessment, FAO country data have been
regrouped to approximate the dominant forest systems affected by
the production trends reported. Table 9.1 lists the countries that
were grouped into the seven major forested regions chosen for
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Table 9.1. Regions Used in the Wood Products Analyses. The
regions group countries with areas of closed forest by continent
and climate type. (FAO 2003b)

Africa Tropical Asia Temperate Europe Temperate

Angola Bhutan Albania

Benin China (PR) Austria

Cameroon Japan Belarus

Central African
Republic

Korea (DPR)
Korea (Rep. of)

Belgium
Bosnia and Herzegovina

MongoliaCongo (Dem. Rep.) Bulgaria

Congo (Rep. of) Nepal Croatia

Côte d’Ivoire Russian Federation Czech Republic

Equatorial Guinea Turkey Denmark

Ethiopia Estonia

Gabon Asia Tropical Finland

Ghana Bangladesh France

Guinea Brunei Darussalam Germany

Guinea-Bissau Cambodia Greece

Liberia India Hungary

Madagascar Indonesia Ireland

Mali Laos Italy

Mozambique Malaysia Latvia

Nigeria Myanmar (Burma) Liechtenstein

Senegal Papua New Guinea Lithuania

Sierra Leone Philippines Luxembourg

Togo Sri Lanka Macedonia (FYR)

Zambia Thailand Moldova

Viet Nam Netherlands

America Temperate Norway

Canada Poland

United States Portugal

Romania

America Tropical Serbia and Montenegro

Belize Slovakia

Bolivia Slovenia

Brazil Spain

Colombia Sweden

Costa Rica Switzerland

Dominican Republic Ukraine

Ecuador United Kingdom

El Salvador

French Guiana

Guatemala Southern Temperate
Guyana Argentina

Haiti Australia

Honduras Chile

Mexico New Zealand

Nicaragua South Africa

Panama

Paraguay

Peru

Suriname

Venezuela
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this assessment. Figure 9.1 (in Appendix A) indicates where these
seven regions are.

In addition to timber, fuels derived from biomass are also con-
sidered in this chapter. More than 2 billion people worldwide rely
on biomass for their main energy source (IEA 2003). Although
wood and charcoal are the primary energy sources in many socie-
ties, particularly developing ones, the data for assessing the im-
pacts of this use and consumption on ecosystem sustainability are
largely unavailable. This is due to several factors, including the
difficulty of monitoring the supply and consumption of wood
fuels accurately, as much of it is done outside the market
economy.

The last section of the chapter discusses some of the general
trends in the production and consumption of important fibers
derived from forest or agricultural crops, domestic animals, wild-
life, and other sources. These products, each of which could be
the subject of a major assessment, are treated sparingly due to
limitations of space and time.

The ownership of forests varies on the basis of legal and cul-
tural traditions and history. In some nations, central governments
claim vast areas of forest but do little to enforce those claims. Poor
administration and corruption allow illegal logging and other
forms of resource extraction, including within protected forests.
In other areas, highly developed property rights systems exist, and
resource extraction is often tightly regulated as a result. More
wood per hectare is generally harvested from private forests than
public ones, because of more-intensive management and more-
focused forest production objectives. While some private forests
produce multiple benefits, many are managed mainly for timber.
(See Table 9.2.)

For forests in protected areas, timber harvest may or may not
be one of the management objectives. Even where forests are
protected from harvesting in some protected areas, resource ex-
traction (for commercial or local use) continues unabated owing
largely to poor governance and corruption (WWF 2000; Khan
et al. 1997; Smith et al. 2003; and see MA Policy Responses,
Chapter 5).

In both temperate and tropical forests, many local communi-
ties have decision-making rights for the management of public
forestlands. Such community forest management systems include
joint forest management in India (TERI 2000) and nascent con-
cession systems in Bolivia and Peru. In order to foster long-term
maintenance of forest resources, communal forest management
arrangements generally allocate all or part of the forest production

Table 9.2. Some Key Differences Affecting Forest Product
Derivation from Public and Private Forests

Category Public Forest Private Forest
Management regime extensive intensive

Protected areas common uncommon

Land use multiple use dedicated use

Management costs
(dollar per hectare)

low high

Illegal logging common rare to nil

Planted forests uncommon common

Species planted mostly endemic mostly endemic

Plantation forests uncommon common

Species planted mostly endemic mostly exotic

Production per hectare variable generally high
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revenues to the local community. While the amount of forest
products produced under such arrangements remains negligible
as a fraction of total global output, community management can
produce significant positive local economic impacts.

9.2 Timber and Related Products
While forests produce a wide range of services that are essential
to human well-being, their major financial output consists of tim-
ber that can be used for a variety of manufacturing, building, fuel,
and other materials. Timber is harvested from forest ecosystems
(both intensively and extensively managed), forest and agricultural
plantations, and trees outside forests. It should be noted that there
is not always a clear distinction in the data and discussion of these
issues between ‘‘planted forests’’ and ‘‘plantations.’’ (See Chapter
21.)

9.2.1 Industrial Roundwood

According to FAO, industrial roundwood includes wood for the
following commodities: sawlogs, veneer logs, pulpwood, other
industrial roundwood (used for tanning, distillation, match
blocks, poles, piling, posts, pitprops, and so on) and, in the case
of trade, also chips and particles and wood residues. Although the
title ‘‘industrial roundwood’’ suggests that this is wood harvested
by industrial companies, the majority of the timber harvested in
the world is still harvested by individuals, families, and small oper-
ations using a variety of traditional and modern methods. This use
of the term ‘‘industrial’’ is better understood to mean wood that
is produced for sale into commercial channels for processing or
end use.

9.2.1.1 Production

Production of industrial roundwood increased between 1961 and
1980 in nearly all regions, but the increase, which was slowing
gradually before 1980, slowed considerably between 1980 and
2000. (See Table 9.3.) Some of this decline in the rate of increase
reflects the demise of the Soviet Union and the associated dra-
matic reduction in timber production. Russian and other former
Soviet Union timber production, in excess of 300 million cubic
meters a year in Soviet times, declined to one fourth of previous
levels.

As the former centrally planned economy moved toward
greater use of markets, the subsidies received by the transport sec-
tor were largely eliminated and with it, the subsidy that allowed

Table 9.3. Industrial Roundwood Production, 1961–2000 (FAO
2003c)

Region 1961 1980 2000 1961–80 1980–2000

(million cubic meters) (percent change)

Africa tropical 15 28 34 83 20

America temperate 335 478 625 43 31

America tropical 28 83 131 198 57

Asia temperate 282 336 239 19 –29

Asia tropical 34 101 86 199 –14

Europe temperate 286 352 377 23 7

Southern temperate 25 50 92 97 86

Other areas 13 19 25 50 36

Total 1,018 1,446 1,610 42 11
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timber transport from the forests to distant processing facilities. In
addition, the large declines experienced in Russian Federation
GDP further depressed timber demand and production. A grow-
ing Russian economy together with new export markets, such as
China, should revive some of the demand for Russian Federation
wood products, and indeed timber production increased in the
late 1990s. The transport subsidy is unlikely to return, however,
and Russian timber production in the next decade will likely be
substantially lower than in Soviet times.

9.2.1.1.1 Illegal logging

It should be noted that the FAO data (and Table 9.3) consist pri-
marily of legally produced wood as reported to national govern-
ments, and so in regions where illegal logging is significant, the
data may underreport the actual volume of timber harvested. It is
difficult to estimate the magnitude of illegal removals, and quanti-
tative estimates vary. But the amount of timber involved is both
locally and globally significant. Contreras-Hermosilla (2002) esti-
mates that as much as 15% of global timber trade involves illegali-
ties and corrupt practices, amounting to annual losses in assets and
revenues in excess of $10 billion. Curry et al. (2001) conclude
that ‘‘illegal logging is rife in all the major tropical timber produc-
ing countries,’’ citing studies showing that 70% of log production
in Indonesia (50 million cubic meters per year) is derived from
illegal sources; 80% of logging in the Brazilian Amazon during
1998 was illegal, and half of all timber in Cameroon is sourced
through illegal logging (WRI 2000b).

Illegal logging takes many forms, including logging timber
species protected by national or international law; logging in pro-
tected or prohibited areas; logging without authorization; extract-
ing more timber than authorized; timber theft and smuggling; and
fraudulent transfer pricing and other corrupt accounting practices.
Its negative impacts include the impoverishment of forest land-
scapes, governments and local communities that are deprived of
significant forest revenues, the strengthening of organized crimi-
nal enterprises, and inducements for the corruption of law en-
forcement and other officials (Contreras-Hermosilla 2002).

National and local governments, being unable to appreciably
reduce illegal logging, often play down its extent. In Russia, for
example, according to government figures illegal logging over the
past decade has amounted to 1% of legally permitted logging. In-
dependent NGO and scientific assessments, however, estimate il-
legal logging to constitute some 20% of the total, with illegal
exports of particularly valuable species in border areas being dou-
ble the legally permitted volumes (Sheingauz 2001). In other areas
too, weak or poorly enforced legislation has been ineffective in
protecting forests from illegal logging (for example, in the Congo
basin) (Global Witness 2002).

9.2.1.1.2 Forest plantations

All the following statistics refer to forest plantations as opposed
to planted forests, with the distinction being, for the latter, the
application of planting as one of several normal silvicultural tech-
niques used to reforest harvested areas. Plantations, in contrast, are
intensively managed, regularly spaced stands, often monocultures,
often of exotic species, and usually with the production of wood
as the main product (FAO 2000c). Forest plantations covered 187
million hectares in 2000, with Asia accounting for 62% (FAO
2001a). This total represented a tenfold increase (from 17.9 mil-
lion hectares) since 1980 (FAO 2001a). In 2000, the annual rate
of new planting was estimated at 4.5 million hectares, of which
79% was in Asia, and much of this in China and India. (See Chap-
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ter 21 for a more complete description of trends in plantation
forests.)

Yields from tropical plantations are high—often in the range
of 10–30 cubic meters per hectare per year for Eucalyptus and
Pinus, with some species on favorable soils reaching yields as high
as 50–60 cubic meters per hectare. Given the amount of research
that has gone into improving yield from planted stocks, these
yields are likely to continue to increase. Because of high yields
and increasing area, plantations provide a continuously increasing
portion of the world’s timber supply. According to FAO (2001a),
plantations were only about 5% of global forest cover in 2000, yet
provided some 35% of global roundwood, an amount anticipated
to increase to 44% by 2020.

Plantation growth rates and wood quality are likely to im-
prove with each successive rotation, as trees embodying new ge-
netic improvements are increasingly being used to replace the old
technology embodied in the prior harvest. Thus far the genetic
improvements have come primarily through conventional breed-
ing techniques. However, there are substantial efforts under way
to apply modern biotechnology, including genetic engineering,
to industrial trees and plantation forests (Sedjo 2004). The degree
of acceptance of genetically engineered (transgenic) trees remains
uncertain. But based on experience with genetically engineered
crops, there is reason to believe that the adoption of transgenic
technology for trees will be variable.

9.2.1.1.3 Agricultural plantations

Plantations of agricultural and industrial crops such as rubber, co-
conut, and oil palm are increasingly important sources of indus-
trial wood for the forest industries of Asia. It is estimated that
there are some 27.4 million hectares of these crops in the region.
Changing technology and markets are resulting in the conversion
of formerly wasted by-product logs to products such as plywood,
particleboard, paper, and lumber for furniture and other uses
(Durst et al. 2004).

Rubberwood (Hevea brasiliensis) is estimated to cover some 9
million hectares, primarily in Indonesia, Thailand, and Malaysia.
Planted originally for the production of latex, the trees mature at
about age 30 and are then replaced. Prior to the emergence of
milling technology in the late 1970s, the wood was either used
for energy or disposed of in open burning. Today, it is estimated
that over 6.5 million cubic meters are processed into sawn lum-
ber, largely for furniture (Durst et al. 2004). Rubberwood is also
used for manufacturing a variety of wood panels. This produc-
tion, which eases pressure on many formerly used native species,
is currently the basis for exports of almost $1.5 billion annually
from Malaysia and Thailand (Durst et al. 2004).

Coconut palm (Cocos nucifera) is another agricultural crop with
emerging value for the forest products industry. Its primary use is
for coconut oil, but after age 60, when yields begin to decline,
the palms are generally felled and replaced. Removing the
downed stems from the plantation is important for controlling
disease, and selling them for lumber production increases planta-
tion revenues.

It is estimated that, throughout Asia, palm wood production
rates of around 5 million cubic meters per year will be available
for at least 20–30 years. After that time, the existing plantations
will be replaced by higher-yielding dwarf varieties that produce
less valuable lumber, but which may be useful for products such
as panels (Durst et al. 2004).

Oil palm (Elaeis guineensis) plantations cover an estimated 6.5
million hectares in Asia and are grown on a 25- to 30-year rota-
tion (Durst et al. 2004). While this is a huge potential in terms
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of biomass, research and development are needed to overcome
limitations in the use of this species for wood products. That re-
search is under way, and if the experience in developing and using
other formerly ‘‘unusable’’ species is any guide, increasing indus-
trial use is likely in the future.

9.2.1.2 Consumption

Between 1961 and 1991, the market value of global wood con-
sumption more than doubled in real terms, growing at 2.7% per
year (FAO 1999). In terms of processed wood products, sawn-
wood increased by 20%, wood panels by 600%, and paper by
350% between 1961 and 1991. These increases were achieved, in
large part, through improved production efficiencies, recovery of
wood residues for use in wood panels, and paper recycling (FAO
1999).

An increasing supply of wood products has begun to flow into
China as that economy continues to develop rapidly. China is
now importing 107 million cubic meters of wood, which repre-
sents an increase of more than 50% during the period 1997–2003
(Sun et al. 2004). The demand for imported wood has developed
in part as a result of policies limiting domestic harvest levels. Im-
ports are made up of raw pulp and paper largely coming from
Canada and Russia and sawn lumber and logs from Russia, Ma-
laysia, and Indonesia (Sun et al. 2004). Imports from Russia have
resulted in continued forest loss in there through rapid logging of
mature forests. (See Chapter 21.) Demand from China is expected
to continue to grow, resulting in increased social, environmental,
and economic effects, particularly in Russia and Southeast Asia.

The substitution of a variety of other materials for wood has
contributed to relatively slow growth in global timber consump-
tion in recent years. Steel studs (with up to one-third recycled
content) are replacing wood in some markets of industrial coun-
tries, and vinyl has largely replaced wood as a siding material in
North America. Plastics have replaced wood in some specialty
applications—for example, to a large extent in the European win-
dow frame market. The use of metal roofing is growing rapidly
in many parts of the developing world and, along with other
products, it has largely replaced wood as a roofing material.

As premium quality and specialty woods have become scarce
due to high-grading and other forms of unsustainable harvesting,
there has been considerable replacement of traditional wood
products by new products. Solid hardwood furniture has been
replaced in many situations by a thin veneer of hardwood glued
to a manufactured panel. Solid boards for sheathing buildings have
been replaced, first by plywood and then by composite oriented
strandboard. Solid wood joists for flooring systems are being re-
placed by engineered I-joists fabricated from smaller pieces of
wood from widely available second-growth trees that often do
not produce the large and high-strength pieces needed for solid
wood structural timbers. These I-joists offer a flatter floor, greater
strength, and longer spans. These manufactured wood products
are so far largely confined to markets in industrial countries.

In many parts of the world, newly engineered forms of wood
flooring, often with sturdy artificial overlays, are gaining wide
acceptance. Other new products include engineered panels for
nonstructural uses such as furniture, flooring, and moldings.
These are often constructed using sawdust, shavings, and other
residuals from sawmills or plywood mills. Viet Nam has a plan to
build as many as nine particleboard plants to support its growing
furniture industry. Non-wood fibers are increasingly being tapped
for these products; examples include panels from wheat straw in
the North American wheat belt, and medium density fiberboard
produced from oil palm stalks in Malaysia and Indonesia. Like
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many new technologies, the agri-fiber panels have had difficulties
with some early testing. However, the technology seems well
adapted for fiber-short nations with growing economies, such as
China.

In the paper industry, plastics and other materials have re-
placed some paper bags, packing papers, and paperboard. Increas-
ing use of recycled fiber has caused roundwood use for paper in
the United States to decline significantly since the mid-1990s.
Markets for many paper products in North America are saturated,
and low economic growth in areas like Europe and Japan, driven
by sluggish economic growth and declining birth rates, contri-
butes to the demand weakness.

9.2.1.3 Trade

While FAO (2003c) indicates that total roundwood harvest across
the world has increased some 60% since 1961, the constant-dollar
value of forest products exported has increased almost twenty-
five-fold. (See Table 9.4.) Much of this is due to the increasing
proportion of finished and semi-finished products in trade, as op-
posed to unprocessed logs or chips.

About one quarter of global timber production enters into
international trade, according to FAO, and paper alone makes up
about 2% of all global trade (IIED 1996). With a total value of
around $100 billion in 1991 (FAO 1995), wood products consti-
tuted about 3% of total world trade. This trade is growing rapidly,
particularly in industrial countries. By 1996–98, import value was
estimated at almost $43 billion and export value was $135 billion
(WRI 2000a). Five countries—the United States, Germany,
Japan, the United Kingdom, and Italy—accounted for more than
50% of international imports in 2000, while Canada, the United
States, Sweden, Finland, and Germany accounted for more than
half of international exports (FAO 1999).

Much of the total global trade is within regions. Flows be-
tween the United States and Canada, between northern and cen-
tral Europe, and within Southeast Asia dominate world trade
(TMFWI 2001). Where these trade patterns have resulted in shift-
ing timber production to more productive regions (as described
later), total timber production has increased more rapidly than the
area of forest harvested.

9.2.1.4 Employment

In recent decades there has been a decline in the labor inputs
required by the forest products industry, where employment has
experienced similar declines as many other extractive and manu-
facturing industries (U.S. Bureau of Labor Statistics 2004).

For example, from 1955 to the mid-1990s, labor productivity
in logging in the United States increased an average of 1.45%
annually (Perry 1999). Since output increased at about the same
rate, however, employment levels remained relatively steady. Em-
ployment in forest product processing has declined in many coun-
tries in recent years due to increasing labor productivity. In the
United States, for example, over the period 1997–2003 employ-
ment in the paper and paperboard production fell by one third
while total production barely declined (U.S. Bureau of Labor Sta-
tistics 2004).

9.2.1.5 Future Availability

Estimates of future wood demand must be approached with some
caution, as past assessments have regularly overestimated needs
(Clawson 1979; Sedjo and Lyon 1990). More-recent estimates by
FAO (1998b) suggest that the global wood demand by 2045/50
will be about 2 billion cubic meters a year and that supply should
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Table 9.4. Forest Product Exports and Imports, 1961–2000 (Data from FAO 2003c)

Region 1961 1980 2000 1961–80 1980–2000

Exports (million 1996 dollars) (percent change)

Africa tropical 0.2 1 2 590 50

America temperate 2.1 18 45 773 149

America tropical 0.1 1 4 1,214 239

Asia temperate 0.4 4 11 835 177

Asia tropical 0.2 4 10 2,145 113

Europe temperate 3.0 26 67 761 162

Southern temperate 0.1 1 5 2,039 278

Other areas 0.03 1 1 2,235 55

Total 6 57 145 839 156

Imports
Africa tropical –2 0.02 0.4 0.4 1,516

America temperate 258 1.6 8 30 426

America tropical 212 0.2 2 6 989

Asia temperate 0.4 13 33 3,094 152

Asia tropical 0.1 1 6 544 487

Europe temperate 3.7 33 68 776 108

Southern temperate 0.4 2 3 354 114

Other areas 0.4 4 7 1,069 63

Total 7 63 153

be about the same, with Asia contributing about 700 million
cubic meters and North America about 1 billion cubic meters.

Ultimately, the future availability of wood supplies is likely to
be related more to growth and productivity of managed and
planted forests than to the area of natural forests or gross forest
stock. Production from natural forests will continue to be re-
placed by production from plantation forests, especially in tropical
and sub-tropical forests (as described later). The same trend seems
likely in many temperate forest areas. In the United States, for
example, the harvest of softwood timber on non-plantation native
forests is forecast to decline by 25% over the next 50 years, and
standing stocks on non-plantation forests are expected to increase
significantly (USDA Forest Service 2003).

Although the amount of forest cover is changing differently
by region, other factors also contribute to timber supply and avail-
ability. (See Chapter 21.) The forest available for timber produc-
tion has been declining in some parts of the world (in Europe,
North America, Taiwan, and Japan, for instance) due to increasing
emphasis on non-timber services such as nature conservation and
wilderness. For example, some 21 million hectares of productive
forestland have been set aside in conservation reserves (parks, wil-
derness, and so on) in the United States (USDA Forest Service
2001). This area has more than doubled since 1953, reflecting the
increased emphasis on non-timber forest values in the latter half
of the twentieth century (USDA Forest Service 2001).

In many areas of the world, suburban sprawl and the fragmen-
tation of ownerships are having an effect on the availability of
forests for harvesting, management, and recreational access. In ad-
dition, the resulting land use patterns create significant problems
for land management and wildfire management in the rural-urban
interface (Sampson and DeCoster 2000; Gordon et al. 2004).
Large areas of land that meet the definition of forest for inventory
purposes are not available for timber production due to the small
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size of the ownerships or reduced access due to isolation from
road networks by other ownerships (Tyrrell et al. 2004). Few na-
tional forest inventories effectively account for this factor.

In spite of increasing timber harvests, the reclassification of
productive forest to non-timber use, and forest fragmentation, the
forests available for timber production in Europe and North
America have increased in terms of total standing timber stock. In
Europe, it is estimated that annual growth in standing timber is
around 700 million cubic meters while timber removals in 2000
were around 418 million cubic meters (FAO 2003b). In the
United States, softwood sawtimber stocks in 1997 were 8% higher
than in 1963, and hardwood sawtimber stocks had nearly doubled
(up 95%) in the same period (USDA Forest Service 2001). With
both regions tending to reduce harvesting intensity, particularly
on publicly owned lands, the prospects for the near future are for
continued growth in the standing stock of timber in both Europe
and North America.

One potential factor that can deplete these timber stocks in
the future is the threat of alien invasive species, which move more
freely as a result of increased global trade. For example, recent
infestations in central North America by several invasive insects
have resulted in the mortality of large numbers of deciduous trees,
especially maples and ashes. In the past, such invasives as Dutch
elm disease (Ophiostoma lumi and O. novo-ulmi) have virtually
eliminated individual tree species in some areas.

In addition to the volume of standing timber, the quality of
the timber resource is also important. For example, North Ameri-
can eastern hardwood forests, while doubling in standing stock in
recent decades, are often dominated by species such as red maple
(Acer rubrum) that are not as valuable for timber as the original
forests that were, in many areas, dominated by species such as
oaks, hickories, and chestnuts. In many areas of the world, the
premium quality trees and most valuable species have been unsus-
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tainably harvested, and supplies of those high-value woods are
increasingly limited (FAO 2003b).

The uncertainties in this future prospect include political deci-
sions affecting land use and access to the land for timber harvest,
changing trade policies, and the uncertain effects of climate
change on net forest growth rates. There are indications that the
uncertainty of future access to forests for timber harvest is cur-
rently discouraging investment in the forest products industry in
some regions.

9.2.2 Wood Pulp

Pulpwood is one component of industrial roundwood produc-
tion, and the production of pulpwood from forest ecosystems is
often tightly integrated with the production of other solid wood
products. Pulpwood is derived from a variety of wood sources,
ranging from the harvest of fast-growing young trees in planta-
tions managed specifically for pulp production, to the small or
lower-quality stems removed from managed forests to improve
forest quality or health, to the shavings, trimmings, and other
wood produced in the manufacture of sawn wood products.
Pulpwood accounts for about a third of the roundwood harvested
(including fuelwood) (IIED 1996).

In 1995, about 17% of the wood for paper came from primary
forests (mostly boreal), 54% from regenerated forest, and 29%
from plantations (IIED 1996). This is expected to change as in-
creased output from plantation forests, many of which will mature
in the next decade, reaches world markets.

The global production of wood pulp has almost tripled in the
past 40 years. (See Table 9.5.) Regional experience is uneven,
with the most rapid expansion occurring in the tropical regions,
for a variety of reasons described later in the chapter. The rate of
expansion has slowed significantly in recent years, and the current
global market in pulp and paper products is marked by overcapac-
ity in the industry and low prices. This has resulted in an unprece-
dented decline in U.S. pulp and paper production and capacity
after 1999, for example (Economist 2000). Since late 2003, prices
for pulp have rebounded, perhaps aided by high demands in the
expanding Chinese economy. This current situation does not,
however, change the outlook for further structural change and
regional shifts in these industries, especially with increased pro-
duction from plantations globally.

These factors suggest that the prospect for the near future is a
continued leveling off of wood pulp production, with continued
decline of major pulp mills in the mature production areas of
Europe, Japan, and North America. Those impacts, if they occur,

Table 9.5. Wood Pulp Production, 1961–2000 (Data from FAO 2003c)

Region 1961 1980 2000 1961–80 1980–2000

(million tons) (percent change)

Africa tropical 0 0.07 0.04 –41

America temperate 33 66 85 98 28 

America tropical 0.5 4 8 673 128

Asia temperate 8 20 22 146 8

Asia tropical 0.05 1 7 1,292 804

Europe temperate 18 31 41 68 33

Southern temperate 1 4 9 253 117

Other areas 0.04 0.3 1 789 74

Total 62 126 172 104 36
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will not affect all regions similarly. The industry continues to shift
both mill locations and wood supply contracts to regions of
lower-cost production, such as South America and Asia. Such
shifts are also tied to increased demand in Asia, especially China.

The rapid increase in wood pulp production over the past
four decades was tied to several trends, such as increased popula-
tion and literacy, leading to increased consumption of paper and
paper products and increased use of packaging and packing mate-
rials as trade in manufactured consumer goods has grown. The
slowdown of the rate of growth in wood pulp production, how-
ever, indicates a maturation of these markets and the impact of
competing materials. Nevertheless, the International Institute for
Environment and Development (1996) predicts continued in-
creased consumption of paper globally, with most of the increase
in Asia.

Even so, there appears to be little evidence to suggest that
changes in forest ecosystem condition will materially affect the
availability of wood pulp globally in the foreseeable future. In
fact, the evidence suggests that the increased harvest of young
plantations will continue to keep supplies ample and prices low.
Since most of the end products of wood pulp (packaging, paper,
and so on) are traded in market economies, it is unlikely that
changes in the supply will affect consumer well-being, since these
societies are generally less vulnerable to modest price changes, and
world trade is active in most of these items.

The use of non-wood fiber in pulp supply is expected to re-
main low and concentrated in Asia. Non-wood materials made
up 5.3% of global pulp in 1983 and 11.7% in 1994, and they are
expected to reach 12–15% by 2010 (Pande 1998). Most of the
non-wood fiber is used in ‘‘small-scale pulp mills’’ (less than 30
tons a day), many of which are currently being closed as a result
of poor pollution controls and increasingly stringent standards
(e.g., FAO 1998a). This industry has not been well supported by
research and development of improved technology or pollution
controls (Hunt 2001). Two scenarios are likely for the small-scale
non-wood pulp sector. Either most small mills will eventually be
replaced by larger regional mills that use wood fiber, or cost-
effective pollution abatement will be developed, in which case
the projected 10–15% of global production of paper from non-
wood fibers may be realized.

9.2.3 Craft Wood

The use of wood as a basis for local crafts is common in forested
and wooded regions. The products range across a wide variety—
from musical instruments to special furniture, toys, and fixtures
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and to artistic and decorative objects. The woods prized for many
of these objects are often culled from commercial timber produc-
tion lines.

While wood crafting is often a significant local economic or
cultural activity, there are few data to address the importance of
these wood products at the ecosystem, country, or regional level,
and few reliable data at the global level to assess the condition and
trends of the production of craft wood products. From the limited
information available, Bali exports about $100 million of wood
carvings a year, suggesting an important contribution to local
economies. A study done by CIFOR (2002) indicated that the
African craft wood industry is not sustainable, with a declining
availability of preferred tree species in most African countries.

9.2.4 Carbon Sequestration in Wood Products

The international community has increased its focus on the issue
of climate change due to the buildup of atmospheric carbon diox-
ide and other greenhouse gases. One topic receiving significant
attention has been the ability of forests to sequester atmospheric
CO2 in the process of photosynthesis. (See Chapter 21.)

The harvesting of forest products from sustainably managed
forests leads to medium-term carbon sequestration in the form of
stable wood products that remain in use for decades or centuries
(Skog and Nicholson 1998). Functions for quantifying the rate of
retirement or turnover of a wide variety of forest products have
been developed, allowing analysts to calculate the carbon fate of
harvested wood products (Skog and Nicholson 1998).

At this time, there have been no carbon offset payments or
credits recognized for wood product storage, and the national re-
porting guidelines under the United Nations Framework Con-
vention on Climate Change have treated wood products as
though the carbon contained was released in the same year that it
was harvested (Houghton et al. 1997). This would be a reasonable
assumption if the amount of wood products in use were stable,
but it has been estimated that the total amount of wood stored in
products was increasing globally at a rate equivalent to about 139
million tons of carbon per year in 1990 (Winjum et al. 1998).
Continuing research and international negotiations are seeking
practical ways in which this carbon sequestration can be appropri-
ately documented and credited to countries under the UNFCCC
and the Kyoto Protocol.

9.2.5 Drivers of Change in Production and
Consumption of Timber Products

Increased production of wood products is associated with the
growth in human population, improved literacy, increased indus-
trial development, and the associated greater demand. Most of
predicted future human population growth is expected to occur
in developing countries and to place more demands on forest re-
sources.

Nevertheless, as noted earlier, there are many factors affecting
use of wood products that have resulted in reduced demand for
some products, with changes in structural products and recycling;
at the same time, other factors are leading to increased consump-
tion, including increased literacy and the development of the
Chinese economy. Still other factors are influencing how prod-
ucts are produced, where supplies come from, and which nations
are importers and exporters of wood products. Aside from pro-
duction and demand factors, climate change will have an impact
on the forests of many nations in the future and will likely result
in the increased use of plantations to sequester carbon to mitigate
change (Gitay et al. 2001). In spite of difficulty in quantifying
clear cause-and-effect relationships, some causal factors can
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be identified and assessed, at least in a general manner. These
are discussed briefly in this section. (See also MA Scenarios,
Chapter 7.)

9.2.5.1 Globalization

The trend toward globalization of timber trade has significantly
affected the forest products industries in recent decades. As mar-
kets become more globalized, companies tend to rely more on
plantation forests than on natural ones, particularly in the south-
ern temperate and Asian countries, where labor and materials
tend to cost less. Technological advances have helped to enable
long-distance operations. Information and communications tech-
nologies allow companies and traders to manage activities and
processes across the world. Falling transportation costs, spurred in
part by increased trade in manufactured commodities, help lower
shipping costs for relatively low-value material, such as wood
chips or other unprocessed fibers.

Market competition encourages firms to relocate production
facilities or to buy production inputs in regions where lower labor
costs, easier access to resources, higher timber yields, good gover-
nance, political stability, functioning logistics and service, avail-
ability of recycled fiber, or any combination of these factors exist
that can bring costs down and increase profits. In 1999, for exam-
ple, the production costs for bleached pulp in Chile was estimated
at $330 per ton, compared with $420 per ton in northern indus-
trial countries (Financial Times 1999).

During the 1970s and 1980s, world trade in wood chips
emerged as a growing factor in the paper industry. At present a
fleet of more than 100 specialized chip vessels operates under
charter, hauling chips long distances. Increasingly, chip exports
are being based on plantation forests in sub-tropical and tropical
regions instead of primary forests or low-value secondary forests
in temperate regions.

9.2.5.2 Supply Shifting

Shifting timber production is in part a function of globalization
and the lower cost of fiber from plantations in regions of the
Southern Hemisphere, but it is also a function of political deci-
sions to protect forests from harvest (Berlik et al. 2002). When
affluent regions use more wood products than they produce, the
harvest is often shifted to regions that have less capability or desire
to enforce oversight on such matters as environmental impact or
worker safety and health. The result is greater negative impact
than would arise if consumption were reduced, or production
increased, in the affluent region (Berlik et al. 2002). Both deple-
tion of supply and shifting technologies also result in changes
among the species harvested.

High-quality veneer and sawn wood continue to be produced
largely from primary or secondary natural-origin forests as op-
posed to plantations. A major exception is the management of
plantations in northern and central Europe on long rotations for
high quality sawlogs. Pulkki (1998) suggested that sustainable for-
est management techniques could ensure the long-term provision
of valuable species from most tropical areas as well, but that is not
a prospect for the near-term future. Teak offers a particularly good
example of a high-quality hardwood species that can be grown to
sawlog size in about 30–40 years in tropical areas. Little teak is
now derived from natural origin forests (Pandey and Brown
2000), and the future of the species as a commercial product de-
pends on plantations (Rasmussen et al. 2000).

Traditionally valued rare tropical hardwoods have seen shift-
ing patterns of sourcing over the centuries as early supplies were
depleted and replacement species emerged, often from other con-
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tinents. Given the nature of the species, the trends in deforesta-
tion, and weak institutional capacity in producing areas, many
valuable tropical species will decline markedly in availability in
future decades (Adams and Castano 2002).

9.2.5.3 Increase in Plantations

The recent increase in plantations is forecast to continue into the
foreseeable future, even if the rate of expansion proceeds more
slowly than in the recent past. FAO estimates that the plantation
share of roundwood production will grow from the current one
third to almost half of total global production by 2040. Round-
wood production from plantation forests is likely to provide 906
million cubic meters by 2045 compared with 331 million cubic
meters in 1995 (FAO 2000c, 2001a).

There is considerable debate over the appropriate role of plan-
tations in relation to sustainable forest management (UNFF
2003). Oliver (1999) estimates that plantations growing 12.5
cubic meters per hectare per year on 8% of the world’s forested
lands could satisfy current global wood consumption, easing pres-
sure on natural forests. Others argue that the competition from
plantations can render the long-term management of many forests
uneconomical, thus increasing the incentives to exploit and aban-
don them or to sell them off for development or other land uses
(TMFWI 2001). Investments in plantation forestry will only be
made under good governance (Rice et al. 1997). Most plantation
investment is in countries with stable political systems, high avail-
ability of land, and climate and soil conditions that promote high
yields. Whether that concentration can continue for long without
controversy over conflict with other land uses, traditional users,
or environmental impact is highly uncertain (Durst and Brown
2002).

In the near future, the production from plantations will sig-
nificantly increase due to the age structure of the current planta-
tions. In 1995, it was estimated that some 55 million hectares of
plantations were younger than 15, and some 22 million hectares
were in the 0–5 year age class (Brown 2000). Many of those plan-
tations will be coming into harvest age between 2005 and 2010,
and to the extent that they reflect the enhanced yields being pur-
sued through improved varieties, fertilization, and other manage-
ment improvements, their impact on markets will be significant.

There is a large body of research available to enable plantation
managers to improve yields from their lands by selecting specific
stock or improved stock from various genetic improvements, de-
pending on species. For example, Newton (2003) suggested that
volumes in planted northern conifers can be improved by 7–26%
at rotation age through genetic improvement, Matziris (2000)
suggested an observed volume increase of 8–13% in Aleppo pine
(Pinus halepensis) in Greece, and Li et al. (2000) estimated volume
improvement in loblolly pine of 12–30% through tree improve-
ment.

Planted forests supply less than 7% of wood used for fuels
(FAO 2000c), but the opportunities to expand various forms of
agroforestry in community settings, reducing travel times to ob-
tain fuelwood and supplying livestock fodder, are immense and
could have large impacts on the quality of life in many parts of
the world (Sanchez 2002).

9.2.5.4 Mechanization and Utilization Technology

Mechanization of timber harvesting has reduced employment in
the forestry sector, particularly in the tasks of felling trees and
transporting logs. However, mechanization has been key to im-
proving forest management and has led to reduced injury and
mortality in the sector.
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The output of forest products has risen faster than the produc-
tion of industrial roundwood over the last 20 years. Conversion
efficiency, recycling, and waste reduction are all contributing fac-
tors. In developing countries, however, efficiency is still low and
improvements will increase fiber availability (Chen 2001). For
example, while mills in the industrial world produce about 70%
product from the wood received, mills in the developing world
reach only 30% (WWF n.d.). Closing this ‘‘efficiency gap’’
through technology transfer and other means offers a significant
opportunity for meeting future commodity demands without in-
creasing pressure on forest ecosystems.

Engineered wood products are becoming increasingly com-
mon as a result of reductions in the availability of high-quality
structural wood, competition from steel products, and cyclical
wood prices. These products, derived as a result of new technolo-
gies, essentially turn low-quality wood and wood residues into
products valuable for construction and furniture (Enters 2001).
The use of engineered wood products in the North American
market, for example, has grown at a rate of 20% per year since
1992, reaching more than 29 million cubic meters in 1997 and
projected to rise to over 45 million cubic meters by 2005 (Taylor
2000). If the use of these technologies continues to spread, the
pressure on some ecosystems and high-quality species will be
eased.

9.2.5.5 Global Energy Sources and Costs

As nonrenewable fossil energy supplies decline and new sources
of renewable energy are sought, the implications for the supply
and consumption of forest products are significant. They are not,
however, all pressing in one direction, so the potential effect is
mixed and difficult to discern at this point.

To the extent that the cost of energy rises in response to fossil
supply changes, forest product technologies that are energy-intensive
will become less competitive. Whether this will affect some of the
new engineered wood products is unclear. In addition, field pro-
duction methods that rely on mechanization may suffer competi-
tively against those that use more traditional means of growing,
harvesting, and processing timber, and trade could be affected if
transportation costs rise significantly.

On the other hand, increasing prices for fossil fuels are likely
to encourage more-rapid development of biomass-based fuels,
and their emergence could provide outlets for low-grade timber
products that currently lack markets. On managed natural forests,
in particular, the sale of low-grade timber could provide the fi-
nancial support needed to invest in thinning, weeding, and other
management practices that result in improved forest health and
the production of higher-quality timber products. Such markets
could also provide economic incentives for the establishment of
agriculture or forest plantations devoted to woody crops grown
specifically for energy production.

9.2.5.6 Sustainable Forest Management

Appropriate forest management can improve yields and permit
long-term sustainable timber production from extensively man-
aged forests. However, managing forests in a sustainable manner
may create short-term reductions in timber harvest as managers
seek to replace production goals with sustainability goals. (See
Chapter 21.)

Although there are still significant differences in the national
interpretations of sustainable forest management progress, FAO
reports that in 2000 some 89% of forests in industrial countries
were subject to a formal or informal management plan (FAO
2001a). Although reports from developing countries were less
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complete, about 6% of those forests were reported to be subject
to a formal management plan covering at least five years. These
efforts may be too new to assess the ultimate impact on timber
harvest levels, and there is no international assessment of their
effect at this time.

There is a clear efficiency gap in logging methods between
forests in many tropical and sub-tropical areas and sustainably
managed forests elsewhere. The result is considerable waste of
wood, loss of forests, forest degradation, and soil damage in unsus-
tainable operations. The Tropical Forest Foundation suggests that
50% less stem damage during operations would increase produc-
tivity on a given land base by 20%. The application of sustainable
management practices in developing countries (that is, reduced
impact logging) would go a long way toward improving long-
term fiber yields and the effective and efficient use of extracted
resources, while conserving forests as systems (FAO 2003b). Im-
proved infrastructure, reduced corruption, and independent certi-
fication may all be required for improved forest management to
become a reality in many developing nations.

9.2.5.7 Forest Certification

Forest certification has been developed as a means of helping
demonstrate that specific forests are being managed in a sustain-
able manner under a defined set of standards as wood products
are harvested (see MA Policy Responses, Chapter 8). It is described
by proponents as a market-based instrument, with the implicit
assumption that consumers will prefer certified forest products
and be willing to pay a price premium sufficient to cover the
cost of the certification process and the associated management
techniques. Timber producers that have adopted certification
have done so primarily to reduce pressure from environmental
NGOs and to satisfy customers such as merchants and retailers
who are at risk from NGO campaigning.

By 2000, several certification schemes had emerged, and some
80.7 million hectares, or about 2%, of the global forest area was
certified (FAO 2001a). Virtually all of this land (92%) was in the
industrial regions of North America and Europe. The movement
has continued to expand rapidly, and by 2003 some 124.1 million
hectares were reported certified on the Web sites of three large
certification systems—the Programme for Endorsement of Forest
Certification Schemes (formerly the Pan-European Forest Coun-
cil), the Forest Stewardship Council, and the Sustainable Forestry
Initiative—and the Canadian Standards Association added an-
other 14.4 million hectares. By 2004, the estimate of certified
forests in those four systems had grown to 164 million hectares
(van Kooten et al. 2004). However, certification is still largely a
phenomenon of industrial countries.

The implications of certification for the future production of
timber remain uncertain. The costs of achieving certification are
significant, and the extent to which those costs might create com-
petitive imbalances is still uncertain. The hope that certified prod-
ucts would command a price premium that could cover the
additional costs has not yet been realized, and it seems unlikely in
the foreseeable future. It is possible that market pressures (particu-
larly access to specialized markets in regions such as Europe) could
create new and significant pressures for companies to undergo
certification.

9.2.5.8 Deforestation

Deforestation and the loss of forests reduces the land’s capacity to
produce wood and other services. (See Chapter 21.) Loss of for-
ests has a long history throughout Europe and western Asia, but
during the last four decades the highest deforestation rates have
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been in tropical forests in Africa, Southeast Asia, and South
America, where it is currently estimated that over 100,000 square
kilometers per year are deforested (FAO 2001a).

Where deforestation continues in tropical forest regions, pro-
ducers may be unable to maintain past production levels because
forests are converted to other land uses or lands become too de-
graded to recover to forests. One example is in Africa, where
producers in Ghana and Côte d’Ivoire are losing forest to large-
scale conversion to coffee and cocoa plantations (TMFWI 2001).
Certain forest types, particularly dry tropical forests, are especially
subject to land use change.

9.2.5.9 Political and Economic Change
Political and economic changes occur regularly, and most create
largely local or regional impacts on the production or consump-
tion of timber products. Some, however, such as the collapse of
the Soviet Union, the decision to eliminate timber harvest in
major areas of China, or increased corruption (Smith et al. 2003)
create impacts on the forest products industry around the globe.
Given the increasing trend toward globalization and supply shift-
ing described earlier, political decisions that once created mainly
local or national impacts may now affect global supply and de-
mand dynamics.

One dynamic that exists but is difficult to assess is the uncer-
tainty associated with public policy. Investors who fear that public
pressure will reduce access to timber supplies, or force new costs
on production processes, may hesitate to make investments or
may move their operations to locations perceived to be less risky.
This raises the specter of extractive industries concentrating on
the least restrictive areas, where public pressures for effective pol-
lution controls or sustainable management are lower and the re-
sulting environmental and social impacts are higher.

9.2.6 Environmental and Social Impacts of Timber
Extraction

9.2.6.1 Environmental Impacts
Poorly planned or excessive timber harvesting can increase road
access into remote forest areas, leading to a reduction in forest
interior and increasing the ‘‘edge’’ effects associated with forest
fragmentation (Kremsater and Bunnell 1999). This has resulted in
wildlife population declines and reduced species richness (FWI/
GFW 2002). Increased access to forests promotes illegal logging
as well as poaching of wildlife resources and hunting of bushmeat.
The trade in illicit bushmeat has become so widespread that in
2002 the signatories to the Convention of Biodiversity adopted a
resolution and a program of action to deal with this issue at their
Sixth Convention of the Parties, and the Convention on Interna-
tional Trade in Endangered Species of Wild Fauna and Flora has
established a special working group to deal with this issue.

Environmental concerns over single-species plantation forests
compared with managed natural forests include reduced biodiver-
sity, degradation of soils, reduced water conservation, increased
susceptibility to pest invasion, and impacts of genetic modifica-
tions on natural gene diversity (Nambiar and Brown 1997; Estades
and Temple 1999; Lindenmayer and Franklin 2002; Thompson et
al. 2002; Cossalter and Pye-Smith 2003; SCBD 2003). However,
under many situations, when plantations are established on de-
graded lands and are appropriately managed they can increase
local biodiversity through re-establishment of native species in the
understory (Lugo et al. 1993; Allen et al. 1995).

9.2.6.2 Social Impacts
The importance of wood products to domestic industries, em-
ployment, building materials, and energy supplies can be esti-
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mated by several measures. Wood products facilities at all scales
provide employment that can be important to local communities.
Harvesting trees, hauling logs and products to market, and han-
dling shipments at ports engage additional workers. In some in-
stances, the cycle of work is dictated by weather, creating seasonal
employment, for example in the Amazon region, where the
flooding cycle halts logging and milling for months at a time.

FAO estimates that the global forestry sector provides subsis-
tence and wage employment equivalent to 60 million work years,
with 80% in developing countries (FAO 1999). Much of this in-
volves people who work in an ‘‘informal’’ economy. One esti-
mate is that for every job reported in the official surveys, there
could be as many as two jobs that go unreported (TMFWI 2001).
In addition, timber products and fuelwood are critical portions of
many subsistence economies.

The number of people involved is significant, but the data for
evaluation of trends and impacts on human well-being are scarce.
For example, European enterprises with fewer than 20 employees
are not included in formal employment surveys (EU 1997). Yet
in the European Union it is estimated that over 90% of all firms
have fewer than 20 employees (Hazley 2000). One database lists
7,000 Indian workers in furniture making, when it seems more
likely that there could be several hundred thousand thus em-
ployed in this country of 1 billion people (TMFWI 2001). The
FAO estimate of 60 million work years is likely to be an under-
estimate of the true figure.

The impacts of economic change and development strategies
fall unevenly on different portions of society. Conversion of for-
ests into timber production as a primary objective may reduce
access and availability for non-timber resources and values, often
at the expense of indigenous populations that were unable to
profit from the increased industrial output. In many developing
countries, forests are a primary source of energy, food, and medi-
cine for some segments of society—often the poor. Forest sources
of food are often most critical as buffer supplies to help subsistence
societies through periods of crop shortages or seasonal famines,
and medicines derived from forest plants are used by some three
quarters of the world’s people, with thousands of medicinal plants
identified as important sources, particularly in tropical forest eco-
systems. Where forests are converted to intensive timber produc-
tion or plantations, the resulting loss of biological diversity is
mainly of these non-timber species, with a resulting decline in
well-being for the people dependent on them.

Public policy decisions that alter timber harvests also have im-
portant impacts on people. It is estimated that China’s decision to
restrict timber harvest due to concerns for the flooding caused by
improper harvesting methods will reduce employment by up to 1
million jobs (China Green Times 2000). This is now having major
impacts on regional wood markets as Chinese industry turns to
international sources for logs and fiber.

Replacement of managed natural forests by plantations at large
scales may affect local and indigenous communities, either
through displacement or through the loss of the natural forest
biodiversity that formerly provided sources of food, medicine,
fuelwood, fodder, and small timber on which these communities
depend for their livelihoods.

9.3 Non-wood Forest Products
A great number of non-wood forest products are of importance
to people in virtually every forest ecosystem and elsewhere. These
products contribute directly to the livelihoods of an estimated 400
million people worldwide and indirectly to those of more than a
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billion. They include foods, medicinal products, dyes, minerals,
latex, and ornamentals among others. This section, however, con-
siders only those that are fiber-based and serve as inputs to con-
struction or craft purposes.

9.3.1 Bamboos

There are approximately 1,200 species of woody and herbaceous
bamboos, the former being most important from the socioeco-
nomic perspective (Grass Phylogeny Working Group 2001).
Many woody bamboos grow quickly and are highly productive.
For example, the shoots of Bambusa tulda elongate at an average
rate of 70 centimeters per day (Dransfield and Widjaja 1995). An-
nual productivity values range between 10 and 20 tons per hectare
per year, and bamboo stands may achieve a total standing biomass
that is comparable to some tree crops (of the order of 20–150 tons
per hectare) (Hunter and Junqi 2002). It is estimated that bamboo
makes up about 20–25% of the terrestrial biomass in the tropics
and sub-tropics (Bansal and Zoolagud 2002). A substantial
amount of bamboo timber comes from plantations, although nat-
ural forests are also important.

Bamboos are multipurpose crops, with more than 1,500 doc-
umented uses. As a construction material, bamboo is widely used
in all parts of the world where it grows, and because of its high
strength-weight ratio, bamboo is the scaffolding material of
choice across much of Asia. The tubular structure of the plant is
optimally ‘‘engineered’’ for strength at minimum weight. In
many places, its use is restricted almost exclusively for low-cost
housing, usually built by the owners themselves. For this and
other reasons, bamboo is often regarded as the ‘‘poor man’s tim-
ber’’ and used as a temporary solution to be replaced as soon as
improved economic conditions allow. However, architects’ inter-
est in working with bamboo has also led to this becoming a com-
mon building material for the wealthy. Modern manufacturing
techniques allow the use of bamboo in timber-based industries to
produce flooring, board products, laminates and furniture.

Despite its importance, very little is known about the world-
wide distribution and resources of bamboo, especially in natural
forests, although some preliminary regional assessments are avail-
able (Bystriakova et al. 2003, 2004). As a non-wood forest prod-
uct, and one that is often harvested in non-forest settings, bamboo
is not routinely included in forest inventories. According to FAO,
statistical data on bamboo timber are only available for 1954 to
1971 (FAO 2001a). Today, very few countries monitor non-
wood forest product supply and use at the national level, although
program efforts in some countries (such as India) are beginning to
occur.

Although reported figures on the area of bamboo forests are
inconsistent, it is widely accepted that China is the richest country
in the world in terms of bamboo resources. China’s bamboo for-
ests cover an estimated area of 44,000 to 70,000 square kilome-
ters, mostly of Phyllostachys and Dendrocalamus species. Their
standing biomass is estimated at more than 96 million tons (Feng
2001). Asia ranks first in bamboo production, and Latin America
is second. It is estimated that bamboo in Latin America covers
close to 110,000 square kilometers (Londoño 2001).

Worldwide, domestic trade and subsistence use of bamboo are
estimated to be worth $8–14 billion per year. Global export of
bamboo generates another $2.7 billion (INBAR 1999). Bamboo
is increasingly being used as a substitute for wood in pulp and
paper manufacturing, and currently India uses about 3 million
tons of bamboo per year in pulp manufacture and China about 1
million tons, although China is set to increase the use of bamboo
for paper to a target of 5 million tons per year.
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In many countries in Asia, Africa, and Central and South
America, bamboo products are used domestically and can be very
significant in both household and local economies. In parts of
Africa, for example, the majority of rural families depend entirely
on raw bamboo for construction, household furniture, and fuel.
Since the products are traded locally, statistics do not enter the
national accounting systems. Thus the real value of bamboo prod-
ucts, as well as the impact of changing supplies on human well-
being, is difficult to estimate.

9.3.2 Rattans

Rattan is a scaly, fruited climbing palm that needs tall trees for
support. There are around 600 different species of rattan, belong-
ing to 13 genera; the largest of which is Calamus, with some 370
species (Sunderland and Dransfield 2000). It is estimated that only
20% of the known rattan species are of any commercial value.
The most important product of rattan palms is cane from the stem
stripped of leaf sheaths. This stem is solid, strong, and uniform,
yet highly flexible. The canes are used either in whole or round
form, especially for furniture frames, or split, peeled, or cored
for matting and basketry. Rattans require considerable treatment,
including boiling and scraping to remove resins and dipping in
insecticides and fungicides prior to drying. The range of indige-
nous uses of rattan canes is vast—from bridges to baskets, fish traps
to furniture, crossbow strings to yam ties.

Rattans are almost exclusively harvested from the wild tropical
forests of South and Southeast Asia, parts of the South Pacific
(particularly Papua New Guinea), and West Africa. Much of the
world’s stock of rattan grows in over 5 million hectares of forest
in Indonesia. Other Southeast Asian countries, such as the Phil-
ippines and Laos, have less rattan but have been relatively self-
sufficient due to the appropriate size of their processing sector.
No rattans grow naturally elsewhere, and even in these locations
deforestation can lead to local extinction of rattans due to their
dependence on mature forests.

In the last 20 years, the international trade in rattan has under-
gone rapid expansion. The trade is dominated by Southeast Asia,
and by the late 1980s the combined annual value of exports of
Indonesia, Philippines, Thailand, and Malaysia had risen to almost
$400 million, with Indonesia accounting for 50% of this trade
(Sunderland and Dransfield 2000). The net revenues from the sale
of rattan goods by Taiwan and Hong Kong, where raw and par-
tially finished products were processed, totaled around $200 mil-
lion a year by the late 1980s (Sunderland and Dransfield 2000).

Worldwide, over 700 million people trade in or use rattan.
Domestic trade and subsistence use of rattan are estimated to be
worth $2.5 billion per year. Global exports of rattan generate an-
other $4 billion (INBAR 1999).

9.3.3 Drivers of Change in Bamboo and Rattan
Products

9.3.3.1 Increased Trade

Traditionally, bamboo was used domestically and supplies were
extracted based on local requirements. Contemporary additional
applications of bamboo have propelled it into new domestic and
international markets, increasing profits and income for many
participants in the sector. Bamboo generates substantial export in-
come for several countries, such as China ($329 million in 1992)
and the Philippines ($241 million in 1994) (INBAR 1999).

Indonesia has a clear advantage over other countries, with its
overwhelming supply of wild and cultivated rattan (80% of the
world’s raw material), and rattan contributes about $300 million

PAGE 256

to Indonesia’s foreign exchange and is an important vehicle for
rural development. It also raises the value of standing forests, as
rattan is the most valuable of the non-wood forest products in the
country, earning 90% of total export earnings from such products
(INBAR 1999).

Much of Indonesian wild production was diverted from the
international market to the domestic market as a ban on export of
unprocessed rattan was phased in between 1979 and 1992. Other
major rattan products manufacturers, such as the Philippines and
China, are augmenting domestically produced supplies with im-
ports from other rattan producers such as Myanmar, Papua New
Guinea, and Viet Nam (often based on unsustainable harvesting),
along with continued illicit supplies of Indonesian cane.

9.3.3.2 Depletion of Resource Base

Most bamboo-processing countries are facing a shortage of raw
material. The causes of this range from overharvesting and con-
version of bamboo forestland to settled agriculture or shifting cul-
tivation. Restoring productive agricultural land to bamboo
production is often difficult, as is seen in parts of Nepal, where
farmers’ concerns for food security are more pressing.

In Indonesia, Laos, and the Philippines, parts of the rattan re-
source base are becoming scarce. In Indonesia, large-diameter rat-
tans are becoming scarce; in Laos, the rate of exploitation from
accessible areas is unsustainably high; and the Philippines has re-
cently become a rattan importer (INBAR 1999). In all cases, loss
of forest cover is a main contributor to reduced supply of rattans.
As a result of limited supplies of rattan in China and the Philip-
pines, wood is now regularly used in place of large-diameter rat-
tan as a main structural element in ‘‘rattan’’ furniture.

9.3.3.3 Biological Cycles

Many species of bamboo flower simultaneously at long intervals,
then set seed and die. Where large areas of bamboo forest are
involved, these area-wide disturbances are significant. India, for
example, is currently experiencing a bamboo flowering that is
expected to affect more than 10 million hectares and peak in 2007
(FAO 2004). The impacts are enormous. The amount of dead
woody product vastly exceeds harvesting and storage capacity,
leading to serious economic losses. Soils unprotected from erosion
are damaged before vegetation is re-established, and local em-
ployment suffers. The huge influx of seed leads to a population
explosion of rats that, when the seed supply is largely eaten, move
out to compete with people for food in regional communities.
The last flowering cycle in India (1911–12) led to serious famines,
and research and policy measures are under way to mitigate the
damage of the current flowering cycle (FAO 2004).

9.3.3.4 Plantations

While a few countries, such as China and India, have successfully
promoted bamboo plantations, far more struggle with providing
the needed technical and financial support. Potentially adverse
effects of bamboo monoculture, such as possible depletion of soil,
low biodiversity, and loss of genetic diversity, are largely uncer-
tain.

Private-sector cultivation of rattan, from both large and small-
scale plantations, has fallen below expectations and failed to re-
spond to local raw material scarcities. The traditional rattan culti-
vation system in Kalimantan appears to be under threat, with
reduced rattan garden establishment and some conversion of ex-
isting rattan gardens to other uses owing to low prices for the
main cultivated species and new competing land use opportunities
(Belcher 1999).
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9.3.3.5 Technological Development and Substitution

Industrial use of bamboo has increased dramatically due to new
developments in bamboo processing technology. Laminated bam-
boo board, bamboo mat plywood, bamboo particleboard, bam-
boo-fiber molds, floorings, and engineered timber (all called
‘‘composites’’) from bamboo fiber are currently available for
building construction, architecture decorating, and other applica-
tions. In the pulp and paper industry, some bamboo species can
be substituted for timber.

9.4 Fuel
In 2000, the world used approximately 1.8 billion cubic meters
of fuelwood and charcoal (FAO 2003b). Energy use from fuel-
wood and charcoal accounts for 0.7–1.1 terawatts out of a global
total energy use from all sources of 14.6 terawatts (Gonzalez
2001b). Although these statistics combine fuelwood and charcoal,
this chapter discusses the two forms separately because of their
different environmental and social impacts.

Although they account for less than 7% of world energy use,
fuelwood and charcoal provide 40% of energy used in Africa and
10% of energy used in Latin America (WEC 2001), and 80% of
the wood used in tropical regions goes to fuelwood and charcoal
(Roda 2002). In Africa, 90% of wood use goes to fuelwood and
charcoal, the highest of any region in the world (FAO 2003a). On
the other hand, fuelwood and charcoal account for only 20% of
wood use in temperate regions (Roda 2002).

The International Energy Agency projects that, by 2030, re-
newable energy sources will provide some 53% of residential en-
ergy consumption in developing countries as a whole, compared
with 73% in 2000. In that projection, an estimated 2.6 billion
people will continue to rely on traditional biomass for cooking
and heating, and virtually all of that will be produced and con-
sumed locally (IEA 2002a).

FAO (2001b) analyses since 1970 indicate that as certain re-
gions in Asia and Latin America have industrialized—particularly
China and Brazil—people have switched from fuelwood and
charcoal to fossil fuels. Consequently, total global fuelwood use
seems to have peaked somewhere around 2000, although total
global charcoal use continues to rise (Arnold et al. 2003).

In recent projections of global energy use, the IEA indicates
that with continuation of present government policies and no
major technological breakthroughs, the use of combustible re-
newables and waste will grow by 1.3% a year, compared with an
overall growth in energy use of 1.7% annually over the next dec-
ade (IEA 2002a). The projections reflect the conclusion that the
growth of combustible renewables and waste will slow as people
in developing countries (which presently use about 73% of world
renewables) gain more disposable income and switch to using fos-
sil fuels. A counter-trend may, however, result as the cost of fossil
fuels rise and people are forced to use less convenient fuels. With
the volatility of international oil prices, these trends will be highly
irregular and difficult to predict.

9.4.1 Fuelwood

People harvest fuelwood by cutting or coppicing shrubs, by lop-
ping branches off mature trees, or by felling whole trees. In many
rural areas, local people prefer fuelwood from shrub species that
will regenerate after coppicing (Gonzalez 2001a). Cooking and
heating are the major end uses of fuelwood and charcoal. In some
developing nations, wood and charcoal are important for com-
mercial applications such as bakeries, street food, brick-making,
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smoking foods, and curing tobacco and tea, and fuelwood is an
important source of income and employment in many rural areas.

Since developing societies tend to shift from wood fuels to
other sources for home heating and cooking, the change in fuel-
wood production and consumption reflects both a change in eco-
nomic condition and a change in ecosystem impact. Fuelwood is
often produced and consumed largely outside the market system,
in subsistence societies, and its value to human well-being is
therefore not captured in unadjusted national economic statistics,
such as GDP.

9.4.1.1 Production and Consumption

FAO provides the most consistently developed estimates over
time for the use of fuelwood. (See Table 9.6.) It should be noted,
however, that these data were developed from a fairly small sam-
ple, and in many countries the historical data were estimated from
models based on population change and average consumption
rates. These FAO country data have been grouped according to
the forest regions established as being reflective of large forest
biomes, but care must be taken in inferring that trends in use of
fuelwood translate directly into impacts on forest ecosystems.
While charcoal is largely produced from forests in the developing
world, fuelwood is produced from woody plants wherever they
are found on the landscape. Note, for example that the ‘‘other
areas’’ category in Table 9.6, which reflects production outside
the identified major forest areas, represents a significant amount
of fuelwood production. To the extent that agroforestry grows in
importance, more of these energy resources will be derived from
agricultural and grazing systems.

The African tropical forest region experienced a near-doubling
(91% increase) in rural population between 1960 and 2000, but
recorded fuelwood value per capita declined, although the decline
slowed only in the latter two decades. (See Table 9.7.) On the
other hand, the Asian tropical region, which also experienced a
doubling of rural populations (98% increase) in the period saw per
capita fuelwood values decline at a far more rapid rate, particularly
since 1980. This indicates that the dependence on wood as a rural
energy source disproportionately declined in Asia relative to Af-
rica (and other regions). This may indicate a shift away from
wood fuel as Asian rural populations experienced more rapid de-
velopment during the period. Nevertheless, FAO predicts an in-
creased demand for wood in central and eastern Asia of about
25% by 2010 over the amount used in 1994 (RWEDP 1997).

Using FAO price data and adjusting for inflation to portray a
constant-dollar value of fuelwood production, the average value
of fuelwood produced per rural person has declined significantly
(with the exception of the Southern temperate region) since
1980. While published prices may stem largely from urban eco-
nomic transactions, rural populations were chosen for this com-
parison because of the importance of fuelwood to rural societies,
particularly poor rural people.

FAO (2003a) projects that total fuelwood use in Africa will
increase by 34% to 850 million cubic meters by 2020, but at a rate
less than the rate of population growth. Local forest departments
throughout Africa have continued to record locally severe prob-
lems of overharvesting to provide wood and charcoal for urban
areas (Arnold et al. 2003; FAO 2003a). (See Box 9.1.) Declining
local availability of fuelwood is also a problem in areas of India,
Haiti, the Andes, and Central America, especially near large cities.

9.4.1.2 Future Availability

Although in the 1970s there was increasing concern that the explod-
ing demand on fuelwood resources, driven by population increases,
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Table 9.6. Fuelwood Production, 1961–2000 (Data from FAO 2003c)

Region 1961 1980 2000 1961–80 1980–2000

(million cubic meters) (percent change)

Africa tropical 157 211 334 34 59

America temperate 48 93 75 92 –19

America tropical 154 192 247 24 29

Asia temperate 238 276 309 16 12

Asia tropical 498 521 513 5 –2

Europe temperate 100 61 57 –39 –7

Southern temperate 16 18 34 12 88

Other areas 113 160 220 42 38

Total 1,325 1,532 1,791 16 17

Table 9.7. Fuelwood Production Monetary Value Per Rural Person, 1961–2000 (Prices from FAO 2003c; CPI for real dollar adjustment
from U. S. Department of Labor)

Region 1961 1980 2000 1961–80 1980–2000

(2000 dollars per person) (percent change)

Africa tropical 17 101 60 478 –41

America temperate 48 797 43 1561 –95

America tropical 48 322 49 577 –85

Asia temperate 20 22 11 8 –50

Asia tropical 50 45 15 –9 –66

Europe temperate 27 29 12 7 –58

Southern temperate 67 48 102 –29 115

Other areas 9 39 21 321 –46

286 1,402 313 390 –78

BOX 9.1

Fuelwood Supply Analysis in Southern Africa

A multiscale analysis of fuelwood availability in the Southern Africa region, • Lesotho; and
done as part of the Southern Africa Millennium Assessment, demonstrates • locations in the former homelands in South Africa—in KwaZulu,
a method of identifying localized conditions that would otherwise be Eastern Cape and Limpopo provinces, and around Gauteng.
masked in a large-scale assessment (Scholes and Biggs 2004). The anal-
ysis utilizes a geographic model to compare the local biomass production SAfMA local studies confirm that fuelwood shortages are experienced at
rate to the local harvest rate. Where harvest exceeds production the stock the last two locations, with the exception of the Gauteng spot. The gener-
will inevitably decline, and, despite some regrowth in the depleted area, alized ‘‘rural Africa’’ model that predicts per capita woodfuel use clearly
the zone in which harvesting occurs expands until the effort required to breaks down in this highly urbanized situation where electricity and coal
transport the wood or charcoal exceeds its value. are well established and relatively cheap energy sources. Conversely,

At the scale of the entire Southern Africa region, much more wood is SAfMA local studies in the Richtersveld and Gorongosa-Marromeu con-
grown than is consumed as fuel (Scholes and Biggs 2004 Fig 7.1). Thus a firm that in areas indicated by the regional model to have a fuelwood
regional analysis would lead to the conclusion that fuelwood supply is not sufficiency, this is indeed the case.
a problem. A more fine-grained analysis, however, reveals several very Checks with local experts and personal experience in the team con-
clearly defined areas of local insufficiency that indicate unsustainable use: firmed that the fisrt three locations currently experience severe fuelwood

deficiencies. Therefore, it seems that the regional-scale assessment cor-
• Western Kenya, southeast Uganda, Rwanda, and Burundi; rectly identified problem areas at a local scale. The authors attribute this
• Southern Malawi; to the fact that the underlying wood production models and fuel demand
• the area around Harare in Zimbabwe and Ndola and Lusaka in models are working at a resolution of 5 kilometers, slightly smaller than

Zambia; the typical radius of fuelwood depletion around population concentrations.
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would have devastating effects on forest ecosystems, currently avail-
able evidence suggests that fuelwood demand has not become a
major cause of deforestation (Arnold et al. 2003). There are local
situations of concern, such as areas near settlements, where an in-
come can be earned by cutting and carrying wood to buyers, but it
appears that fuelwood supply is not important enough in most places,
with the possible exception of some regions in Africa, to attract na-
tional policy intervention to reduce deforestation. The predicted
supply for South and East Asia is well above the projected demand.

Recent estimates developed by FAO indicate that global con-
sumption of fuelwood appears to have peaked in the late 1990s
and is now believed to be slowly declining. Global consumption
of charcoal appears to have doubled between 1975 and 2000,
largely as a result of continuing population shifts toward urban
areas (Girard 2002; Arnold et al. 2003). Since the production of
charcoal entails a net loss of energy and is highly concentrated in
forest areas of the developing world, increased charcoal consump-
tion signals pressure on wood supplies.

9.4.1.3 Impacts on Human Well-being

Fuelwood is the main source of household energy for an esti-
mated 2.6 billion people, and in urban areas of developing coun-
tries families may spend 20–30% of their income on wood and
charcoal fuels (FAO 1999). In terms of impact on their well-
being, the main problem for the ever-increasing number of urban
dwellers may be price rather than availability of fuelwood.

In rural villages that rely on hand-gathered wood, local short-
ages may impose serious time constraints on women, whose task
it usually is to collect fuelwood, as well as increased energy use
and risk of injury associated with lengthy travel with heavy loads.
While it is usually women who search for and carry wood on
their heads and backs for rural use, many rural people load animals
and carts to transport wood for sale in urban areas. Thus, urban
demand translates into local economic opportunities. In areas
where the demand exceeds the sustainable supply, this can result
in serious impacts on local forests.

The lack of reliable and consistent data limits the ability to
assess the impact of fuelwood trends on human well-being. Peo-
ple make fuel choices for a variety of reasons, including conve-
nience, price, and reliability of supplies. For example, it has been
found that price, availability, and ease of use are very important in
affecting fuel choice among urban people, while the price of
stoves and the level of pollution from the fuel did not seem to
matter as much (Gupta and Kohlin 2003).

A 1996 survey of rural energy in six Indian states found that
wood was becoming more scarce and difficult to obtain (ESMAP
2000). As a result, some poorer households were using less effi-
cient fuels like straw and dung, while wealthier households were
shifting up the ‘‘energy ladder’’ to purchase charcoal or fossil fuels.
The most common response, however, was for households to in-
crease their collection time to compensate for reduced availability
and access (Arnold et al. 2003). This and other studies reinforce
the conclusion that, in many rural areas, gathered supplies of fuel-
wood still constitute the main source of domestic energy, making
these users more vulnerable to changes that affect their ability
to get wood supplies. Reduced access may arise from resource
shortages, from changes in land tenure (such as increased privati-
zation), or increased distance to common property. In all circum-
stances, the result is a reduction in well-being for affected families.

FAO (2000a) estimates that about half the world’s households
cook daily with biomass fuels and that most of this cooking is
done indoors with unvented stoves. Pollutants found in biomass
smoke include suspended particulates, carbon monoxide, nitro-
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gen oxides, formaldehyde, and hundreds of other organic com-
pounds such as polyaromatic hydrocarbons. In many parts of the
world, for all or part of the year these pollutants are released from
stoves in poorly ventilated kitchens and homes. Women, infants,
and young children who spend more time in the home suffer the
highest exposures.

Several studies have suggested that domestic smoke pollution
is responsible for respiratory diseases, low birth weight, and eye
problems. The evidence is overwhelming in the case chronic ob-
structive pulmonary disease in adults and acute respiratory infec-
tion in children. There is also evidence to suggest a relationship
with perinatal conditions, blindness, tuberculosis, and lung dis-
ease. It has been suggested that domestic smoke pollution may also
be related to asthma and cardiovascular disease (FAO 2000a), and
in total an estimated 1.6 million deaths and 39 million disability-
adjusted life years are attributed to indoor smoke, primarily in
Africa, Southeast Asia, and the Western Pacific (WHO 2002).

There could be additional impacts in local areas experiencing
a shortage of fuelwood. One is the increase in crop residues and
dung that are used for cooking and heating in the absence of
available wood. These fuels are less efficient and produce more
smoke, and the burning of crop residues and dung reduces their
availability for enhancing soil structure and fertility, leading to
reduced food production. Where adequate fuels are not available,
the consumption of cooked food may decline, leading to adverse
effects on nutrition and health.

The conclusion to be drawn is that there are important human
benefits to be gained from targeted efforts to improve fuelwood
availability and accessibility in localities where it is now in short
supply. The adoption of improved stoves, with higher efficiency
and improved venting, would have important human well-being
benefits across wide regions but has often proved more difficult
than anticipated, for reasons of affordability and cultural accept-
ability.

9.4.2 Charcoal

Charcoal consists of the remnants of wood that has been subjected
to partially anaerobic pyrolysis (decomposition under heat). Con-
version of wood to charcoal creates a product with double the
energy per unit mass that is less bulky and more convenient for
transport, marketing, and sale than fuelwood. The major domestic
end uses of charcoal are cooking and heating, often in the urban
areas of developing countries where people are able to purchase,
rather than gather, their home energy supplies. Charcoal is not as
convenient as petroleum fuels, so as incomes rise people tend to
shift from charcoal to coal, gas, or oil. Thus, charcoal consump-
tion has tended to peak, then diminish, as development proceeds.
Other large users of charcoal include light industrial users, such as
blacksmiths and ceramic and brick makers, and Brazil alone pro-
duces approximately 6 million tons of charcoal annually for steel
production (WEC 2001).

In Africa, there is a general trend to replace fuelwood with
charcoal (Girard 2002). For example, in Bamako, Mali, the pro-
portion of households that use charcoal has risen from nothing in
1975 to 50% in 1996, while the proportion using fuelwood has
declined at the same rate (Girard 2002). This trend is expected to
continue throughout Africa.

Converting wood to charcoal provides employment and has
the advantage of using wood remnants and sawdust that are often
otherwise wasted. Nevertheless, much of the charcoal is produced
in low-efficiency ‘‘cottage industries,’’ resulting in a net loss of
energy of as much as two thirds of the energy contained in the
original wood, although some of that lost energy is offset by the
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reduced energy required in transport to markets. Charcoal pro-
duction, particularly if low-efficiency techniques are used, is a
significant source of air pollutants and greenhouse gases.

Charcoal production is declining significantly in Europe and
the southern temperate region. (See Table 9.8.) Where charcoal
production is increasing to provide fuel for some urban areas, and
where inefficient charcoal production methods are common, this
may be a local concern for forest sustainability, although there is
limited information available to assess these situations (Arnold et
al. 2003). Certainly at the regional and global level, trends for
charcoal production and use do not suggest broad threats to forest
ecosystems.

9.4.3 Industrial Wood Residues

In many modern wood industries, residues that were formerly
waste products now provide a portion of the electricity and heat-
ing needs of the mill or paper plant. For example, in the mid-
1990s, it was estimated that the pulp and paper industry in the
United States produced about 56% of its energy needs by burning
the unused wood components removed in the pulping process
(Klass 1998). In the United States, 98% of the bark, saw dust, and
wood trimmings from sawmill operations, and the black liquor
produced in the pulping process, are currently used as fuel or to
produce other fiber products (Energy Information Administration
1994). Enters (2001) indicates that on average, only half the wood
harvested in Asia is used and the rest is unused residue that goes
to waste.

As industrial wood processing and paper-making residues have
become increasingly used to generate energy, the main impact on
local communities has been the associated reductions in air and
water pollution. Historically, many mill communities tolerated
smoke, chemical aerosols, and degraded stream reaches as a neces-
sary part of maintaining the jobs and economic impact of the
mill. Today, the communities that benefit from modern mills have
fewer associated pollution burdens.

9.4.4 Biomass Energy

The world currently relies heavily on nonrenewable fossil energy
sources such as coal, petroleum, and natural gas, and although
long-term forecasts for declining supply of fossil fuels entail a high
degree of uncertainty, Klass (1998) estimates that the gradual
depletion of oil and natural gas reserves will become a major
problem by 2050. As the availability of fossil fuels declines, the
only renewable carbon resource large enough to substitute for or
replace fossil resources for the production of fuels and electricity

Table 9.8. Charcoal Production 1961–2000 (Data from FAO 2003c)

Region 1961 1980 2000 1961–80 1980–2000

(million cubic meters) (percent change)

Africa tropical 2.6 5.6 12.0 114 114

America temperate 0.5 0.9 70

America tropical 6.0 8.7 13.7 45 58

Asia temperate 0.3 0.3 0.5 8 43

Asia tropical 1.6 2.8 3.4 71 25

Europe temperate 0.3 0.4 0.2 24 –39

Southern temperate 0.6 0.6 0.3 4 –48

Other areas 2.9 4.7 8.3 60 76

Total 14 24 39 64 67
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is biomass. Policy implications include the opportunity to encour-
age more efficient and modern biomass systems through techno-
logical development and diffusion.

Industrial biomass includes energy systems generating electric-
ity, heat, or liquid fuels from fuelwood, agricultural crops, or ma-
nure. In 2000, biomass other than fuelwood and charcoal may
have provided 5% of global world energy (WEC 2001). Biogas
produced from dung and other carbohydrate-based agriculture
products like nonedible oil cake is another major source of energy
in Asia, particularly in India and China (Deng 1995).

Current technologies for converting biomass into electricity
and fuels include thermochemical and microbial processes such
as combustion, gasification, liquefaction, and fermentation (Klass
2002). Biogas is most commonly produced using animal manure,
mixed with water, stirred and warmed inside air-tight digesters
that range in size from around 1 cubic meter for a small household
unit to as large as 2,000 cubic meters for a commercial installation
(Ramage and Scurlock 1996). The biogas can be burned directly
for cooking and space heating or used as fuel in internal combus-
tion engines to generate electricity.

Examples of thermochemical processes include wood-fueled
power plants in which wood and woody wastes are combusted to
produce steam that is passed through a turbine to produce elec-
tricity; the gasification of rice hulls by partial oxidation to yield
fuel gas, which drives a gas turbine to generate electricity; and the
refining of organic oils to produce diesel fuels. Another example
is the alcoholic fermentation of corn to produce ethanol, which
is then used in a variety of formulations in motor fuels (Klass
2002).

Soybeans and oil palms produce oil crops that can be pro-
cessed directly into biodiesel. The combination of different bio-
mass sources and conversion technologies can produce all the
fuels and chemicals currently manufactured from fossil fuels. The
major obstacle is the price competition from fossil fuels. While
most analysts foresee the economic gap narrowing and reversing
as fossil fuel prices rise in response to dwindling supplies, there are
varying opinions as to when this may have a significant effect,
with estimations up to the middle of the twenty-first century
(Klass 2003), and some predicting that peak petroleum produc-
tion may occur well within the first quarter (IEA 2002b).

The data on production of biomass-based liquid fuels and
electricity are limited. One major source, the International En-
ergy Agency (IEA 2003), pools estimates for all renewable
sources, including energy generated from solar, wind, biomass,
geothermal, hydropower and ocean resources, and biofuels and
hydrogen derived from renewable resources.
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As noted earlier, fuels and electricity can be produced from
almost any biomass resource, but commercial production has been
limited. A few examples are power and steam production via the
combustion of municipal solid wastes, of fuel gas recovered from
landfills, and of biogas produced in wastewater treatment plants.
Steam and hot water are produced in the gasification of wood and
wood wastes to produce fuel gas for use in commercial buildings
and the combustion of black liquor in the pulp and paper industry.
Liquid fuels for internal combustion engines come from lipids and
fuel oxygenates come from fermented grains. In the United
States, production of fuel ethanol from corn has been commer-
cialized, but it relies on federal subsidies and policies requiring the
use of organic oxygenates in gasoline to reduce pollution in some
areas of the country. A major research and development effort is
in progress to displace corn with low-cost cellulosic feedstocks
such as crop residues and non-merchantable wood produced
through fuel reduction projects aimed at reducing the intensity
and severity of forest fires (Sampson et al. 2001).

On a energy content basis, existing global standing biomass is
estimated to be about 100 times the total annual consumption of
coal, oil, and natural gas in the 1990s, and net annual production
of biomass is 10 times annual energy consumption (Klass 1998).
Incremental new biomass growth on carefully designed sustain-
able plantations that produce dedicated energy crops could even-
tually have large potential uses in meeting global energy demands.

There is considerable variation in the estimates of the biomass
in agricultural wastes that might be available for energy produc-
tion. For example, one study estimates that the potential amount
of rice straw and husks available for energy might range from
about 300 million to 1,900 million tons (Koopmans and Kop-
pejan 1998). The range involves different assumptions about pro-
duction as well as the extent to which available crop residues will
be used for fuel, fodder, fertilizer, fiber, or feedstock. One of the
issues in using crop residues for commercial energy production is
that their use may depend on storage for prolonged periods after
harvest. Also, the scale of biomass electric plants may exceed lo-
cally available feedstock supplies.

Taking into account the net primary productivity of the
world’s ecosystems and conventional energy technology, global
biomass could provide energy at a theoretical rate of 9 terawatts
(WEC 2001) to 26 terawatts (Holdren 1991), compared with the
current rate of global energy use of 15 terawatts (Gonzalez
2001b). Some regional studies show significant supplies available.
(See Table 9.9.) Realistic estimates of supply, however, need to be
tempered by several factors:
• Much biomass, such as crop residues and logging wastes, are

widely dispersed; making their collection for commercial use
difficult and costly.

• The removal of organic material from producing crop and
forestlands may compromise their ability to sustain productiv-
ity. Organic material returns are essential for maintaining soil
quality, so only a portion of the waste biomass can be safely
removed.

• The environmental impacts of increased biomass energy pro-
duction, both positive and negative, need to be considered
(Sampson et al. 1993).
An increasing role for biofuels in the world energy system

would have significant local economic implications. Growing,
harvesting, and transporting these fuels could provide new crop
and employment opportunities for rural residents.

Because biofuels are produced from renewable sources, their
use does not involve a net transfer of carbon dioxide into the atmo-
sphere. As a result, where they replace fossil sources they can be
counted as a positive benefit in attempts to address climate change.
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To the extent that they become a significant force, the benefits
accrue across all nations and societies. For example, the use of
bagasse in Australia is estimated to reduce net emissions of CO2

into the atmosphere by 226,000 tons per year (Ramage and Scur-
lock 1996).

The benefits of clean, renewable energy and fuels are evident,
but the slow rate of their growth in relation to the growth in
fossil fuel use reflects the difficult obstacles that biofuels face. An
integrated, large-scale biomass energy industry has yet to emerge
despite the major expenditures made to develop new technologies
and scale them from research to production levels. In most of the
industrial world, the lack of financing for first-time production
facilities, the difficulty in assuring growers of adequate prices and
producers of adequate supplies in the absence of market experi-
ence, and the lack of an energy infrastructure geared to dispersed,
decentralized production facilities have all deterred industrial de-
velopment of biomass fuel. The competition from fossil fuels has
also contributed to the slow growth in biomass-based production
of modern fuels, despite the steady advances from research and
technological development.

9.4.5 Drivers of Change in the Use of Biomass Fuels

9.4.5.1 Fossil Fuel Availability

The near-term prospects for the future of biomass fuels remain
one of slow growth. If fossil fuel prices continue to rise in the
coming decades, the longer-term prospects (2030–50) for biofuels
look very positive. The combination of drivers, including con-
cern over global climate change, pollution, and fossil fuel deple-
tion, appears poised to drive government policies and market
forces toward an increased role for biomass-based modern energy
sources.

9.4.5.2 Income and Development Levels

As incomes rise and development proceeds, people tend to shift
from low-cost, heavy, or inefficient fuel sources to those that cost
more but require less effort to obtain and use. If development
efforts succeed in raising incomes and living standards, pressures
on local ecosystems for fuelwood will diminish as people move
up the energy ladder to other sources.

9.4.5.3 Technology Development and Transfer

Programs that successfully introduce more efficient cooking and
heating stoves, modern renewable sources (such as solar, geother-
mal, and wind), or other energy innovations can reduce pressure
on local sources of biomass fuels. The result can be improved
human well-being by lowering the time and effort spent gather-
ing fuel, lowering health impacts from smoke, and supporting
improved diets.

Increased use of biomass for commercial energy production
will require continued major investment in research, develop-
ment, and technology transfer.

9.4.5.4 Resource Availability

Lack of accessible fuelwood supplies can be an important localized
problem with serious impacts, particularly on rural or low-income
people. This can be the result of an imbalance between popula-
tion levels and local biomass production capability, as described in
Box 9.1, in the absence of affordable or accessible energy options.
Policy options may include efforts to increase local fuel produc-
tion (through increased agroforestry), introduce technology inno-
vation, or improve fuel transport.
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Table 9.9. Consumption and Potential Supply of Biomass Fuels for 16 Asian Countriesa (RWEDP 1997)

Consumption/Supply

1994 2010 

Area Mass Energy Area Mass Energy
(million hectares) (million tons) (petajoules) (million hectares) (million tons) (petajoules)

Consumption
Total woodfuels 646 9,688 812 12,173

Potential supply
Sustainable woodfuel from forestland 416 670 10,047 370 629 9,440

Sustainable woodfuel from agricultural areas 877 601 9,021 971 692 10,381

Sustainable woodfuel from other wooded lands 93 54 810 81 47 708

Waste woodfuels from deforestation (4) 606 9,083 (3) 438 6,566

Total potentially available woodfuels 1,382 1,931 28,962 1,420 1,806 27,095

50 percent of crop processing residues 877 219 3,458 971 322 5,105

Total potentially available biomass fuels 2,150 32,420 2,128 32,200

aBangladesh, Bhutan, Cambodia, China, India, Indonesia, Lao PDR, Malaysia, Maldives, Myanmar, Nepal, Pakistan, Philippines, Sri Lanka, Thailand, and
Viet Nam.

9.5 Fiber

9.5.1 Agricultural Plant Fibers

A wide variety of crops are grown for fiber production. Flax,
hemp, and jute are generally produced from agricultural systems,
while sisal is produced from the fiber contained in the leaves of
the Agave cactus, which is widely cultivated in tropical and sub-
tropical areas. (See Chapter 22.) Silk is a special case, produced
by silkworms fed the leaves of the mulberry tree, grown in an
orchard-like culture. The production of all the listed fibers except
silk has declined in recent decades. (See Table 9.10.)

Competition from non-cellulosic fibers has increased signifi-
cantly in recent years. (See Table 9.11.) According to the U.S.
Department of Agriculture (whose data varies slightly from that
of FAO in Table 9.10), total world fiber production has grown
by 63% in the last two decades, while the proportion of natural
(cellulosic) fibers has declined from almost two thirds to under
one half (USDA-ERS 2003).

9.5.1.1 Cotton

Cotton is the single most important textile fiber in the world,
accounting for over 40% of total world fiber production. It is an
unusual crop, in that it is an oil crop grown for its fiber, which
develops as elongated surface cells on the seedcoat. The cotton

Table 9.10. World Production of Selected Agricultural Fibers, 1961–2000 (FAO 2003c)

Item 1961 1980 2000 1961–80 1980–2000

(thousand tons) (percent change)

Flax 697 620 522 –11 –16

Hemp 300 186 50 –38 –73

Jute and jute-like fibers 3,492 3,609 3,037 3 –16

Sisal 763 548 413 –28 –25

Silk, raw and waste production 33 69 107 111 56

Total 5,284 5,032 4,129 –5 –18
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seed itself constitutes about 65% of the harvested crop and con-
tains about 17% oil and 24% protein (Gillham et al. 2003).

While some 80 countries around the world produce cotton,
China, the United States, India, Pakistan, and the former Soviet
Union have dominated global production since 1961, although
their relative share of the global total has changed over time. (See
Table 9.12.) Over 70% of the world’s cotton is produced in the
United States (above 30� north latitude), China, the former Soviet
Union countries, and southern Europe (Gillham et al. 2003). The
water and fertilizer requirements for high yields of cotton under
intensive production are high, and it is this that leads to concen-
trated production in so few regions.

Cotton is produced on both irrigated and rain-fed cropland,
and cotton demand has been the basis for major irrigation projects
over the past century. In Uzbekistan, for example, major irriga-
tion developments were constructed in the 1940s to convert the
region into the primary cotton producer for the Soviet Union
(Gillham et al. 2003). The resulting diversion of water, along with
the intensive use of agrochemicals, resulted in disastrous environ-
mental deterioration of the Aral Sea. (See Chapter 20.)

Global production of cotton has about doubled in the past 40
years, while the land harvested has stayed virtually the same (FAO
2003c). However, those global totals mask significant shifting of
cotton growing. For example, a major area expansion in Pakistan
has been offset by large declines in the rest of the world. FAO
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Table 9.11. World Textile Fiber Production, 1980–2000 (USDA-ERS 2003)

Item 1980 1990 2000

(thousand
tons)

(percent of 
year’s total)

(thousand
tons)

(percent of 
year’s total)

(thousand
tons)

(percent of 
year’s total)

Rayon and acetate 3,243 10.6 2,758 7.0 2,216 4.4

Non-cellulosic fibers 10,479 34.2 14,899 37.7 26,137 52.4

Cotton 14,259 46.6 18,969 48.0 19,466 39.0

Wool (clean) 1,693 5.5 1,978 5.0 1,361 2.7

Silk 56 0.2 66 0.2 86 0.2

Flax 630 2.1 712 1.8 591 1.2

Hemp (soft) 258 0.8 165 0.4 57 0.1

Total Fibers 30,618 100.0 39,548 100.0 49,914 100.0

Table 9.12. Annual Production and Area Harvested of Cotton for Selected Countries and Rest of the World, 1961–2000 (FAO 2003c)

Country 1961 1980 2000 1961–80 1980–2000 1961–2000

Production
(thousand tons) (percent change)

China 800 2,707 4,417 238 63 452
India 884 1,292 1,641 46 27 86
Pakistan 324 714 1,825 120 155 463
United States 3,110 2,422 3,742 –22 55 20
Russia/former Sov. Un. 1,528 2,804 1,487 84 –47 –3
Other 2,815 3,966 5,505 41 39 96
Global Total 9,461 13,905 18,618 47 34 97

Area Harvested
(thousand hectares) (percent change)

China 3,868 4,915 4,041 27 –18 4
India 7,719 7,820 8,576 1 10 11
Pakistan 1,396 2,108 2,927 51 39 110
United States 6,327 5,348 5,285 –15 –1 –16
Russia/former Sov. Un. 2,335 3,147 2,545 35 –19 9
Other 10,216 10,981 8,482 7 –23 –17
Global Total 31,861 34,319 31,856 8 –7 0

data show some inconsistency in yields, with China’s year 2000
yield of over 1 ton per hectare being significantly higher than the
global average.

Although the rate of increase in cotton production has slowed
since 1980, further growth in cotton production is set to continue
through either additional planting or irrigation or through in-
creased yields from improved varieties, management techniques,
or pest protection. The reasons for declining production in some
regions vary and include increased competition for available irri-
gation water, loss of productive soils to salinization, or declining
markets and prices due to continued or increased competition
from synthetic fibers.

In one major cotton-producing region—Uzbekistan—the
area planted to cotton has declined steadily from a peak of 2.1
million hectares in 1987 to a reported 1.44 million hectares in
2000 (FAO 2003c). Since the demise of the Soviet Union, the
ability of the region to trade cotton for food has diminished, and
the need to become more self-sufficient in food is contributing to
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the decline in the area devoted to cotton production. In addition,
the collapse of the economy contributed to a lack of fertilizer and
other inputs due to the shortage of foreign exchange (Gillham et
al. 2003).

Cotton plays a major role in the economies of many develop-
ing countries. In India, over 60 million people derive income
from cotton and textiles. In Pakistan, textiles employ over one
third of the industrial labor force, and in Uzbekistan 40% of the
workforce relies on cotton (Gillham et al. 2003). In China, an
estimated 50 million families grow cotton, illustrating that much
of the world’s cotton is produced by smallholders relying primar-
ily on family labor. In these situations, the crop competes with
food crops for available land, water, time, and energy, and strong
markets or government policies that encourage expanded cotton
production may create difficulty in meeting food production
needs.

One of the major challenges in cotton production is the man-
agement of crop pests. The most widely known pest, the cotton
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bollworm (Helicoverpa armigera), causes millions of dollars worth
of damage annually. One estimate suggests that India alone suffers
over $300 million in annual damages from this pest (www.nri
.org/work/bollworm.htm). This has led to major research efforts
around the world to develop improved pest management tech-
niques. One approach, genetically modified cotton, is being
tested in many regions but has raised significant controversies.

Smallholders face significant competitive disadvantages in
growing cotton, lacking the mechanical implements for timely
operations, the inputs to raise yields or protect against pests, and
the marketing ability to produce commercial amounts for sale. It
has been estimated that it would take 75–150 smallholders, aver-
aging a quarter to a half hectare each, to produce 100 bales of
cotton—a common amount needed to attract a commercial con-
tract (Gillham et al. 2003). Thus, many of the world’s cotton
producers need significant technical and marketing support to
maintain cotton production as a viable agricultural option.

Significant changes in the supply of agricultural fibers can have
an impact on those craftsworkers, artisans, and local producers
who rely heavily on one or more of them for their livelihood.
Slow gradual changes, which seem far more likely, will not be as
disruptive, as they provide time for adaptation. Although changes
in the production of cotton in any one region would not appear
to have significant impact on the well-being of consumers, due to
the extent to which the fiber is traded on world markets, such
changes will affect local food supplies due to the competition of
cotton production with food production.

While the controversy surrounding genetically modified or-
ganisms extends well beyond cotton, this crop is one where the
issues are both current and particularly important. Media reports
estimate that some 1.5 million hectare of GM cotton were planted
in China in 2001 and some 100,000 hectares were grown in India
in 2003 after the country approved testing in 2002 (Reuters 2002,
2004). To date, there are no official data on these crop varieties,
but their use is growing rapidly, along with the associated contro-
versies.

GM cotton is the result of genetic engineering that introduces
genetic material from the Bt (Bacillus thuringiensis) organism into
the cotton plant. This protein makes the crop more resistant to
pests such as the cotton bollworm. Proponents of the technology
point to evidence of increased yields and profits to growers, par-
ticularly small growers who lack the capital and equipment to
control pests effectively. They also argue that the technology re-
duces the use of pesticides and lowers associated environmental
impacts. Critics of the technology assert that early pest resistance
is likely to vanish as pests evolve the capability to overcome the
new defenses and that there are dangers of releasing genetic mate-
rial into the environment that may not be subject to natural con-
trols. They also express concerns that farmers may end up using
more pesticide rather than less, as the need to control pests other
than the target pests becomes more important.

These are issues of great importance to the future of many
crops, and an adequate assessment of the technology and its impli-
cations is beyond the scope of this chapter. Such an assessment
will be increasingly important as the world grapples with the im-
plications of GMO crops, including cotton.

9.5.1.2 Silk

Silk has long been highly prized for the manufacture of fine cloth.
It is produced primarily in Asia, where silkworm culture (sericul-
ture) has been under way for centuries. Originally developed in
China, silkworms and their host, mulberry trees, have been ex-
ported widely around the world. Although commercial sericul-
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ture has been tested in many areas of Europe, northern Africa,
and the Americas in the past, world production is now heavily
centered in China, which accounted for 73% of reported world
production in 2000 (FAO 2003c).

Silk production has tripled and the center of production has
shifted from Japan to China over the last 40 years. In 1961, Japan
produced 57% and China produced 20% of a total world supply
of 32 million tons (FAO 2003c). By 2000, China was producing
73% and India was producing 14% of a world supply that had
tripled to 110 million tons (FAO 2003c). China’s silk production
in 2000 (78 million tons) exceeded total world output in 1980
(68 million tons). The movement of silk production from Japan
to China over the recent past appears to be linked primarily to
lower labor costs in the very labor-intensive production process.

9.5.1.3 Flax, Hemp, Jute, and Sisal

FAO data contain statistics on several of the world’s important
fiber crops, including flax, hemp, jute and jute-like fibers, and
sisal.

Flax is obtained from the stems of several varieties of Linaceae
usitatissimum, an annual herb that has been cultivated since prehis-
toric times. The crop has been transported from its native Eurasia
to all the temperate zones with cool, damp climates. It is also
grown for oilseed production in many parts of the world and was
the major source of cloth fiber (linen) until the growth of the
cotton industry. Flax fiber cultivation on agricultural land involves
dense plantings to prevent the annual plant from branching, then
harvesting before maturity.

The total area devoted to flax production has declined from
over 2 million hectares in 1961 to less than 450,000 hectares in
2000. The most significant decline was in the former Soviet
Union, where the area devoted to flax went from over 1.6 million
to about 200,000 hectares. During that same period, the most
significant increase in production was reported from China,
where production has grown fivefold to some 215,000 tons. In
2000, the three largest flax producers (China, France, and Russia)
produced almost two thirds of total global output (FAO 2003c).

Hemp is the common name for Cannabis sativa, an annual
herb that was native to Asia but is now widespread around the
world due to its history of cultivation for bast fiber and drugs.
The fiber, taken from the stem, was once widely used to produce
various kinds of cordage, paper, cloth, oakum, and other prod-
ucts. Hemp production has declined dramatically since 1961, par-
ticularly in the former Soviet Union. In 2000, the two largest
producers (China and North Korea) reported over half of total
global production (FAO 2003c).

Jute is the common name for the tropical annuals of the genus
Corchorus. Many species yield fiber, but the primary sources of
commercial jute are two species (C. capsularis and C. olitorius)
grown in the Ganges and Brahmaputra valleys of India. Jute is
used primarily for coarse fabrics used in burlap, twine, and insula-
tion. Total world production of these fibers declined between
1980 and 2000, particularly in China, Thailand, and Myanmar,
and jute and jute-like fibers are now produced almost entirely in
India and Bangladesh, where some 89% of total global production
originated in 2000 (FAO 2003c).

Sisal is extracted from the leaves of the Agave cactus (Agave
sisalana and A. fourcroyides), which is widely grown in dry tropical
regions. The fibers are strong and used primarily for cordage, such
as binding twine for hay bales. Over 70% of the sisal fiber produc-
tion in 2000 was in Brazil and Mexico (FAO 2003c). The major
decline between 1961 and 2000 was reported by Tanzania, where
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production fell from 200,000 to 20,000 tons in that period (FAO
2003c).

Fibers from Musa (banana and abaca), Ciba, Patendra, and
Bomba species and coir from coconut palm are also used in many
countries for local crafts, cloth, and other uses.

9.5.2 Wood Fibers

Fibers made of almost pure cellulose derived from wood pulp
have been manufactured since the late 1800s. Rayon, the most
widely known, was developed in France in the 1890s and was
originally called ‘‘artificial silk’’ (Smith 2002). It has been com-
mercially produced in the United States since 1910 (Fibersource
2004). In rayon production, purified cellulose is chemically con-
verted into a soluble compound that is then passed through a
‘‘spinneret’’ to form soft filaments that are chemically treated or
‘‘regenerated’’ back into almost pure cellulose. The fibers are then
used to produce cloth, cord, or other products. High-performance
cords, such as those used in tires, were developed in the 1940s
(Fibersource 2004).

At one time, rayon and cotton competed for similar end uses,
but cotton’s lower price gives it a competitive advantage. Rayon
is moisture-absorbent, breathable, and easily dyed for use in
clothing. It has moderate resistance to acids and alkalis and is gen-
erally not damaged by bleaches. As a cellulosic fiber, rayon will
burn, but flame-retardant finishes can be applied. It is now manu-
factured primarily in Europe and Japan (Smith 2002), although
production has declined almost 50% since 1980.

Lyocell is a more recently developed cellulosic fiber, which
entered the consumer market in 1991 and was designated as a
separate fiber group from rayon due to its unique properties and
production processes. Lyocell is both biodegradable and recycla-
ble, and virtually all of the chemicals used in production are re-
claimed, making it a very environmentally friendly fiber (Smith
1999). Lyocell is stronger than cotton or linen both when dry and
wet. These characteristics make it highly useful for a variety of
clothing and similar uses. Since it is a manufactured fiber, the
diameter and length of the fibers can be varied according to the
desired end use, allowing the fiber to be substituted (or blended)
for cotton- or silk-like appearances (Smith 1999). Industrial uses
for lyocell include conveyor belts (due to its strength), cigarette
filters, printers blankets, abrasive backings, carbon shields, spe-
cialty papers, and medical dressings (Smith 1999).

9.5.3 Animal Fibers

9.5.3.1 Domestic Animals

Animal skins and fibers such as wool and mohair are a staple in
many societies’ clothing and shelter. Most domesticated livestock
provide multiple products such as milk, meat, and fiber. Ranching
and herding occur largely in agricultural and dryland systems, and
excessive grazing pressure is often cited as a driving force for deg-
radation of those systems. As competition from synthetic fabrics
has reduced the demand for wool in recent decades, wool pro-
duction declined 16% between 1980 and 2000, after rising be-
tween 1960 and 1980. (See Table 9.13.) The number of live sheep
declined 4.4% in that same period, but since the available FAO
(2003c) data list all live animals together and do not differentiate
those from which wool is harvested, the decline in wool animals
is not clear.

The increase in hide production appears to reflect both in-
creased population (associated with increased consumption of
leather goods) and the growth of animal agriculture. FAO (2003c)
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reports, for example, that the world population of live goats more
than doubled between 1961 and 2000.

Skins and hides from domestic livestock are generally pro-
duced as a by-product of animals slaughtered for meat, so the
trends in Table 9.13 are a reflection of the growth in animal agri-
culture, as well as increased demand. Wool production has stayed
virtually unchanged over the last four decades, showing only a
slight decline between 1961 and 2000. This appears to reflect the
rough balance between increasing populations and reduced per
capita wool usage as other fibers have replaced it in some markets.

9.5.3.2 Wildlife

Skins, furs, wools, and hairs from many species of wild mammals,
reptiles, and even birds and fish are traded in the international
market to make products ranging from clothing and accessories
such as footwear, shawls, and wallets to ornaments and furnishings
such as charms, rugs, and trophies. Consumers of these products
range from local people in Southeast Asian communities using
small pieces of tiger skin as magic amulets to ward off evil and
illness, to the world’s wealthy, wearing fashionable shahtoosh
shawls made from the endangered Tibetan antelope.

The skins, hair, and furs from wild animals have been an im-
portant source of clothing and shelter for people throughout
human history. In some cases today, this trade is putting further
pressure on some of the world’s most endangered species. For
example, progress made over the years in stemming the demand
for tiger bone medicine is being thwarted by what appears to be,
in some countries, increased poaching of tigers for their skins.
Despite their legal protection, the estimated illegal harvest of tens
of thousands of Tibetan antelope annually for their wool has re-
duced populations to fewer than 75,000 animals, compared with
an estimated 1 million at the beginning of the twentieth century.
(See Box 9.2.)

For some species, the trade and use of skins and furs can be
made sustainable. The revival of crocodilian populations in the
wild is considered one of the great conservation success stories of
the last quarter-century, demonstrating the effectiveness of the
Convention on Trade of Endangered Species and sustainable use
management programs. In 1969, all 23 species of crocodilians
were threatened or had declining populations. Today, one third

BOX 9.2

Shahtoosh

The wool of the Tibetan Antelope (Chiru Pantholops hodgsonii), known
as shahtoosh, is a valuable and widely traded commodity, despite the
animal’s protected status and a 23-year-old international trade ban.
Unfortunately, the wool is not collected by combing or brushing the
animal but by killing it, so that individual hairs can be plucked from the
skin (www.traffic.org/25/wild4_3.htm).

Known as Chiru in its home range on the remote Qinghai-Tibetan
Plateau of China, the Tibetan antelope lives at altitudes between 3,700
and 5,500 meters, with some animals venturing into the Ladakh region
of India. More closely related to sheep and goats than to other antelope
species, Tibetan antelope have developed a super-fine layer of hair to
protect against the harsh plateau environment. IUCN classifies the
Tibetan antelope as vulnerable to extinction.

Because items made from shahtoosh bring extraordinarily high
prices, there is widespread poaching and smuggling of hides and wool.
The harsh, remote region and the existence of well-armed and orga-
nized poaching gangs make law enforcement difficult and dangerous.
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Table 9.13. World Production of Hides, Skins, and Greasy Wool, 1961–2000 (FAO 2003c)

Item 1961 1980 2000 1961–80 1980–2000

(thousand tons) (percent change)

Cattle hides, fresh 4,070 5,655 7,389 39 31

Buffalo hides, fresh 322 488 811 52 66

Goat skins, fresh 261 390 840 49 115

Sheepskins, fresh 929 1,106 1,598 19 45

Total 5,582 7,639 10,638 37 39

Greasy wool 2,619 2,794 2,346

of crocodilians can sustain a regulated commercial harvest and
only four species are critically endangered.

The most likely cause of changes in wildlife-derived skins and
fibers will be the ability of governments to control the poaching
and trade in the skins and fibers from animals threatened with
extinction. Where successful conservation efforts can result in a
sustainably harvested supply, production will be maintained. De-
mand for particular animal products (and the resulting prices) may,
in some instances, be driven more by fashion trends or cultural
demands than by ecosystem conditions.

9.6 Sustainability of Timber, Fuel, and Fiber
Services
While there are local and regional exceptions, the global produc-
tion and consumption of most timber, fuel, and fiber goods over
the last four decades has increased significantly, although the rate
of increase has slowed during the past decade. In the process, the
continents have become more interconnected through interna-
tional trade, the value of which has grown much faster than global
wood products output.

The impacts on forest ecosystems due to this increased pro-
duction are difficult to generalize. In some cases, timber harvest-
ing has directly contributed to degrading and deforesting forest
ecosystems, most recently in tropical areas. This is particularly
true where institutional controls are weak and where destructive
and often illegal logging practices are common. In other situa-
tions, where modern forest technologies and effective governance
occur, forest area and measures of condition are holding steady or
improving in the face of increased production. While many nega-
tive impacts can be seen immediately, the full impacts on forests
(either positive or negative) from particular harvesting practices
may not be evident for many years.

For the near future, total global wood supplies are predicted
to remain adequate for most market demands, if not in surplus.
Increases in demand for forest products in the near future are
likely to be met by increases in supply and are unlikely to create
significant price increases that would create hardship on consum-
ers. That does not apply to premium species or the high-quality
woods that have been overharvested in the past. For the near
future, those will be in short supply and will need to be replaced
by other species or manufactured products or substitutes.

Fuelwood is a special case, largely because it is so important
to the people who depend on it for heating and cooking. It is
produced, harvested, and consumed locally in the regions where
it is a critical factor in family well-being. Local assessments of
fuelwood and its relationship to both ecosystems and communi-
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ties are feasible and needed, as national or regional assessments of
overall fuelwood adequacy mask critical community shortages.

In most parts of the world, changes in the production of the
timber, fuel, and fiber in the near future (10–15 years) will be
caused primarily by political, social, and economic forces rather
than changes in the capacity of ecosystems to produce these ser-
vices. Exceptions may be the capacity of local ecosystems to meet
fuelwood demands in some rural subsistence economies, particu-
larly in Africa, and the reduction in availability of some wildlife
skins and fibers due to population declines. Where institutional
capacity is weak, significant increases in industrial production of
wood or fibers such as cotton can cause adverse impacts on local
environments or disadvantage traditional users who relied on the
ecosystem for food, shelter, medicines, or other nonindustrial
products.

Due to increasing globalization of investments and trade,
some of the more important policy impacts on the supply of forest
products may come in the form of trade or transportation policies;
subsidies or taxes for production, transportation, or manufactur-
ing; economic development; or monetary policy. These policies
are made outside the forestry and agricultural sectors, often for
vastly different reasons of national interest.

The search for a sustainable future involves important chal-
lenges in the provision of timber, fuel, and fiber. Some of those
challenges include:
• the skillful management of planted and natural forests to sup-

ply wood crops, employ local people, and support improve-
ments in literacy, housing, nutrition, and health;

• the application of wise policy decisions that consider industrial
production, environmental quality, and local communities
and are supported by sufficient governance to achieve their
objectives;

• the development and dispersal of science and technology to
improve efficiencies in wood and fiber production and use, to
protect important biodiversity, watershed, and social values,
and to contribute to the alleviation of poverty; and

• reduced pressure on remaining natural forests to provide habi-
tat for wild species and people whose future is threatened by
the loss of those forest types.
These challenges include, but go beyond, science, manage-

ment, technology, and laws. They are fundamental social issues
that each society and nation will have to tackle.

In terms of the assessment made in this chapter, as noted ear-
lier, global generalizations tend to mask local dynamics. Since
policy is made locally, nationally, and regionally, the need to un-
derstand and assess local and regional conditions is a critical pre-
cursor to informed policy-making, and it is hoped that the global
context illustrated here will contribute to those efforts.

................. 11432$ $CH9 10-11-05 14:56:53 PS



267Timber, Fuel, and Fiber

References
Adams, M. and J. Castano, 2002: World timber supply and demand scenario,

government interventions, issues and problems, Proceedings of the International
Conference on Timber Plantation Development, Manila, 7–9 November, FAO,
Rome, Italy.

Allen, R.B., K.H. Platt, and S.K. Wiser, 1995: Biodiversity in New Zealand
plantations, New Zealand Forestry, 39(4), pp. 26–9.
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Main Messages

Global freshwater use is estimated to expand 10% from 2000 to 2010,
down from a per decade rate of about 20% between 1960 and 2000. These
rates reflect population growth, economic development, and changes in
water use efficiency. Projections that this trend will continue have a high
degree of certainty. Contemporary water withdrawal is approximately 3,600
cubic kilometers per year globally or 25% of the continental runoff to which the
majority of the population has access during the year. If dedicated instream
uses for navigation, waste processing, and habitat management are consid-
ered, humans then use and regulate over 40% of renewable accessible sup-
plies. Regional variations from differential development pressures and
efficiency changes during 1960–2000 produced increases in water use of 15–
32% per decade.

Four out of every five people live downstream of, and are served by,
renewable freshwater services, representing 75% of the total supply. Be-
cause the distribution of fresh water is uneven in space and time, more than 1
billion people live under hydrologic conditions that generate no appreciable
supply of renewable fresh water. An additional 4 billion (65% of world popula-
tion) is served by only 50% of total annual renewable runoff that is positioned
in dry to only moderately wet conditions, with concomitant pressure on that
resource base. Only about 15% live with relative water abundance.

Forest and mountain ecosystems serve as source areas for the largest
amounts of renewable freshwater supply—57% and 28% of total runoff,
respectively. These ecosystems each provide renewable water supplies to at
least 4 billion people, or two thirds of the global population. Cultivated and
urban ecosystems generate only 16% and 0.2%, respectively, of global runoff,
but because of their close proximity to human settlements, they serve 4–5
billion people. Such proximity is also associated with nutrient and industrial
water pollution.

From 5% to possibly 25% of global freshwater use exceeds long-term
accessible supply. Overuse implies delivery of freshwater services
through engineered water transfers or nonrenewable groundwater sup-
plies that are currently being depleted. Much of this water is used for irriga-
tion with irretrievable losses in water-scarce regions. All continents record
overuse. In the relatively dry Middle East and North Africa, non-sustainable
use is exacerbated, with current rates of freshwater use equivalent to 115% of
total renewable runoff. In addition, possibly one third of all withdrawals come
from nonrenewable sources, a condition driven mainly by irrigation demand.
Crop production requires enormous quantities of fresh water; consequently,
many countries that aim at self-sufficiency in food production have entrenched
patterns of water scarcity. Alternatively, crops can be traded on global food
markets, with some countries accruing substantial benefits from importing ‘‘vir-
tual water’’ that would otherwise be required domestically to irrigate crops.

The water requirements of aquatic ecosystems in the context of expand-
ing human freshwater use results in competition for the same resources.
Changes in flow regime, transport of sediments and chemical pollutants, modi-
fication of habitat, and disruption of migration routes of aquatic biota are some
of the key consequences of this competition. In many parts of the world, com-
petition for fresh water has produced impacts that fully extend to the coastal
zone, with effects including oxygen depletion, coastal erosion, and harmful
algal blooms. Through consumptive use and interbasin transfers, several of
the world’s largest rivers (the Nile, the Yellow, and the Colorado in the United
States) have been transformed into highly stabilized and in some cases sea-
sonally nondischarging river channels.
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The supply of fresh water continues to be reduced by severe pollution
from anthropogenic sources in many parts of the world. Over the past
half-century, there has been an accelerated release of artificial chemicals into
the environment. Inorganic nitrogen pollution of inland waterways, for example,
has increased substantially, with nitrogen loads transported by the global sys-
tem of rivers rising more than twofold over the preindustrial state. Increases of
more than tenfold are recorded across many industrialized regions of the world.
Many anthropogenic chemicals are long-lived and transformed into by-products
whose behaviors, synergies, and impacts are for the most part unknown as
yet. As a consequence of pollution, the ability of ecosystems to provide clean
and reliable sources of fresh water is impaired. Severe deterioration in the
quality of fresh water is magnified in cultivated and urban systems (high use,
high pollution sources) and dryland systems (high demand for flow regulation,
absence of dilution potential).

The demand for reliable sources of fresh water and flood control has
encouraged engineering practices that have compromised the sustain-
ability of inland water systems and their provision of freshwater services.
Prolific dam-building (45,000 large dams and possibly 800,000 smaller ones)
has generated both positive and negative effects. Positive effects on human
well-being have included flow stabilization for irrigation, flood control, drinking
water, and hydroelectricity. Negative effects have included fragmentation and
destruction of habitat, loss of species, health issues associated with stagnant
water, and loss of sediments and nutrients destined to support coastal ecosys-
tems and fisheries.

Water scarcity is a globally significant and accelerating condition for 1–2
billion people worldwide, leading to problems with food production,
human health, and economic development. A high degree of uncertainty
surrounds these estimates, and defining water scarcity merits substantial fur-
ther analysis in order to support sound water policy formulation and manage-
ment. Rates of increase in a key water scarcity measure—water use relative
to accessible supply—from 1960 to present averaged nearly 20% per decade
globally, with values of 15% to more than 30% per decade for individual conti-
nents. Inequalities in level of economic development, education, and gover-
nance result in differences in coping capacity for water scarcity.

The annual burden of disease from inadequate water, sanitation, and hy-
giene totals 1.7 million deaths and the loss of at least 50 million healthy
life years. Some 1.1 billion people lack access to safe drinking water and 2.6
billion lack access to basic sanitation. Investments in drinking water supply and
sanitation show a close correspondence with improvement in human health
and economic productivity. Each person needs only 20 to 50 liters of water
free of harmful contaminants each day for drinking and personal hygiene to
survive, yet there remain substantial challenges to providing this basic service
to large segments of the human population. Half of the urban population in
Africa, Asia, and Latin America and the Caribbean suffers from one or more
diseases associated with inadequate water and sanitation.

The state of freshwater resources is inadequately monitored, hindering
the development of indicators needed by decision-makers to assess
progress toward national and international development commitments.
Substantial deterioration of hydrographic networks is occurring throughout the
world, increasing the difficulty of making an accurate assessment of global
freshwater resources. The same is true for groundwater monitoring, standard
water quality monitoring, and freshwater biological indicators. New techniques
make it possible to identify literally thousands of chemicals, including long-lived
synthetic pharmaceuticals, in freshwater resources. But universal application
of these techniques is lacking, and there are no systematic epidemiological
studies to understand their impact on long-term human well-being.
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Trade-offs in meeting the Millennium Development Goals and other inter-
national commitments are inevitable. It is very certain that the condition of
inland waters and coastal ecosystems has been compromised by the conven-
tional sectoral approach to water management, which, if continued, will jeopar-
dize human well-being. In contrast, the implementation of the established
ecosystem-based approaches adopted by the Convention on Biological Diver-
sity, the Convention on Wetlands, the Food and Agriculture Organization, and
others could substantially improve the future condition of water-provisioning
services by balancing economic development, ecosystem conservation, and
human well-being objectives.

7.1 Introduction to Fresh Water as a Provisioning
Service
This chapter provides a picture of the recent history and contem-
porary state of global freshwater provisioning services. It docu-
ments a growing dependence of human populations on these
services, which has resulted in a variety of activities aimed at stabi-
lizing and delivering water supplies. So effective has been the abil-
ity of water management to influence the state of this resource, in
terms of both its physical availability and chemical character, that
anthropogenic signatures are now evident across the global water
cycle. Much of this influence is negative due to overuse and poor
management. The capacity of ecosystems to sustain freshwater
provisioning services is thus strongly compromised throughout
much of the world and may continue to remain so if historic
patterns of managed use persist.

7.1.1 Fresh Water in the MA Context

Within the MA conceptual framework (see Chapter 1), water is
treated as a service provided by ecosystems as well as a system
(inland waters). Because the water cycle plays so many roles in the
climate, chemistry, and biology of Earth, it is difficult to define
it as a distinctly supporting, regulating, or provisioning service.
Precipitation falling as rain or snow is the ultimate source of water
supporting ecosystems. Ecosystems, in turn, control the character
of renewable freshwater resources for human well-being by regu-
lating how precipitation is partitioned into evaporative, recharge,
and runoff processes. Together with energy and nutrients, water
is arguably the centerpiece for the delivery of ecosystem services
to humankind (Falkenmark and Folke 2003).

While recognizing the role of water in supporting and regu-
lating services, the placement of this chapter among other provi-
sioning services is done from a practical point of view, in part
because water resources are the most tangible and well-documented
aspect of this broader spectrum of freshwater services. This chap-
ter assesses the condition and recent trends in global freshwater
resources, examining the amount and condition of renewable and
nonrenewable surface and groundwater supplies, changes in these
supplies over time and into the near future, and the impacts on
human well-being of changes in the service. Chapter 20 examines
the role of inland water ecosystems that provide a multitude of
services, including water, fish, habitat, cultural and aesthetic val-
ues, and flood prevention. Because fresh water is so essential to
life on Earth, its assessment overlaps with services and ecosystem
chapters across the MA.

Throughout this chapter reference is made to summary statis-
tics on the fresh water associated with specific ecosystems. While
ecosystems are strongly dependent on the water cycle for their
very existence, at the same time these systems represent domains
over which precipitation is processed and transferred back to the
atmosphere as ‘‘green water’’ (through evapotranspiration drawn
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from soils and plant canopies in natural ecosystems and rain-fed
agriculture). The remainder runs off as ‘‘blue water’’ which con-
stitutes the renewable water supply that can pass to downstream
users—both aquatic ecosystems and humans such as farmers who
irrigate. These water flows can be tabulated across ecosystems to
identify areas that are critical to human well-being as well as those
that require particular attention in designing strategies for envi-
ronmental protection. Box 7.1 defines key terms used in this anal-
ysis.

7.1.2 Setting the Stage

Prior to the twentieth century, global demand for fresh water was
small compared with natural flows in the hydrologic cycle. With
population growth, industrialization, and the expansion of irri-
gated agriculture, however, demand for all water-related goods
and services has increased dramatically, putting the ecosystems
that sustain this service, as well as the humans who depend on
it, at risk. While demand increases, supplies of clean water are
diminishing due to mounting pollution of inland waterways and
aquifers. Increasing water use and depletion of fossil groundwater
adds to the problem. These trends are leading to an escalating
competition over water in both rural and urban areas. Particularly
important will be the challenge of simultaneously meeting the
food demands of a growing human population and expectations
for an improved standard of living that require clean water to
support domestic and industrial uses.

Meeting even the most basic of needs for safe drinking water
and sanitation continues to be an international development pri-
ority. Some 1.1 billion people lack access to clean water supplies
and more than 2.6 billion lack access to basic sanitation (WHO/
UNICEF 2004). Reducing these numbers is a key development
priority. By adopting the initial targets of the Millennium Devel-
opment Goals, governments around the world have made a com-
mitment to reduce by half the proportion of people lacking access
to clean water supply and basic sanitation between 1990 and
2015.

The ministerial declaration from the 2nd World Water Forum
in The Hague in 2000 captured the essence of the goals and chal-
lenges faced (see Box 7.2), including articulation of the impor-
tance of ecosystems in sustaining freshwater services. Water
continues to rise in importance in major policy circles, with 2003
declared the International Year of Fresh Water, release of the first
World Water Development Report (UN/WWAP 2003) by a
collaboration of 24 U.N. agencies through the World Water As-
sessment Programme, and proclamation by the UN General As-
sembly of the International Decade of Action ‘‘Water for Life’’ in
2005–15.

Societies have benefited enormously through their use of fresh
water. However, due to the central role of water in the Earth
system, the effects of modern water use often reverberate
throughout the water cycle. Key examples of human-induced
changes include alteration of the natural flow regimes in rivers
and waterways, fragmentation and loss of aquatic habitat, species
extinction, water pollution, depletion of groundwater aquifers,
and ‘‘dead zones’’ (aquatic systems deprived of oxygen) found
in many inland and coastal waters. Thus, trade-offs have been
made—both explicitly and inadvertently—between human and
natural system requirements for freshwater services.

The challenge for the twenty-first century will be to manage
fresh water to balance the needs of both people and ecosystems,
so that ecosystems can continue to provide other services essential
for human well-being. Human impacts on the capacity of ecosys-
tems to continue delivering freshwater services are assessed in
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BOX 7.1

Operational Definitions of Key Terms on Fresh Water

The global water cycle involves major transports that link Earth’s atmo- source (Ua). Such losses are associated predominantly with irrigation, and
sphere, land mass, and oceans, though the emphasis in this chapter is emerge from both renewable and nonrenewable freshwater supplies. Ca

on the continental hydrologic cycle. The Figure here outlines the major is also referred to as irretrievable losses. While humans ‘‘consume’’ water
fluxes of fresh water, which help to define the renewable supplies on directly for drinking, this is not termed water consumption but simply a
which humans and ecosystems depend. The water cycle can be divided component of domestic water use tabulated under Ua.

into a portion that is accessible to humans and that which is not. The Non-sustainable Water Use (Uan). This is computed by comparing
portion of the global water cycle that is accessible to humans is shown in total water demand or withdrawals for human use (Ua) to the available
the diagram. The following nomenclature is used throughout this chapter. renewable water supply (Ba). Where Ua exceeds Ba at the point of extrac-

Total Precipitation (Pt). This term is equivalent to the total sustainable tion, non-sustainable use is tabulated. For most parts of the planet, this
water supply falling as rain and snow over the terrestrial portion of Earth. will refer to the ‘‘mining’’ of groundwaters, especially in arid and semiarid
Pt represents the ultimate source of fresh water for recharge into soils, areas, where recharge rates to the underground aquifer are limited. Uan

evaporation, and transpiration by plants in natural and cropped ecosys- can also embody the interbasin transport of fresh water from water rich to
tems, recharge into groundwaters, and, eventually, runoff and discharge water poor areas.
through river corridors. For the purposes of this study, Pt represents cli- Environmental Flows. These are the water requirements needed to
matic means, unless otherwise noted. Pt can be divided into precipitation sustain freshwater ecosystems.
that is accessible (Pa) or inaccessible (Pi) to humans on the land mass. Water Abundance and Scarcity. The conjunction of renewable fresh-
Ocean precipitation is denoted as Po. water supply, withdrawals, consumptive losses, and level of development

Total Blue Water Flow (Bt). This term represents the global renewable can be used to define quantitative measures of water abundance or scar-
water supply computed as surface and sub-surface runoff. ‘‘Total’’ here city. The number of people supported on a unit of renewable freshwater
refers to ‘‘blue water’’ that is both accessible and inaccessible to humans. flows (the ‘‘water crowding’’ index) will define thresholds of chronic water
It is a subcomponent of Pt, representing the net fresh water remaining after scarcity, as will use-to-supply ratios (Ua /Bt or Ua / Ba).
accounting for evapotranspiration (ET) losses to the atmosphere from the
soils and vegetation of natural ecosystems and rain-fed agriculture, known
as ‘‘green water’’ (Gt). Blue water represents the sustainable supply of
fresh water that emanates from ecosystems and is then transferred
through rivers, lakes, and other inland aquatic systems. These down-
stream ecosystems evaporate and consume water (Ciws) and reduce blue
water flows. In basins occupied by humans, accessible blue water (Ba) is
further reduced (Ba’) through consumptive losses (Ca) from water resource
management, such as irrigation.

Water Use (Ua). This represents water withdrawn or used by humans.
Ua is derived from either accessible blue water flows (Ba) or nonrenewable
sources, predominantly fossil groundwater mining, which constitutes a
non-sustainable water use. Use is divided into domestic (Da), industrial
(Ia), and agricultural (Aa) applications, a part of which can be returned to
inland water systems, though sometimes degraded in its quality in such
return flows.

Water Consumption (Ca). The portion of water that is lost as net
evapotranspiration after being withdrawn from an accessible supply

Chapter 20. Some options on balancing human and ecosystem
water requirements are discussed in Chapter 7 of the MA Policy
Responses volume.

Before describing the details of this chapter’s assessment, a
word is in order on the quality of information on which it is
based. Monitoring the continental water cycle in a timely manner
at the global scale using traditional discharge gauging stations—
the mainstay of water resource assessment—continues to chal-
lenge the water sciences (IAHS 2001; NRC 1999; Kanciruk
1997). Data collection is now highly project-oriented, yielding
often poorly integrated time series of short duration, restricted
spatial coverage, and limited availability. In addition, there has
been a legal assault on the open access to basic hydrometeorologi-
cal data sets, aided in large measure by commercialization and
fears surrounding piracy of intellectual property. Delays in data
reduction and release (up to several years in some places) are also
prevalent. Much information has yet to be digitized, and exists in
difficult-to-use book and report formats.
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Based on available global archives at the WMO Global Run-
off Data Center, to which member states contribute voluntarily,
there was arguably a better knowledge of the state of renewable
surface water supplies in 1980 than today. Such statements apply
to many parts of the world, including otherwise well monitored
countries like the United States and Canada (IAHS 2001; Shiklo-
manov et al. 2002), though most marked declines are in the de-
veloping world. Our understanding of groundwater resources is
even more limited, since well-log, groundwater discharge/
recharge, and aquifer property data for global applications are only
beginning to be synthesized (Foster and Chilton 2003; UNESCO-
IHP 2004). Information on water use and operation of infrastruc-
ture has never been assembled for global analysis (IAHS 2001;
Vörösmarty and Sahagian 2000).

While remote sensing and models of the water cycle can be
used to fill some data gaps, these approaches themselves produce
a range of outputs arising from differences in their input data
streams and detailed calculation procedures (e.g., Fekete et al.
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BOX 7.2

Ministerial Declaration from the 2nd World Water Forum

The ongoing series of World Water Forums (Marrakech 1997, Hague
2000, Kyoto 2003, Mexico 2006), organized by the World Water Coun-
cil and its partners, brings together a broad array of thousands of
stakeholders to discuss strategies for sustainable development with
respect to water. While there have been three such gatherings to date,
outputs from the affiliated Ministerial Conference of the 2nd Forum
are most relevant to the MA. This Ministerial Declaration captures the
interconnections among ecosystem integrity, human actions affecting
water supply, and human well-being. It is precisely these interactions
that define the contemporary conditions and trends and that are sug-
gestive of responses that foster water stewardship, sustainable water
use, and progress toward development. These fundamental goals high-
light the need for well-functioning ecosystems. They also reflect
strongly the Millennium Development Goals:

• meeting basic human needs—that is, access to safe and suffi-
cient water and sanitation, which are essential to health and
human well-being;

• securing the food supply to enhance food security through a
more efficient mobilization and use of water for food production;

• protecting ecosystems and ensuring their integrity through sus-
tainable water resources management;

• sharing water resources to promote peaceful cooperation and
develop synergies between the different uses of water within and
between the states concerned;

• managing risks to provide security from floods, droughts, pollu-
tion, and other water-related hazards;

• valuing water to manage it in a way that reflects economic, social,
environmental, and cultural values for all its uses; and

• governing water wisely to ensure good governance, including
public participation.

2004). Without a sustained international commitment to baseline
monitoring, global water assessments will be difficult to make and
fraught with uncertainty. Box 7.3 gives the range of current esti-
mates used in global water resource models, an uncertainty that
in part arises from these data problems.

7.2 Distribution, Magnitude, and Trends in the
Provision of Fresh Water
While it is true that there is an abundance of water across blue
planet Earth, only a small portion of it exists as fresh water, and
even a smaller fraction is accessible to humans. Nearly all water
on Earth is contained in the oceans, leaving only 2.5% as fresh
water. (See Table 7.1.) Of this small percentage, nearly three quar-
ters is frozen, and most of the remainder is present as soil moisture
or lies deep in the ground. The principal sources of fresh water
that are available to society reside in lakes, rivers, wetlands, and
shallow groundwater aquifers—all of which make up but a tiny
fraction (tenths of 1%) of all water on Earth. This amount is regu-
larly renewed by rainfall and snowfall and is therefore available on
a sustainable basis.

Global averages fail to portray a complete picture of the
world’s water resource base, however. The basic climatology of
the planet dictates that fresh water will be distributed unevenly
around the globe, with abundant supplies across zones like the
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wet tropics and absolute water scarcity across the desert belts and
in the rain shadow of mountains. For this assessment, both locally
available runoff and water transported though river networks is
considered (Vörösmarty et al. 2005). River corridor flows convey
essential water resources to those living on the banks of large riv-
ers, such as along the lower Nile. Figure 7.1 (in Appendix A)
shows the broad range of sustainable water resources (blue water
flows), which varies from essentially zero in many arid and semi-
arid regions to hundreds and thousands of cubic kilometers per
year as major river corridor flow. Such regional differences in the
quantity of available fresh water establish the diverse patterns of
water supply across the globe.

The supply of fresh water is conditioned by several additional
factors, which amplify the patterns of abundance and scarcity.
These factors include the distribution of humans relative to the
supply of water (that is, access to water), patterns of demand, pres-
ence of water engineering to stabilize flows, seasonal and interan-
nual climate variations, and water quality. The following sections
assess the state of global freshwater supplies, demands (withdraw-
als or use), and water quality. The time domain covered here is
the last several decades and into the near future of 2010–15.

7.2.1 Available Water Supplies for Humans

Estimates of global water supply are imprecise and complicated
by several factors, including differences in data and methodologies
used, loss of hydrographic monitoring capacity, alternative time
frames considered, and distortions from land cover, climate, and
hydraulic engineering that are increasingly a part of the water
cycle. The renewable resource base expressed as long-term mean
runoff has been estimated to fall between 33,500 and 47,000 cubic
kilometers per year (Korzoun et al. 1978; L’vovich and White
1990; Gleick 1993; Shiklomanov and Rodda 2003; Fekete et al.
2002; Nijssen et al. 2001; Döll et al. 2002). Within-year variations
also define the basic nature of water supply. At the continental
scale, maximum-to-minimum runoff ratios vary between 2:1 and
10:1 (Shiklomanov and Rodda 2003), with individual rivers ex-
periencing ratios far higher, such as in snowmelt-dominated basins
or episodically flooded arid and semiarid river systems. These
variations necessitate flow stabilization through hydraulic engi-
neering for either protection (for example, from floods) or seasonal
supply augmentation (for example, for dry-season agriculture or
hydroelectricity).

Water supply can also be assessed from the standpoint of soci-
etal access to renewable runoff and river flow, from which hu-
mans can secure provisioning services. By one estimate (Postel et
al. 1996), one third of global renewable water supply is accessible
to humans, when taking into account both its physical proximity
to population and its variation over time, such as when flood
waves pass uncaptured on their way to the ocean. Such accessibil-
ity is considered as part of this assessment later in this chapter.

Groundwater plays an important role in water supply. It has
been estimated that between 1.5 billion (UNEP 1996) and 3 bil-
lion people (UN/WWAP 2003) depend on groundwater supplies
for drinking. It also serves as the source water for 40% of self-
supplied industrial uses and 20% of irrigation (UN/WWAP
2003). For certain countries this dependency is even greater; for
example, Saudi Arabia meets nearly 100% of its irrigation require-
ments through groundwater (Foster et al. 2000). Two important
classes of groundwater can be identified. The first is renewable
groundwater resources, closely linked to the cycling of fresh
water, through which the ground is periodically replenished
when sufficient precipitation is available to recharge soils or when
floodplains become inundated. The second, fossil groundwater, is
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BOX 7.3

Uncertainties in Estimates of Contemporary Freshwater Services, Use, and Scarcity

All entries are ranges in the units indicated and represent near-contemporary conditions.

Geographic Region

Renewable 

Water Supplya Total Withdrawals
Mean Water
Crowding

Mean Use-to-Supply
(Ua/Bt) Ratio

Population with 
Ua/Bt Ratio Greater

than 40%
(cu. km. per year ) (people/mill.

m3/yr)
(percent) (million)

Asia 7,850–9,700 1,520–1,790 320–384 16–22 712–1,200

Former Soviet Union 3,900–5,900 270–380 48–74 6–8 56–110

Latin America 11,160–18,900 200–260 25–42 1–2 84–160

North Africa/Middle East 300–367 270–370 920–1,300 74–108 91–240

Sub-Saharan Africa 3,500–4,815 60–90 115–160 2–2 16–140

OECD 7,900–12,100 920–980 114–129 8–12 164–370

World Total 38,600–42,600 3,420–3610 133–150 8–9 1,123–2,100

a For the purpose of this intercomparison, supply is total supply (Bt). See also Box 7.1 and Table 7.2.

The ranges reported here are from three global-scale water resource mod- are noted for population living under severe water scarcity (use-to-supply
els, two of which were used directly in the MA: University of New Hamp- �40%). The order-of-magnitude range apparent for sub-Saharan Africa
shire (Vörösmarty et al. 1998a; Fekete et al. 2002; Federer et al. 2003) can be linked in part to the distribution of sharp climatic gradients that are
for the Condition and Trends Working Group assessment and Kassel Uni- difficult to analyze geographically. The result is also a function of the
versity (Alcamo et al. 2003; Döll et al. 2003) used in the Scenarios Work- assumptions made regarding access to water. Because of such uncertain-
ing Group. A third model from the University of Tokyo and Global Soil ties, the current state-of-the-art in global models put 1–2 billion people at
Wetness Project (Oki et al. 2001, 2003b; Dirmeyer et al. 2002) was also risk worldwide arising from high levels of water use. The MA models
compared. predict a much smaller range, from 2.0–2.1 billion.

The global-scale correspondence for total supply, withdrawals, water Large uncertainties surround current estimates of water consumption
crowding, and demand-to-supply ratio is high, but masks continental-scale by the largest user of water, agriculture. Recent estimates vary from 900
differences. Such disparities can be large, as for water supply in Latin (Postel 1998) up to 2000 cubic kilometers per year (Shiklomanov and
America, where large remote tropical river systems have proved difficult Rodda 2003). A value of 1200 cubic kilometers per year is reported in this
to monitor systematically. Substantial differences at the continental scale assessment (Table 7.4).

Table 7.1. Major Storages Associated with the Contemporary
Global Water System (Shiklomanov and Rodda 2003)

Type Volume
Fraction of

Total Volume 
Fraction of
Fresh Water

(thous. cu. km.) (percent) (percent)

World ocean 1,338,000 96.5 –

Groundwaters 23,400 1.7 –

–Fresh 10,530 0.76 30.1

Soil moisture 16.5 0.001 0.05

Glaciers/permanent ice 24,100 1.74 68.7

Ice in permafrost 300 0.022 0.86

Lakes (fresh) 91 0.007 0.26

Wetlands 11.5 0.0008 0.03

Rivers 2.12 0.0002 0.006

Biological water 1.12 0.0001 0.003

Atmosphere 12.9 0.001 0.04

Total hydrosphere 1,386,000 100 –

Total fresh water 35,029 2.53 100
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typically locked in deep aquifers that often have little if any long-
term net recharge. Whenever this is extracted, it is functionally
‘‘mined,’’ a particularly acute problem in arid regions, where re-
plenishment times can be on the order of thousands of years
(Margat 1990a, 1990b).

Establishing the contribution of groundwater to the global
supply of freshwater inserts a substantial element of uncertainty
into the overall assessment. Problems of poor data harmonization,
incomplete and fragmentary inventories, and methodological dif-
ficulties are well documented (Revenga et al. 2000; UN/WWAP
2003; Morris et al. 2003). As a result, there is large uncertainty in
estimates of fresh groundwater resources, ranging from 7 million
to 23 million cubic kilometers (UN/WWAP 2003; Morris et al.
2003). While abundant, their use can be severely restricted by
pollution (Foster and Chilton 2003) or by the cost of extracting
water from aquifers, which rises progressively in the face of ex-
traction rates exceeding recharge (Dennehy et al. 2002).

Another important water supply is represented by the wide-
spread construction of artificial impoundments that stabilize river
flow. Today, approximately 45,000 large dams (�15 meters high
or between 5 and 15 meters high and a reservoir volume of more
than 3 million cubic meters) (WCD 2000) and possibly 800,000
smaller dams (McCully 1996; Hoeg 2000) have been built for
municipal, industrial, hydropower, agricultural, and recreational
water supply and for flood control. Recent estimates place the
volume of water trapped behind documented dams at 6,000–
7,000 cubic kilometers (Shiklomanov and Rodda 2003; Avakyan
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and Iakovleva 1998; Vörösmarty et al. 2003). In drainage basins
regulated by large reservoirs (�0.5 cubic kilometers) alone, one
third of the mean annual flow of 20,000 cubic kilometers is stored
(Vörösmarty et al. 2003). Assuming seasonal six-month low flows
constitute roughly 40% of annual discharge (Shiklomanov and
Rodda 2003), this impounded water represents a global potential
to carry over an entire year’s minimum flows.

Desalinization constitutes a renewable water supply using dis-
tillation and membrane techniques to withdraw salt from other-
wise unusable water. While the technology continues to improve,
desalinization remains the most costly means of supplying fresh
water and is highly energy-intensive (Gleick 2000). Costs range
between $1 and $4 per cubic meter, placing it well above the
most expensive traditional sources (Gleick 2000). Despite this, in
2002 there were over 10,000 desalinization plants in 120 coun-
tries supplying more than 5 cubic kilometers per year, with a
global market of $35 billion per year (UN/WWAP 2003). Col-
lectively, these plants provide for much less than 1% of global
freshwater use.

More than 70% of global installed desalinization capacity is in
the oil-rich states of the Middle East and North Africa (UN/
WWAP 2003). While its use may be difficult to justify for high-
water-consumptive activities like irrigation, investments in desali-
nization technologies are likely to improve efficiency and bring
down costs, creating a potentially important source at least for
domestic drinking water (Gleick 2000), and the annual supply of
desalinized water could double in 15 years (UN/WWAP 2003).
The unresolved issue of adequately managing brine waste from
the desalinization process to protect nearby coastal ecosystems re-
quires special attention.

Finally, rainwater harvesting through traditional methods or
modern technology is another way in which humans augment
freshwater supply. Rainwater harvesting can directly increase the
soil water content or be stored for later application as supplemen-
tal irrigation during dry periods. This is particularly important in
places like India, which relies heavily on a short period of intense
rainfall (WWC 2000). The groundwater authorities in India, for
instance, have made it mandatory for multistoried buildings in
New Delhi and several other states to have a rooftop rainwater
harvesting system (Hindustan Times, Patna, September 2002).
Rainwater harvesting can also be an appropriate technology for
maintaining groundwater base flow and reducing flood peaks.
(See MA Policy Responses, Chapter 7, for further discussion.)

7.2.1.1 Total Flows of Fresh Water

Ecosystems vary greatly in their exposure to precipitation and
hence as source areas for renewable runoff that emerges as part of
the hydrologic cycle. (See Table 7.2.) The proportional contribu-
tion of each ecosystem to global runoff is generally equivalent to
the fraction of precipitation to which it is exposed. Forests there-
fore are associated with slightly more than half of global precipita-
tion and yield about half of global runoff, while mountains
represent one quarter of both global precipitation and runoff.
Cultivated and island systems are the next most important source
areas, each constituting about 15% of global runoff. All other sys-
tems contribute 10% or less. Paradoxically, dryland ecosystems,
due to their large aerial extent, receive a nearly identical fraction
of global precipitation as mountains do, yet because of substantial
losses from the system due to evapotranspiration, they are a rela-
tively minor contributor to global renewable water supply
(�10%). Urban systems, because of their restricted extent (��1%
of land area), receive only 0.2% of global precipitation and pro-
vide the same very minor proportion of global runoff.
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From a regional perspective, Latin America is most water-
rich, with about one third of global runoff. Asia is next, with
one quarter of global runoff, followed by OECD (20%), and sub-
Saharan Africa and the former Soviet Union, each with 10%. The
Middle East and North Africa is clearly driest and most water-
limited, accounting for only 1% of global runoff.

7.2.1.2 Freshwater Flows Accessible to Humans

Ecosystems constitute the ultimate source areas for freshwater
provisioning services. The accessibility of renewable water supply
can be estimated through an index measuring the proportion of
total annual renewable runoff generated locally that eventually
flows through river corridors and encounters downstream human
populations. The importance of upstream ecosystems as source
areas for freshwater supply is demonstrated in Table 7.2. Culti-
vated, coastal, and urban systems, with sizable fractions of the
global population, have from 90% to 100% of their renewable
runoff accessible. Drylands also show high accessibility, likely re-
flecting the propensity of humans to settle near scarce freshwater
resources. Mountains, forests, and inland waters each show 70–
80% of total runoff as accessible to downstream populations. The
exception is polar systems, which yield less than 20% of total run-
off as accessible, reflecting their remote and generally uninhabited
environment.

Populations served by accessible runoff emerging from indi-
vidual ecosystems are typically in the billions. Cultivated systems,
forests, inland waters, and mountains each serve at least 4 billion
people. Four fifths of the world lives downstream of runoff from
cultivated lands, followed by a nearly identical fraction down-
stream from forests. Inland waters and mountains provide water
to two thirds of global population and drylands to one third. Re-
mote islands and polar systems serve the fewest people. Runoff
from urban systems, nearly all generated in close proximity to
densely settled areas, serves nearly three quarters of the world’s
population.

The large fractions of total runoff expressed as accessible run-
off indicate that, by and large, human society has positioned itself
into areas with identifiable local sustainable water supplies or river
corridor flows. A geographic distribution of human settlement
thus is linked to the availability of fresh water (see also Meybeck
et al. 2001). The global geography of accessible runoff, expressed
in units of dependent population per unit of delivered flow, was
shown in Figure 7.1. Mountains serve 3 times, forests 4 times, and
inland waters 12 times as many people downstream through river
corridors as they do through locally derived runoff. Urban areas
nearly double the total service when tabulating downstream pop-
ulations. Remaining ecosystems show more-limited importance
in transferring precipitation as accessible runoff to downstream
populations. For drylands, this is due to a lack of substantial quan-
tities of runoff, while for coastal or island systems it is a conse-
quence of short flow pathways to the ocean. Each of these systems
still supplies 15–30% of global population with renewable and
accessible runoff.

From a regional perspective, Latin America and Asia consti-
tute the largest proportion (together nearly 60%) of global accessi-
ble runoff. And while the OECD, sub-Saharan Africa, and the
former Soviet Union generate a large portion of the global runoff,
substantial quantities are remote and inaccessible particularly in
the former Soviet states (see also Postel et al. 1996). The Middle
East and North Africa generates less than 1% of renewable accessi-
ble runoff.

Overall, the global fraction of total annual runoff that is acces-
sible to humans is 75%, with slightly more than 80% of world
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Table 7.2. Estimates of Renewable Water Supply, Access to Renewable Supplies, and Population Served by the Provision of
Freshwater Services, Year 2000 Condition (computed based on methods in Vörösmarty et al. 2005; renewable water supply estimates from
Fekete et al. 2002 from simulated water budgets using climatology data from 1950–96)

Systema or Region Area
Total Precipitation

(Pt)

Total Renewable Water
Supply, Blue Water Flows

(Bt)

Renewable Water
Supply, Blue Water

Flows, Accessible to
Humansb (Ba)

Population Served by
Renewable Resourcec

MA System

(mill. sq.km.) thousand cubic kilometers per year (billion) 

[percent of global runoff] [percent of Bt] [percent of world population]

Forests 41.6 49.7 22.4 [57] 16.0 [71] 4.62 [76]

Mountains 32.9 25.0 11.0 [28] 8.6 [78] 3.95 [65]

Drylands 61.6 24.7 3.2 [8] 2.8 [88] 1.90 [31]

Cultivatedd 22.1 20.9 6.3 [16] 6.1 [97] 4.83 [80]

Islands 8.6 12.2 5.9 [15] 5.2 [87] 0.79 [13]

Coastal 7.4 8.4 3.3 [8] 3.0 [91] 1.53 [25]

Inland Water 9.7 8.5 3.8 [10] 2.7 [71] 3.98 [66]

Polar 9.3 3.6 1.8 [5] 0.3 [17] 0.01 [0.2]

Urban 0.3 0.22 0.062 [0.2] 0.062 [100] 4.30 [71]

Region
Asia 20.9 21.6 9.8 [25] 9.3 [95] 2.56 [42]

Former Soviet Union 21.9 9.2 4.0 [10] 1.8 [45] 0.27 [4]

Latin America 20.7 30.6 13.2 [33] 8.7 [66] 0.43 [7]

North Africa/Middle East 11.8 1.8 0.25 [1] 0.24 [96] 0.22 [4]

Sub-Saharan Africa 24.3 19.9 4.4 [11] 4.1 [93] 0.57 [9]

OECD 33.8 22.4 8.1 [20] 5.6 [69] 0.87 [14]

World Total 133 106 39.6 [100] 29.7 [75] 4.92 [81]
a Note double-counting for ecosystems under the MA definitions.
b Potentially available supply without downstream loss.
c Population from Vörösmarty et al. 2000.
d For cultivated systems, estimates are based on cropland extent from Ramankutty and Foley 1999 within this MA reporting unit.

population (4.9 billion people) being served by these renewable
and accessible water flows. However, while providing an estimate
of long-term water supply, these figures overstate the effective
availability of fresh water. Given that approximately 30% of an-
nual runoff is uncaptured flood flow (Shiklomanov and Rodda
2003), the world’s population has its access reduced from 75% to
53% of total runoff.

Globally, renewable freshwater services reflect the geographic
distributions of both water supply and human populations. Four
out of every five people live downstream of and are served by
renewable freshwater services. (See Figure 7.2.) Thus, while the
human population is generally well organized with respect to the
availability of fresh water, 20% of humanity remains without any
appreciable quantities of sustainable supply or must gain access to
such resources through costly interbasin transfers from more
water-rich areas. (See also Table 7.2.) These people are highly
reliant on unsustainable water resources. For those with access to
renewable supplies, a total of 65% of the world’s population is
served by the 50% of total annual renewable runoff that is posi-
tioned in dry to moderately wet conditions, with concomitant
pressure on that resource base. Only 15% live with relative water
abundance—that is, in conjunction with the remaining 50% of
total runoff (represented by the high runoff-producing regions
shown in the upper part of the curve in Figure 7.2). If uncaptured
flood flow is incorporated into these calculations, for the 80% of
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Figure 7.2. Cumulative Distribution of Population with Respect
to Freshwater Services, 1995–2000. Fraction of runoff is ranked
from low to high based on mean annual conditions. This distribution
is also affected by seasonal variations in available runoff.
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world population who reside in the lower half of the water avail-
ability spectrum in Figure 7.2 (65% plus 15% with no appreciable
renewable freshwater flows), the effective supply is reduced from
50% to 35% of total runoff.

7.2.2 Water Use

Over the last few centuries, global water use has shown roughly
an exponential growth and been linked closely to both population
growth and economic development. There was a fifteenfold in-
crease in global water withdrawals between 1800 and 1980
(L’vovich and White 1990), when population increased by a fac-
tor of four (Haub 1994). Since the 1900s, the overall increase
has been sixfold (WMO 1997). Global consumptive water losses,
primarily from evapotranspiration through irrigation, increased
thirteenfold during this same period. A major, recent feature of
human water use is the reduction in per capita use rates, dropping
as of around 1980 from about 700 to 600 cubic meters per year,
though the aggregate global withdrawal continues to increase
(Gleick 1998; Shiklomanov and Rodda 2003).

While the general features of a historical rise in freshwater
demands are clear, there are substantial uncertainties surrounding
water use estimates, reflecting the current state of knowledge, as-
sumptions (or lack thereof ) on potential efficiency changes and
reuse potential, number of years projected into the future, and
interactions with market forces (Gleick 2000; Shiklomanov and
Rodda 2003). The summary statistics from three global tabula-
tions provided earlier, in Box 7.3, demonstrate the current degree
of uncertainty.

Global water withdrawals today total about 3,600 cubic ki-
lometers per year, with a wide range of use over individual conti-
nents. (See Table 7.3.) The largest user is Asia, accounting for
nearly half of the world total, with OECD next, using about one
third. The remaining continents each represent less than 10% of
global use. Water use today is dominated by agricultural with-
drawals (70% of all use), followed by industrial and then domestic
applications. Withdrawals in agriculture are fundamentally de-
fined by irrigation. In Asia, the Middle East and North Africa,
and sub-Saharan Africa, agriculture accounts for 85–90% of all
withdrawals. Driven by irrigation demand, overall withdrawals
across MENA constitute 120% of renewable accessible supplies,

Table 7.3. Freshwater Services Tabulated as Withdrawals for
Human Use over MA Regions and the World, 1995–2000 (WRI et
al., 1998, updated using Shiklomanov and Rodda 2003, as in
Vörösmarty et al. 2000; resampled to MA reporting units)

MA
Geographic
Region

Domestic
Water Use 

Da

Industrial
Water Use 

Ia

Agricultural
Water Use 

Aa

Total Use
(Withdrawals) 

Ua

(cu. km. per year)

Asia 80 99 1,373 1,550

Former Soviet
Union

34 115 188 337

Latin America 33 31 205 269

North Africa/ 
Middle East

22 15 247 284

Sub-Saharan 
Africa

10 4 83 97

OECD 149 489 384 1,020

Global Total 328 753 2,480 3,560
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meaning that this region relies on nonrenewable supplies for food
production. Agricultural water use in the former Soviet Union
and the OECD is proportionally much lower, reflecting the water
needs of other sectors in these industrial economies. In contrast,
industrial water use is only 4% in sub-Saharan Africa, reflecting a
low level of economic development.

Water lost from groundwater and surface water sources to the
atmosphere through net evaporation (such as from irrigation,
cooling towers, or reservoirs) is termed water consumption or
irretrievable losses, which today represent a substantial fraction of
water use. Contemporary irretrievable losses through irrigation,
computed as the evapotranspiration component of agricultural
withdrawals, are assessed here. (See Table 7.4.) Irretrievable losses
from irrigation represent one third of all water use globally. The
efficiency computed for irrigated agriculture (the ratio of water
withdrawn to water consumed or lost through evapotranspiration
on irrigated cropland) is on average 50% globally and varies from
25% (in Latin America) to 60% (in Asia). Additional losses from
evaporation from reservoirs, irrigation ditches, and so on are dif-
ficult to estimate accurately but could total over 500 cubic kilome-
ters per year (Postel 1998), thus indicating the conservative nature
of the consumption estimates in Table 7.4. (See Box 7.3 earlier in
this chapter for the range in current estimates of consumptive loss
from irrigation.)

Non-sustainable water use could be a substantial component
of total withdrawals. Earlier work based on documentary evi-
dence showed approximately 200 cubic kilometers per year of
global aquifer overdraft (Postel 1999; WWC 2000), though the
estimate is regarded as highly uncertain (Foster 2000). This assess-
ment of water supply and use (based on Vörösmarty et al. 2000,
2005; Fekete et al. 2002) using a geospatial framework (about 50-
kilometer resolution) enables calculations to be made of the de-
gree to which water withdrawal exceeds locally accessible supplies—
in other words, non-sustainable water use (Uan). Worldwide, non-
sustainable withdrawals can be computed using two endpoints:
crop evaporative demands or water use statistics, which include
both consumption and transport losses, some unknown fraction
of which reenters the surface-groundwater system for potential
reuse (Molden 2003). These endpoints give a calculated non-
sustainable use of about 400–800 cubic kilometers per year. In
terms of total freshwater withdrawals, 10–25% could represent
nonrenewable use. When the earlier estimate of 200 cubic kilome-
ters per year is also included, a large degree of uncertainty results,
and from 5% to 25% of freshwater withdrawals could represent
nonrenewable use.

Nevertheless, each of these estimates reflects a high depen-
dence on existing water services, especially in areas where in-
duced, chronic water stress necessitates costly water engineering
remedies, groundwater depletion, or curtailment of water-using
activities. Each continent shows a heavy reliance on such nonre-
newable extraction, ranging up to one third of total use based on
the high estimates. Asia and MENA show the greatest level of
such dependence; OECD, the least. In MENA, 30% of all water
use is from non-sustainable sources, and this use is equivalent to
over one third of accessible renewable supplies.

Figure 7.3 (in Appendix A) shows the contemporary geogra-
phy of such non-sustainable use and demonstrates the much larger
impacts that arise at subcontinental scales. The summary in Table
7.4 may thus understate the true degree of this overconsumption
locally. The spatial pattern of overuse is broadly consistent with
previously reported regions of use exceeding supply, major water
transfer schemes, or groundwater overdraft: Australia, western
Asia, northern China, India, North Africa, Pakistan, Spain, Tur-
key, and the western United States (Muller 2000; Shah et al. 2000;
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Table 7.4. Consumptive and Non-sustainable Freshwater Use over MA Regions and the World, 1995–2000. Renewable supplies
calculated as for Table 7.2. Irrigated water consumption was computed over irrigation-equipped land (Döll and Siebert 2000) within the
cropland domain depicted by Ramankutty and Foley (1999). Evapotranspiration losses from irrigated cropland (Vörösmarty et al. 1998;
Federer et al. 2003) relative to available local runoff or, when available, river corridor flows determine non-sustainable use. See Figure 7.3
for geography of non-sustainable use.

Geographic
Region

Consumptive
Losses from

Irrigated
Agriculture (Ca)

Consumptive
Losses from

Irrigated
Agriculture 

Non-sustainable
Water Usea (Uan)

Non-sustainable
Water Use 

Non-sustainable
Water Use as Share

of Agricultural
Water Use

Non-sustainable
Water Use as
Share of Total

Water Use
(cu. km./ year) (percent of agricul-

tural use/total use)
(cu. km./year) (percent of accessible

renewable supplies)
(percent) (percent)

Asia 811 59 / 52 295–543 3–6 21–40 19–35

Former Soviet 
Union

78 41 / 23 20–58 1–3 11–31 6–17

Latin America 49 24 / 18 8–37 <0.1–0.4 4–18 3–14

North Africa/ 
Middle East

94 38 / 33 25–86 10–36 10–35 9–30

Sub-Saharan 
Africa

33 39 / 34 10–18 0.2–0.4 12–22 10–19

OECD 141 37 / 14 31–88 0.5–2 8–23 3–9

World Total 1,210 49 / 34 391–830 1–3 16–33 11–23

a Range represents crop demand alone (low estimate) versus reported withdrawals (high estimate, which includes delivery loss; Table 7.3). Recycling
within river basins of irrigation withdrawals that are not consumed by crops reduces, to some unknown degree, the high estimate (see Molden 2003).
Calculations assume a maximum 75-kilometer buffer around river corridors from which irrigation areas can secure fresh water.

Vörösmarty and Sahagian 2000; Dennehy et al.2002; EEA 2003;
MDBC 2003; NLWRA 2004).

Non-sustainable use expressed as a proportion of irrigated ag-
ricultural withdrawals shows an even higher degree of depen-
dency on nonrenewable supplies. Globally, about 15–35% of
irrigation withdrawals are computed to be non-sustainable. Indi-
vidual continental areas show percentages ranging from less than
10% to 40%, as in the case of Asia. Such high rates indicate an
increasing degree of food insecurity. Given projections showing
no major expansion in global cropland area (Bruinsma 2003), in-
creasing pressure will be placed on irrigated cropland, which
today provides nearly 40% of crop production (Shiklomanov and
Rodda 2003; UN/WWAP 2003). By its very nature, this water
use cannot persist indefinitely, and many regions of the world
have well-documented cases of aquifer depletion and abandon-
ment of irrigation, adding constraints to irrigated crop production
arising from rising development costs, soil salinization, and com-
petition for water required by sensitive ecosystems and commer-
cial fisheries (Postel and Carpenter 1997; Postel 1998; Foster and
Chilton 2003).

7.2.3 The Notion of Water Scarcity

The assessment thus far has shown a growing dependence of
human society on accessible freshwater resources. To assess the
state of these provisioning services more comprehensively, the
supply of renewable water must be placed into the context of
interactions with people and their use of water. A set of relative
measures can be used in this regard.

One measure of dependence on fresh water is the population
served per million cubic meters per year of accessible runoff (re-
newable supply). This is known as the ‘‘water crowding’’ index,
with levels on the order of 600–1,000 people per million cubic
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meters per year (that is, 1,000–1,700 cubic meters per year supply
per person) showing water stress, and above 1,000 people (that is,
less than 1000 cubic meters per year per person) indicating ex-
treme water scarcity (Falkenmark 1997). Another measure is the
relative water use or water stress index (WMO 1997; UN/
WWAP 2003), expressed as the ratio of water withdrawals to sup-
ply. More sophisticated indicators are available that incorporate
social and economic dimensions of water use (Raskin 1997; Sulli-
van et al. 2003), and these will be described in the section on
water and human well-being. A major water scarcity indicator
effort is under way through the World Water Assessment Pro-
gramme (UN/WWAP 2003).

Worldwide, a substantial quantity of renewable freshwater
supply—nearly 30,000 cubic kilometers per year—is accessible to
humans. Thus contemporary use represents slightly more than
10% of annual supply. However, there is a substantial range in the
share of accessible runoff used by humans across different conti-
nents as well as a rapidly changing picture over the last few dec-
ades. Time series of use indicate increasing pressures on the
freshwater resource base.

Between 1960 and 2000, world water use doubled from about
1,800 to 3,600 cubic kilometers per year, a rate of about 17% per
decade, with a slower (10%) increase projected to 2010. (See
Table 7.5.) Individual continents show increases over the 1960–
2000 timeframe from 15% up to 32% per decade. MENA has
historically shown a great dependence on its freshwater supply,
using well over half as early as 1960 and exceeding all renewable
supplies shortly after 1980. Today its withdrawals represent 120%
of accessible sustainable supply, and these are projected to rise
to �130% by 2010. Asia, the former Soviet Union, and OECD
countries show intermediate levels of use relative to supply over
this period. In sub-Saharan Africa, substantial contributions of
fresh water from river basins in the wet tropics coupled with rela-
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Table 7.5. Indicators of Freshwater Provisioning Services and Their Historical and Projected Trends, 1960–2010. Water use, ‘‘water
crowding’’ (population supplied per unit accessible renewable supply), and use relative to accessible supply, by region, are shown. These
figures are based on mean annual conditions. The values for the relative use statistics shown rise when the sub-regional spatial and temporal
distributions of renewable water supply and use are considered. (Population from Vörösmarty et al. 2000; demand estimates from WRI et al.
1998, updated using Shiklomanov and Rodda 2003, as in Vörösmarty et al. 2000; resampled to MA reporting units)

MA Geographic Region Population Water Use Ua

Water Crowding on
Accessible Renewable

Supplya

Use Relative to Accessible
Renewable Supply1 (Ua/Ba)

(million) (km3/yr) (people/mill. m3/yr) (percent)

Asia 1960: 1,490
2000: 3,230
2010: 3,630

1960: 860
2000: 1,553
2010: 1,717

1960: 161
2000: 348
2010: 391

1960: 9
2000: 17
2010: 19

Former Soviet Union 1960: 209
2000: 288
2010: 290

1960: 131
2000: 337
2010: 359

1960: 116
2000: 160
2010: 161

1960: 7
2000: 19
2010: 20

Latin America 1960: 215
2000: 510
2010: 584

1960: 100
2000: 269
2010: 312

1960: 25
2000: 59
2010: 67

1960: 1
2000: 3
2010: 4

North Africa/Middle East 1960: 135
2000: 395
2010: 486

1960: 154
2000: 284
2010: 323

1960: 561
2000: 1,650
2010: 2,020

1960: 63
2000: 117
2010: 133

Sub-Saharan Africa 1960: 225
2000: 670
2010: 871

1960: 27
2000: 97
2010: 117

1960: 55
2000: 163
2010: 213

1960: <1
2000: 2
2010: 3

OECD 1960: 735
2000: 968
2010: 994

1960: 552
2000: 1,021
2010: 1,107

1960: 131
2000: 173
2010: 178

1960: 10
2000: 18
2010: 20

World Total 1960: 3,010
2000: 6,060
2010: 6,860

1960: 1,824
2000: 3,561
2010: 3,935

1960: 101
2000: 204
2010: 231

1960: 6
2000: 12
2010: 13

a Renewable supply calculated as for Table 7.2, and refers to accessible blue water flows (Ba). Index uses full regional population.

tively poor water delivery infrastructure and restricted develop-
ment mean that only 2% of renewable supply is tapped. In water-
rich Latin America, relative use rates also remain low, at less than
5%.

The contemporary water crowding index is modest in almost
all regions. Only MENA shows a value reflective of its well-
known position as a highly water-scarce region. Over the last four
decades there has been a sustained and substantial increase in the
water crowding index with respect to accessible runoff, reflecting
directly the impact of population growth. Worldwide, the num-
ber of people served per unit of supply has doubled during this
period, at an average rate of 20% per decade. Several regions show
even greater rates of increase—a tripling for MENA and sub-
Saharan Africa and a more than doubling for Asia and Latin
America. Globally, an additional 13% crowding in renewable sup-
ply is predicted between 2000 and 2010, with greatest regional
increases expected in sub-Saharan Africa (30%) and MENA
(20%). A slight slowing in rate of increase is noted globally, with
near stability in the index for OECD and the former Soviet states.

Several cautionary notes are needed in interpreting these
trends. The statistics are based on mean annual flows and access
computed for 100% of individual continental and global popula-
tions. In the context of the 50% of continental runoff generated
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in dry to moderately wet climate zones (19,800 cubic kilometers
per year) that serves the majority of global population, contempo-
rary use represents nearly 20% of the mean annual supply. When
seasonal variations in runoff are considered (reducing supplies to
13,900 cubic kilometers per year), withdrawals exceed 25% of the
renewable resource. In addition, if dedicated instream uses of
about 2,000 cubic kilometers per year for navigation, waste proc-
essing, and habitat management are considered (based on Postel
et al. 1996), humans then use and regulate 40% or more of renew-
able accessible supplies.

Further, the crowding index does not take into account differ-
ent countries’ abilities to deal with water shortages. For example,
high-income countries that are water-scarce may be able to cope
to some degree with water shortages by investing in desalination
or reclaimed wastewater. The study also discounts the use of fossil
water sources because such use is unsustainable in the long term.

In addition, while the global numbers are well below the ex-
treme scarcity threshold of 1,000 people per million cubic meters
per year of renewable supply, they mask important local and re-
gional differences and thus understate the true degree of stress
(Vörösmarty et al. 2000, 2005). Prior assessments (Revenga et al.
2000) show that as of 1995 some 41% of the world’s population,
or 2.3 billion people, were living in river basins under water
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stress, with some 1.7 billion of these people residing in river basins
under conditions of extreme water scarcity. From a river basin
perspective, the Volta, Nile, Tigris and Euphrates, Narmada, and
Colorado in the United States will show ongoing pressure
through 2025 (Revenga et al. 2000). Another 29 basins will de-
scend further into scarcity by 2025, including the Jubba, Goda-
vari, Indus, Tapti, Syr Darya, Orange, Limpopo, Yellow, Seine,
Balsas, and Rio Grande. Indicators based on mean annual condi-
tions also mask important supply limits imposed by seasonal and
inter-annual variability. For example, in India most of the annual
water supply is generated as a result of the monsoons, which in
many cases means both flooding downstream as well as seasonal
drought.

Another measure of adequacy of the freshwater supply is the
mean use-to-supply ratio. A set of thresholds for water stress was
given by the United Nations in a recent global analysis that used
this ratio based on mean annual conditions (WMO 1997): low
(�10%), moderate (10–20%), medium/high (20–40%), and high
(�40%). Using this classification and a grid-based approach nec-
essary to capture the high degree of spatial heterogeneity (see Vörö-
smarty et al. 2000), the contemporary global-scale ratio is from
low-to-moderate, as seen in Table 7.5, although entire continents
are under a moderate (Asia, former Soviet Union, and OECD) to
high (MENA) state of scarcity. This is in stark contrast to the
situation in 1960, when uniformly low levels of scarcity were
noted (with the exception of MENA). Globally, it has been
shown that 2.5 billion people suffer from at least moderate levels
of chronic water stress (Vörösmarty et al. 2000) and from 1–2
billion people suffer high levels of scarcity even when tabulations
are made conservatively on total renewable supplies. Calculating
the population at risk through a ratio based on accessible supplies
would increase the overall exposure to stress.

Water scarcity as a globally significant problem is a relatively
recent phenomenon, evolving only over the last four decades.
Rates of increase in the relative use ratio from 1960 to the present
averaged about 20% per decade globally, with values from 15% to
more than 30% for individual regions. A slowing in the rate of
increase in use is projected between 2000 and 2010, to 10% per
decade globally. With anticipated population growth, economic
development, and urbanization, a further increase in the relative
use ratio for some continents is likely to remain high (MENA at
14% per decade, Latin America at 16%, and sub-Saharan Africa at
20%).

7.2.4 Environmental Flows for Ecosystems

In light of the expanding use of fresh water by humans and several
indicators of growing water stress, an important issue emerges
with respect to the sustainability of water provisioning services—
that is, being able to continue providing water for human use
while also meeting the water requirements of aquatic ecosystems
so as to maintain their capacity to provide other services. ‘‘Envi-
ronmental flows’’ refers to the water considered sufficient for pro-
tecting the structure and function of an ecosystem and its
dependent species. These flow requirements are defined by both
the long-term availability of water and its variability and are estab-
lished through environmental, social, and economic assessment
(King et al. 2000; IUCN 2003).

Determining how much water can be allocated to human uses
or distorted through flow stabilization (such as dam construction)
without loss of ecosystem integrity is central to an understanding
of how freshwater ecosystems support human well-being through
the range of provisioning, supporting and regulating services. As-
sessment of water availability, water use, and water stress at the
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global scale has been the subject of on-going research. However,
water requirements of aquatic ecosystems are only now being es-
timated globally and considered explicitly in these assessments
(Smakhtin et al. 2003). Flow requirements can range globally
from 20% up to 80% of mean annual flow, depending on the
river type, its species composition, and the river health condition
objectives sought (for instance, pristine, moderate modification
from natural conditions, minimum flows), indicating the high de-
gree of potential conflict with river regulation and human uses
should the environment be preserved.

If human systems are viewed as being embedded within natu-
ral systems, human water use can expand to a ‘‘sustainability
boundary’’ beyond which a substantial degradation of ecosystem
services results (King et al. 2000; Postel and Richter 2003). Deter-
mining the location of the sustainability boundary is critical to
successful management and rests on clearly defining what consti-
tutes a degraded ecosystem. Environmental flows should consider
both the quantity and timing of flow to maintain ‘‘naturally vari-
able flow regimes’’ (Poff et al. 1997), whereby seasonal flow pat-
terns are maintained with the aim of retaining the benefits
provided by low and high flows. (See Figure 7.4.) Naturally low
flows, for example, help exclude invasive species while high
flows, especially floods, shape channels and allow the delivery of
nutrients, sediments, seeds, and aquatic animals to seasonally in-
undated floodplains. High flows may also provide suitable migra-
tion and spawning cues for fish (Poff et al. 1997; Baron et al.
2002).

7.2.4.1 Global Trends in Water Diversion and Flow Distortion
While global trends in altered water regime are difficult to assem-
ble with certainty due to incomplete information, they reflect an
overall increase in regulation of the world’s inland river systems
(Revenga et al. 2000; Vörösmarty and Sahagian 2000). Tables 7.4
and 7.5 provided an indication of the scope of such changes.
Water withdrawals show a doubling between 1960 and 2000, by
which time irretrievable losses from irrigation alone totaled 34%
of all global use.

One third of all rivers for which contemporary and pre-
disturbed discharges could be compared in a compendium
(Meybeck and Ragu 1997) showed substantial declines in dis-
charges to the ocean. Long-term trend analysis (more than 25
years) of 145 major world rivers indicated more than one fifth
with declines in discharge (Walling and Fang 2003). From 1960
to 2000 there was a near quadrupling of reservoir storage capacity
and more than a doubling of installed hydroelectric capacity (Re-
venga et al. 2000). Worldwide, large artificial impoundments
(storing each 0.5 cubic kilometers or more) now hold two to
three months of runoff, capable of significant hydrograph distor-
tion, with several major basins showing storage potentials of
greater than a year’s runoff (Vörösmarty et al. 2003). Much of this
regulation occurred over the last 40 years.

Through consumptive use and interbasin transfers, several of
the world’s largest rivers (Nile, Yellow, Colorado) have been
transformed into highly stabilized and in some cases seasonally
nondischarging river channels (Meybeck and Ragu 1997; Kowa-
lewski et al. 2000). In the case of the Yellow River, improved
water management since 2000 has helped to restore flows (MWR
2004).

7.2.4.2 Recent History of Governance and Management for
Environmental Flows
Over the last decade, policy solutions to developing environmen-
tal flows have taken several forms, depending on social and histor-
ical context, degree of scientific knowledge, water infrastructure,
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Figure 7.4. Managing for Environmental Flows: Contrasts among Natural, Reservoir-affected, and Reconstituted River Discharge
Regimes. Observed alteration of natural flow regimes (left) arises from the provision of freshwater services, as through impoundment on the
Nile River and interbasin transfer to optimize hydropower on the Burntwood River (Vörösmarty 2002). Environmental flow management
attempts (right) to preserve key facets of the (a) natural flow regime in light of (b) typical 20th century flow distortion after damming. Condition
(c) represents a partially ‘‘re-naturalized’’ flow regime, which retains important hydrologic characteristics: 1) peak wet season flood, 2) baseflow
during the dry season, and 3) a ‘‘flushing’’ flow at the start of the wet season to cue life cycles, and 4) variable flows during the early wet
season. Flow regime (b) shows many more negative effects than (c), even though both regulate similar volumes of water annually. (Right
panel adapted from Tharme and King 1998)

and local ecosystem conditions. These approaches include manag-
ing the quantity and temporal pattern of water withdrawals or
releases (Poff 2003; Postel and Richter 2003), developing water
markets, and preemptively managing land use to protect water-
sheds.

Water allocation for environmental flows to sustain function-
ing freshwater ecosystems is practiced in parts of Australia, Eu-
rope, New Zealand, North America, and South Africa. However,
there appears to be very little consideration of this matter any-
where in Asia, despite aggressive water extraction from many riv-
ers during the dry season across the continent. But there is cause
for cautious optimism. The calculation, adoption, and implemen-
tation of environmental flows are under consideration in other
parts of the world. In addition, more than 2,000 river, lake, and
floodplain restoration projects in at least 20 countries, particularly
in Europe but also in Africa and Asia, are being carried out
(DRRC 1998; UKRRC 2004; Richter et al. in prep.). Some key
examples include the restoration of the Diawling delta in Mauri-
tania (Hamerlynck and Duvail 2003), the Waza Logone flood-
plain in Cameroon (Loth 2004), the Danube and Rhine Rivers,
and the South Florida Everglades—one of the largest ecosystem
restoration projects ever attempted (Baron et al. 2002).

The shift toward management for natural flow regimes is also
reflected by parallel shifts in public policy from laws favoring pri-
vate interests and prior appropriations (as in much of the Ameri-
can West) to protecting water rights and environmental flows as
part of the ‘‘public trust.’’ In 1998, South Africa passed landmark
legislation to aid decision-making on all or part of any significant
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water resource (National Water Act 1998). One of the most pro-
gressive aspects of this act was establishment of a Reserve to sup-
port both essential human needs (water for drinking, food
preparation, personal hygiene) and aquatic ecosystem integrity.
Notably, this two-part Reserve—with human and environmental
components—takes priority over other uses such as irrigation and
industrial withdrawal. In Burkina Faso, a new water framework
law (Loi d’Orientation sur L’eau), adopted in 2001, establishes the
legal and institutional framework for promoting integrated basin
management, equitable access, water for nature, and international
cooperation. The legislation recognizes that ‘‘infrastructures
which are built on a water course must maintain a minimal flow
that guaranties aquatic life’’ (MEE 2001).

For many highly regulated river systems in North America
(e.g., Colorado, Columbia, Missouri, Savannah), recent changes
in dam operations and adaptive management plans are now foster-
ing conditions that improve fish habitat, river-floodplain connec-
tivity, and estuarine ecosystems, often at the cost of hydroelectric
generation or navigability to barges (Postel and Richter 2003;
Richter et al. in prep.). In addition, the decommissioning and
removal of some dams has begun in the United States (Hart et al.
2002). In Australia, water allocation reforms have led to limits on
future withdrawal (that is, a ‘‘water cap’’) in the Murray-Darling
River basin, subsequent development of a water market where
allocations are traded, and creation of incentives to increase water
productivity and efficiency (Blackmore 1999; MDBC 2004).
Similarly, water markets developed in Mexico, Chile, and some
western states in the United States have been used to secure flows
for ecosystems (Thobani 1997).
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Watershed management strategies that integrate ecological
principles have been used to prevent water supply crises from
developing. An often-cited example is the New York City water
supply management strategy, which includes protection of ripar-
ian habitat in the nearby source area of the Catskills Mountains,
thus eliminating the need to construct a water filtration plant at
an estimated cost of $6 billion. The �400,000-hectare Pinelands
National Reserve in nearby New Jersey is regulated under a
Comprehensive Management Plan developed at the local, state,
and federal level in 1978–79 (Good and Good 1984). The plan
permits a wide spectrum of land use development categories,
ranging from intensive development to full protection, and it suc-
cessfully redirected human activities to areas deemed appropriate
while protecting a large core area, which is ecologically sensitive,
drought-prone, and nutrient-poor and which harbors a unique
community of wildlife with a large number of endemic species
(Walker and Solecki 1999; Bunnell et al. 2003). The benefits of
maintaining high water quality are recognized outside the reserve
through the delivery of relatively high-quality fresh water to an
estimated 9 million people in New York City for less than if a
water filtration plant were built. In addition, water discharged
into Delaware Bay helps to support populations of anadromous
fish and spawning horseshoe crabs, which in turn support large
numbers of migrating shorebirds and local industries.

7.2.5 Water Quality

Summarizing patterns and trends in water quality, particularly at a
global scale, encompasses an array of challenges that include basic
definitional problems, a lack of worldwide monitoring capacity,
and an inherent complexity in the chemistry of both natural and
anthropogenic pollutants. From a management perspective, water
quality is defined by its desired end use. Water for recreation,
fishing, drinking, and habitat for aquatic organisms thus require
higher levels of purity, whereas for hydropower, quality standards
are much less important. For this reason, water quality takes on a
broad definition as the ‘‘physical, chemical, and biological charac-
teristics of water necessary to sustain desired water uses’’ (UN/
ECE 1995).

Natural water chemistry is inherently highly variable over
space and time (Meybeck and Helmer 1989; Meybeck 2003), and
aquatic biota are adapted to this variability. With added pressure
from human activities, the biogeophysical state of inland waters
plus their variability is altered, often to the detriment of aquatic
species (see Chapter 20), thereby compromising the sustainability
of aquatic ecosystems. Many chemical, physical, biological, and
societal factors affect water quality: organic loading (such as sew-
age); pathogens, including viruses in waste streams from humans
and domesticated animals; agricultural runoff and human wastes
laden with nutrients (such as nitrates and phosphates) that give
rise to eutrophication and oxygen stress in waterways; salinization
from irrigation and water diversions; heavy metals; oil pollution;
literally thousands of synthetic and persistent engineered chemi-
cals, such as plastics and pesticides, medical drug residues, and
hormone mimetics and their by-products; radioactive pollution;
and even thermal pollution from industrial cooling and reservoir
operations.

Furthermore, despite important improvements in analytical
methodologies (UN/ECE 1995; Meybeck 2002), the capacity to
operationally monitor contemporary trends in water quality is
even more limited than monitoring the physical quantity of water.
In terms of the spatial coverage, frequency, and duration of moni-
toring, data currently available for global and regional-scale assess-
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ments are patchy at best, leading to oversimplified and sometimes
misleading information. (See Table 7.6.)

Data abundance is generally associated with level of economic
development: industrial countries show a higher level of data
availability, while water quality in developing countries is less well
monitored. Even when data from monitoring stations are avail-
able, they only provide a fragmented view of water quality issues
for very local sections of rivers, necessitating potentially unreliable
extrapolation to the rest of the basin (Meybeck 2002). For this
reason, water quality assessments or trajectories are usually river-
or station-specific. Even for the best-represented regions of the
globe, a coherent time series of data is available for only the last
30 years or less, constraining the ability to clearly quantify trends
in water quality.

Data comparability problems are yet another constraint on the
utility of water quality data. Standardized protocols, in terms of
sampling frequency, spatial distribution of sampling networks, and
chemical analyses, are still not in place to ensure the production
of comparable data sets collected in disparate parts of the world.
The monitoring of groundwater supplies is even more problem-
atic (Meybeck 2003; Foster and Chilton 2003); because ground-

Table 7.6. Data Assessment of Existing Monitoring Programs
Worldwide. The entries relate to the quantity of available data,
indicated by the number of � symbols. For the purposes of this
assessment, data quantity is an aggregate measure of station
network density, spatial coverage, frequency of data collection, and
duration of monitoring programs. (Updated from Vörösmarty et al.
1997b)

Constituent
Industrial
Countries

Rapidly
Developing
Countries

Other
Developing
Countries

Sediment

Bedload (+) 0 0 0

Total suspended (TSS) +++ ++ +

Carbon +++ ++ +

Dissolved Inorganic (DIC) +++ ++ +

Dissolved Organic (DOC) ++ + 0

Particulate Organic (POC) + 0 0

Nitrogen

Ammonium (NH4) +++ ++ +

Nitrate (NO3) +++ ++ +

Dissolved Organic (DON) + 0 0

Particulate Organic (PON) 0 0 0

Phosphorus

Phosphate (PO4) +++ ++ +

Dissolved Organic (DOP) 0 0 0

Total (TP) ++ + 0

Metals

Dissolved ++ + 0

Total + 0 0

Particulate + 0 0

Major dissolved constituentsa +++ ++ +

Discharge +++ ++ +

aSO4, Cl, Ca, Mg, K, Na, SiO4, CO3.
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water is hidden from view, many pollution and contamination
problems that affect supplies have been more difficult to detect
and have only recently been discovered.

These many factors make it difficult to estimate the impact
of changing water quality on global water supply. The following
sections provide an overview assessment of trends in water quality
that have bearing on the capacity of the contemporary water cycle
to provide provisioning services for fresh water and on the sus-
tainability of inland water systems. Other assessments specifically
target water quality issues over selected regional-to-continental
domains (e.g., AMAP 2002; Hamilton et al. 2004).

7.2.5.1 General Trends in Water Quality

The state of inland water quality illustrates the long-term and
complex nature of human interactions with their environment.
The earliest changes attributable to humans likely occurred in tan-
dem with land use change in small to medium-sized catchments
some 5,000 or 6,000 years ago in the Middle East and Asia, where
water and sediment budgets were substantially altered (Wasson
1996; Vörösmarty et al. 1998b; Alverson et al. 2003; Meybeck et
al. 2004). Water also has been considered since ancient times to
be the preferred medium for cleaning, transporting, and disposing
of wastes—establishing a tradition that today has substantially
transformed the physical, biological, and chemical properties of
global runoff.

A set of syndromes depicting riverine changes arising from
anthropogenic pressures has been proposed (GACGC 2000;
Meybeck 2003) through which society transforms inland fresh
waters from a pristine state fully controlled by the natural Earth
system to a modern condition in which humans provide many of
the predominant controls. In most of the densely populated areas
of the world, river engineering, waste production, and other
human impacts have significantly changed the water and material
transfers through river systems (Vörösmarty and Meybeck 1999,
2004) to the extent that this now likely exceeds the influence of
natural drivers. This is true today in many parts of the Americas,
Africa, Australasia, and Europe (Vörösmarty and Meybeck 1999,
2004).

The contrast between pristine and contemporary states can be
dramatic and potentially global in scope. Changes to the global
nitrogen cycle are emblematic of those in water quality more gen-
erally, through which high concentrations of people or major
landscape disturbances (such as industrial agriculture) translate into
a disruption of the basic character of natural water systems. In
addition, modern changes often ‘‘reverberate’’ far downstream of
the original point of origin. Compared with the preindustrial con-
dition, loading of reactive nitrogen to the landmass has doubled
from 111 million to 223 million tons per year (Green et al. 2004)
or possibly 268 million tons (Galloway et al. 2004). (See also
Chapter 12.) Model results show these accelerated loadings trans-
formed into elevated freshwater transports through inland water-
ways to the coastal zone, doubling pre-disturbance rates from 21
million to 40 million tons per year (Green et al. 2004; Seitzinger
et al. 2002). North America, continental Europe, and South, East
and Southeast Asia show the greatest change. (See Figure 7.5 in
Appendix A.)

Riverine transport of dissolved inorganic nitrogen (immediate
precursors to nutrient pollution, algal blooms, and eutrophica-
tion) have increased substantially from about 2–3 million tons per
year from the preindustrial level to 15 million tons today, with
order-of-magnitude increases in drainage basins that are heavily
populated or supporting extensive industrial agriculture. Rivers
with high concentrations of inorganic nitrogen constitute a major
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global source for inorganic nitrogen, despite relatively modest
contributions to aggregate water runoff. (See Figure 7.6.) While
it is noteworthy that aquatic ecosystems ‘‘cleanse’’ on average
80% of their global incident nitrogen loading (Green et al. 2004;
Howarth et al. 1996; Seitzinger et al. 2002; Galloway et al. 2004),
the intrinsic self-purification capacity of aquatic ecosystems varies
widely and is not unlimited (Alexander et al. 2000; Wollheim et
al. 2001). As a result, sustained increases in loading from land-
based activities are already reflected in the deterioration of water
quality over much of the inhabited portions of the globe, they
extend their impacts to major coastal receiving waters (e.g., Raba-
lais et al. 2002), and they are likely to continue well into the
future (Seitzinger and Kroeze 1998).

While the stark contrast between pristine and contemporary
states demonstrates the overall impact of anthropogenic influences
on water quality, much of the contamination of fresh water has
occurred over the last century. The main contamination problems
100 years ago were fecal and organic pollution from untreated
human wastewater. Even though this type of pollution has de-
creased in the surface waters of many industrial countries over the
last 20 years, it is still a problem in much of the developing world,
especially in rapidly expanding cities (WMO 1997; UN/WWAP
2003). (See also Chapter 27.)

In developing countries, sewage treatment is still not com-
monplace, with 85–95% of sewage discharged directly into rivers,
lakes, and coastal areas (UNFPA 2001; Bouwman et al. 2005),
some of which are also used for water supply. Consequently,
water-related diseases, such as cholera and amoebic dysentery,
among others, claim millions of lives annually (WHO/UNICEF
2000). In Europe, organic pollution and contamination by toxic
metals are probably now less than the levels observed between
the 1950s and1980s, due to improved environmental regulation
(Meybeck 2003). In the developing world, the riverine evolution
is likely to be similar to that found in Europe, with a major lag
corresponding to their different stages of industrialization, urban-
ization, and intensification of agriculture (Meybeck 2003).

New pollution problems from agricultural and industrial
sources have emerged in industrial and developing countries and
have become one of the biggest challenges facing water resources
in many parts of the world (WMO 1997). In Western Europe and
North America, on the one hand phosphorus contamination in
waterways has been reduced considerably with the introduction

Figure 7.6. Global Summary of Inorganic Nitrogen Transport by
Contemporary Rivers. Modern patterns of pollution from anthropo-
genic sources have created characteristically high-impact regions or
‘‘hotspots’’ that represent highly polluted river systems that today
carry much greater quantities of nitrogen than their collective dis-
charge would indicate. (Meybeck and Ragu 1997; Vörösmarty and
Meybeck 2004)

................. 11432$ $CH7 10-11-05 14:55:11 PS



181Fresh Water

of phosphate-free household detergents, investments in waste-
water treatment plants, and to some degree modified agroecosys-
tem management. On the other hand, residues of synthetic
pharmaceuticals for humans and livestock are increasingly being
discovered at low doses in rivers and lakes (Schiermeier 2003).
There are indications that these residues can disturb the physiol-
ogy of invertebrates, and it is still a matter of debate whether and,
if so, to what degree these newly discovered pollutants may affect
human physiology (Daughton and Ternes 1999; Jones et al. 2003).

Water contamination by pesticides has grown rapidly since the
1970s. In a medium-sized river basin like the Seine, over 100
different types of active molecules from pesticides can be found
(Chevreuil et al 1998). Even if the use of xenobiotic substances is
increasingly being regulated in Western Europe and North
America, bans—when they exist—occur generally two to three
decades after the first commercial use of the products. For exam-
ple, DDT, atrazine (a common pesticide), and PCBs were in use
for a long time before they were banned in parts of the industrial
world. In general these bans take longer to implement in the de-
veloping world, so these products are still commercialized and
used in some countries.

In the United States, PCB and DDT records in estuarine sedi-
mentary archives peaked in the 1970s and are now markedly
decreasing (Valette-Silver 1993). At the same time, persistent xe-
nobiotics are widespread, with a recent study (Kolpin et al. 2002)
finding traces of at least one drug, endocrine-disrupting com-
pound, insecticide, or other synthetic chemical in 80% of samples
from 139 streams in 30 states of the United States. The persistence
of these products in continental aquatic systems can be high, and
their degradation products can be more toxic than the parent
molecules (Daughton and Ternes 1999). Because of the poor
monitoring of the long-term effects of xenobiotics, the global and
long-term implications of their use cannot be fully assessed.

7.2.5.2 Global Ranking of Water Quality Issues Based on
Regional Assessment

A global water quality assessment, originally as part of the Dublin
International Conference on Water and the Environment and in
preparation for the Rio Summit (Meybeck et al. 1991) is summa-
rized here. The original report determined a global ranking of
key water quality issues based on U.N. Global Environmental
Monitoring System data, the perceptions of local/regional scien-
tists and managers, published reports and papers, and expert
knowledge. Lakes, groundwater, and reservoir issues were consid-
ered, although as Siberia and northern Canada were not expressly
covered in the 1991 report, these have been considered separately
using the same approach (Meybeck 2003). Eleven variables were
considered and ranked, the scoring of which ultimately reflects
the aggregate impact of human pressures, natural rates of self-
purification, and pollution control measures.

The results show that pathogens and organic matter pollution
(from sewage outfalls, for example) are the two most pressing
global issues (see Figure 7.7), reflecting the widespread lack of
waste treatment. As water is often used and reused in a drainage
basin context, a suite of attendant public health problems arises,
thus directly affecting human well-being. At the other extreme,
acidification is ranked 
10 and fluoride pollution 
11. The im-
portance of the various issues varies between regions, however,
and some of these globally low-ranked issues are particularly im-
portant in certain areas, such as acidification in Northern Europe,
salinization in the Arabic peninsula, and fluoride in the Sahel and
African Great Lakes (see maximum scores on Figure 7.7). Fluo-
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ride and salinization issues are mostly due to natural conditions
(rock types and climate), but mining-related salinization can also
be found (for instance, in Western Europe). All other concerns
directly arise through human influences. An annotated continen-
tal summary is given in Table 7.7.

Although these updated results correspond well to the state of
water quality in the 1980–90s (Meybeck 2003), since the 1990s
the situation in most developing countries and countries in transi-
tion is likely worse in terms of overall water quality. In Eastern
Europe, Central and South populated Americas, China, India,
and populated Africa, it is probably worse for metals, pathogens,
acidification, and organic matter, while for the same issues West-
ern Europe, Japan, Australia, New Zealand, and North America
have shown slight improvements. Nitrate is still generally increas-
ing everywhere, as it has since the 1950s. In the former Soviet
Union there has been a slight improvement in water quality due
to the economic decline and associated decrease in industrial ac-
tivities. Eastern Europe has also seen some improvements, such as
those in the Danube and the Elbe basins. A few rivers, such as the
Rhine, have seen a stabilization of nitrate loads after 1995.

7.3 Drivers of Change in the Provision of Fresh
Water
The drivers of change in the global water cycle and the system’s
capacity to generate freshwater provisioning services act on a vari-
ety of spatial and time scales. Throughout history, humans have
pursued a very direct and growing role in shaping the character of
inland water systems, often applied at local scales, but sometimes
reflecting provincial or national policies on water. The collective
significance of human influences on the hydrologic cycle may
today be of global significance, but this has only recently begun
to be articulated (Vörösmarty and Meybeck 2004).

Humans today control and use a significant proportion of the
runoff—from 40% to 50% (Postel et al. 1996)—to which the vast
majority has access. Given high numbers of people dependent
on water provisioning services derived from ecosystems and the
growing degree of water crowding, urbanization, and industrial-
ization, the global water cycle is and will continue to be affected
strongly by humans.

Water engineering to facilitate use by humans has fragmented
aquatic habitats, interfered with migration patterns of economi-
cally important fisheries, polluted receiving waters, and compro-
mised the capacity of inland water ecosystems to provide reliable,
high-quality sources of water. Land cover changes have also altered
the patterns of runoff and created sources of pollution, negatively
affecting human health, aquatic ecosystems, and biodiversity. (See
Chapter 20.) Due to a growing reliance on irrigated agriculture
for domestic food production and international trade, freshwater
services—in decline in many parts of the world through non-
sustainable resource use practices—are directly linked to the
global food security issue. (See Chapters 8 and 26.) Finally, natural
climate variability and anticipated changes associated with green-
house warming convey additional, major constraints on the pro-
vision of renewable freshwater services.

7.3.1 Population Growth and Development

Population growth is a major indirect driver of change in the
provision of fresh water. Although freshwater supplies are re-
newed through a more or less stable global water cycle that pro-
duces precipitation in excess of evapotranspiration over the
continents, the mean quantity of water supply available per capita
is ever-decreasing due to population growth and expanding con-
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Figure 7.7. Ranking of Globally Significant Water Quality Issues Affecting the Provision of Freshwater Services for Water Resource
End Uses. Averages show the general tendencies for specific pollutants, but a wide range is noted, with minima in all cases ranked zero and
maxima often several times more severe than the mean condition. Although this ranking shows organic matter pollution and pathogens to be
relatively more important at the global scale, information to quantify the degree to which water supplies are compromised by pollution is
currently insufficient. Scores are as follows: 0: No problem or irrelevant; 1: Some pollution, water can be used if appropriate measures are
taken; 2: Major pollution with impacts on human health and/or economic use, or aquatic biota; 3: Severe pollution—impacts are very high,
losses involve human health and/or economy and/or biological integrity. (Based on expert opinion; Meybeck et al. 1991, updated by Meybeck
2003)

sumptive use (Shiklomanov and Rodda 2003). Human popula-
tion doubled from 1960 until the present (Cohen 2003), and
nearly 20 contemporary cities are home to 10 million people or
more (Cohen 2003). Substantial flow stabilization and increased
withdrawals have occurred across all regions, supporting an in-
crease in the number of people sustained by the accessible, renew-
able water supply.

Continued growth in population will fuel increases in food pro-
duction, which in the context of a stable cropland base (Bruinsma
2003) will require greater diversions of fresh water for irriga-
tion or considerably more efficient use of water supplies. The
same applies to industry and municipalities, amplifying current
pressures on the global water supply. Economic development,
technology, and lifestyle changes (such as increasing meat con-
sumption) further define the functional availability of water in
the context of declining per capita supplies. Over the twentieth
century, water withdrawals increased by a factor greater than
six—more than twice the rate of population growth (WMO
1997).

In addition to increased water demands, as mentioned in sec-
tion 7.2.5, pollution from industry, urban centers, and agricultural
runoff limits the amount of surface and groundwater available for
domestic use and food production. Threats of water quality deg-
radation are most severe in areas where water is scarce because
the dilution effect is inversely related to the amount of water in
circulation.
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7.3.2 Managed Water Supplies

A broad array of water engineering schemes has enabled variabil-
ity in the hydrologic cycle to be controlled and increasing
amounts of water to be stored and withdrawn for human use.
This technology refers to any sort of engineering used in the stor-
age, management, and distribution of water, such as dams, canals,
water transfers, irrigation ditches, levees, and so on. It also in-
cludes both traditional water harvesting techniques as well as
modern production and treatment facilities like desalinization
plants.

Global patterns of water management are not driven solely by
investments in technology and large-scale engineering. Water is
also managed through international trade, by way of the embod-
ied or ‘‘virtual’’ water content of commodities exchanged. The
agricultural sector, in particular, requires huge amounts of rainfall
or irrigation water, much of which is lost to evapotranspiration,
and in the case of irrigation there are also transit losses. Water
input-to-crop output ratios, expressed on a weight-to-weight
basis, vary from the hundreds to the thousands. Given enormous
contrasts in local availability of fresh water, there is a potentially
enormous comparative advantage in virtual water trade strategies
that transport products from water-rich to water-poor areas.

This section first assesses the role of major engineering works
in the provision of water and then considers the significance of
virtual water trade of agricultural products in the global economy.
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Table 7.7. Continental-scale Assessment of Major Water Quality
Issues. The purpose of this table is to present a general overview. It
does not capture fully large sub-regional differences that are known
to occur. (Updated from Meybeck et al. 1991)

Continental
Domain Summary of Key Findings
Africa Major sources of pollution in Africa, according to the

1992 assessment, are fecal contamination; toxic pollu-
tion downstream of major cities, industrial centers,
and/or mining; and vector-borne diseases. The Nile
Basin and Northern Africa show more contamination
problems than other regions, but this also may be
because of more information and monitoring stations
in these regions, or more altered water flows that
affect dilution potential in rivers.

Americas In the United States and Canada, the major pollution
problem is eutrophication from agricultural runoff and
acidification from atmospheric deposition. Major prob-
lems also include persistent toxic water pollution from
point and non-point sources. In South and Central
America the major contaminant problems, except in
the Amazon and Orinoco basins, where ecosystems
are more intact and high flows foster dilution, are
pathogens and organic matter, as well as industrial
and mining discharges of heavy metals and pesticide
and nutrient runoff.

Asia and 
the Pacific

Arid and semiarid regions tend to have different pollu-
tion problems than areas in the monsoon belt. In the
Indian subcontinent the major problems are
pathogens and contamination from organic matter.
While these are prevalent in Southeast Asia as well,
heavy metals, eutrophication, and sediment loads
from deforestation are also critical in this sub-region.
The Pacific Islands have higher levels of salinization
than other regions in Asia, while still having problems
with pathogens and organic matter, like much of the
developing world. China has a combination of all pol-
lution problems in its major watersheds. In the dry
north, eutrophication, organic matter, and pathogens
are major problems, while in the south in addition
there is a large sedimentation problem. Finally, Japan,
New Zealand, and Australia present similar pollution
problems as other industrial nations, like the United
States and Europe. Australia has particular problems
with salinization due to agricultural practices, espe-
cially in the Murray-Darling Basin.

Europe In the Nordic countries the major problem is acidifica-
tion, while other contaminant levels are relatively low.
In Western Europe eutrophication and nitrates pose
the greatest challenge, while in Southern and Eastern
Europe the major contaminants are organic matter
and pathogens, nitrates, increasingly pesticides, and
eutrophication.

Eastern
Mediterranean
and Middle East

Characterized by its arid climate, this area shows
great demands and pressure on its scarce water
resources. Industrial pollution and toxics are a prob-
lem in some locales, but overall salinization from over-
abstraction is the key concern in this region.
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7.3.2.1 The Role of Engineering on Water Supply

7.3.2.1.1 Dams and reservoirs

Humans have altered waterways around the world since historical
times to harness more water for irrigation, industry, and domestic
and recreational use. Dams have been a particularly significant
driver of change, buffering against both spatial and temporal scar-
city of water supplies and increasing the security of water and
food supply over the past half-century. However, large engineer-
ing works that impound and divert fresh water have caused dam-
age to key habitats and migratory routes of important commercial
and subsistence fisheries (Revenga et al. 2000), as well as serious
societal disruptions, including public health problems (as de-
scribed later; see also Chapter 14) and forced displacements
(WCD 2000).

Large dams are today the fundamental feature of water man-
agement across the globe (FC/GWSP 2004). Approximately
45,000 large dams (�15 meters in height) (WCD 2000) and pos-
sibly 800,000 smaller dams (McCully 1996; Hoeg 2000) are in
place and an estimated $2 trillion has been invested in them over
the last century. These facilities have served as important instru-
ments for development, with 80% of the global expenditure of
$32–46 billion per year focused on the developing world (WCD
2000).

Major stabilization of global river runoff from major engineer-
ing works expanded greatly between 1950 and 1990. (See Figure
7.8.) Currently the largest reservoirs—those with more than 0.5
cubic kilometers of storage capacity—intercept locally 40% of the
water that flows off the continents and into oceans or inland seas
(Vörösmarty et al. 2003). The volumetric storage behind all large
dams represents from three to six times the standing stock of water
held by natural river channels (Vörösmarty et al. 1997a, 2003;
Shiklomanov and Rodda 2003). In addition, large reservoir con-
struction has doubled or tripled the residence time of river
water—that is, the average time that a drop of water takes to
reach the sea, with the mouths of several large rivers showing
delays on the order of many months to years (Vörösmarty et al.
1997a).

Such regulation has enormous impacts on the water cycle and
hence aquatic habitats, suspended sediment, carbon fluxes, and
waste processing (Dynesius and Nilsson 1994; Vörösmarty et al.
2003; Stallard 1998; Syvitski et al. 2005). Large dams, in particu-
lar, have been a controversial component of the freshwater de-
bate. While contributing to economic development and food
security, they also produce environmental, social, and human
health impacts. A World Bank review (1996a) of the impacts and
economic benefits of 50 large dams concluded that these projects
showed proven economic and development benefits but had a
mixed record in terms of their treatment of displaced people and
environmental impacts. A further review by the World Commission
on Dams on the performance of large dams showed considerable
shortfalls in their technical, financial, and economic performance
relative to proposed expectations, particularly irrigation dams,
which often have not met physical targets, failed to recover cost,
and have been less profitable than expected (WCD 2000).

In Pakistan, for example, the direct benefits from irrigation
made possible by the Tarbela and Mangla dams are estimated at
about $260 million annually, with the farmers who own irrigated
land clearly benefiting from increased incomes (World Bank
1996a). However, the increased use of irrigation water has led to
waterlogging and increased soil salinity in the Punjab area, with a
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Figure 7.8. Time Series of Intercepted Continental Runoff and Large Reservoir Storage, 1900–2000. The series is taken from a subset
of large reservoirs (�0.5 km3 maximum storage each), geographically referenced to global river networks and discharge. The years 1960–
2000 have shown a rapid move toward flow stabilization, which has slowed recently in some parts of the world, due to the changing social,
economic, and environmental concerns surrounding large hydraulic engineering works. (Vörösmarty and Sahagian 2000)

direct link to a decline in crop productivity, and an increase in
malaria transmission (World Bank 1996b).

Hydroelectricity is another important benefit from dams.
Total production of hydropower reached 2,740 terawatt-hours in
2001 or 19% of global electrical production, and many industrial
(such as Norway and Iceland) and developing countries (Demo-
cratic Republic of Congo, Mozambique, Brazil, Honduras, Taji-
kistan, and Laos) rely on dams for more than 90% of their power
production (UN/WWAP 2003). As with irrigation dams, in
many circumstances the effectiveness of large dams for hydroelec-
tricity generation has not been sufficient to meet the predicted
benefits (WCD 2000), and they have caused loss of habitats and
species as well as the displacement of millions of people (WCD
2000).

Flood control continues to be another major objective for
building large dams. In Japan, for example, 50% of the population
lives in flood-prone areas, and in the last 10 years floods have
affected 80% of municipalities in the country. Japan is one of the
top five dam-building countries in the world. Matsubara and Shi-
mouke Dams on the Chikugo River in the Kyushu District in
southern Japan, for instance, were built for flood control after a
flood in 1953 inundated one fifth of the entire catchment, killing
147 people and destroying 74,000 households. These two dams
successfully reduced peak flows in the river years later during a
1982 flood, saving lives and property (Green et al. 2000).

However, the effectiveness of large dams to replace the role of
natural wetlands for flood mitigation is not well supported by
scientific evidence. Wetlands and floodplains act as natural
sponges; they expand by absorbing excess water in time of heavy
rain and they contract as they release water slowly throughout the
dry season to maintain streamflow. (See Chapter 20.) The large-
scale conversion of floodplains and wetlands (some of it through
dams) has resulted in declines in the natural mechanism for flood
regulation. And while a handful of dams are being decommis-
sioned in some countries (268 out of 80,000 in the United States,
for example), an estimated 1,500 dams are under construction
worldwide and many more are planned, particularly in the devel-
oping world (WWF and WRI 2004). River basins with the
largest number of dams over 60 meters high planned or under
construction include the Yangtze Basin in China with 46 large
dams, the La Plata Basin in South America with 27, and the Tigris
and Euphrates River Basin in the Middle East with 26 (WWF
and WRI 2004).
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The debate on cost, benefits, and performance of large dams
continues, but given recent reviews (see WCD 2000), the tradi-
tional reliance on constructing such large operations for water
supply is being called into question on environmental, political,
and socioeconomic grounds (Gleick 1998; WCD 2000).

7.3.2.1.2 Interbasin transfers

Interbasin water transfers represent yet another form of securing
water supplies that can greatly alleviate water scarcity. They in-
clude any canals, ditches, tunnels or pipelines that divert water
from one river or groundwater system to another, typically from
dammed reservoirs, and often represent massive engineering
works involving both ground and surface waters. Changes to nat-
ural surface water hydrographs can be enormous and virtually in-
stantaneous. The Great Man-Made River Project in Libya, for
example, transports over 2 cubic kilometers of fossil groundwater
a year through 3,500 kilometers of desert to huge coastal storage
reservoirs that support 135,000 hectares of irrigable cropland, one
third of the country’s total (UN/WWAP 2003).

Two of the world’s largest interbasin transfers are the 93% loss
of flow (27 cubic kilometers per year) from the Eastmain River
and a 97% gain of flow (53 cubic kilometers per year) in the La
Grande River (Dynesius and Nilsson 1994), both in Canada. In
total, the flow being diverted without return to its stream of ori-
gin in Canada alone totaled 140 cubic kilometers a year in the
1980s (Day and Quinn 1987), more than the mean annual dis-
charge of the Nile River and twice the mean annual flow of Eu-
rope’s Rhine River. The Farraka Barrage alone diverts over 9%
of the Ganges River’s historical mean annual flow and over 5%
of the flow for the entire Ganges-Brahmaputra basin (Nilsson et
al. 2005).

A gigantic diversion project is also under way in China, which
proposes to move 40 cubic kilometers per year (MWR 2004) of
water from southern China to the parched parts of northern
China, thus connecting the Yangtze River with the Hai, Huai
and Yellow Rivers. Three channels, two of which are over 1,000
kilometers long, will be needed for this transfer, which corre-
sponds to 4% of the average flow of the Yangtze River (U.S.
Embassy in China 2003). Developers plan to bring enough water
to replenish groundwater aquifers in the north. This withdrawal
from the Yangtze, even though it represents only a small fraction
of the river’s annual flow, will likely still have some effect on
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downstream ecosystems: sediment loads needed to maintain ripar-
ian and coastal wetlands will be reduced, and pollutants will be
marginally less diluted, raising their concentration in the Yangtze
River’s lower reaches (U.S. Embassy in China 2003). In addition,
as water flows north from one basin to another, the introduction
of non-native species and the transfer of contaminants could affect
native fauna in the receiving basins (Snaddon and Davies 1998;
Snaddon et al. 1998; U.S. Embassy in China 2003).

Social effects of interbasin water transfers are complex. Popu-
lations in the recipient basin of water transfers gain water for
irrigation, industry, and human consumption, all leading to indis-
putable economic and social benefits. However, those living in
the basin of origin (and particularly those downstream of the di-
version point) often lose precisely those same benefits (Boyer
2001), and many times they are displaced to other parts of the
country, losing their homes and cultural heritage. While some-
times economic compensation is offered to people displaced by
dams, the amounts usually do not cover the potential losses in
terms of livelihoods, economic productivity, and cultural and his-
torical heritage (WCD 2000).

Resettlement is an issue for water transfers as well as for dams,
with many resettled communities suffering from a marginalized
status, and cultural and economic conflicts with the population
into which they are resettled. The central route of the Yangtze-
to-Yellow water transfer in China, for example, will require the
resettlement of 320,000 people, each of whom is supposed to
receive the equivalent of $5,000 in compensation (U.S. Embassy
in China 2003).

The trade-offs involved in interbasin transfer schemes include
both direct societal costs and benefits, as well as those involving
ecosystems services and biodiversity. Yet given increasing de-
mands for water in the future, such transfers are likely to remain
an important mechanism for alleviating regional water shortages
(Nilsson et al. 2005).

7.3.2.2 Virtual Water in Trade
Virtual water, or VW, refers to the amount of fresh water used
during the production process and thus ‘‘embodied’’ in a good or
service (Allan 1993). While tabulations could be made for any
product, VW has been explored mainly from the perspective of
crop and livestock production and trade, given the predominance
of agriculture in water use globally.

Operationally, VW in agriculture can be defined as the quan-
tity of water used to support evapotranspiration in crops, which
are then consumed domestically (as human food or animal feeds)
or traded internationally. Additional water to process food prod-
ucts and to care for livestock can also be tabulated (Oki et al.
2003a), but VW estimates are fundamentally determined by irre-
trievable water losses through crops. There is a vast mismatch
between the weight of agricultural commodities produced and
the VW embodied in their production. For example, 1 kilogram
of grain requires 1,000–2,000 kilograms (liters) of water, even
under the most favorable of climatic conditions (Hoekstra and
Hung 2002), producing 1 kilogram of cheese requires �5,000
kilograms of water, and 1 kilogram of beef requires an average of
16,000 kilograms of water (Hoekstra 2003).

Water has been transported in internationally traded products
for hundreds of years, but the concept of trading VW has only
recently begun to be considered as a mechanism to alleviate re-
gional or global water security by exploiting the comparative ad-
vantage of water-rich or water-efficient countries (Allan 1996;
Jaeger 2001). However, VW does not take into account the na-
ture of food production systems and other factors, such as soil
erosion, biodiversity impacts, or pollution. Moreover, for political
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and social reasons, countries may elect to be self-sufficient and
independent in food production. For example, India, which is
food self-sufficient in aggregate, serves as a net exporter of food
and virtual water despite being water-stressed.

A substantial volume of VW trade in food commodities has
nonetheless been taking place. (See Figure 7.9.) Worldwide, in-
ternational VW trade in crops has been estimated at between 500
and 900 cubic kilometers per year, depending on tabulations
made from the exporting or importing country perspective and
the number of commodities considered (Oki et al. 2003a; Hoeks-
tra and Hung 2002; Hoekstra 2003). (See Table 7.8.) An addi-
tional 130–150 cubic kilometers per year is traded in livestock
and livestock products. For comparison, current rates of water
consumption for irrigation total 1,200 cubic kilometers per year,
and taking into account the use of precipitation in rain-fed agri-
culture as well, the total water use by crops has been estimated to
range from 3,200 to 7,500 cubic kilometers per year, depending
on whether allied agroecosystem evapotranspiration is included
(Postel 1998; Rockström and Gordon 2001). The most important
exporters of crop-related VW are the OECD and Latin America,
though individual sub-regions, such as Western Europe, are net
importers of VW. Asia (Central and South) is the largest importer
of VW.

Of the top 10 virtual water exporters, 7 countries are in water-
rich regions, while of the 10 largest importers of VW, 7 are highly
water-short, indicating a general redistribution of VW from rela-
tively wet to dry regions. However, the notable absence of clear-
cut relationships linking the degree of domestic water scarcity to
dependence on external VW supplies (Hoekstra and Hung 2002)
suggests that an optimal redistribution of water through crop pro-
duction and trade is yet to emerge. The consequences of food
self-sufficiency thus entrench present-day patterns of water scar-
city, as can decisions to pursue an aggressive export marketing
strategy in the face of unsustainable water use. Future increases in
water stress over the coming decades (Vörösmarty et al. 2000;
Alcamo et al. 2000) and further integration of a global economy
are likely to be powerful forces in adopting the notion of VW
into food production and trade policies. An analysis of interna-
tional trade in VW for Africa is provided in Box 7.4.

7.3.3 Land Use and Land Cover Change

Among the major processes influencing water quantity and qual-
ity at the river basin scale are changes in land use intensity and
land cover change. (See Table 7.9.) Land use changes affect
evapotranspiration, infiltration rates, and runoff quantity and tim-
ing. Particularly important for human well-being are contrasting
reductions in the overall quantity of available runoff with some
types of land cover change versus concentrated peaks of runoff
associated with flooding under other land cover changes that can
often be translocated far downstream through river networks
(Douglas et al. 2005).

For example, expanding impervious areas due to urban expan-
sion greatly increases the volume and rate of stormflow into re-
ceiving streams. Such changes also affect the water quality and
biodiversity of freshwater ecosystems (Jones et al. 1997). Land use
changes that compact soils and reduce infiltration are associated
with deficiencies in groundwater recharge and dry period base-
flow, the long-term global consequences of which are yet to be
documented. Reduced infiltration can also lead to longer lifespans
of pools with stagnant water, thus providing increased breeding
opportunities for mosquitoes and other vectors of human disease.

The impact on local water budgets of changes from forest
cover to pasture, agricultural, or urban land cover are well docu-
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Figure 7.9. Net Inter-regional Trade in Major Crops Expressed as Embodied or ‘‘Virtual’’ Water Expended in Production of These
Agricultural Commodities, 1995–99. The regions used differ from those used in the MA. Virtual water flows �100 km3 for the full period
are not shown. Rain-fed and irrigated agriculture are considered, although estimates do not include transfer and drainage losses during
irrigation. (Hoekstra and Hung 2003)

Table 7.8. Annual Transfer of Virtual and Real Water through
Global Trade of Cereal and Meat Commodities, 2000. ‘‘Virtual’’
water in this table is estimated as the fresh water required by the
importing country to produce the commodity, while ‘‘real’’ water is the
fresh water expended by the exporter to produce the same
commodity. Water equivalents are vastly greater than the actual
weights traded, from 1000:1 to 3000:1 for cereals and �20,000:1 for
beef. Through such trade there is a water-saving equivalent to
approximately 20% of agricultural water withdrawals. (Oki et al.
2003a)

Commodity
Virtual Water

Trade 
Real Water

Trade Water “Saved”
(cubic kilometers per year)

Maize 130 50 80

Wheat 460 270 190

Rice 190 110 80

Barley 92 38 54

Cereal total 870 470 400

Beef 86 82 4

Pork 28 20 8

Chicken 37 25 12

Meat total 150 130 24

mented in the hydrological and ecological literature. While his-
torically a large portion of the available information was generated
for temperate and boreal areas of North America and Europe
(Swank and Crossley 1988; Buttle et al. 2000), information is be-
coming available for selected sites in Amazonia, South Africa, and
Australia, among others (Bruijnzeel 1990; Le Maitre et al. 1999).
The global impact of 110,000 square kilometers per year net de-
forestation (FAO 1999) on runoff, however, has yet to be fully
quantified.

Impacts of land use change patterns of weather and climate at
different scales are only starting to be understood. (See Chapter
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13.) Fragmenting a landscape alone can generate changes in local
weather patterns (Avissar and Liu 1996; Pielke et al. 1997). At the
continental level, land use changes can reduce recycling rates of
water leading to reduced precipitation and distortions in the at-
mospheric circulation patterns that link otherwise widely sepa-
rated regions of the globe (Chase et al. 1996; Costa and Foley
2000; Pitman and Zhao 2000). There has also been continental-
to-global-scale acceleration in the loading of pollutants, including
nutrients, onto the land mass associated with industrial agricul-
ture, urbanization, and grazing. (See Chapters 12 and 15.) These
inputs are translated into greatly elevated fluxes to and transport
through inland water systems (Chapter 20), the effects of which
pass in many cases fully to the coastal zone (Chapter 19).

Intensive agricultural and urbanized areas have expanded rap-
idly in the last 50 years. The current extent of cultivated systems
provides an indication of the location of freshwater ecosystems
that are likely to experience water quality degradation from pesti-
cide and nutrient runoff as well as increased sediment loading
(Revenga et al. 2000). (See Figure 7.10 in Appendix A.) Figure
7.11 (in Appendix A) shows, from a drainage basin perspective,
the distribution and pattern of urban areas, as judged by satellite
images of nighttime lights for 1994–95 (NOAA-NGDC 1998).
Because more urbanized river basins tend to have greater impervi-
ous area as well as higher quantities of sewage and industrial pollu-
tion, this figure suggests the contemporary geography of pressures
on freshwater systems arising from these classes of contaminants
(Revenga et al. 2000).

The two Figures show contrasting patterns of modified land
use across the world. Intensively cropped lands are concentrated
in five areas: Europe, India, eastern China, Southeast Asia, and
the midwestern United States, with smaller concentrations in Ar-
gentina, Australia, and Central America. Africa is striking for its
lack of intensively cropped land, with the exception of small
patches along the Nile, on the Mediterranean coast, and in South
Africa. This reflects the minimal use of chemical inputs and the
low level of agricultural productivity in most African countries.
Figure 7.11 shows that highly urbanized watersheds are concen-
trated along the east coast of the United States, Western Europe,
and Japan, with smaller concentrations in coastal China, India,
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BOX 7.4

Virtual Water Content Associated with African Food Supply

The interplay between water availability and irrigation is critical in defining In Africa, much of the sustainable (rain-fed) agriculture occurs within
whether a country (or regions within a country) can be self-sufficient in food the more humid regions of the continent, while most irrigated agriculture
production and do so in a sustainable manner. This is especially true in occurs in the semiarid and arid regions in northern and southern Africa
Africa, where the climate and hydrology are highly unpredictable and as much and along the Sahel. At the continental scale, about 18% of total African
as 40% of irrigation withdrawals in the driest regions are estimated to be non- VW is used for meat production, although this number is probably much
sustainable (Vörösmarty et al. 2005). Africa also represents a flashpoint for higher because it is doubtful that all grazing land is used sustainably.
future water scarcity and food security, with a large and rapidly growing Food imports (both crops and meat) represent over 20% of Africa’s total
population, enormous expanses of dry landscapes, extensive poverty, lack VW consumption, illustrating a reliance on external sources for meeting
of investment in water infrastructure, and a lingering human health crisis. the food needs of today’s population. This reliance will likely continue to

Virtual water is the fresh water needed to produce crops embodying increase in the future, though some unknown fraction is intra-continental.
all evapotranspiration on rain-fed or irrigated cropland, plus any transit Globally, VW from crop production is computed to co-opt 14,600 cubic
losses for irrigation (Raskin et al. 1995; Allan 1996). There are enormous kilometers (20%) of the 66,400 cubic kilometers annual evapotranspira-
throughputs of water within agroecosystems to satisfy the evaporative tion. For Africa, crop production co-opts only 9% of annual evapotranspira-
demands of crops, with ratios of �1,000-to-1 by weight for cereal prod- tion, a reflection of the fact that three quarters of Africa’s cropland is
ucts and �15,000-to-1 for beef (Hoekstra 2003). Thus, while food trade located in arid and semiarid climates characterized by highly limited soil
can be highly beneficial in simply economic terms, it could also help com- moisture stocks (Vörösmarty et al. 2005). The bar chart (see Box 7.4
pensate for local water scarcity by exploiting the comparative advantage Figure B in Appendix A) illustrates that while sub-Saharan Africa relies
of water-rich countries to produce food (Allan 1996; Jaeger 2000). heavily on rain-fed agriculture (60–75% for South, East, West) and very

The map of Africa (see Box 7.4 Figure A in Appendix A) shows the little on irrigated agriculture (3–7%) for food production, North Africa has
spatial distribution of annual virtual water production on rain-fed and irri- very little rain-fed crop production and obtains more than 60% of its within-
gated croplands, computed from long-term average (1950–95) water bal- region VW from irrigated agriculture. Much of this irrigation water is with-
ance terms. VW embodied in meat (beef, pork, and chicken) production drawn from highly exploited river corridors, such as the Nile, as well as
was also estimated as the sum of VW in feed and fodder plus a portion groundwater. To satisfy overall food demand, North Africa nearly doubles
of evapotranspiration that occurs over grazing lands, where it is assumed its available VW through food trade.
that 30% of net primary production and hence evapotranspiration could
be used sustainably.

Table 7.9. Brief Overview of Hydrologic Consequences Associated with Major Classes of Land Cover and Use Change (Bosch and
Hewlett 1982; Swank et al. 1988; Bruijnzeel 1990; Hornbeck and Smith 1997; Jipp et al. 1998; Swanson 1998; Bonnell 1999; Le Maitre et al.
1999; Buttle et al. 2000; Le Maitre et al. 2000; Zavaleta 2000; Zhang et al. 2001; Paul and Meyer 2001; Sun et al. 2001; Zoppou 2001; Tollan
2002)

Type of Land Use Change Consequences on Freshwater Provisioning Service Confidence Level
Natural forest to managed forest slight decrease in available freshwater flow and a

decrease in temporal reliability (lower long-term
groundwater recharge)

likely in most temperate and warm humid climates, but
highly dependent on dominant tree species

adequate management practices may reduce impacts to a
minimum

Forest to pasture/agriculture strong increase in amount of superficial runoff with
associated increase in sediment and nutrient flux

decrease in temporal reliability (floods, lower long-term
groundwater recharge)

very likely at the global level; impact will depend on per-
centage of catchment area covered

consequences are less severe if conversion is to pasture
instead of agriculture

most critical for areas with high precipitation during con-
centrated periods of time (e.g., monsoons)

Forest to urban very strong increase in runoff with the associated
increase in pollution loads

strong decrease in temporal reliability (floods, 
lower long-term groundwater recharge)

very likely at the global level with impact dependent on
percent of catchment area converted

stronger effects when lower part of catchment is trans-
formed

most critical for areas with recurrent strong precipitation
events

Invasion by species with higher
evapotranspiration rates

strong decrease in runoff

strong decrease in temporal reliability (low long-term
groundwater recharge)

very likely, although highly dependent on the characteris-
tics of dominant tree species

scarcely documented except for South Africa, Australia,
and the Colorado River in the United States
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Central America, most of the United States, Western Europe, and
the Persian Gulf (Revenga et al. 2000). While Figures 7.10 and
7.11 show the average composition of each large river basin in
terms of intensively cultivated land or urban and industrial areas,
they nonetheless hide within-basin differences that arise from
highly localized patterns of crop production and urban point
sources of pollution (Revenga et al. 2000).

The implications of these changes and the incomplete under-
standing of their consequences affect the manner in which
humans interact with the water cycle. Integrated watershed man-
agement is the current paradigm for sustainable water use and
conservation (Poff et al. 1997). It can yield important environ-
mental and social benefits, as shown by a survey of 27 U.S. water
suppliers that found the cost of water treatment in watersheds
forested 60% or more was only half that of systems with 30%
forest cover (Ernst 2004).

In practice, the integrated management approach is complex
and difficult to implement because of limits to the understanding
of interactions linking the physical and biotic processes that con-
trol water quantity and quality (Schulze 2004). Integrated man-
agement research typically has focused on local and short time
scales and been limited to a very small portion of the world’s
watersheds. Most of the understanding of watershed dynamics and
management principles comes from hydrological research on
small watersheds and from studies at the local scale (Vörösmarty
2002). At present, the longest hydrological studies encompass only
the last 20–40 years, but the recent application of GIS techniques
facilitates reconstruction of past events to place the impact of con-
temporary land management into a longer-term perspective (Bha-
duri et al. 2000).

One significant challenge to both scientific understanding and
sound management is that multiple processes control water quan-
tity, quality, and flow regime. The pattern and extent of cities,
roads, agricultural land, and natural areas within a watershed in-
fluences infiltration properties, evapotranspiration rates, and run-
off patterns, which in turn affect water quantity and quality.
Additional challenges surround the fact that river basins extend
across contrasting political, cultural, and economic domains (the
Mekong River, for instance, flows through China, Laos, Thai-
land, Cambodia, and Viet Nam). Thus, there remains substantial
uncertainty about the effects of management on different compo-
nents of the hydrological cycle arising from the unique combina-
tions of climatic, social, and ecological characteristics of the
world’s watersheds (Bruijnzeel 1990; Tollan 2002).

It is widely recognized that while much more information is
needed to evaluate the impact of land use and cover change on
freshwater provisioning services, integrated watershed manage-
ment—despite its present degree of uncertainty—is both possible
and would contribute significantly to improved management of
water resources (Swanson 1998; Tollan 2002).

7.3.4 Climate Change and Variability

A major and natural characteristic of the land-based water cycle,
and hence of water supply, is its variability over space and time.
The large-scale patterns of atmospheric circulation dictate the
world’s climate zones and regional water availability. One particu-
lar concern arises from climate change, which in the past has
shaped major shifts in the water cycle, such as changes in the
Sahara from a much wetter region with abundant vegetation
about 10,000 years ago to the desert of today (Sircoulon et al.
1999). A changing climate can modify all elements of the water
cycle, including precipitation, evapotranspiration, soil moisture,
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groundwater recharge, and runoff. It can also change both the
timing and intensity of precipitation, snowmelt, and runoff.

Two issues are critical for water supply: changes in the average
runoff supply and changes in the frequency and severity of ex-
treme events, including both flooding and drought. Both of these
changes have been difficult to articulate due to complexities in
the processes at work as well as a non-uniform and, in many parts
of the world, deteriorating monitoring network, as discussed in
section 7.1.2.

Shiklomanov and Rodda (2003) present a study of continental-
scale variations in water supply as represented in the observational
record spanning 1921–88. They used data from a total of approxi-
mately 2,500 stations, maximizing, to the degree possible, length
of record, suitably large river basins, and hydrographs reflecting
near-natural conditions. The stations represented �10% of all
available records and reflect great disparities in maximum length
of record (from 5 to 178 years). (Statistically, the optimal record
length for trend analysis is on the order of 30 years (Lanfear and
Hirsh 1999; Shiklomanov et al. 2002), but detectability of a trend
also depends on the relative lengths of the ‘‘base’’ (pre-change)
and changed periods of record (Radziejewski and Kundzewicz
2004).)

Year-to-year variations over five continents were 10% or less
(see Figure 7.12) but rose to as high as 35% when examining 27
climate-based subdivisions. Relatively dry periods occurred in the
1940s, 1960s, and late 1970s, with global runoff declining by up
to 3,000 cubic kilometers a year. This is in contrast to relatively
wet conditions in the 1920s, late-1940s to early 1950s, and mid-
1970s. Though there are limitations to making such global state-
ments, the overall conclusion with respect to renewable supplies
of runoff is that despite some recent continental-scale trends (an
increase in South America and decrease in Africa), there was no
substantial global trend in renewable supplies of runoff over the
67 years tested. Labat et al. (2004) did, however, compute an
increasing global trend in runoff. This was correlated to increasing
global surface air temperature, amounting to 4% per degree Cel-
sius over the last century, though with regional increases (Asia,
North and South America) and decreases (Africa) or stability (Eu-
rope) over the last few decades.

Care must be exercised in interpreting such long-term trends,
which are anticipated to be associated with climate change. Maps
of trends presented by the IPCC (Houghton et al. 2001) show
large-scale and spatially coherent increases as well as decreases in
precipitation over multi-decadal periods that start in 1910, al-
though these patterns shift depending on the time frame observed.
A similar time dependency is evident in interpreting changes in
rain-to-snow ratios across Canada, with a time frame of 1948–96
indicating completely opposite results than with a time series
starting at 1960 and ending in 1990 (Mekis and Hogg 1999; Lam-
mers et al. 2001).

The clearest signatures require long time periods and sufficient
spatial integration units (that is, large drainage basins). Peterson et
al. (2002), for example, found it impossible to detect a coherent
trend in runoff without first aggregating the flow records from six
large Eurasian rivers and over 65 years. Insofar as northern Eurasia
is among the regions historically to show the clearest trends in
climate warming and the general absence of other confounding
effects such as land cover change and water engineering, these
results point to the difficulty in assessing recent runoff trends.

Nonetheless, there is evidence that climate change may al-
ready be causing long-term shifts in seasonal weather patterns and
the runoff production that defines renewable freshwater supply.
Shifts toward less severe winters and earlier thaw periods in cold
temperate climates that depend on snowfall and snowmelt result
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Figure 7.12. Time Series of Renewable Water Supply across the Global Landmass since 1920. The series is based on a subset of
available discharge station records. (Shiklomanov and Rodda 2003)

in important changes in water availability (Dettinger and Cayan
1995; Hamlet and Lettenmaier 1999; WSAT 2000; Hodgkins et
al. 2003). Multi-decade hydrological anomalies are apparent for
Africa, with decreases on the order of 20% between 1951 and
1990 for both humid and arid zone basins that discharge into the
Atlantic (Mahé 1993).

In the Sahel, persistent rainfall deficits could entrench deserti-
fication through a critical loss of water recycling between land
and atmosphere, exacerbated by reduced soil infiltration when so-
called hydrophobic soils are created in arid environments, and by
soil compaction over poorly managed lands (Sircoulon et al.
1999). Such rainfall deficits also reduce replenishment of the
groundwater resource, exacerbated by the decreased permeability
of soils that favor storm runoff and flooding, even in the context
of lower overall precipitation. In the transition zones between
wet and dry regions across Africa, there is a highly uneven and
erratic distribution of rainfall and river corridor flow (Vörösmarty
et al. 2005). While this climate already produces chronic water
stress, episodic droughts greatly increase the number of people at
risk. Once each generation, the major sub-regions of the western
Sahel, Horn of Africa, and SADCC region see a tripling in the
number of people at risk from severe water stress (Vörösmarty et
al. 2005).

An intensification of the water cycle, through more extreme
precipitation in the United States (Karl et al. 1996; Karl and
Knight 1998) and other parts of the world (Easterling et al. 2000;
Houghton et al. 2001; Frich et al. 2002) has also been recorded.
However, the effect of these increases on the rest of the hydrolog-
ical cycle is only now being articulated.

In the United States, where sufficient records are available,
Lins and Slack (1999) and Douglas et al. (2000) used stream gaug-
ing stations with 50 years of continuous records (from unregu-
lated systems) to conclude that annual minimum and mean flows
have increased. This was later confirmed by McCabe and Wol-
lock (2002), who found statistically significant increases in annual
moisture surplus (moisture that eventually becomes runoff ) over
the contiguous United States as a whole, but especially in the
East. And while Yue et al. (2003) found similar increases in mini-
mum and mean daily flows in northern Canada, they found the
opposite to be true (significant decreases in minimum, mean, and
maximum daily flows) in the southern part of the country.

Groisman et al. (2004) reported that warming in the northern
half of the coterminous United States was related to a reduction
in the extent of springtime snow cover and to the earlier onset of
spring-like weather conditions and snow retreat. This has resulted
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in the increased frequency of cumulonimbus clouds and in a na-
tionwide increase in very heavy precipitation. Warming in the
southwest and northeast part of the country has led to greater
summer dryness and increased fire danger. An interseasonal shift
of precipitation from summer to fall in the Southeast was also
noted.

The effect of increased precipitation extremes on floods is still
debated (Douglas et al. 2000; Groisman et al. 2001; McCabe and
Wolock 2002; Robson 2002; Milly et al. 2002) because flood
response is influenced by many interacting factors, such as basin
geology, terrain, and land cover as well as basin size and rainfall
patterns. Also, the natural variability of flood flows can mask small
changes in precipitation inputs.

Trends are also apparent in soil moisture distributed around
the globe. Historical time series from more than 600 sites indicate
a modest increase in growing period wetness for the majority of
stations examined (Robock et al. 2000), contrary to the expecta-
tion (by general circulation models) of drier conditions in mid-
continental areas due to climate change (e.g., Cubasch and Meehl
2000).

Taken together, these results indicate a high natural degree
of variability and difficult-to-interpret shifts in runoff generation
associated with historical climate change. The detection of such
changes is complicated by the interactions among existing physi-
cal climate variations (that is, decadal and ENSO-type oscilla-
tions), land cover change, and water engineering, which for many
parts of the world dominate the character of renewable water sup-
plies.

7.3.5 Urbanization

During the twentieth century, the world’s urban population in-
creased almost fifteenfold, rising from less than 15% to close to
half the total population (see Chapter 27), and by 2015 nearly
55% of the world will live in urban areas (UNPD 2003). In devel-
oping countries alone, the proportion of the population living in
urban centers will rise from less than 20% in 1950 to 48% in 2015
(UNPD 1999, 2003). In fact, 60% of the fastest-growing cities
with more than 750,000 people are located in the developing world,
mostly in Asia (World Bank 2001). While 70% of the world’s
water use is for agriculture, the remaining withdrawals are for
domestic household and other urban uses, including industry, and
in many places these water resources are heavily polluted and lim-
ited by local shortages and distribution problems (UN-HABITAT
2003).
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Urban residents bring with them a set of new challenges for
water supply delivery, management, and waste treatment (WHO/
UNICEF 2004; UN-HABITAT 2003). Because of the rapid rate
of increase in cities around the world, water infrastructure is prac-
tically unable to keep apace, especially in the megacities with
more than 10 million people. Large parts of these megacities lack
the basic infrastructure for drinking water and sanitation, and
most large cities in the developing world, and many in the indus-
trial world, lack basic waste and storm water treatment plants
(UN-HABITAT 2003).

The geographic location of many of these large and growing
cities, such as close to coastal areas, and their rapid pace of growth
has encouraged the overtapping of water resources that are not
necessarily renewable, such as coastal aquifers. In Europe, for in-
stance, nearly 60% of the cities with more than 100,000 people
are located in areas where there is groundwater overabstraction
(EEA 1995). Groundwater overexploitation is also evident in
many Asian cities. Bangkok, Manila, Tianjin, Beijing, Chennai
(formerly Madras), Shanghai, and Xian all have registered a de-
cline in water table levels of 10–50 meters (Foster et al. 1998).
These high levels of abstraction in many cases are accompanied
by water quality degradation and land subsidence. For instance,
the aquifer that supplies much of Mexico City had fallen by 10
meters as of 1992, with a consequent land subsidence of up to 9
meters (Foster et al. 1998).

Overabstraction is also an increasing problem with tourism-
associated development, particularly in coastal areas. Ground-
water overabstraction in such areas can reverse the natural flow of
groundwater into the ocean, causing saltwater to intrude into in-
land aquifers. Because of the high marine salt content, even low
concentrations of seawater in an aquifer are enough to make
groundwater supplies unfit for human consumption (Scheidleder
et al. 1999). Of 126 groundwater areas in Europe for which status
was reported, 53 showed saltwater intrusion, mostly of aquifers
used for public and industrial water supply (Scheidleder et al.
1999).

Unfortunately, the poor, mostly migrant workers from rural
areas suffer most from reduced quality or quantity of water supply
when they resettle to large cities. Poor residents of cities tend to
concentrate in the outskirts, where safe drinking water and sanita-
tion are less available, and they often depend on contaminated
sources of water or intermediate water vendors who charge exor-
bitant prices.

In the context of these many problems, an emerging trend
toward protecting water supplies for urban areas is noteworthy. A
study of more than 100 of the world’s largest cities, for example,
found that more than 40% rely on runoff-producing areas that are
fully or partially protected (Dudley and Stolton 2003). This re-
flects a growing recognition of the value of ecosystem services
linked to sound watershed management approaches, as well as of
the limits placed on urban water supply from polluted upstream
source areas (UN-HABITAT 2003). The geography of down-
stream populations supported by upstream runoff-producing areas
suggests the potential global importance of this management strat-
egy. This is further demonstrated by Table 7.2, with data showing
billions of people living downstream of particular MA ecosystems
and their renewable freshwater flows.

7.3.6 Industrial Development

Industrial processes, which include withdrawals for manufacturing
and thermoelectric cooling, today use about 20% of the total
freshwater withdrawals, which has more than doubled between
1960 and 2000 (Shiklomanov and Rodda 2003). Even though this
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global use remains small in comparison to water used for agricul-
ture, the current trend in shifting the manufacturing base from in-
dustrial to developing countries, due to globalization and
international trade, is of concern for future water security. Much
of the technology developed for industry is adapted to industrial
nations, which are generally considerably more water-rich. When
industrial plants are relocated to developing countries, many of
which are water-poor or have limited water delivery services,
these operations add pressure to the water resource base and in-
crease conflict among water users. In addition, the environmental
safeguards for effluent treatment are less well established or en-
forced in developing nations, adding to the scarcity problems by
increasing pollution.

The most polluting industries, in terms of organic water pol-
lutants, are those whose products are based on organic raw mate-
rials, such as food and beverage, paper and pulp, and textile plants
(UN/WWAP 2003). Power station electric generation is the
largest source of thermal water pollution. Estimates correlating
water withdrawals for industrial use with population density by
river basin show that many already water-stressed river basins are
also centers for industrial production, such as in eastern China,
India, and parts of Europe (UN/WWAP 2003).

Industrial emissions are released not only as thermal and
chemical effluents into rivers and streams but also as gases and
aerosols into the atmosphere. These can be transported for large
distances and may end up deposited in other water bodies far from
the emission source. Large areas of the continents show atmo-
spheric deposition as the single most important source of nitrogen
loading, with concomitant increases in pollutant transport
through inland waterways (Green et al. 2004).

7.4 Consequences for Human Well-being of
Changes in the Provision of Fresh Water
Water is essential for human well-being, but not all parts of the
world receive the same amount or timing of available water sup-
plies. Some areas contain abundant water throughout the year,
others have seasonal floods and droughts, and still others have
hardly any water at all. In river basins with high water demand
relative to the available supply, water scarcity is a growing prob-
lem, as is water pollution. Water availability is already one of the
major challenges facing human society, and the lack of water will
be one of the key factors limiting development (WMO 1997;
UN/WWAP 2003). The socioeconomic implications of deliver-
ing, using, managing, or buying water also have impacts on
human well-being. This section begins with a brief overview of
the benefits and required investments for water resource systems;
examines the implications of freshwater scarcity, including treat-
ment of pricing and equity issues; and concludes with descriptions
of the consequences of too much water (flooding) and the con-
nections between freshwater services and human health.

7.4.1 Freshwater Provision: Benefits and
Investment Requirements

Over the long term, water use has generally increased geometri-
cally, in line with population growth, increased food production,
and economic development (L’vovich and White 1990), and dur-
ing the last 40 years, there has been a doubling in the water used
by society—from 1,800 to 3,600 cubic kilometers a year. In an
aggregate sense, water is a required input generating value-added
in all sectors of the economy, and trends in its use can be assessed
from its ability to yield economic productivity. In the United
States, for example, water productivity measured as GDP per
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cubic meter of freshwater use rose dramatically between 1960 and
2000 by about 25% per decade, to $18 per cubic meter (Postel
and Vickers 2004), in response to shifts in regulation, technology,
and restructuring of the economy.

Water provided for irrigation has a particularly important role,
being responsible for 40% of global crop production (UN/
WWAP 2003). And despite major challenges in conveying ade-
quate drinking water and sanitation, more than 5 billion people
are routinely provided with clean water and more than 3.5 billion
have access to sanitation (WHO/UNICEF 2004). Further, with
continued investments in water infrastructure, much of the
world’s population has benefited from allied improvements in
public health, flood control, electrification, food security through
irrigation, and associated economic development. From this
standpoint, well-managed water resources have helped promote
economic development, which is tied closely to improvements in
many aspects of human well-being.

A good example is provided by a recent analysis (Hutton and
Haller 2004) of the cost-effectiveness of different options to
achieve MDG 7 (on access to safe water and basic sanitation).
Of five scenarios tested, two considered Target 10—halving the
proportion of people without sustainable access to safe water by
2015 and halving the proportion of people without sustainable
access to improved sanitation. It was shown that for each dollar
invested in both improved water supply and sanitation, a return
of $3–34 can be expected. Among the health benefits of achiev-
ing the MDG drinking water target was a global reduction in
diarrheal episodes of 10%. The economic benefits of simultane-
ously meeting the drinking water and sanitation MDG targets on
households and the health sector amount to $84 billion per year,
representing reduced health care costs, value of days gained from
reduced illness, averted deaths, and time savings from proximity
to drinking water and sanitation facilities for productive endeavor.

Because of the variability of the water cycle, economic bene-
fits often accrue only after substantial investments in infrastructure
and operations that stabilize and improve the reliability of water
resources. Capital investments in water infrastructure totaled $400
billion in the United States over the last century (Rogers 1993).
When the annual investment in water storage for irrigation glob-
ally during the 1990s of about $15 billion (WCD 2000) is tabu-
lated, an important source of required capital can be seen, which
can constitute a major fraction of agricultural investment for many
developing countries (UN/WWAP 2003).

Worldwide, investments in dams have totaled $2 trillion
(WCD 2000). World Bank lending for irrigation and drainage
averaged about $1.5 billion per year from 1960 to 2000, although
this continues to decrease from a peak of $2.5 billion in 1975 to
its current rate of $500 million (Thompson 2001). Global costs
for expanding irrigation facilities are estimated at $5 billion annu-
ally, but rehabilitation and modernization costs on existing irriga-
tion works are estimated at an additional $10 billion or more per
year (UN/WWAP 2003). Although projected funding for eco-
nomic development and meeting the MDGs for the entire water
sector is estimated to reach $111–180 billion a year, current in-
vestments in sanitation and water supply total from $10 billion to
$30 billion annually (UN/WWAP 2003). Securing water re-
sources is thus deeply embedded within development investment
and planning but incompletely resolved. The private sector, with
global revenues today standing at $300 billion annually (Gleick et
al. 2002a), is a major player in providing potential investments, as
described later.

7.4.2 Consequences of Water Scarcity

With population growth and the overexploitation and contami-
nation of water resources, the gap between available water supply
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and water demand is increasing in many parts of the world. In
areas where water supply is already limited, water scarcity is likely
to be the most serious constraint on development, particularly in
drought-prone areas. Earlier in this chapter we provided a quanti-
fication of water scarcity in physical terms. Here scarcity is
mapped to issues relating directly to human well-being.

While decreased or variable water supply has sometimes pre-
sented itself as an opportunity to develop efficiency-enhancing
responses (Wolff and Gleick 2002) and cooperation (Wolf et al.
1999; UN/WWAP 2003), more often it has spawned numerous
development challenges, including increased levels of competi-
tion for water among people and between people and ecosystems;
the use of non-sustainable supplies or development of costly alter-
natives; limits to economic growth, including curtailment of
activities and required importation of food and other water-intensive
commodities; pollution and public health problems; potential po-
litical and civil instability (Furlong and Gleditsch 2003; Miguel et
al. 2004); and international disputes in transboundary river basins
(Gleick 1998). These situations arise in part because society has
typically managed ecosystems for one dominant service such as
timber or hydropower without fully realizing the trade-offs being
made in such management. This approach has led to the docu-
mented decline in freshwater ecosystem condition, with accom-
panying consequences for human well-being. The poor, whose
livelihoods often depend most directly on ecosystem services, suf-
fer most when ecosystems are degraded. (See Chapter 6.)

One of the problems thus far has been the difficulty of relating
ecosystem condition to human well-being, particularly from the
socioeconomic perspective. An emphasis on water supply, by de-
veloping more dams and reservoirs, coupled with weak enforce-
ment of regulations, thus has limited the effectiveness of water
resource management, particularly in developing regions of the
world (Revenga and Cassar 2002).

As a consequence, policy-makers are now shifting from en-
tirely supply-based solutions to demand management, highlight-
ing the importance of using a combination of measures to ensure
adequate supplies of water for different sectors, and slowly mov-
ing toward an integrated approach to water resources manage-
ment (Schulze 2004) that is now linked directly to development
initiatives (GWP 2000; UN-HABITAT 2003; Kakabadse-
Navarro et al. 2004). Measures include improving water use effi-
ciency, pricing policies, preservation of environmental flows,
market incentives, privatization of water delivery, and public-
private partnerships among others. (See MA Policy Responses,
Chapter 7, for more on response measures in integrated water
resource management.)

Human society has relied for decades on economic and social
indicators for planning, but in virtually complete isolation of mea-
sures depicting the state and trends of ecosystem services. This
section presents some of the latest findings relating water as an
ecosystem service through social and economic indicators.

The need for integrated indicators or indices at the national
or regional scale to help donors and decision-makers establish pri-
orities in water resource management is widely acknowledged.
Such metrics can also assist in monitoring progress toward sustain-
able development goals in a systematic manner. Many such tools
have been proposed over the last several decades. For example,
the Water Stress Index was developed in the 1970s to link popula-
tion to water resources (Falkenmark 1997), and various other in-
dices have been proposed, such as the Stockholm Environment
Institute’s Water Resources Vulnerability Index (Gleick et al.
2002b). New water scarcity indices capitalizing on geospatial data
sets and high-resolution digital representations of river networks
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can define the climatic and hydrological sources of water-related
stress (Vörösmarty et al. 2005).

One important indicator that combines physical, environ-
mental, economic, and social information related to water avail-
ability and use is the Water Poverty Index. The WPI is similar to
the Human Development Index but applicable to a more local
scale, where the impacts of water scarcity are fundamentally ex-
pressed. It measures water stress at the household and community
level and was designed to ‘‘aid national decision makers, at com-
munity and central government level, as well as donor agencies,
to determine priority needs for intervention in the water sector’’
(Sullivan et al. 2003).

The WPI reflects an attempt to quantify inequities in water
allocation and the inability of the poor to govern access to water.
It has five key components, each based on a series of input vari-
ables that are weighed and aggregated into the overall index.
When an element cannot be measured, proxy indicators are used
in its place. The WPI relies in part on standardized data collected
for other purposes, and thus can be used in comparative analysis
of water stress across countries. For instance, to provide inputs on
water management capacity the index uses Log GDP per capita,
under-5 mortality rates, and a UNDP education index, all used
previously in constructing the HDI. The five components of the
WPI and some of its key variables are:
• Water resources: The physical characteristics of water availability

and water quality. This component includes total water avail-
ability, its variability across time (seasonality), and its quality.

• Access to water: This includes not only the distance to water
from dwellings but, more important, the time spent in collect-
ing water, conflicts over water use, and access to sanitation.

• Water use: This represents withdrawals for domestic, agricul-
tural, and industrial purposes. In many parts of the world,
small-scale irrigation and livestock are key components of
livelihood strategies and thus are tabulated as inputs.

• Capacity to manage water: This component is measured in terms
of income, education level, membership in water users associ-
ations, and the burden of illness due to contaminated water.

• Environmental integrity: If the ecosystems that support water de-
livery are degraded, then provision of water per se plus the
many services derived from freshwater systems will be jeop-
ardized. This component evaluates the integrity of freshwater
ecosystems based on the use of natural resources, crop losses
reported in the previous five years, and household reports of
land erosion. Overall, no variables of the actual condition of
aquatic ecosystems are included, suggesting a component of
the index that could benefit from revision.
The WPI has been tested internationally in 140 countries as

well as at the local scale in South Africa, Tanzania, and Sri Lanka.
Finland and Iceland were found to score the best, while Haiti and
Ethiopia fared worst (Lawrence et al. 2003). The results of the
local pilot analysis look promising, but the WPI would benefit
from a better incorporation of ecosystem condition and capacity
measures. Nevertheless, the WPI is a vehicle for understanding
the complex relationship between water services and human well-
being. Moreover, as the authors state, it constitutes ‘‘a systematic
approach that is open and transparent to all’’ (Sullivan et al. 2003),
allowing incremental improvements to the index to be made
through community consensus.

There are also important gender-related issues associated with
water poverty. Women and men usually have different roles in
water and sanitation activities, and these differences are pro-
nounced in rural areas across the developing world (Brismar 1997;
UN/WWAP 2003). Women are most often the users, providers,
and managers of water in rural households and the guardians of
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household hygiene. In many parts of the world, women and girls
can spend several hours a day carrying heavy water containers,
suffering acute physical problems as a result (WEDO 2004). The
inordinate burden of acquiring water also inhibits women’s and
girls’ opportunities to secure an education and contribute to fam-
ily income (WEDO 2004).

7.4.3 The Cost and Pricing of Water Delivery

Water users in most countries are generally charged but a small
fraction of the actual cost of water abstraction, delivery, disposal,
and treatment (Briscoe 1999; WHO/UNICEF 2000; Walker et
al. 2000), and in some countries implicit and explicit water sub-
sidies can reach up to 93% (Pagiola et al. 2002). Moreover, exter-
nalities associated with freshwater use, such as salinization of soils,
degradation of ecosystems, and pollution of waterways, have been
almost universally ignored, promoting current inefficiencies in
use and threats to freshwater ecosystems. In general, those with
access to abundant or underpriced water use it in a wasteful man-
ner, while many, usually the poor, still lack sufficient access to
water resources.

When water is in short supply or when it is polluted or unsafe
to drink, the expense of delivering water services can rise dramati-
cally or force curtailment in use. As scarcity increases, the cost of
developing new freshwater resources also reflects the need to se-
cure water from sources sometimes at great distances from the
eventual user, often involving complex hydrological engineering
(Hirji 1998; Rosegrant et al. 2002). Until recently there were few
incentives in most countries to use water efficiently. However,
increasing costs of water supply, dwindling supplies, and losses of
aquatic habitat and biodiversity are increasingly providing in-
centives to value water as an economic good. In most countries,
governments bear the burden of water delivery to users, but
maintaining necessary infrastructure and expanding it to reach un-
served users or improve the efficiency of water delivery is the
exception rather than the norm (Pagiola et al. 2002). Inadequate
funding results in a lack of new connections and unreliable ser-
vice, with serious consequences for the poor, who usually incur
higher costs when forced to obtain water from alternative sources
(Pagiola et al. 2002).

Water can be priced in a number of different ways, and the
past decade has shown the increasing application of several com-
mon methods, including flat fees, fixed fees plus volumetric
charges, decreasing block rates, and increasing block rates. Some
of these measures discourage waste, while others lead to overuse.
(See MA Policy Responses, Chapter 7). This section surveys recent
trends in the price and cost of water, reviews cost-recovery strate-
gies, and assesses the impact on human well-being of privatization
and public-private partnerships that deliver freshwater services.

7.4.3.1 The Price of Water and Recent Trends

There are enormous disparities in the price of fresh water supplied
to end-users, reflecting a complex interplay among several factors,
including proximity to natural sources of sufficient quantity and
quality, level of economic development, investments—both pub-
lic and private—in water infrastructure, and governance. A survey
of urban households across the developing world showed water
costs from both public and private sources varying by a factor of
10,000, from $0.00001 per liter (for piped supply in Calcutta) to
as high as $0.1 per liter (through private water vendors) (UN-
HABITAT 2003). Even municipal supplies can constitute a sub-
stantial fraction of monthly family expenditure—for example, up
to 20% in informal settlements in Namibia (UN-HABITAT
2003). An analysis of urban areas in Asia showed that prices
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charged by informal water vendors are more than 100 times that
from domestic connections (ADB 2001). In Benin, Burkina Faso,
Kenya, Mauritania, and Uganda, household connection fees to
piped water supplies exceeded per capita GDP by factors of up to
5:1, rendering these unaffordable (Collignon and Vezina 2000).

Cities also have seen a marked increase in the cost of financing
new water supplies. In Amman, Jordan, during the 1980s ground-
water sources were used to meet water needs at an incremental
cost of $0.41 per cubic meter. As groundwater supplies declined,
the city began to rely on surface water pumped from a site 40
kilometers away at an average incremental cost of $1.33 per cubic
meter (Rosegrant et al. 2002). In another example, the real cost
of water supply for irrigation in Pakistan more than doubled be-
tween 1980 and 1990 (Dinar and Subramanian 1997).

In Algeria, drought during 2000–02 forced cuts in the provi-
sion of water supply from municipal networks (access restricted
to several hours every two to four days), despite large investments
in water supply networks by the Algerian government since 1962
(UN-HABITAT 2003). The situation was further exacerbated by
lack of maintenance of the network, with water losses through
leaking pipes and underpricing of the resource use. Today, price
increases and a major facilities upgrade are under way. Many Afri-
can cities have exhausted and polluted local groundwater supplies,
necessitating expensive transport of fresh water from distant
suppliers (200 kilometers in the case of Dakar, Senegal) (UN-
HABITAT 2003) or the need to invest in desalination, which is
among the costliest methods of supplying fresh water (Gleick
2000; UN/WWAP 2003).

In addition to direct prices paid, additional costs are incurred
by the poor provision of water services. Time spent in traveling
to supplies, queuing, and transporting water can be a significant
burden on household incomes for the poor. Compared with the
late 1960s, households without piped water supply in Kenya,
Uganda, and Tanzania today spend triple the time each day secur-
ing water, an average of over 90 minutes (UN-HABITAT 2003).
Public taps are often in short supply, as in many Asian cities,
where several hundred people are served by a single source (Mc-
Intosh and Yñinguez 1997). Further, the true costs associated with
water delivery services are amplified by significant health burdens
incurred when supplies are insufficient to meet basic needs. In the
case of Lima, Peru, a major portion of household income (27%)
is represented by medical costs and lost wages from water-related
disease (Alcazar et al. 2000), while in Khulna, Bangladesh, an av-
erage of 10 labor days per month are lost due illness from poor
water provision (Pryer 1993).

7.4.3.2 Cost Recovery

The fourth guiding principle of the Dublin Statement on Devel-
opment Issues for the 21st Century (ICWE 1992) articulated that
‘‘water has an economic value’’ and ‘‘should be recognized as an
economic good.’’ At the same time, the statement argued that
water should be available to all people at affordable prices. After
much discussion and controversy, which continues to this day, the
Ministerial Declaration from the 2nd World Water Forum (2002)
established that ‘‘the economic value of water should be recog-
nized and fully reflected in national policies and strategies by
2005’’ and that ‘‘mechanisms should be established by 2015 to
facilitate the full cost pricing for water services, while the needs
of the poor are guaranteed.’’

Supporters of full-cost water pricing argue that to improve
efficiency, the set price of water needs to reflect the cost of sup-
plying, distributing, and treating it. There is some evidence that
this principle works. For instance, price increases for water in
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Bogor, Indonesia, reduced domestic consumption by 30% (Rose-
grant et al. 1995). Proponents of full-cost water pricing also point
out that most of the poor are not meeting their basic water needs
today under current public management, usually because of lack
of government capacity and resources. Consequently, poor com-
munities are already paying higher prices through intermediate
water vendors than if they were connected to a water delivery
system.

But while pricing water to reflect its true cost is relatively
simple in theory, the political and social obstacles are formidable.
Opponents to the idea of full-cost water pricing claim that access
to water is a fundamental human right. Water, like air, should
therefore not be treated as an exchangeable, marketable commod-
ity, because if market conditions rule, access to water becomes
dependent on the ability to pay and not an inherent entitlement.
In the eyes of many, establishing a price for water or privatizing
its delivery puts many of the poorest, most marginalized people at
risk of not getting enough water to meet basic needs.

The majority of OECD countries have adopted or are adopt-
ing, as an operating principle, the full-cost recovery concept in
water management, although what should be covered under this
‘‘full cost’’ is still a matter of debate. Infrastructure costs, however,
are not usually included (UN/WWAP 2003). As pricing was re-
structured and subsidies reduced during the 1990s and in the
current decade in industrial countries to capture the full-cost re-
covery of water, the real price of water was increasing in 18 out
of 19 countries surveyed (Australia being the only exception). In
two thirds of OECD countries, over 90% of single-family homes
are currently metered (OECD 1999).

The concept of full-cost water pricing in the developing
world has been introduced with the support of local communities
in situations where a more reliable service is assured. In Haiti, for
example, shantytown residents with no connection to the water
utility pay 10 times more for water from water vendors (water
trucks) than those who are connected to the private water utility
grid in nearby villages (Constance 1999). Residents connected to
the grid have their water use metered and pay the corresponding
fees.

7.4.3.3 Water Privatization

One of the most controversial trends in today’s globalized econ-
omy is the increasing privatization of some water management
and delivery services. In many countries, due to increasing costs
of maintaining and expanding water networks and overstretched
government budgets, private companies have been invited to take
over some of the management and operations of public water
systems. Private-sector investment in theory results in more fi-
nancing for infrastructure as well as more-efficient operations and
cost recovery, and the hope is that the public will benefit from
a more stable and reliable water delivery system at a reasonable
price.

Opponents to privatizing water services argue that putting pri-
vate companies in charge of water will drive prices to the point
that marginalized groups have no capacity to secure sufficient
water even for their most basic of needs. In addition, because the
profit motive fails to recognize environmental externalities, they
argue that privatization will increase risk to the very ecosystems
that help supply fresh water. The debate on public-private part-
nerships for water management was prominent on the agenda of
the World Water Forum gatherings (in particular, at the 2nd
Forum in The Hague and the 3rd Forum in Kyoto), as well as at
the World Summit on Sustainable Development.
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Despite trends toward privatization, at present over 80% of
the world’s investments in water, sanitation, and hydropower sys-
tems are by publicly owned bodies or international donors (Win-
penny 2003). Therefore, the responsibility for providing water,
over the short to medium term, will remain largely a public enter-
prise. Among industrial countries, there is much variation in the
degree of privatization. In the United States in 2000, private com-
panies provided only 15% of municipal water supply, although in
the nineteenth century they provided nearly 95% (Gleick et al.
2002a). France, in contrast, shows more than half of all residents
currently served by private companies (Gleick et al. 2002a).

In Latin America, Chile has been successful at delivering water
through privatization, and nearly all houses in Santiago have ac-
cess to clean water and sanitation. Despite exchange-rate fluctua-
tions, a foreign company, Suez, has remained the water provider
for Santiago and its region, investing over $1 billion in water
infrastructure. Water in Chile has been priced at rates affordable
by the middle classes, and stamps are given to poor people to
guarantee near-universal access. Conversely, in Argentina, what
looked like a positive trend did not withstand economic troubles.
In 1993 privatization in Buenos Aires increased the share of resi-
dents served with water from 70% to 85%—an increase of 1.6
million people, with a concurrent drop in prices (Peet 2003).
Exchange-rate fluctuations in many developing countries, such as
the currency devaluation in Argentina in 2002, add challenges to
successful implementation of privatization schemes. If the cur-
rency of a country devalues, the price paid for water will be worth
much less, and the foreign firm could pull out of the market,
leaving users without reliable service (Peet 2003).

South Africa is using a different pricing scheme to improve
poor people’s access to water and has made good progress in pro-
viding water to nearly two thirds of those who lacked access in
1994, when apartheid officially ended. Despite the relatively low
cost of water, however, some rural residents opted to consume
free—but contaminated—water from other sources. In February
2000, to improve public health for the poor, the government in-
troduced a scheme to provide households with 6,000 free liters of
water per month, enough to provide 25 liters per person per day,
with charges for additional use.

Privatization can be executed in many ways, depending on
the level of transfer from public to private hands. Full transfer of
ownership and operations of water resource systems so far has
been rare. The majority of cases embody the transfer of certain
operational aspects, such as water delivery, but the ownership of
the water resources usually remains with the state, thereby form-
ing a public-private partnership.

These partnerships have been demonstrated over the last few
years to capture the benefits of privatization without all of the risk
(Blokland et al. 1999). They do not privatize all of the water
assets, but they do give private actors control over some elements
of the water rights, infrastructure, and distribution systems. Yet
public entities typically maintain ownership over some or all of
these systems. Public-private partnerships work best when strong
regulatory controls exist. A typical arrangement in France, for ex-
ample, delegates the operation, maintenance, and development of
public potable water and sanitation to private companies, though
public bodies retain ownership of the system (Barraque et al.
1994; Gleick et al. 2002c).

Experience has shown that a clear legal framework, where
risks are decreased and the cost of capital decreases, would be
necessary to enlist private-sector involvement (Winpenny 2003).
More detailed analysis of privatization as a response option for the
sustainable management of water resources and freshwater ecosys-
tems is presented in Chapter 7 of the MA Policy Responses volume.
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7.4.4 Consequences of Too Much Water: Floods

In addition to water scarcity, the accumulation of too much water
in too little time in a specific area can be devastating to popula-
tions and national economies. (See Chapter 16.) According to the
latest World Disasters Report (IFRC/RCS 2003), on average 140
million people are affected by floods each year, more than all
other natural or technological disasters put together. Between
1990 and 1999, there were over 100,000 people reportedly killed
by floods. The majority of these deaths were in Asia (56,000),
followed by the Americas (35,000), Africa (9,000), and Europe
(3,000) (IFRC/RCS 2000).

In addition to human lives, floods are a costly natural hazard
in monetary terms, with more than $244 billion damage from
1990 to 1999, the most of any single class of natural hazard
(IFRC/RCS 2000). Although this arises from potential changes
in climate variability and extreme weather, humans also play an
important role, settling and expanding into vulnerable areas
(Kunkel et al. 1999; van der Wink et al. 1998).

While catastrophic flooding has negatively affected society for
thousands of years, naturally occurring floods also provide benefits
to humans through maintenance of ecosystem functioning such as
sediment and nutrient inputs to renew soil fertility in floodplains,
providing floodwaters to fish spawning and breeding sites and
helping to define the dynamics to which coastal ecosystems are
adapted. Although floods are primarily natural events, human ac-
tivity influences their frequency and severity. By converting natu-
ral landscapes to urban centers, deforesting hillsides, and draining
wetlands, humans reduce the capacity of ecosystems and soils to
absorb excess water and to evaporate or transpire water back into
the atmosphere, creating conditions that promote increased run-
off and flooding.

There are, then, potentially costly consequences of upstream
anthropogenic activities on hydrological function that place
downstream populations at risk, sometimes affecting other na-
tions, as in the case of more than 250 international river basins
(Wolf et al. 1999). Douglas et al. (2005) reported on a simulation
study suggesting that, in aggregate, a 32% conversion of forests to
agriculture across the pan-tropics has led to a mean increase in
annual basin yields of approximately 10%, with a concomitant rise
in seasonal high flows. More than 800 million people live along
floodplains in river basins containing some amount of tropical
forest, and if the most threatened of the existing forests are con-
verted to agriculture in the future, approximately 80 million of
them could be at risk from the hydrologic impacts associated with
these land conversions. Costa et al. (2003) present empirical evi-
dence that large-scale savanna clearance in the Tocantins basin in
Brazil (175,000 square kilometers) has been associated with in-
creases of 24% in mean annual and 28% in wet season flows, inde-
pendent of climate variations.

Nevertheless, there is some agreement that the most cata-
strophic floods in large basins result from storms so large and per-
sistent that peak flows are unaffected by land cover (Calder 1999;
Bruijnzeel 2004). Further, the proclivities of particular regions to
landslides, soil erosion, and debris flows, as in the Himalayas, con-
stitute the dominant source of risk (Gilmour et al. 1987; Hamilton
1987; Gardner 2002). Thus the costs and benefits of designing
interventions to mitigate floods have their limits, and there may
be little opportunity to escape potential vulnerabilities to flood-
ing, given current patterns of human settlement in high-risk areas.

These findings should not suggest abandonment of good land
stewardship, which yields fundamental benefits in sustaining eco-
system services. But they do argue for clearly identifying the
source areas of hazard and designing response strategies to protect
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life and property. Even when specific and well-established policy
goals for watershed protection are formulated, stakeholder inter-
ests and sustainable funding issues add to the challenge of designing
effective upstream-downstream management strategies (Pagiola
2002).

Further information on the impact of natural hazards, includ-
ing floods, on human well-being can be found in Chapter 16.

7.4.5 Consequences of Poor Water Quality on
Human Health

Water is an essential resource for sustaining human health, and
there is a basic per capita daily water requirement of 20 to 40
liters of water free from harmful contaminants and pathogens for
the purposes of drinking and sanitation, which rises to 50 liters
when bathing and kitchen needs are considered (Gleick 1996,
1998, 1999). Yet billions of people lack the services to meet this
need, as documented earlier. Water-related diseases include four
major classes: waterborne, water-washed, water-based, and
water-related vector-borne infections (Bradley 1977). Threats to
health also arise from chemical pollution.

7.4.5.1 Water-Related Diseases

As a whole, water-related diseases are a leading cause of morbidity
and mortality in many parts of the developing world, with esti-
mates ranging from 2 million to 12 million deaths per year (Gleick
2002), although monitoring and reporting remain poor in many
countries. (See Table 7.10.) UN/WWAP (2003) reports 3.2 mil-
lion deaths each year from water-related infectious disease, or
about 6% of all deaths. The lack of access to safe water and to
basic sanitary conditions also translates into the annual loss of 1.7
million lives and at least 50 million disability-adjusted life years.
(The DALY is a summary measure of population health, calcu-
lated as the sum of years lost due to premature mortality and the
healthy years lost due to disability for incident cases of the ill
health condition. The DALY is not only an effectiveness indicator

Table 7.10. Selected Water-Related Diseases. Approximate yearly number of cases, mortality, and disability-adjusted life years. The DALY
is a summary measure of population health, calculated as the sum of years lost due to premature mortality and the healthy years lost due to
disability for incident cases of the ill-health condition. (WHO 2001, 2004)

Disease Number of Cases
Disability- Adjusted 

Life Years
Estimated
Mortality Relationship to Freshwater Services

(thousand DALYs) (thousand)

Diarrhea 4 billion 55,000a 1,700a water contaminated by human feces

Malaria 300–500 million 46,500 1,300 transmitted by Anopheles mosquitoes

Schistosomiasis 200 million 1,700 15 transmitted by aquatic mollusks

Dengue and dengue 
hemorrhagic fever

50–100 million dengue;
500,000 DHF

616 19 transmitted by Aedes mosquitoes

Onchocerciasis 
(river blindness)

18 million 484 0 transmitted by black fly

Typhoid and 
paratyphoid fevers

17 million contaminated water, food; flooding

Trachoma 150 million, 6 million blind 2,300 0 lack of basic hygiene

Cholera 140,000–184,000b 5–28b water and food contaminated by human feces

Dracunculiasis 
(Guinea worm disease)

96,000 contaminated water

a Specifically attributable to unsafe water, sanitation, and hygiene from WHO (2002).
b The upper part of the range refers specifically to 2001 as reported in UN/WWAP 2003.
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in the economic evaluation of different intervention options but
also a reflection of the impact of ill health on the income-generating
capacity of the poor.)

The first three categories of water-related diseases are most
clearly associated with lack of access to improved sources of
drinking water, and in turn to ecosystem condition. Improved
sanitation through the safe disposal of human waste is a major
development objective that improves the health of those served
directly by separating drinking water from wastewater. In devel-
oping countries, however, 90–95% of all sewage and 70% of in-
dustrial wastes are dumped untreated into surface waters (UNFPA
2001), placing both downstream populations as well as ecosystem
functions at risk. (See Chapter 15.) The fourth category of water-
related disease is associated with ecological conditions that favor
disease vector breeding. These may be natural (such as those sup-
porting malaria transmission by Anopheles gambiae mosquito across
large parts of Africa south of the Sahara) or anthropogenic,
through improperly planned irrigation systems, dams, and urban
water systems. (See Chapter 14.)

Waterborne diseases are caused by consumption of water con-
taminated by human or animal waste and containing pathogenic
parasites, bacteria, or viruses. They include the diverse group of
diarrheal diseases as well as cholera, typhoid, and amoebic dysen-
tery. These diseases occur where there is a lack of access to safe
drinking water for basic hygiene, and most could be prevented by
treating water before use. The World Health Organization esti-
mates that there are 4 billion cases of diarrhea each year in addi-
tion to millions of other cases of illness associated with lack of
access to safe water (WHO/UNICEF 2000). This translates into
1.7 million deaths per year, mostly among children under the age
of five (WHO 2004). Morbidity and mortality from microbial
contamination are orders of magnitude greater in developing
countries than in the industrial world.

Water-washed diseases are caused by poor personal hygiene
and skin or eye contact with contaminated water; their incidence
is associated with the lack of access to basic sanitation and suffi-
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cient water for effective hygiene (Bradley 1977; Gleick 2002; Jen-
sen et al. 2004). These include scabies, trachoma, and flea, lice,
and tick-borne diseases. Trachoma alone is estimated to cause
blindness in 6 million people (WHO/UNICEF 2000). In addi-
tion, the transmission of intestinal helminths (Ascaris, Trichuris,
and hookworm) is linked to a lack of sanitation facilities and is
estimated to account for a global annual loss of over 2 million
DALYs.

Water-based diseases are those caused by aquatic organisms
that spend part of their life cycle in the water and another part as
parasites of animals. As parasites, they usually take the form of
worms, using intermediate animal vectors such as snails to thrive,
and then directly infecting humans either by boring through the
skin or by being swallowed. They include Guinea worm infec-
tion, schistosomiasis (bilharzia), and a few other helminths (certain
liver flukes of local importance in Southeast Asia, for instance,
such as Opisthorchis viverrini) that infect humans through either
direct contact with contaminated water or the consumption of
uncooked aquatic organisms.

Although these diseases are not usually fatal, they prevent peo-
ple from living normal lives and impair their ability to work. For
instance, 200 million people worldwide are infected with schisto-
somiasis, of which 20 million suffer severe consequences, with an
estimated global annual burden of 1.7 million DALYs (WHO
2004). The prevalence of water-based diseases often increases
where dams are constructed, because stagnant water is the pre-
ferred habitat for aquatic snails, their most important intermediary
hosts. For instance, the Akosombo Dam in Ghana, the Aswan
High Dam on the Nile in Egypt, and the Diamma Dam at the
mouth of the Senegal river have resulted in huge increases of local
schistosomiasis prevalence. (See also Chapter 14.)

Water-related vector-borne diseases are caused by parasites
that require a vector (such as insects) to develop and transmit the
disease to humans. For example, Anopheles mosquitoes are the
vectors for a protozoan parasite (Plasmodium) that causes malaria.
These diseases are strongly ecosystem-linked, in contrast to the
other three categories of water-related diseases, where water qual-
ity (and to some extent quantity) is the key determinant. Their
distribution reflects the distribution of ecosystems suited to the
propagation of the vectors.

Vector species, moreover, are highly diverse, so that detailed
ecological requirements differ over wide ranges. Anopheline
mosquitoes—vectors of malaria (1.3 million deaths a year and an
annual burden of over 46 million DALYs), for example—breed in
different types of freshwater ecosystems and brackish water coastal
lagoons. Aedes, vectors of dengue and yellow fever, originally
breeding in leaf axils of bromeliads, are cosmopolitan in human
settlement areas, where they breed in small water pools. Urban
filariasis vectors (Culex ssp.) breed in organically polluted water.
And the blackfly vectors of onchocerciasis breed in oxygenated
waters of rapids.

These vector-borne diseases are not typically associated with
lack of access to safe drinking water but rather with water man-
agement practices in tropical and sub-tropical regions of the
world. Several parasitic diseases endemic of tropical regions, such
as Rift Valley Fever and Japanese encephalitis, spread easily with
the presence of reservoirs, irrigation ditches and canals, and rice
fields (WCD 2000). (See Chapter 14.) In all, more than 30 dis-
eases have been linked to irrigation and paddy agriculture (WRI
et al. 1998). Consequently, improved water management, drain-
age, and storage practices can help reduce the transmission risk,
particularly in areas where anthropogenic conditions have led to
the introduction of these diseases.
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7.4.5.2 Chemical Pollution

Another set of diseases affecting industrial and developing nations
alike arises in response to chemical pollution of water by heavy
metals, toxic substances, and long-lived synthetic compounds.
While evidence of the long-term impacts of chemical pollution
can be detected even in the remote Arctic (AMAP 2002), the
impacts on poor populations in developing countries are difficult
to identify, given the lack of reliable and comprehensive records.
However, exposure to chemical agents in water has been related
to a range of chronic diseases, including cancer, lung damage,
and birth defects. Many such diseases develop over several years,
making the links between cause and effect difficult to establish.
On a global scale, the burden of disease from chemical pollution
is much lower than from microbial contamination and parasitic
diseases, but in some highly polluted regions these risks can be
substantial (WRI et al. 1998). Exposure to chemical pollutants
can also compromise the immune system, rendering people more
susceptible to microbial and viral infections. The cumulative and
synergetic effects of long-term exposure to a variety of chemicals,
especially at low concentrations, cannot be well quantified at
present.

Naturally occurring inorganic pollutants constitute a class of
chemical pollution with serious long-term health effects. Arsenic,
which occurs naturally in some soils, for example, can become
toxic when exposed to the atmosphere, as seen in areas with high
water abstraction from underground aquifers (WRI et al. 1998).
Arsenicosis is the result of arsenic poisoning from drinking arsenic-
rich water over long periods of time and is a great concern in
many countries, including Argentina, Bangladesh, China, India,
Mexico, Thailand, and the United States (Bonvallot 2003). WHO
estimated in 2001 that in Bangladesh alone, 35–77 million peo-
ple—close to half the population—were exposed to drinking
water from deep wells contaminated with high levels of arsenic
(5–50 times the limit of 0.01 milligrams per liter recommended
by WHO) (Bonvallot 2003). Arsenic is a carcinogen linked to
skin, lung, and kidney cancer, although these diseases can go un-
detected for decades (WRI et al. 1998). In other parts of the
world, high fluoride concentrations in drinking water have re-
sulted in long-term effects that weaken the skeleton.

Chronic effects also arise from anthropogenic pollutants such
as discharge from mining operations, pesticide runoff, and indus-
trial sources. Long-term lead poisoning from old water pipes, for
example, can cause significant neurological impairment (WRI et
al. 1998). Mercury contamination can also originate from indus-
trial discharge and runoff from mining activities, accumulating in
animal tissue, particularly fish (WCD 2000).

Nutrient runoff is another concern from the standpoint of
human health, especially in light of pandemic increase in loadings
to inland water ecosystems, for example, of nitrogen (described
earlier; see also Chapters 12 and 20). Although there is no global
assessment of how many water bodies exceed the WHO guide-
lines on nitrate levels, most countries report that nitrates are one
of the most common contaminants found in drinking water
(WRI et al. 1998). Coastal and inland waters in regions with high
levels of eutrophication have been observed to often propagate
toxic algal blooms (toxic cyanobacteria) that can cause chronic
disease. (See Chapter 19.) In China, for instance, the presence of
cyanobacterial toxins in drinking water has been associated with
elevated levels of liver cancer (WCD 2000). Excess nitrate in
drinking water has also been linked to methaemoglobin anemia
in infants, the ‘‘blue baby’’ syndrome (WRI et al. 1998).

Discharge from aquaculture facilities can also be loaded with
pollutants, including high levels of nutrients from uneaten fish
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feed and fish waste, antibiotic drugs, and other chemicals, includ-
ing disinfectants such as chlorine and formaline, antifoulants such
as tributyltin, and inorganic fertilizers such as ammonium phos-
phate and urea (GESAMP 1997). These chemicals can signifi-
cantly degrade the surrounding environment, particularly local
waterways (GLFC 1999). The use of antibiotics and other syn-
thetic drugs in aquaculture can also have serious health effects on
people and ecosystems more broadly. The antibiotic chloram-
phenicol, for example, can cause human aplastic anaemia, a seri-
ous blood disorder that is usually fatal. While many countries have
banned the use of chloramphenicol in food production, the level
of enforcement varies considerably (GESAMP 1997; Health Can-
ada 2004). A further risk from antibiotic use is the spread of anti-
biotic resistance in both human and fish pathogens. The U.S.
Center for Disease Control and Prevention reported that certain
antibiotic resistance genes in Salmonella might have emerged fol-
lowing antibiotic use in Asian aquaculture (Angulo 1999 as cited
in Goldburg et al. 2001).

There is also evidence from studies on wildlife that humans
may be at risk from persistent organic pollutants and residual ma-
terial that has the ability to mimic or block the natural functioning
of hormones, interfering with natural physiological processes, in-
cluding normal sexual development (WRI et al. 1998). Certain
chemicals such as PCBs, DDT, dioxins, and at least 80 pesticides
are regarded as ‘‘endocrine disrupters,’’ chemicals that may inter-
fere with normal human physiology, undermining disease resis-
tance and affecting reproductive health (WRI et al. 1998).

Finally, pharmaceutical products excreted by livestock or hu-
mans comprise a set of ‘‘emerging contaminants,’’ whose impacts
on human well-being, ecosystems, and species are not yet under-
stood. These contaminants are hard to detect with current tech-
nologies, but their impact on wildlife are already observed in
some parts of the world. In the United States, the first nationwide
survey conducted in 1999 and 2000 found hormones in 37% of
the streams surveyed and caffeine in more than half (Kolpin et al.
2002). Just recently, 42% of the sampled male bass in a relatively
pristine stretch of the Potomac River in the United States were
found to be producing eggs. The exact cause is still unknown, but
it is hypothesized that it could be caused by chicken estrogen left
over in poultry manure or perhaps human hormones discharged
into the river with processed sewage.

7.4.5.3 Sanitation and Provision of Clean Water: Challenges for
the Twenty-first Century

Providing ‘‘improved’’ clean water supply and sanitation to large
parts of the human population remains a challenge (WHO/UNI-
CEF 2004; United Nations Statistics Division 2004). (See Box 7.5
for definitions of improvement.) The most recently completed
and comprehensive assessment of improved water and sanitation
(WHO/UNICEF 2004) concluded that 1.1 billion people around
the world still lack access to improved water supply and more
than 2.6 billion lack access to improved sanitation, with strong
geographic variations. (See Table 7.11 and Figures 7.13 and 7.14
in Appendix A.) Asia contains two thirds of all people who lack
access to improved drinking water and three quarters of those
who lack access to improved sanitation. Africa is next most prom-
inent in terms of numbers still awaiting improvements in supply
and sanitation. Other continents show much smaller numbers but
may have relatively low rates of service, as in Oceania, with less
than 50% served for both supply and sanitation.

There has been progressive improvement in the provision of
sanitation since 1990 (see Table 7.12), recently prompted by the
ambitious target for sanitation of the MDG environmental sus-
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BOX 7.5

Defining Improved Water Supply and Sanitation

‘‘Improved’’ water supply includes household connections, public
standpipes, boreholes, protected dug wells, protected springs, and
rainwater harvesting systems, but it does not include protected rivers or
ponds, unprotected wells or springs, and unmonitored vendor-provided
water (bottled water is not considered improved due to quantity limits
arising from its high expense).

‘‘Improved’’ sanitation technologies include connections to a public
sewer, connections to a septic system, pour-flush latrines, simple pit
latrines, and ventilated improved pit latrines. Excreta disposal systems
are considered adequate if they are private or shared (but not public)
and if they hygienically separate human excreta from human contact.
‘‘Not improved’’ sanitation systems are service or bucket latrines
(where excreta are manually removed), public latrines, or open pit la-
trines.

tainability goal—namely, to halve by 2015 the proportion of peo-
ple lacking such service in 1990. Worldwide, the goal was set to
move coverage from 49% to 75%, and progress is nearly on track
with the interim target for 2002 of 62% nearly attained. Of the
nine regions analyzed, however, only four are on track or nearly,
while five are behind schedule. The greatest challenge remains
sub-Saharan Africa, which met only 4% of a targeted 17% im-
provement by 2002. Western Asia and Eurasia are less off their
targets but have not moved forward. Overall, improvements in
sanitation in rural areas have been significantly less than in urban
areas, and there has even been a decline in the provision of sanita-
tion in rural areas of Oceania and the former Soviet Union
(WHO/UNICEF 2004).

The rapid and disorganized growth in cities and peri-urban
areas in developing countries is likely to hinder progress toward
improved water delivery and sanitation systems. In 2000 alone,
16 cities around the world became megacities, with more than 10
million inhabitants each, housing 4% of the world’s population
(United Nations 2002). Most of these megacities fall within re-
gions already suffering from water stress (UN/WWAP 2003). In
Africa, Asia, and Latin America, 25–50% of the population live in
informal or illegal settlements around urban centers where no
public services and no effective regulation of pollution and eco-
system degradation are available (UN-HABITAT 2003). Half of
the urban population in Africa, Asia, and Latin America and the
Caribbean suffers from one or more diseases associated with inad-
equate water and sanitation (UN/WWAP 2003).

Even if government or municipal authorities were inclined to
expand water and sanitation services to informal urban settle-
ments, the lack of formal land ownership, plot designation, and
infrastructure make this very difficult and unlikely. In many coun-
tries, water and sanitation authorities are only allowed to provide
services and connect households to the water grid if proof of land-
ownership is provided (UN-HABITAT 2003). These problems
are in addition to the basic inability of slum dwellers to pay for
connection charges and monthly fees without subsidies. With
urban populations expected to encompass 80% of the world’s
population by 2030 (UNPD 1999), the supply of water and sani-
tation to city dwellers is set to become one of the greatest chal-
lenges to development.

7.5 Trade-offs in the Contemporary Use of
Freshwater Resources
This chapter has provided an assessment of the recent history and
contemporary state of global freshwater provisioning services. It
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Table 7.11. Access to Clean Water and Sanitation (WHO/UNICEF 2004)

Geographic Regiona

Population Unserved 
by Improved Drinking 

Water Supply 
Unserved by Clean

Drinking Water Supply 
Population Unserved by

Improved Sanitation 
Unserved by 

Improved Sanitation

(million) (percent of region’s population) (million) (percent of region’s population)

Africa
North
Sub-Saharan

14
288

10
42

40
438

27
64

Asia
Western
South
Southeast
Eastern

22
237
112
302

12
16
21
22

39
933
209
756

21
63
39
55

Latin America and 
the Caribbean 

59 11 134 25

Eurasia 20 7 48 17

Oceania 4 48 4 45

World Total 1,060 17 2,600 42
a According to WHO/UNICEF definition; does not correspond fully to MA reporting units.

Table 7.12. Regional Progress toward the MDG Sanitation Goal (WHO/UNICEF 2004)

Geographic Region a Coverage in 1990 Coverage in 2002 
Coverage Needed in 2002

to Remain on Track 
Coverage Needed by 2015

to Achieve MDG Target 
(percent)

Regions on track
Eastern Asia
Southeast Asia

24
48

45
61

43
61

62
74

Regions nearly on track
North Africa
Latin America and the Caribbean

65
69

73
75

74
77

82
84

Regions not on track
South Asia
Sub-Saharan Africa 
West Asia
Eurasia
Oceania

20
32
79
84
58

37
36
79
83
55

40
49
84
88
68

60
66
90
92
79

World Total 49 58 62 75

a According to WHO/UNICEF definition; does not correspond fully to MA reporting units.

has documented a growing dependence of human well-being on
fresh water, which in turn has promoted a variety of engineering
strategies aimed at delivering reliable freshwater supplies. So ef-
fective has been the ability of water management to influence the
state of this resource that anthropogenic impacts are now evident
across the global water cycle. Much of the human influence is
negative due to overuse and poor management, which has re-
sulted in human-induced water scarcity, widespread pollution,
and habitat and biodiversity loss. The capacity of ecosystems to
sustain freshwater provisioning services thus has been greatly
compromised throughout much of the world and may continue
to remain so if historic patterns of managed use persist.

Sector-specific decisions often drive the nature of human inter-
actions with water, with often unintended or purposefully ignored
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externalities on ecosystems. There is no shortage of examples. Flow
stabilization optimizing hydroelectricity can severely fragment and
degrade aquatic habitats and lead to losses of economically important
fisheries. Industrial development with poor effluent management
can result in severe pollution, leading to the loss of aquatic ecosystem
function and biodiversity. Connecting urban dwellers to water sup-
ply and sewerage systems without due attention to water treatment,
as has been commonplace, results in the release of toxic compounds
and waterborne diseases that affect downstream water users. In arid
and semiarid regions, decisions to promote national food self-
sufficiency can translate into great risk to downstream populations
and costly infrastructure, as rivers that normally carry water and
sediments nourishing coastal lands and floodplains are diverted
onto croplands or stabilized behind dams.
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Trade-offs are thus an unavoidable component of human-
freshwater interactions. Trade-offs are also inevitable in meeting
Millennium Development Goals and other international commit-
ments. To demonstrate this, a heuristic analysis is presented here
to explore how emphasis on a particular objective could influence
the capacity to attain others. The analysis uses the contemporary
setting as its starting point, which is then tracked with respect to
the impact of five specific interventions. These correspond directly
to major objectives embodied in the Kyoto Protocol (carbon mit-
igation), the MDGs (poverty alleviation, hunger reduction, im-
proved water services), and the Conventions on Biological
Diversity and Wetlands (pragmatic ecosystem maintenance ap-
plied to inland and coastal ecosystems).

A non-intervention case (current trends) is also considered,
analyzing the implications of allowing contemporary trends to
continue. A time frame of approximately 10–15 years is consid-
ered, allowing sufficient time for general patterns to emerge. This
time frame also is associated with the first targets of the MDGs.

The interventions and their impacts are specifically viewed
through the lens of freshwater services and ecosystem mainte-
nance. Thus, for carbon mitigation the positive impacts of ex-
panding hydropower to reduce carbon emissions are considered,
together with the negative impacts of flow fragmentation that
compromises the normal functions of inland freshwater and
coastal ecosystems. To maximize relevancy to the international
development agenda, the findings refer to poor countries alone.
The interventions and key results are summarized in Table 7.13
and Figure 7.15. In each case the contemporary baseline is the
starting point, given by the intermediate of three circles. Im-
provement is depicted by movement outward to the larger circle.
Declining condition is represented by a move inward, and no
appreciable change settles on the middle curve.

It is important to note that these experiments are not predic-
tions but instead are thematic devices to demonstrate broad-scale
effects that can be supported by findings in this chapter. Although
the details could be argued legitimately one way or another, it is
the basic character of the response that is sought. Furthermore, as
will become apparent, it is the behavior of the full set of experi-
ments rather than individual cases that becomes most instructive.

Current Trends in Figure 7.15 is the first case, representing no
meaningful change in the pace at which human development is
attained or interventions are made to reverse ongoing threats to
ecosystem services. This scenario shows direct beneficiary effects
on human well-being but also sustained and substantial declines
in the condition of aquatic ecosystems. On the positive side, there
is some alleviation of hunger through increased food production
that relies on expanded irrigation and use of agrochemicals; con-
tinued improvement to health by way of drinking water and sani-
tation access; some progress toward reducing poverty; and an
expansion of hydropower, which in some parts of the developing
world (such as South America) is already an important source of
energy, with some beneficiary effects on carbon mitigation.

At the same time, aquatic ecosystems and their biodiversity
will be increasingly degraded in this scenario due to the combined
forces of industrial, agricultural, and domestic sources of pollu-
tion, hydropower with associated flow fragmentation, and habitat
destruction. Lack of environmental regulation and enforcement
exacerbates the trend. Reduced and highly regulated water flows
in rivers continue to decrease the transport of water and sediment
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to estuaries and coastal wetlands. Food provisioning services, in
terms of natural inland and coastal fisheries, are in decline, and
freshwater provisioning will continue to be placed in jeopardy by
the dual threats of overuse and pollution.

Major supporting and regulating services also continue their
decline due to loss of ecosystem function across both inland
aquatic systems and their linked terrestrial ecosystems. Particularly
relevant to fresh water are losses in flood control (from poor land
management, erosion, loss of wetlands), in self-purification po-
tential of waterways (from chronic and acute land-based sources
of pollution), and in protection of human health (from inappro-
priate waste disposal). The links between ecosystem services and
human well-being mean that these losses of natural services could
ultimately compromise the attainment of important development
goals.

While the value of controlling greenhouse gases or instituting
the MDGs is almost universally accepted, results in Table 7.13 and
Figure 7.15 suggest that pursuing each objective in isolation of
other development goals or environmentally sound management
principles will be counterproductive. Interventions in accordance
with strategies being promoted through the Conventions on Bio-
logical Diversity and Wetlands, which stress protection and wise
use of ecosystems and their services for sustainable development,
yield several positive effects on human well-being. These im-
provements arise from a purposeful strategy of integrated environ-
mental management, which links environmental stewardship
directly to poverty alleviation, food security, and clean water tar-
gets (CBD 2004; Ramsar Convention 2004).

There is a growing recognition that maintaining biodiversity
and ecosystem integrity will require compromise and trade-offs.
A good example is the critical choice between providing water
for crop production or for healthy rivers and wetlands. In areas
where irrigation and storage reservoirs are upstream of sensitive
ecosystems, both livelihoods and environmental integrity can be
at stake. One possible strategy to accommodate potential losses in
food production and income is by managing basin-wide improve-
ments in water productivity for agriculture through new crop
breeding, innovative technologies, and water reuse strategies
(Molden 2003), all saving water and reducing the need for irriga-
tion and flow stabilization.

While only qualitative in nature, these findings clearly dem-
onstrate the consequences of optimizing one development goal or
conservation objective over others. This assessment indicates that
there would be substantial inconsistencies in the major develop-
ment and sustainability strategies should they not become better
integrated. The impacts of these conflicts on freshwater provi-
sioning services and ecosystem functioning are likely to compro-
mise the sought-after progress inherent in these same international
commitments. The conjunction of several incongruous objectives
will further exacerbate the deterioration of inland and coastal sys-
tems documented in Chapters 19 and 20.

It is very certain that the condition of inland waters and coastal
ecosystems has been compromised by the conventional sectoral
approach to water management, which, if continued, will con-
strain progress to enhance human well-being. In contrast, the
ecosystem approach, as adopted by CBD, Ramsar, FAO, and oth-
ers, shows promise for improving the future condition of water
provisioning services, specifically by balancing the objectives of
economic development, ecosystem needs, and human well-being.
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Table 7.13. Major Objectives Optimized in Experiments to Discern the Compatibility of Development Goals and International
Conventions. These objectives are considered in the context of freshwater provisioning services and protection of inland and coastal waters.
General categories of responses are given, as depicted in Figure 7.13. Positive, intermediate, and negative effects are relative to contemporary
condition. A time horizon of 10–15 years is considered.

Sectoral
Intervention

Relevant
International
Commitment Positive Effects 

Intermediate or
Small Effects Negative Effects

Current trends
(non-intervention)

some progress toward carbon mitigation,
poverty reduction, hunger alleviation, and
access to water services

persistent decline in health of
inland and coastal ecosystems
and their services (provisioning,
regulating, supporting) 

Carbon mitigation Kyoto Protocol reduced CO2 emissions through
increased reliance on hydropower
assumed to override reservoir res-
piration and methane emission;
progress on hunger reduction,
water services, poverty reduction
as under current trends

water storage for irrigation yields some
reservoir fisheries for food; urban benefits
of hydroelectricity; rural poverty alleviation
effects small in relation to current trends

waterborne disease increases in
tropical regions; dams fragment
habitat and modify fluxes of con-
stituents and water through
inland waterways; loss of inland
fisheries; erosion, nutrient imbal-
ance in coastal systems due to
upstream reservoir trapping

Hunger reduction MDG 1, 
Target 2

major beneficial effects on nutri-
tion 

well-fed populations show increased health
benefits and poverty reduction; consump-
tive losses from expanded irrigation mean
less water for hydroelectricity; little effect
on improved water/sanitation

expanded irrigation and
impoundment storage means
less available water for inland
and coastal ecosystems

Improved water
services (access 
to clean water and
sanitation)

MDG 7, 
Target 10

improved health; increased pro-
ductivity of labor reduces poverty

similar water quality as under current
trends if waste treatment assumed (not the
norm); no impact on carbon mitigation or
hunger alleviation assumed

inland and coastal pollution from
sewage, assuming no treatment

Poverty alleviation MDG 1, 
Target 1

rising standards of living;
increased availability of hydropow-
er with benefits for carbon mitiga-
tion; increased food demands and
availability

increased access to water services leads
to improved health for those served; effect
mitigated by increased pollution and water-
related diseases for remaining poor

strong impacts on natural
ecosystems from agricultural
pollution; water diversions for
crops and industrial production;
river fragmentation from dams

Pragmatic ecosys-
tem maintenance 
(inland and coastal
wetlands)

Convention on
Biological
Diversity,
Convention on
Wetlands
(Ramsar)

integrated management leads to
protection of inland/coastal
ecosystems with improved fresh-
water provision (quantity and 
quality)

land management improves carbon mitiga-
tion and crop productivity; food sources
from aquatic systems; stable water sup-
plies allow for some high-productivity irri-
gation and well-managed reservoirs (for C
mitigation as well); improved water quality
leads to better health; aggregate benefit
from all factors reduces poverty

no single objective met fully;
compromises among stakehold-
ers inherent in such a multiob-
jective framework

PAGE 200................. 11432$ $CH7 10-11-05 14:55:45 PS



201Fresh Water

Figure 7.15. Trade-off Analysis, Depicting Major Interventions and Consequences on Condition of Ecosystems and Development
Goals. Note that in the absence of integrated sustainable development and environmental protection plans, current trends and development-
related interventions may compromise ecosystem functioning. Better balanced effects are noted by instituting strategies guiding the Conven-
tion on Biological Diversity and Convention on Wetlands (Ramsar). An approach balancing ecosystem protection and economic development
could yield an aggregate net benefit to the entire suite of objectives. The contemporary starting point is the middle circle. Movement toward
the outside circle indicates improvement while movement inward depicts negative trends. See text and Table 7.13 for further interpretation.
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Döll, P., F. Kaspar, and B. Lehner, 2003: A global hydrological model for deriv-
ing water availability indicators: Model tuning and validation, Journal of Hy-
drology, 270, pp. 105–34.

Douglas, E.M., R.M. Vogel, and C.N. Kroll, 2000: Trends in floods and low
flows in the U.S.: Impact of spatial correlation, Journal of Hydrology, 240, pp.
90–105.

Douglas, E.M., K. Sebastian, C.J. Vörösmarty, and S. Wood, 2005: The role of
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Main Messages

Biodiversity, including the number, abundance, and composition of geno-
types, populations, species, functional types, communities, and land-
scape units, strongly influences the provision of ecosystem services and
therefore human well-being (high certainty). Processes frequently affected
by changes in biodiversity include pollination, seed dispersal, climate regula-
tion, carbon sequestration, agricultural pest and disease control, and human
health regulation. Also, by affecting ecosystem processes such as primary
production, nutrient and water cycling, and soil formation and retention, biodiv-
ersity indirectly supports the production of food, fiber, potable water, shelter,
and medicines.

Species composition is often more important than the number of species
in affecting ecosystem processes (high certainty). Thus, conserving or re-
storing the composition of communities, rather than simply maximizing species
numbers, is critical to maintaining ecosystem services. Changes in species
composition can occur directly by species introductions or removals, or indi-
rectly by altered resource supply due to abiotic drivers (such as climate) or
human drivers (such as irrigation, eutrophication, or pesticides).

Although a reduction in the number of species may initially have small
effects, even minor losses may reduce the capacity of ecosystems for
adjustment to changing environments (medium certainty). Therefore, a
large number of resident species, including those that are rare, may act as
‘‘insurance’’ that buffers ecosystem processes in the face of changes in the
physical and biological environment (such as changes in precipitation, temper-
ature, or pathogens).

Productivity, nutrient retention, and resistance to invasions and diseases
tend to increase with increasing species number in experimental ecosys-
tems that have been reduced to a small number of species (10 or fewer).
This is known with high certainty for experimental herbaceous ecosystems and
with low certainty for natural ecosystems, especially those dominated by long-
lived species. In natural ecosystems these direct effects of biodiversity loss
may often be masked by other environmental changes that are caused by the
factors that resulted in the loss of biodiversity (such as eutrophication or cli-
mate change). Nevertheless, human activities that cause severe reductions in
species number can directly impair these ecosystem services.

Preserving interactions among species is critical for maintaining long-
term production of food and fiber on land and in the sea (high certainty).
The production of food and fiber depends on the ability of the organisms in-
volved to successfully complete their life cycles. For most plant species, this
requires interactions with pollinators, seed disseminators, herbivores, or sym-
bionts. Therefore, land use practices that disrupt these interactions will have a
negative impact on these ecosystem services.

Intended or accidental changes in the composition of ecological commu-
nities can lead to disproportionately large, irreversible, and often nega-
tive alterations of ecosystem processes, causing large monetary and
cultural losses (high certainty). In addition to direct interactions, the mainte-
nance of ecosystem processes depends on indirect interactions, whose disrup-
tion can lead to unexpected consequences. These consequences can occur
very quickly; for example, in a wide range of terrestrial, marine, and freshwater
ecosystems, the introduction of exotic species by humans has altered local
community interactions. Alternatively, these consequences may be manifest
only after a long time. For example, the intraspecific genetic diversity of certain
plant species decreases when the populations of their animal pollinators or
dispersers are reduced.
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Invasion by exotic species, facilitated by global trade, is a major threat
to the biotic integrity of communities and the functioning of ecosystems.
Empirical evidence suggests that areas of high species richness (such as hot
spots) are more susceptible to invasion than species-poor areas. On the other
hand, within a given habitat the preservation of its natural species pool appears
to decrease its susceptibility to invasions. On the basis of our present theoreti-
cal knowledge, however, we still cannot predict with accuracy whether a cer-
tain organism will become a serious invader in a given ecosystem.

The extinction of local populations, or their reduction to the point that
they become functionally extinct, can have dramatic consequences in
terms of regulating and supporting ecosystem services. Local extinctions
have received little attention compared with global extinctions, despite the fact
that the former may have more dramatic ecosystem consequences than the
latter. Before becoming extinct, species become rare and their ranges contract.
Therefore their influence on ecosystem processes decreases, even if local
populations persist for a long time, well before the species becomes globally
extinct. We do not have sufficient knowledge to predict all the consequences
of these local extinctions. However, because they tend to be biased toward
particular organisms that depend on prevailing land uses and types, rather
than occurring at random, we can anticipate some of the most obvious impacts.

The properties of species are more important than species number in
influencing climate regulation (medium certainty). Climate regulation is in-
fluenced by species properties via effects on sequestration of carbon, fire re-
gime, and water and energy exchange. The traits of dominant plant species,
such as size and leaf area, and the spatial arrangement of landscape units are
particularly important in climate regulation. The functional characteristics of
dominant species are thus a key element determining the success of mitigation
practices such as afforestation, reforestation, slowed-down deforestation, and
biofuel plantations.

The diversity of landscape units also influences ecosystem services (high
certainty). The spatial arrangement of habitat loss, in addition to its amount,
determines the effects of habitat loss on ecosystem services. This is because
the effects of habitat loss on remaining habitat fragments are greater on the
edges than in their cores. Thus, fragmentation of habitat has disproportionately
large effects on ecosystem services. These effects are best documented in the
case of carbon sequestration and pollination in the tropics.

Maintenance of genetic and species diversity and of spatial heterogeneity
in low-input agricultural systems reduces the risk of crop failure in a
variable environment and reduces the potential impacts of pests and
pathogens (high to medium certainty). Agroforestry systems, crop rotations,
intercropping, and conservation tillage provide opportunities to protect crops
and animals from pests and diseases while maintaining yields without heavy
investment in artificial chemicals.

Global change drivers that affect biodiversity indirectly also affect bio-
diversity-dependent ecosystem processes and services. Among these
global change drivers, a major threat to biodiversity-dependent human well-
being is large-scale land use change, especially the intensification and extensi-
fication associated with large-scale industrial agriculture (high certainty). This
threat is most obvious for those human groups that are already vulnerable
because their livelihoods rely strongly on the use of natural and seminatural
ecosystems. These include subsistence farmers, the rural poor, and traditional
societies.

A considerable amount of new research is needed to understand the role
of different components of biodiversity in the provision of ecosystem
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services. Although the available evidence clearly points to the key importance
of the maintenance of the genetic, species, and landscape diversity of ecosys-
tems in order to preserve the ecosystem services they provide, important
knowledge gaps remain to be filled. These are particularly obvious in the case
of high-diversity ecosystems, ecosystems dominated by long-lived plants, and
trophic levels other than plants.

11.1 Introduction
Biodiversity refers to the number, abundance, and composition of
the genotypes, populations, species, functional types, communi-
ties, and landscape units in a given system. Biodiversity is both a
response variable that is affected by changes in climate, resource
availability, and disturbance (see Chapter 4) and a factor with the
potential to influence the rate, magnitude, and direction of eco-
system processes. This chapter focuses on this second aspect—the
effects of biodiversity on ecosystem processes and the ecosystem
services that humans obtain from them.

Ecosystem services are broadly defined as the benefits pro-
vided by ecosystems to humans; they contribute to making
human life both possible and worth living (Daily 1997; MA
2003). Biodiversity affects numerous ecosystem services, both in-
directly and directly. Some ecosystem processes confer direct ben-
efits on humanity, but many of them confer benefits primarily via
indirect interactions.

This chapter focuses on regulating and supporting ecosystem
services (see Chapter 1) that result from interactions between two
or more species or genotypes. The regulating ecosystem services
addressed in this chapter include pollination, seed dispersal, cli-
mate regulation, carbon sequestration, and pest and disease con-
trol. (See Figure 11.1.) Biodiversity also provides supporting
ecosystem services, which are necessary for the production of all
other—more direct—ecosystem services. For example, by influ-
encing primary production and nutrient and water cycling, bio-
diversity indirectly supports the production of food, fiber, and
shelter. The enormous value of biodiversity per se and its impor-
tance in the provision of cultural ecosystem services are described
in detail in Chapters 4, 10, and 17. Here the focus is on how
biodiversity affects the quantity and temporal stability of the sup-
ply of those services.

Consideration of all components of biodiversity—genotypes,
species, functional traits and types, communities, and landscape
units—is essential in order to understand its role in ecosystem
processes and thus in the provision of ecosystem services. Al-
though traditionally the focus has been mainly on species number,
there is now broad consensus that functional diversity—the value,
range, and relative abundance of organismal traits present in a
community—is the most important component of biodiversity
influencing ecosystem functioning (Dı́az and Cabido 2001; Lor-
eau et al. 2001; Hooper et al. 2005). Recent scientific literature
on the functional role of biodiversity has generated conflicting
results that are sometimes difficult to interpret. However, some
basic points of agreement have emerged that are relevant to land
use and conservation policies.

Most of the current evidence and theory described early in
this chapter deal with direct interactions among terrestrial plants.
Although a growing number of studies incorporate other ecosys-
tem processes, most of what we know about biodiversity effects
on ecosystem functioning refers specifically to the production of
plant biomass (the tissues formed using the solar energy captured
by photosynthetic plants). However, there is growing empirical
evidence suggesting that the influence of interactions between
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(8, 9)

(5)

(10, 26)
(10)

(17)

(12)
(16, 22, 26)

(13)
(7)

(16)
(16, 22, 26)

(7, 20)

Primary production
Provision of habitat

Invasion resistance
Herbivory
Pollination
Seed dispersal
Climate regulation
Pest and disease control
Human disease regulation

(7, 20)

Figure 11.1. Biodiversity as Response Variable Affected by
Global Change Drivers and as Factor Modifying Ecosystem
Processes and Services and Human Well-being (modified from
Chapin et al. 2000). Solid arrows indicate the links that are the focus
of this chapter. Regulating services are the benefits obtained from
the regulation of ecosystem processes. Supporting services are
those that are necessary for the production of all other services.
Ecosystem services in bold are developed in detail in this chapter.
Other services are not addressed here because the role of biodiver-
sity in regulating them in ecosystem processes is minor or uncertain,
or because they are developed in detail elsewhere in this volume
(relevant chapter number is indicated in parentheses).

plants and microorganisms and between plants and animals as well
as the influence of indirect interactions on ecosystem properties
are both important and widespread. Because these intertrophic
and indirect interactions have received much less attention in the
literature, they are emphasized in this chapter. The effects of ter-
restrial biodiversity on ecosystem services is discussed first, fol-
lowed by a similar discussion of the effects of marine biodiversity
on ecosystem processes provided by oceans and coastal areas, a
topic whose importance has been recognized only recently.

Two major aspects of ecosystem functioning form the focus
of this analysis: resource dynamics at given point in time (which
includes processes such as primary and secondary production, nu-
trient cycling, and water dynamics) and long-term stability of such
processes in the face of environmental variability or directional
change.
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11.2 Terrestrial Biodiversity Effects on
Supporting Services
Region-to-region differences in ecosystem processes are driven
mostly by climate, resource availability, and disturbance—not by
differences in species richness. In most ecosystems, changes in the
number of species are the consequence of changes in major abi-
otic and disturbance factors, so that the ecosystem effect of species
richness (number of species) per se is expected to be both compar-
atively small and very difficult to isolate. For example, variation
in primary productivity depends strongly on temperature and pre-
cipitation at the global scale and on soil resources and disturbance
regime at the region-to-landscape-to-local scales. Factors that in-
crease productivity, such as nutrient addition, often lead to lower
species richness because more productive species outcompete less
productive ones. In nature, therefore, high species diversity and
high productivity are often not positively correlated (Grime 1979,
2001; Gough et al. 1994; Waide et al. 1999).

When elaborating management recommendations, it is ex-
tremely important to bear these considerations in mind and to
interpret the conclusions of experiments within the right context.
Here again, if taken uncritically, results from synthetic assemblages
may lead to misleading recommendations to land managers (see
also Fridley 2001; Schmid 2002; Hodgson et al. 2005).

Similarly, artificial increases of species richness in naturally
species-poor areas (such as moorlands, boreal forests, or desert
shrublands) may not result in any substantial ‘‘improvement’’ in
ecosystem services. In natural ecosystems, low species richness
does not necessarily imply impaired ecosystem properties and ser-
vices. In most synthetic-community experiments, the assemblage
of experimental communities occurs by random draws of species
from a species pool decided by the experimenter, and the abun-
dances of different species are artificially even, at least at the initial
stages. This strongly differs from the process of community assem-
bly that occurs in nature, in which the local assemblage is the
product of a ‘‘filtering’’ process exerted by the environment on
the regional species pool (Zobel 1997; Dı́az et al. 1998).

Extinction in natural ecosystems similarly tends to be biased
to certain organisms (Vitousek et al. 1997; Grime 2002; see also
Chapter 4) rather than being a random process. In most natural
assemblages, any unused resources are likely to be quickly used by
members of the species pool, even in communities with low spe-
cies richness (Zobel 1997; Hodgson et al. 1998). Some low-species-
richness combinations in synthetic communities, on the other
hand, are artificially maintained and could not persist in nature
(Hodgson et al. 1998; Lepš 2005). This does not necessarily inval-
idate the results of experiments based on artificial assemblages;
however, it is crucial to understand that low species richness in
these experiments and in real ecosystems stem from different
causes. Low diversity in nature tends to occur at either very high
or very low productivity and to result from different processes in
each situation. Most often, it results from strong abiotic con-
straints at low productivity and high biotic constraints at high
productivity (see, e.g., Huston 1999; Pärtel et al. 2000).

Nevertheless, biodiversity can directly affect supporting ser-
vices such as primary productivity, soil formation, and nutrient
cycling, which in turn influence provisioning services such as ge-
netic resources and production of food, timber, fuel, and fiber.
The mechanisms by which that happens, and the empirical evi-
dence accumulated to date are discussed in the remainder of this
section.

In general, the most important component of plant biodiver-
sity influencing ecosystem services is functional composition.
And, other things being equal, a greater number of resident spe-
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cies should result in greater production, higher nutrient retention,
and enhanced resistance to invasion, at least in experimental stud-
ies using a low number of resident species. There is also some
indication that a high number of species within each functional
type (a group of organisms that responds to the environment or
affects ecosystem processes in a similar way) should lead to more
stability in the face of perturbations than a low number of species,
although direct experimental evidence of this is limited.

Productivity of agroecosystems may not increase if individual
agricultural fields are planted with higher species richness, because
under intensive modern agriculture a single strain of a single crop
species is likely to give the highest yield or the highest profit in a
given field (Swift and Anderson 1993). The situation may be dif-
ferent, however, in agroecosystems managed using approaches
that incorporate biodiversity (such as the ‘‘agricultural diversifi-
cation’’ or ‘‘integrated pest management’’ paradigms described
later), where species composition and resource levels are under
much looser control by the land managers, and thus recruitment
from the natural species pool plays a more relevant role (Swift and
Anderson 1993; Fridley 2001).

In high-biodiversity agriculture, a larger number of species
may provide ‘‘ecological insurance’’ against crop failures, which
is especially important to poor farmers disconnected from market
insurance systems. (See Chapters 6 and 26.) Changes in species
numbers may have only subtle short-term effects in some ecosys-
tems but may directly influence their capacity for long-term ad-
justment in the face of a changing environment.

Major changes in species composition due to direct introduc-
tion or removal of species, or caused indirectly by changing rela-
tive abundances via altered resource supply (such as irrigation or
eutrophication), can shift the functional trait composition of eco-
systems and therefore deeply modify their derived services.
Therefore, the preservation of the integrity, in terms of size and
composition, of the regional species pool is a key factor in main-
taining the rate, magnitude, and long-term persistence of those
ecosystem processes that support ecosystem services. The regional
species pool is defined as the set of species occurring in a certain
region that is capable of coexisting in the target community.

11.2.1 Ecosystem Resource Dynamics, with
Emphasis on Primary Production

The relationship between plant species richness and ecosystem
production (including both total biomass achieved and the rate
at which that biomass is achieved—that is, productivity) and the
efficiency of resource use is probably the single most tested—and
most debated—aspect of the relationship between biodiversity
and ecosystem functioning. One important source of controversy
among authors stems from the different results that emerge from
studies at different spatial scales, where the controlling processes
may differ (Fridley 2001; Loreau et al. 2001; Hooper et al. 2005).
Specifically, some studies have focused on the relationship be-
tween species richness within a single habitat, whereas others have
compared patterns among different habitats. For example, when
ecosystems developed in different habitats are compared, soil fer-
tility is a strong determinant of primary production and plant spe-
cies diversity.

Two synthesis articles published in the last few years provide
a good overview of the state of the art in this topic (Loreau et al.
2001; Hooper et al. 2005). Some of the main empirical findings
and underlying theoretical issues related to the role of biodiversity
in regulation ecosystem resource dynamics in general, and to pri-
mary production in particular, are summarized here.

Experimental manipulation of species richness in greenhouse
(Naeem et al. 1995; Symstad et al. 1998) and large-scale field
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experiments (Tilman et al. 1996, 1997a, 2001; Hector et al. 1999,
2001) has shown a positive relationship between plant species
richness and primary production, especially at low number of spe-
cies (see Schläpfer and Schmid 1999; Schwartz et al. 2000; Hector
2002; Schmid et al. 2002; Tilman et al. 2002b). (See Table 11.1.)

In some experimental studies, total plant biomass has experi-
mentally been shown to be greater, on average, and levels of soil
nitrate—the limiting resource—lower (less leaching) at higher
levels of plant species richness (Tilman et al. 1996, 1997a). Tilman
et al. (2001) found that both species richness and functional type
composition were significant controllers of productivity, and that
no low-richness plot was as productive as many higher-richness
combinations of species were. However, other experimental stud-
ies have found that ecosystem processes are more strongly linked
to plant species and functional type composition than to species
richness (Hooper and Vitousek 1997; Tilman et al. 1997a; Wardle

Table 11.1. Main Components of Biodiversity Involved in Supporting and Regulating Ecosystem Services Addressed in This
Chapter. Bullets indicate importance and/or degree or certainty ( •••� ••� •). The mechanisms and shape of the relation between the
provision of ecosystem services and diversity remain highly speculative in many cases. In the cases of most saturating curves, the level at
which diversity effects saturate for different ecosystem services is poorly known. Biodiversity also contributes to provisioning and cultural
ecosystem services in important ways.

Ecosystem
Services

Main Components of
Biodiversity Involved Mechanisms That Produce the Effect

How the Provisioning of
Service Scales to Diversity

Supporting services
Amount of primary
production

••• functional composition
of plant assemblage

•• species richness of
plant assemblage

faster-growing, bigger, more efficient, more locally adapted plants
will produce more biomass

in low-diversity systems, coexisting plants with very different (com-
plementary) resource use strategies will take up more resources

a larger species pool is more likely to contain groups of comple-
mentary species and individual species that are highly productive,
both of which should lead to higher productivity of the community

complex relationship; processes depend on identity
of dominant species, not species richness

saturating curve

saturating curve

Stability of primary
production

••• genetic diversity

••• species richness

••• functional composition
of plant assemblage

large genetic variability within a crop species buffers production
against losses due to diseases and environmental change

polycultures (more than one species cultivated together) maintain
production over a broader range of conditions

life history, resource use strategy, and regeneration strategy of
dominant plants determine resistance and resilience of ecosystem
functioning against perturbations

saturating curve

saturating curve

complex relationship; stability depends on identity
of dominant species, not species richness
saturating curve; subordinate species can totally or
partially compensate for functions of dominants

Provision of habitat ••• habitat diversity, includ-
ing spatial distribution,
size and shape of land-
scape units

••• functional composition
of vegetation

•• species richness

connectivity, landscape heterogeneity, and large landscape units
are necessary for migrating species and species that need large
foraging areas

some vertebrates need a complex vegetation structure for breed-
ing and roosting

the more species at each trophic level, the more species herbi-
vores, predators, and/or pathogens are provided a resource base

complex relationship, likely to be different for differ-
ent kinds of organisms

complex relationship; stability depends on identity
of dominant species, not species richness

saturating curve

Regulating services
Invasion resistance ••• species composition

••• arrangement of land-
scape units

•• species richness and
diversity

some key native species are very competitive or can act as biolog-
ical controls to the establishment and naturalization of aliens

landscape corridors (e.g., roads, rivers, extensive crops) can facili-
tate the spread of aliens

all else being equal, species-rich communities are more likely to
contain highly competitive species and fewer vacant niches, and
therefore to be more resistant to invasions

complex relationship; processes depend on identity
of dominant species, not species richness

complex relationship; size and nature of suitable
corridors likely to be different for different organisms

decreasing curve, often exponential decay to zero
in experimental studies
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et al. 1997a, 1999; Crawley et al. 1999; Lavorel et al. 1999; Ken-
kel et al. 2000; Paine 2002; Hooper and Dukes 2004). The influ-
ence of plant species richness or composition on soil processes
such as decomposition and microbial activity is less well under-
stood (Wardle et al. 2004).

For forest ecosystems, most data come from observational
field surveys that compare natural, managed, or old forest planta-
tions with different tree species richness. Single-species tree stands
and adjacent two-species stands have been the most studied (re-
viewed by Cannell et al. 1992; Kelty et al. 1992). In general, two-
species forests are more productive than stands dominated by a
single species, but they are not necessarily more productive than
the best monoculture.

Inhibitory and enhancing effects are also common. In the
United Kingdom, for example, studies of two-species combina-
tions of a pool of four species have shown that mixtures that con-
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Table 11.1. continued

Ecosystem
Services

Main Components of
Biodiversity Involved Mechanisms That Produce the Effect

How the Provisioning of 
Service Scales to Diversity 

Pollination ••• functional composition
of pollinator assemblage

•• species richness of pol-
linator assemblage

•• arrangement and size of
landscape units

loss of specialized pollinators leads to a reduction of number and
quality of fruits produced and plant genetic impoverishment

lower pollinator species richness leads to a reduction of number
and quality of fruits produced and plant genetic impoverishment

large landscape units and/or connectivity among them maintain
plant genetic pool and number and quality of fruits

complex relationship; processes depend on identity
of dominant species, not species richness

linear relationship for co-evolved pollination sys-
tems; saturating curve or linear relationship for
generalist pollination systems

saturating curve

Climate regulation ••• arrangement and size
of landscape units

•• functional composition
of vegetation

size and spatial arrangement of landscape units over large areas
influence local-to-regional climate, by lateral movement of air
masses of different temperature and moisture

height, structural diversity, architecture, and leaf seasonal patterns
modify albedo, heat absorption, and mechanical turbulence, thus
changing local atmospheric temperature and air circulation pat-
terns

threshold for effect is patch size (landscape diversi-
ty) of about 10 km diameter, depending on wind
speed and topography

linear relationship between albedo and heating;
albedo depends on structural diversity and on the
plant functional types that dominate the canopy

Carbon sequestra-
tion

••• arrangement and size
of landscape units

•• functional composition
of vegetation

• species richness of veg-
etation

carbon loss is higher at forest edges; as forest fragments decline
in size, a larger proportion of the total landscape is losing carbon

fast-growing, fast-decomposing, short-leaved, small-sized plants
retain less carbon in their biomass than slow-growing, slow-
decomposing, long-leaved, large-statured plants 

high species richness can slow down the spread of pests and
pathogens, which are important agents of disturbance and carbon
loss from ecosystems

nonlinear relationship; as patches get larger,
changes in carbon sequestration should saturate
(the edges become a smaller proportion of total
area); conversely, as patches get smaller, carbon
loss increases exponentially with degree of frag-
mentation

saturating relationship with plant size; linear rela-
tionship with surface area of landscape units; note
that the diversity has to do with the column to the
left; in some cases the shape of this relationship is
not related to diversity

saturating curve

Pest and disease
control in agricultur-
al systems

••• genetic diversity of
crops

•• high richness of crop,
weed, and invertebrate
species

•• spatial distribution of
landscape units

reduces density of hosts for specialist pests, and thus their ability
to spread

similar to genetic diversity, but also increases habitat for natural
enemies of pest species 

natural vegetation patches intermingled with crops are the habitat
of many natural enemies against insect pests

saturating curve, but substantial effects are
achieved with only a few species 

saturating curve in general, but some weed or
invertebrate species may lead to a complex rela-
tionship

saturating curve as the size and number of natural
vegetation patches increase; saturation point likely
to be different for different groups of natural ene-
mies

tain the pine Pinus sylvestris are always more productive than any
monospecific stand due to the nursing effect of pines on other
species with no detriment to itself, whereas mixtures of Norway
spruce (Picea abies) and alder (Alnus glutinosa) have lower produc-
tivity than monospecific stands of either species (Brown 1992).
These results suggest that, for temperate forests, species identity
and combination might be more important than tree species rich-
ness per se. Forest productivity seems to be improved in two-
species stands when there is complementarity in resource use (for
instance, early and late successional species, shade-tolerant and
shade-intolerant species, or different duration of the growing
season).

Few studies have compared primary production of forests over
a wide range of species richness. The Forest Inventory and Analy-
sis database in the United States shows a positive correlation be-
tween tree species richness and stand productivity (Caspersen and
Pacala 2001). However, the lack of environmental description
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hinders the interpretation of this association, especially because
for two-species mixtures it is known that whether mixtures are
more productive than pure stands depends on site conditions. In
the western Mediterranean basin, productivity has also been com-
pared across a range of forests with different tree species richness
(Vilà et al. 2003). Here, monospecific pine forests have lower
wood production than mixed (two- to five-species) forests. How-
ever, the species-rich forests are associated with humid climates,
certain bedrock types, and early successional stages, which may be
the cause of higher productivity.

The production of leaf litter may be greater in forests with
two or more tree species than in monospecific forests, but
whether there was a positive effect beyond two-species mixtures
depended on the species and functional identity of the dominant
tree species (Vilà et al. 2004). Similarly, the effect of tree species
interactions on decomposition, a key process in nutrient cycling,
seems to be species- and mixture-specific (Fyles and Fyles 1993),
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depending on the leaf litter quality of the trees and the associated
microbial detritivore community (Blair et al. 1990; Wardle et al.
1997). Species-specific effects do not necessarily contradict the
possibility of diversity effects. However, the lack of long-term
monitoring with a reasonable number of species limits the ability
to assess the relative importance of composition versus number of
tree species. Therefore, general conclusions about the causal links
between species richness and ecosystem processes in forests cannot
yet be made.

On the other hand, an increasing number of reports indicate
that the functional components of biodiversity (value, range, and
relative abundance of plant traits) play an important role in eco-
system resource dynamics. Significant associations of ecosystem
processes with plant functional composition and richness have
been found more consistently than associations with species rich-
ness (Dı́az and Cabido 2001). Considerable evidence, both from
experiments and from nonmanipulative field studies of plant
communities, shows that not all species are equally important to
ecosystem functioning. Some are particularly crucial due to their
traits or relative abundance.

In particular, the relative distribution of plant biomass among
species is highly inequitable in most communities, with a minor-
ity of species (dominants) contributing most of the total biomass.
The traits of the dominant plant species are usually the key drivers
of an ecosystem’s processing of matter and energy (see Hobbie
1992; Aerts 1995; Chapin et al. 1996; Aerts and Chapin 2000;
Lavorel and Garnier 2002 for reviews). Therefore, at any given
time the relative roles of species and functional type richness in
ecosystem functioning tend to be small compared with the effect
of the most dominant species. In these situations, the loss or intro-
duction of dominant plant species may lead to much more impor-
tant shifts in ecosystem functioning than those of other plant
species, irrespective of changes in species richness (Lepš et al.
1982; Hooper and Vitousek 1997; McGrady-Steed et al. 1997;
Wardle et al. 1997a; Mikola 1998; Symstad et al. 1998; Grime et
al. 2000).

Even in situations where the average effect of the loss of ran-
domly chosen plant species is a decrease in ecosystem productivity
and nutrient use, large variations in ecosystem processes exist de-
pending on which species or functional types are lost. The litera-
ture on invasive species provides dramatic examples of major
ecosystem changes brought about by very small changes in species
richness, usually the addition of a single species. (See Table 11.2.)

Biodiversity can influence ecosystem processes via at least two
qualitatively different but not mutually exclusive mechanisms.
One is the ‘‘niche complementarity effect’’ or ‘‘niche differentia-
tion effect.’’ Because the range of functional types is likely corre-
lated with species number, species-rich communities may achieve
more efficient resource use in a spatially or temporally variable
environment than in species-poor communities (Tilman 1999;
Loreau 2000). Complementary interactions, which are caused by
differences among species in their resource and environmental
needs, allow combinations of species to obtain more resources
and produce more biomass than could any single species. Typical
examples of resource-use complementarity are plant species with
shallow and deep roots, warm-season and cool-season grasses, and
diurnal and nocturnal pollinators or predators. In species-poor sit-
uations, increasing species richness would add novel traits, which
will allow a more complete use of available resources. Positive
interactions between species, such as facilitation and mutualism
(increased availability of nitrogen to grasses as a consequence of
the presence of nitrogen-fixing legumes, for example), may also
enhance biomass production.

The second mechanism that can explain the positive effects of
species diversity on ecosystem processes is the ‘‘sampling effect’’
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(Aarssen 1997; Huston 1997; Tilman et al. 1997b), also called
the ‘‘selection probability effect’’ (Loreau 1998): the greater the
number of species initially present in an ecosystem, the higher the
probability of including a species that performs particularly well
under these conditions. Because any given species has a greater
chance of being present at higher species richness, communities
with higher number of species would be more likely to contain
‘‘better-performing’’ species (bigger, faster-growing, more toler-
ant to the prevailing conditions, more likely to have facilitative
effects on other species, and so on) and thus to function ‘‘better’’
than species-poor communities. The sampling effect emphasizes
the effects of a single dominant species and its greater chance of
being present (‘‘sampled’’) in communities with more species.

The niche complementarity effect and the sampling effect are
not mutually exclusive, and their relative importance varies
among ecosystems, depending on the environmental conditions.
For example, the niche complementarity effect should be most
relevant in areas of high spatial heterogeneity of environmental
conditions and resource availability, whereas the sampling effect
should be most relevant in small habitat patches, in early succes-
sional communities, and in areas with high resource availability
(Fridley 2001). Differences among species are central to both
mechanisms (Dı́az and Cabido 2001). This is because the traits of
the dominant plants have a strong influence on local ecosystem
functioning (sampling effect) and because the greater the differ-
ences among coexisting species in terms of traits, the more likely
they are to be complementary (rather than overlapping) in their
resource use (niche complementarity effect).

Most biodiversity studies have focused on plant biomass, in
part because of its importance in the production of food and fiber.
However, much less is known about biodiversity effects on other
important ecosystem processes, such as nutrient cycling, second-
ary production, or water dynamics. Another difficulty in general-
izing from past biodiversity studies is that most empirical findings
and theoretical developments are derived from a focus on herba-
ceous plant communities, where results are expressed rapidly. Fur-
ther progress in the understanding of the role of biodiversity on
ecosystem processes and services will depend on widening the
scope of investigation toward other ecosystem processes, vegeta-
tion types, and trophic levels.

11.2.2 Ecosystem Stability, with Emphasis on
Primary Production

For continued delivery of ecosystem services, both rate and mag-
nitude of ecosystem processes and their stability over long periods
of time, especially in the face of environmental variability, matter.
Stability of an ecosystem is defined as its capacity to persist in the
same state. Ecosystem stability is often divided into two compo-
nents: resistance and resilience. Resistance is the capacity of a sys-
tem to remain in the same state in the face of perturbation.
Resilience is the rate at which a system returns to its former state
after being displaced from it by a perturbation (Lepš et al. 1982).
Temporal variability in community composition, including that
associated with the invasion by non-native species, is an inverse
measure of resistance.

Ecological theory predicts a positive relationship between spe-
cies richness and the stability of ecosystems. Species-rich commu-
nities should have greater interspecific variation in responses to
perturbation or environmental variation, and therefore variation
in ecosystem services should be less than in species-poor commu-
nities (Tilman 1996; Doak et al. 1998; Yachi and Loreau 1999;
Lehman and Tilman 2000). In addition, when species compete,
the number of feedback loops in a competitive community in-
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Table 11.2. Ecological Surprises Caused by Complex Interactions. Voluntary or involuntary introductions of species often trigger unex-
pected alterations in the normal provision of ecosystem services by terrestrial, freshwater, and marine ecosystems. Thus the introductions or
deletions can have consequences opposite the intended management goals and can affect ecosystem services negatively. In all cases, the
community and ecosystem alterations have been the consequence of indirect interactions among three or more species.

Study Case Nature of the Interaction Involved Ecosystem-service Consequences Source
Introductions
Top predators
Introduction of brown trout (Salmo
trutta) in New Zealand for angling

trophic cascade, predator increases prima-
ry producers by decreasing herbivores

negative — increased eutrophication Flecker and Townsend
1994

Introduction of bass (Cichla ocel-
laris) in Gatun Lake, Panama

trophic cascade, top predator decreases
control by predators of mosquito larvae

negative — decreased control of malaria vector Zaret and Paine 1973

Introduction of pine marten
(Martes martes) in the Balearic
Islands, Spain

predator of frugivorous lizards (main seed
dispersers) 

negative — decreased diversity of frugivorous lizards due 
to extinction of native lizards on some islands; changes in
dominant shrub (Cneorum tricoccon) distribution because
marten replaced the frugivorous-dispersing role

Riera et al. 2002

Introduction of Artic fox (Alopex 
lagopus) in the Aleutian archipela-
go

predator of seabirds that transport large
quantities of nutrient-rich guano from pro-
ductive ocean waters to land

negative — reduced transport of nutrient from ocean to land;
reduced soil fertility, nutrient status of plants, primary produc-
tivity and induced compositional shifts from productive grass-
sedge to less productive shrub-forb communities

Croll et al. 2005

Intraguild predators

Potential egg parasitoid
(Anastatus kashmirensis) to con-
trol gypsy moth (Lymantria dispar)

hyperparasitism (parasitoids that may use
parasitoids as hosts) 

negative — disruption of biological control of pests;
introduced parasitoid poses risk of hyperparasitism to 
other pest-regulating native parasitoids

Weseloh et al. 1979;
see other examples in
Rosenheim et al. 1995

Gambusia and Lepomis fish in
rice fields to combat mosquitoes

intraguild predator (adult fish feed on juve-
niles as well as on mosquito larvae)

opposed to goal — decreased control of disease vector
(mosquito)

Blaustein 1992

Intraguild preys
Opposum shrimp (Mysis relicta)
in Canadian lakes to increase fish
production

intraguild prey depletes shared zooplankton
preys

opposed to goal — decreased salmonid fish production Lasenby et al. 1986

Apparent competitors

Rats (Rattus spp) and cats 
(Felis catus) in Steward Island,
New Zealand

rats induce high cat densities and increase
predation on endangered flightless parrot
(Strigops habroptilus)

negative — reduced diversity Karl and Best 1982

see Müller and Bordeur
(2002) for more examples

Herbivores
Zebra mussel (Dreissena 
polymorpha) in Great Lakes,
United States

zebra mussel reduces phytoplankton and
outcompetes native bivalves

negative — reduced diversity

positive — increased water quality

Benson and Boydstun
1995

Lodge 2001

Mutualists
Myna bird (Acridotheres tristis)
for worm pest control in Hawaiian
sugarcane plantations

myna engages in the dispersal of the exotic
woody weed Lantana camara

negative — increased invasion by Lantana produced 
impenetrable thorny thickets, reduced agricultural crops 
and pasture carrying capacity, and sometimes increased 
fire risk; displaces habitat of native birds 

Pimentel et al. 2000

Ecosystem engineers
Earthworm (Pontoscolex 
corethrurus) in Amazonian tropi-
cal forests converted to pasture 

dramatically reduces soil macroporosity
and gas exchange capacity 

negative — reduced soil macrofaunal diversity and increased
soil methane emissions

Chauvel et al. 1999

C4 perennial grasses
Schizachyrium condesatum,
Melinis minutiflora in Hawaii 
for pasture improvement

increases fuel loads, fuel distribution, and
flammability 

negative — increased fire frequency affecting fire-sensitive
plants; reduced plant diversity; positive feedback for further
invasion of flammable exotic species on burned areas

D'Antonio and Vitousek
1992

N-fixing firetree (Myrica faya)
in Hawaii

increases soil N levels in newly formed N-
poor volcanic soils

negative — increased fertility, increased invasion by other
exotics, reduced regeneration of native Metrosideros tree,
alteration of successional patterns 

Vitousek et al. 1987

(continues over)

creases with species richness. Community biomass is stabilized be-
cause a decline in abundance of one species allows its competitors
to increase, partially compensating for the initial decrease. In total,
theoretical analyses suggest that increased species richness should
slightly destabilize the production by individual species but more
greatly stabilize production by the entire community (May 1973;
Doak et al. 1998; Lehman and Tilman 2000).
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Experimental manipulations provide weak evidence to sup-
port these theoretical predictions. In well-controlled laboratory
experiments, species-rich communities were more resistant to
perturbation (Naeem and Li 1997; McGrady-Steed et al. 1997).
Also, African comparative field data suggested that greater species
richness led to greater ecosystem stability (McNaughton 1993).
Year-to-year variation in total community biomass (an inverse
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Table 11.2. continued

Study Case Nature of the Interaction Involved Ecosystem-service Consequences Source

Deletions/harvesting

Top predators
Sea otter (Enhydra lutris)ss
harvesting near extinction in
southern California

cascading effects produce reductions of
kelp forests and the kelp-dependent
community

negative — loss of biodiversity of kelp habitat users Dayton et al. 1998

Pollution-induced reductions in
predators of nematodes in forest
soils

heavy metal bioaccumulation produces
reductions in nematophagous predators
and increases herbivorous nematodes

negative — disruption of forest soil food webs and increases
in belowground herbivory; decrease in forest productivity

Parmelee 1995

Intraguild predators
Declining populations of coyote
(Canis latrans) in southerns
California

releases in raccoons (Procyon lotor)rr
and feral house cats

negative — threat to native bird populations Crooks and Soulé 1999

Overhavesting of seals and sea
lions in Alaska

diet shifts of killer whales increased
predation on sea otters

negative — conflict with other restoration programs; failure of
reintroduction of sea otters to restore kelp forest ecosystems

Estes et al. 1998

Keystone predators
Harvesting of triggerfish
(Balistaphus) in Kenyan coral reefsss

triggerfish declines release sea urchins,
which outcompete herbivorous fish

negative — increased bioerosion of coral substrates;
reduced calcium carbonate deposition

McClannahan and Shafir
1990

Herbivores
Voluntary removal of sheep and
cattle in Santa Cruz Is., United
States, for restoration

release of the exotic plant component
from top-down control

opposite to goal — explosive increases in exotic herbs
and forbs and little recovery of native plant species

Zavaleta et al. 2000

Overfishing in the Caribbean,
reducing herbivorous and predatory
fish and reducing fish biomass

lack of fish grazers allowed macroalgae
to outcompete coral following distur-
bances

negative — coral cover was reduced from 52% to
3%, and macroalgae increased from 4% to 92%

Hughes 1994

Ecosystem engineers
Voluntary removal of exotic
tamarisk (Tamariscus sp.) for
restoration of riparian habitats
in Mediterranean deserts

long-established tamarisk has replaced
riparian vegetation and serves as
habitat to endangered birds

opposite to goal — reduction in biodiversity; structural
changes in riparian habitats

Zavaleta et al. 2000

measure of resistance) in a Minnesota grassland in the United
States was greater in plots with lower species richness (Tilman
1996). However, these grassland plots differed in species richness
mainly because of different rates of nitrogen addition, not because
of direct experimental control of species richness (e.g., Givnish
1994; Huston 1997); therefore, additional field experiments are
required to confirm these findings.

The evidence for a positive effect of biodiversity on stability
is stronger in the case of resistance and weaker in the case of
resilience (Schmid et al. 2002). Both components of ecosystem
stability are strongly influenced by key traits of the dominant spe-
cies, which explains why the effect of species life history on the
stability characteristics of an ecosystem usually outweighs the ef-
fects of species richness (Lepš et al. 1982; Sankaran and Mc-
Naughton 1999; Osbornová et al. 1990; Grime et al. 2000).

In addition, there can be trade-offs between the traits that
favor resistance and those that favor resilience (Lepš et al. 1982;
McGillivray et al. 1995). For example, the dominance of short-
lived, fast-growing, nutrient-demanding plants, with high output
of persistent seeds, leads to high resilience and low resistance.
These systems, such as annual grasslands, change very easily in the
face of a perturbation but return to their initial condition rela-
tively quickly. On the other hand, communities dominated by
long-lived, slow-growing, stress-tolerant plants that allocate much
energy to storage and defense tend to be more resistant and less
resilient. These systems, such as mature forests in relatively dry
climates, are resistant to environmental perturbations, but when
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they are finally displaced away from their initial condition, they
recover very slowly. Management alternatives that simultaneously
try to maximize both resistance and resilience are therefore not
likely to succeed.

Although the resistance/resilience characteristics of an ecosys-
tem can be explained to a large extent by the functional traits of
the most abundant species, less abundant species also contribute
to the long-term preservation of ecosystem functioning. For ex-
ample, subordinate and rare plants, despite their often negligible
role in resource dynamics, can be crucially important in maintain-
ing species richness of higher trophic levels (species further up the
food chain) (Lepš et al. 1998; Lepš 2005). Subordinate and rare
species can increase in abundance under changing environmental
conditions, providing a source of colonizers or acting as positive
or negative ‘‘filters’’ to the establishment of other species (Grime
1998; Fukami and Morin 2003; Magurran and Henderson 2003).
The key role of some less abundant species, often mediated by
complex and indirect interactions, is addressed in more detail later
in the chapter.

The presence of multiple species, abundant or rare, within
each functional type increases functional redundancy and may
have important implications for ecosystem stability (Walker 1995;
Grime 1998; Walker et al. 1999; Hooper et al. 2005). Functional
redundancy occurs when several species in a community carry out
the same process, such as nitrogen fixation. It is important because
the larger the number of functionally similar species in a commu-
nity, the greater the probability that at least some species will sur-
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vive changes in the environment and maintain the functional
properties of the ecosystem (Walker 1992; Chapin et al. 1996;
Naeem and Li 1997). If there is no functional redundancy (that is,
species richness is low in any given functional type), the loss of a
single species could result in the elimination of an entire func-
tional type (for instance, all the nitrogen-fixers, all the woody
deciduous species, all the scavengers, or all the nocturnal pollina-
tors), which would have a larger impact on ecosystem functioning
than randomly deleting the same number of species from a variety
of functional types.

Direct empirical support for this idea is still scarce, but species
assigned to the same functional type have been reported to differ
in their tolerances to frost (Gurvich et al. 2002), warming (Chapin
et al. 1996), drought (Buckland et al. 1997), disturbance (Cowling
et al. 1994; Walker et al. 1999), and changes in soil and atmo-
sphere composition (Dormann and Woodin 2002). This suggests
that the effect of species loss should depend on the number and
composition of the species remaining, with the largest changes
occurring when the last member of a functional type is lost. Thus
the effect of species loss on stability cannot always be easily pre-
dicted (Dı́az et al. 2003).

11.3 Terrestrial Biodiversity Effects on
Regulating Services

11.3.1 Invasion Resistance

Invasions of species beyond their native range constitute a global
driver of change of major concern for the conservation of natural
and managed areas. Invasive species threaten biodiversity (Wil-
cove et al. 1998), change ecosystem functioning (Levine et al.
2003), and have economic costs (OTA 1993; Pimentel et al.
2000). For example, the economic costs of invasive exotic (alien)
species in the United States are estimated in the tens of billions of
dollars, the majority of which is due to crop losses and the applica-
tion of herbicides and pesticides to reduce exotic weeds and pests.
In addition, millions of dollars are spent annually in the United
States to control numerous invasive species, including purple
loosestrife (Lythrum salicaria, $45 million), Australian Melaleuca
tree (Melaleuca quenquenervia, $3–6 million), feral pigs (Sus scrofa,
$500,000), brown tree snake (Boiga irregularis, $4.6 million), fire
ant (Solenopsis invicta, $200 million), gypsy moth (Lymantria dispar,
$11 million), Dutch elm disease (Ophiostoma ulmi, $100 million),
and aquatic weeds (several species, $100 million) (Pimentel et al.
2000).

Invasive species can have important negative impacts on eco-
system services and human well-being (OTA 1993; Pimentel et
al. 2000): weeds and pests reduce agricultural yields; invasive eels
reduce freshwater fisheries; invasive termites damage homes and
other infrastructure; aquatic weeds clog waterways used for trans-
portation and recreation; invasive mussels clog water pipes,
threatening the flow of water used in such tasks as cooling power
plants; invasive grasses increase fire frequency and intensity,
threatening homes and other infrastructure. Conversion of native
communities to invasive-dominated communities also has aes-
thetic and cultural impacts.

Trends in species introductions (Levine and D’Antonio 2003;
Padilla and Williams 2004; Ruiz et al. 2000; Ribera Siguan 2003)
and modeling predictions (Sala et al. 2000) strongly suggest that
biological invasions will continue to increase in number and im-
pact. In addition, human impacts on environmental characteristics
required by native species (via eutrophication, pollution, nonsus-
tainable harvesting, and so on) suggest that biotic resistance to
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invasions may decrease and that the number of communities
dominated by invasive species will increase.

Invasibility—the overall susceptibility to invasion—depends
on a region’s climate and environmental properties and on the
interaction between the invader and the recipient community
(Lonsdale 1999; Hooper et al. 2005). The presence and abun-
dance of invaders in an ecosystem are functions of both invasibil-
ity of the system and of the supply of invading species or
propagules. Here we focus on the resistance to invasions that may
be afforded by species already present in a community—biotic
resistance (Elton 1958). Biotic resistance is defined as the ability
of resident species to inhibit the establishment, growth, survival,
and reproduction of invasive species. Biotic resistance may vary
from habitat to habitat and over time due to changes in the iden-
tity, composition, and diversity of the species in the community.

In general, the available evidence and theoretical predictions
suggest that higher species richness and functional type richness
can increase the resistance of a community against invasion by
exotic species. In addition, some individual species may be partic-
ularly important in conferring invasion resistance to a community.
Therefore, all else being equal, maintaining native species assem-
blages should diminish the ability of exotic species to become
invasive, and it is most likely that the loss of biodiversity from
a particular habitat will decrease the invasion resistance of this
habitat.

The location on the landscape where exotic species are most
likely to invade can also be predicted. Numerous studies have
found a positive correlation between native and exotic species
richness across habitats (Rejmánek 1996; Levine et al. 2002;
Stadler et al. 2000; Lonsdale 1999; Stohlgren 2003 and references
therein), where high native species richness is not the cause of
high richness of exotic species. Rather, these studies suggest that
the factors that promote the richness and coexistence of native
species, such as benign climate, intermediate levels of disturbance,
and habitat heterogeneity, also promote the richness and coexis-
tence of exotic species (Levine and D’Antonio 1999; Byers and
Noonburg 2003). These results have major conservation implica-
tions, because they suggest that hot spots for diversity are particu-
larly at risk of invasion by introduced species, and that the loss of
native species (from communities of low or high native species
richness) is expected to increase invasibility.

A number of mutually compatible mechanisms have been
proposed to explain the effect of biodiversity on invasion resis-
tance (Mack et al. 2000). For all hypothesized mechanisms, it is
the traits of the resident species, not merely the species richness,
that determine the invasibility of a system (Foster et al. 2002;
Prieur-Richard et al. 2002; Dunstan and Johnson 2004).

One proposed mechanism for high species richness inhibiting
invasibility is the ‘‘niche hypothesis,’’ which suggests that com-
munities that are relatively impoverished in numbers of native
species cannot provide biological resistance to exotic species be-
cause there are unused resources in the system (sometimes re-
ferred to as a vacant niche). Diverse communities will resist
invaders because they reduce resource availability and increase
competition. Consistent with the niche hypothesis, the loss of
biodiversity has been shown to reduce invasion resistance in ex-
periments in which biodiversity and community composition
have been manipulated while holding the habitat conditions con-
stant (e.g. Stachowicz et al. 1999; Dukes 2002; Naeem et al. 2000;
Hector et al. 2001; Kennedy et al. 2002; Fargione et al. 2003; van
Ruijven et al. 2003).

Several types of biodiversity loss decrease invasion resistance,
including losses of species richness, of functional richness, and of
particular species. Loss of biodiversity may reduce competition
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and provide increased space and resources for invading species.
For example, reduced species richness in a grassland experiment
led to increases in resource availability (both light and soil nitro-
gen) and caused higher levels of invasion (Knops et al. 1999).
Invasion resistance in diverse stands has been associated with the
closeness of neighbors (Kennedy et al. 2002) and with increasing
temporal stability (reducing fluctuations of open space, for exam-
ple) (Stachowicz et al. 1999). At this local scale, species invasion
seems limited not only by species richness, but also the richness
of functional types (grasses, herbs, and shrubs) (Symstad 2000).
Overall, these studies suggest invading species can be most suc-
cessful when they make use of resources that are incompletely
used by the resident community (for example, brown trout) (Far-
gione et al. 2003).

The loss of biodiversity is most likely to result in unused re-
sources in habitats that already have low functional redundancy,
and for communities, such as oceanic or habitat islands, in which
functional redundancy is also limited at the regional species pool
level (that is, few species can disperse there naturally) (Rejmánek
1996). Thus, certain communities are susceptible to invasion be-
cause of a lack of competition from endemic species occupying
one or more niches—a lack of biotic resistance. For example,
the higher success of invasion by vertebrates in oceanic islands
compared with corresponding continental areas is partially ex-
plained by the lack of native vertebrates that could act as predators
or competitors (Brown 1989). Some stressful environments may
have low species richness and in some cases low functional redun-
dancy, but invasion is constrained by environmental conditions.

Natural enemies (pathogens, parasites, and herbivores) are im-
portant agents of biotic resistance to invasion. Invaders benefit
from escaping their specialized natural enemies left behind in their
region of origin, but they may be inhibited by the accumulation
of natural enemies in the invaded range (Maron and Vilà 2001).
Naturalized plant species that have accumulated more pathogen
species native to their new habitat are less frequently listed as nox-
ious weeds, whereas naturalized plant species that escape a greater
proportion of their native pathogen species are more frequently
listed as this, implying that associations with these pathogens help
keep them from becoming pests in their native range (Mitchell
and Power 2003).

It has also been shown that invasive animal species have fewer
parasites in invaded than in native ranges (Torchin et al. 2003).
Many invasive animal species have become pests only after losing
their native parasites, which suggests a possible role for parasite
species richness in controlling invasive species.

Similarly, invasive species may be successful because they ac-
cumulate fewer root pathogens than rare species (Klironomos
2002). In the Netherlands, weeds invading across an experimental
gradient of plant species richness were found to be significantly
reduced by the presence of a plant species, Leucanthemum vulgare,
that acted as a host to parasitic nematodes, which then acted to
control invading weeds (van Ruijven et al. 2003). Generalist na-
tive herbivores can also reduce the growth, seed set, and survival
of introduced plants, but the evidence that they hinder the spread
of invasive exotic plants is scarce (Maron and Vilà 2001). The
natural enemies hypothesis is an integral part of the conceptual
basis for biological control, in that specialized enemies are identi-
fied and introduced to control pests. Numerous examples of suc-
cessful biological control demonstrate the importance of natural
enemies in controlling invasive species (Hajek 2004; see also
Chapter 10).

There is a general consensus that invasions flourish in areas
disturbed by human activities (Hobbs and Huenneke 1992). Dis-
turbances can be defined as events that create available space for
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the germination of propagules, increase the availability of re-
sources, and reduce competition with colonizing species, such as
changes in land use resulting in soil erosion or changes in water
courses. Temporary increases in the availability of resources can
reduce competition and increase the establishment and expansion
of plant populations (Davis et al. 2000; Davis and Pelsor 2001).
The ability of a biotic community to resist invaders may thus
depend on its susceptibility to disturbances that create resource
pulses.

Disturbance-induced invasions are more common when the
disturbance in question does not have a long evolutionary history
in an area. For example, livestock tends to favor invasion by ex-
otic plants in areas where large herbivores have only recently been
introduced (Milchunas et al. 1988; Dı́az et al. 1999). There is
some theoretical and empirical evidence suggesting that increased
species and functional type richness can increase invasion resis-
tance by decreasing both average resource availability and re-
source fluctuations (Prieur-Richard and Lavorel 2000). In
addition, disturbances may interact with each other, with the
highest rates of invasion occurring after multiple disturbances
(such as biomass removal, fire, or soil disturbance) (Petryna et al.
2002).

Impacts of invasive species include altering the local environ-
ment in directions that are more favorable for them but less favor-
able to native species. Specifically, invading species may alter
geomorphic processes (soil erosion rates, for instance, or sediment
accretion), biogeochemical cycling, hydrological cycles, or fire or
light regimes (Macdonald et al. 1996; Levine et al. 2003). For
example, invading trees in the fynbos of upland South Africa re-
duce stream flow from mountain catchment areas, altering the
hydrological regime of the whole area. In the fynbos biome, there
are over 1500 threatened plant species and over 50% are threat-
ened by the spread of introduced trees and shrubs, which prevent
germination and growth of native species (Le Maitre 1996). Simi-
larly, in Great Britain (Usher 1987), in the mixed oak (Quercus
petraea) and holly (Ilex aquifolium) woodlands, the introduced spe-
cies Rhododendron ponticum is thought to inhibit woodland regen-
eration both by casting a dense shade and by forming an
impenetrable leaf litter layer on the ground.

Many invasive species also enhance the frequency and inten-
sity of fires, to which many native species are not adapted. For
example, numerous invasive grasses produce a great deal of
flammable standing dead material and many resprout quickly after
fires, giving them a competitive advantage over native species
(D’Antonio and Vitousek 1992). However, some invasive species
may have positive effects on native species. For example, some
native species may benefit from preying upon invasive species,
such as the endangered Hawaiian hawk (Buteo solitarius), which
benefits from preying on the now-established invasive rat (Rattus
norvegicus) (Klavitter et al. 2003).

Another hypothesis is that invasive species may exhibit posi-
tive feedbacks on subsequent invaders, either through mutualistic
interactions or by modifying ecosystem properties (Simberloff and
Von Holle 1999; D’Antonio and Vitousek 1992). For example,
although it is thought that native species benefit more from the
presence of mycorrhizal fungi than exotic plants do and that plant
invaders will often be non-mycorrhizal (Klironomos 2002; Bever
2003), the intentional introduction of ‘‘improved’’ ectomycorrhi-
zal fungi to increase crop or forest plantation production has al-
tered the invasibility of many systems. These fungi may form
mutualisms with invasive species and replace indigenous flora and
fungi (Richardson et al. 2000). Another example of an established
invader promoting subsequent invasions via mutualistic interac-
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tions is introduced honeybees that provide reliable pollination to
invading plants.

Although we have focused on the inhibitory effects of native
species on invaders, it is also possible that some native species may
benefit invaders. For example, generalist herbivores disperse the
seeds of the exotic plants they consume over long distances, hav-
ing more of a facilitating than an inhibiting effect on exotic plant
invasion (Maron and Vilà 2001), especially in regions with a short
evolutionary history of grazing by ungulates.

11.3.2 Direct and Indirect Interactions between
Species

Many ecosystem processes and the services they provide depend
on obligate or facultative interactions among species. Direct inter-
actions between plants and fungi, plants and animals, and indirect
interactions involving more than two species are essential for eco-
system processes such as transfer of pollen and many seeds, transfer
of plant biomass production to decomposers or herbivores, con-
struction of habitat complexity, or the spread or suppression of
plant, animal and human pathogens. Because of this, interactions
between different trophic levels are among the most important
processes by which biodiversity regulates the provision of ecosys-
tem services, as illustrated in Figure 11.1 (see also Chapin et al.
2000a). Although experimental evidence is growing (e.g. van der
Putten et al. 2001; Haddad et al. 2001), most of the examples
come from the dramatic community and ecosystem effects of the
introduction or removal of only one or a small number of species.
There is clearly still insufficient information to determine whether
there are general principles that describe how biotic linkages be-
tween different trophic levels and indirect interactions affect vari-
ous ecosystem processes. Nevertheless, the available studies
suggest that the integrity of these interactions is important for
maintaining ecosystem processes and that threats to them via habi-
tat destruction and fragmentation (see Box 11.1) are likely to re-
sult in losses of ecosystem service.

11.3.2.1 Interactions between Plants and Symbiotic
Microorganisms

The interactions between plants and symbiotic microorganisms,
such as mycorrhizal fungi, endophytic fungi, and nitrogen-fixing
microorganisms, can greatly influence ecosystem processes and
have considerable impacts in the provision of ecosystem services
by natural and agricultural ecosystems. These interactions are
complex and can tip the balance between different plant-community
members, with various consequences for the provision of plant-
related ecosystem services.

The effects of mycorrhizal fungi on plant communities are
both profound and widespread. Arbuscular mycorrhizal fungi
form symbiotic relationships with approximately 80% of the land
plants on Earth (Smith and Read 1997), in which the mycorrhizal
fungus receives benefits from the plant in the form of carbon and
provides various benefits to the plant, such as phosphorus absorp-
tion (Jakobsen et al. 2002) and resistance to pathogens (Kliro-
nomos 2000).

The abundance, species composition, and richness of AMF
communities influence the productivity, composition, and species
richness of plant communities. This is because AMF have differ-
ent effects on different plant species, ranging from mutualism to
parasitism (Sanders 1993; van der Heijden et al. 1998a; Moora et
al. 2004; Rillig 2004), and therefore benefit some species more
than others (Grime et al. 1987; Gange et al. 1993; Hartnett et al.
1993; Moora and Zobel 1996; Wilson et al. 2001; van der Heij-
den et al. 2003). It is likely that AMF enhances plant species di-
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versity when they favor less abundant species, but decreases in
plant diversity are likely when AMF favor dominant plant species
(Urcelay and Dı́az 2003).

The presence and species composition of the AMF commu-
nity can even alter the relationship between plant species richness
and productivity. In the absence of AMF, the relationship be-
tween plant species richness and productivity is positive and lin-
ear, whereas in the presence of AMF, the relationship is positive
but asymptotic (Klironomos et al. 2000). The effects of different
AMF species can also differ considerably.

Increasing AMF species richness can result in more-efficient
exploitation of soil phosphorus and an increase in the size of the
plant nutrient pool. Van der Heijden et al. (1998b) found that
increased AMF species richness led to a significant increase in the
amount of soil phosphorus captured by the plant community.

Much less is known about the effects of the richness and com-
position of ectomycorrhizal fungi communities on ecosystem
processes (Dahlberg 2001). EMF are common in nutrient-limited
forest ecosystems and can play a critical role in tree nutrition and
carbon balance, supplying soil resources to their plant host in ex-
change for sugars (Smith and Read 1997). The effects of EMF on
plants appear to be species-specific, such that the loss of EMF
species richness could, in theory, reduce plant species richness and
productivity (e.g., Timonen et al. 1997; Baxter and Dighton
2001). However, no relationship has been found between ecosys-
tem productivity and EMF species richness (Gehring et al. 1998),
although more research is clearly needed before general conclu-
sions can be drawn.

Based on the limited available evidence, it is likely that other
fungal groups also play important functional roles. For example,
systemic fungal endophytes (fungi that live inside aboveground
plant tissues and receive nutrition and protection from the host)
change the performance, herbivore resistance, biomass allocation,
and final biomass of plant individuals and may thus also have a
considerable effect on competitive interactions among plants
(Clay and Holah 1999; Matthews and Clay 2001; Pan and Clay
2002). The presence of fungal endophytes may also inhibit the
activity of other microbial organisms like AMF (Chu-Chou et al.
1992; Guo et al. 1992) or soil invertebrates (Bernard et al. 1997),
with possible indirect effects on plant community diversity or
productivity. Toxic alkaloids in the leaf litter of endophyte-
infected plants could inhibit decomposition, slowing rates of nu-
trient cycling (Bush et al. 1997). Pathogenic fungi in the root
zone may influence plant distribution and competition by favor-
ing certain species (de Rooij-van der Goes et al. 1998; Packer
and Clay 2000). There are currently no results from biodiversity-
ecosystem functioning experiments explicitly considering endo-
phytes and soil fungal pathogens, but the complex relationships
described above suggest that fungal diversity may play an impor-
tant role in the structure and functioning of ecosystems.

Ecosystem productivity and carbon accumulation may be en-
hanced by nitrogen-fixing microorganisms. These include both
nitrogen-fixing bacteria in symbiotic relationships with plants (es-
pecially, but not exclusively, legumes), and free-living microor-
ganisms. As in the case of AMF, not only the presence but also
the identity of the symbiotic nitrogen-fixing bacteria is important,
since different genotypes may have different effects on host plant
species (Thrall et al. 2000).

The input of nitrogen to soils from nitrogen-fixing plants is
crucial in the productivity and successional dynamics of many
natural ecosystems and can have important positive and negative
impacts on ecosystem services (Walker and Vitousek 1991; Doyle
1994; Fridley 2001). Some of the positive effects of biodiversity
on plant biomass production have been attributed, at least in part,
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BOX 11.1

Impacts of Habitat Fragmentation on the Links between Biodiversity and Ecosystem Processes

Throughout the world, habitat fragmentation is one of the most critical
threats to biodiversity and ecosystem services, such as pollination, seed
dispersal, herbivory, and carbon sequestration (Dirzo 2001a; Laurance et
al. 2002; Dirzo and Raven 2003). In the tropics, for example, millions of
hectares of forest are destroyed each year (Whitmore 1997; Achard et al.
2002), typically leaving small islands of forest surrounded by a sea of
pastures, crops, and scrubby regrowth. In other areas, such as the eastern
United States and much of Europe, forests have been fragmented for
centuries. Hence, the fragmented landscape is rapidly becoming one of
the most ubiquitous features of our planet.

Habitat fragments are ecologically different from intact habitat, and
they are often biologically depauperate. This occurs for several reasons.
First, habitat destruction is often nonrandom. Humans tend to clear areas
overlaying productive, well-drained soils and to avoid areas with steep or
strongly dissected topography. Consequently, habitat remnants are often
confined to areas with poor soils, rugged topography, and low species
richness. Second, because they are limited in area, habitat fragments
contain only a fraction of the habitat diversity found in a particular area
(Wilcox 1980). Third, small fragments usually have higher local extinction
rates than large fragments because they contain smaller, more vulnerable
populations (MacArthur and Wilson 1967; Stratford and Stouffer 1999).
Fourth, habitat fragments are influenced by edge effects, which are eco-
logical changes associated with the artificial, abrupt margins of habitat
fragments (Janzen 1986; Laurance et al. 2002; Hobbs and Yates 2003).
Edge effects can be remarkably varied, altering physical gradients, spe-
cies distributions, and many ecological and ecosystem processes. (See
Figure.) Fifth, fragments that are isolated tend to support fewer species Distances to Which Various Edge Effects Penetrate the Interiors of
than do those that are near other habitat areas (MacArthur and Wilson Fragmented Rainforests in Central Amazonia. Some edge effects, such
1967; Lomolino 1984). as microclimatic alterations like higher vapor pressure deficits and lower

By altering species richness, relative abundance, and composition, soil-moisture content, penetrate only limited distances (�50 m) into forest
habitat fragmentation also indirectly affects many ecosystem processes. fragments. Other edge effects, however, such as elevated wind distur-
Smaller fragments often become hyper-disturbed, leading to progressive bance, can penetrate hundreds of meters into fragments. As a result, even
changes in floristic composition (Laurance 1997; Hobbs and Yates 2003). large fragments can be substantially altered by wind disturbance.

to the presence of nitrogen-fixing legumes in the assemblages
(e.g. Hector et al. 1999). Nitrogen-fixing symbiotic relationship
is at the very basis of intercropping (Vandermeer 1989) and ren-
ders high economic profit in many semi-natural pasture and agro-
foresty ecosystems. However, the invasion by trees with nitrogen-
fixing symbiotic microorganisms has had dramatic consequences
in some naturally nutrient-poor ecosystems (such as the firetree,
Myrica faya, in Hawaii, where a nitrogen-fixing tree was pre-
viously absent).

11.3.2.2 Interactions between Plants and Animals
The provision of ecosystem services by plants and animals is inex-
tricably linked. This is because animals interact with plants di-
rectly by eating them or by moving their pollen and seeds across
the landscape. This has short-term consequences on ecosystem
processes and also long-term evolutionary consequences (such as
evolution of plant chemical defenses and floral and fruit struc-
tures). Major ecosystem services are supported by the direct inter-
actions between plants and animals, such as herbivory, pollination,
and seed dispersal. Animals and plants can also influence each
other indirectly by changing each other’s habitat and resource
availability (such as the provision of nesting sites by plants to ani-
mals or the increased availability of soil nutrients to plants due to
physical disturbance caused by animals).
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11.3.2.2.1 Herbivory
Herbivory—the consumption of plant tissues or fluids by ani-
mals—is ubiquitous in ecosystems and often has a dramatic impact
on ecosystem processes. This section describes the ecosystem ef-
fects of the interactions between wild herbivores and plants. The
ecosystem effects of domestic herbivores are addressed in Chap-
ters 8 and 22.

The consequences of herbivory for ecosystem services and
human well-being go far beyond its widely recognized role in
terms of impact on the production of plant biomass (such as food,
wood, and fiber). This is because herbivores consume an impor-
tant portion of the world’s primary production, and in many cases
they stimulate plant biomass production and nutrient cycling and
favor stability (by decreasing the amount of standing dead bio-
mass, for instance, and thus the probability of high-temperature
fires). Herbivory has also played a key role in the development of
plant functional biodiversity over evolutionary time (Dirzo
2001b).

Herbivory tends to be an antagonistic interaction in which
plant performance (yield, reproduction, and survival) is often neg-
atively affected. However, we now know that the impacts of
herbivory move along a gradient from negative, neutral (compen-
sation), and even positive (overcompensation) effects on plants
(Strauss and Agrawal 1999). For example, mammals may speed
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New trees regenerating near forest edges tend to be disturbance-loving pollinators (Hobbs and Yates 2003). Moreover, the loss of seed dispersers
pioneer and secondary species rather than old-growth, forest-interior spe- has dramatically affected the life cycle of plants worldwide (Chapman and
cies (Viana et al. 1997; Laurance et al. 1998b). Large canopy and emer- Chapman 1996; Terborgh and Wright 1994; Wright and Duber 2001), and
gent trees, which contain a high proportion of forest biomass, are scientists have shown that in areas affected by fragmentation or with
particularly vulnerable to fragmentation (Laurance et al. 2000). As the heavy poaching, the number of seeds dispersed decreases (e.g., Wright
biomass from the dead trees decomposes, it is converted into greenhouse and Duber 2001; Wright et al. 2000). Reduced dispersal may in turn de-
gases such as carbon dioxide and methane. This loss of living biomass is crease the genetic diversity of plant populations, since seeds are one of
not offset by increased numbers of lianas and small successional trees in the main vectors of gene flow between populations (Pacheco and Simo-
fragments (Laurance et al. 2001), which have lower wood densities and netti 2000). Small, fragmented plant populations may show increased
therefore store less carbon than the old-growth species they replace (Nas- inbreeding, reduced genetic fitness, and increased susceptibility to envi-
cimento and Laurance 2004). In fragmented forests worldwide, millions of ronmental stress (Heschel and Paige 1995).
tons of atmospheric carbon emissions may be released each year by this In addition, the rapid loss of large predators (wolves, bears, and tigers,
process. Edge-related losses of biomass increase sharply once fragments for example) in many fragmented landscapes can lead to a phenomenon
fall below 100–400 hectares in area, depending on fragment shape (Lau- known as mesopredator release (Soulé et al. 1988), in which medium-
rance et al. 1998b). sized omnivores (coyotes, raccoons, coatis, and opossums, for instance)

In addition to reduced carbon storage, the rate of carbon cycling is that were formerly controlled by the large predators undergo population
also altered in fragmented habitats. In undisturbed forests, carbon can be explosions. These omnivores may then decimate vulnerable species, such
stored for very long periods in large trees, some of which can live for as nesting birds (Crooks and Soulé 1999) and large-seeded trees (Asquith
more than 1,000 years (Chambers et al. 1998). In forest fragments, how- et al. 1997).
ever, the residence times for carbon will decrease as smaller, short-lived In summary, from the point of view of biodiversity-mediated ecosystem
plants replace large old-growth trees (Nascimento and Laurance 2004). services, habitat fragments are not simply reduced versions of nonfrag-
The dynamics of this cycle can have major effects on carbon storage in mented habitats. Rather, they are often fundamentally altered in terms of
vegetation and soils and on the rate of input of organic material into their species composition and ecosystem functioning. By reducing biodiv-
tropical rivers and streams (Wissmar et al. 1981). ersity, habitat fragmentation affects a number of regulating processes,

There is limited understanding of the ecosystem consequences of the such as herbivory, pollination, seed dispersal, and carbon storage. When
effects of fragmentation on complex interspecific interactions. Many spe- fragmented, forests may have a diminished capacity to provide natural
cies can be negatively affected by secondary or ‘‘ripple effects’’ in frag- products such as certain fruits, fibers, game, and pharmaceuticals; they
mented habitats (Terborgh et al. 1997). For example, plants that rely on may experience drastically altered fire regimes that can affect local com-
specialized pollinators can experience reduced fecundity in fragments if munities, livestock, and croplands; and they may have a reduced capacity
their key pollinators disappear (Aizen and Feinsinger 1994), although exotic for capturing and storing atmospheric carbon in its living vegetation.
pollinator species can sometimes compensate for the loss of native

up biomass production by plants by removing dead parts or by
eliminating apical dominance leading to the proliferation of sec-
ondary branches. This gradient of herbivore impacts and plant
responses, together with the lack of information for most ecosys-
tems, makes it difficult to understand the role of herbivores in
ecosystem processes or the effect of their biodiversity on that role
(e.g., van der Putten et al. 2001; Wardle et al. 2003). However,
as this section illustrates, although negative impacts on plants are
common, ecosystem services and even biodiversity maintenance
depend on this biotic interaction.

Approximately 50% of the total species richness is accounted
for by phytophagous insects and their food plants (Strong et al.
1984; Heywood and Watson 1995). Most of this biodiversity is
concentrated in the tropics (Dirzo and Raven 2003), where her-
bivory rates, largely by insects, are also higher (Coley and Barone
1996).

The loss of herbivores can affect species throughout the com-
munity in ways that can be difficult to predict. In both tropical
and nontropical ecosystems, herbivory by mammalian vertebrates
can be high, and it appears that, regardless of species richness,
removal of large herbivores can have profound effects on ecosys-
tem diversity and functioning, including terrestrial, marine, and
freshwater ecosystems (Pimm 1980). In the tropics, for instance,
loss of mammalian herbivores resulting from hunting and habitat
deterioration may reduce herbivory and seed dispersal, resulting
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in patches with high density and low species richness of seedlings.
The high density and low species richness of these patches in-
creases the abundance of insect herbivores and their parasites
(Chapman and Chapman 1996; Dirzo 2001b; Wright 2003). The
consequences of species loss depend on both the magnitude and
type of animals that are removed and also on the potential for the
remaining animals to ecologically compensate in the absence of
those lost. In most systems, current knowledge is insufficient to
predict the effect of herbivore loss reliably.

In grasslands and rangelands where native or domestic ungu-
lates have been present over evolutionary time, these herbivores
assist with nutrient cycling and buffer against disturbances. Herbi-
vores open up the vegetation by eating and trampling it. Also,
their feces and urine decompose faster than plant litter. As a con-
sequence, nutrients, especially nitrogen, are recycled faster. In
areas where ungulates have been present over evolutionary time,
the loss or voluntary suppression of grazing leads to considerable
accumulation of standing and dead biomass. In some areas, this
increases fire frequency and intensity, with negative consequences
for plant and soil communities (Collins et al. 1998; Perevolovsky
and Seligman 1998). Biomass accumulation has also been reported
to favor rodent outbreaks, because the tall, dense canopy provides
a refuge from predators (Noy-Meir 1988).

In addition, herbivores can change the characteristics of their
host plants over ecological and evolutionary time. Herbivory has
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selected for adaptive responses by plants, including physical and
chemical traits, such as the omnipresent plant secondary metabo-
lites (tannins, alkaloids, cardiac glycosides, non-protein amino
acids, and so on). These traits have in turn selected for adaptive
responses by animals, including detoxification mechanisms. Such
adaptive and counter-adaptive responses lead to coevolutionary
changes that, beyond their academic importance, have important
practical ramifications in terms of, for example, biological control
and pharmacology (see Chapter 10).

The role of herbivores in supporting ecosystem services re-
lated to the maintenance of genetic resources and food produc-
tion has been underestimated. The high economic losses of crops
caused by insect pests would suggest, at first glance, that herbivory
reduces ecosystem services, particularly if considering only the
economic value. This interaction can have direct ecological and
economic benefits, however, when herbivores operate as effective
control agents of potential weeds (reviewed later in this section).

In addition, the impacts of herbivores on wild plants have led
to the evolution of defensive mechanisms, particularly secondary
plant metabolites, which are of great actual or potential impor-
tance for humans. For instance, about 25% of the currently pre-
scribed drugs have their origin in defensive plant secondary
compounds (Dirzo and Raven 2003), which in turn are believed
to have arisen as a result of the interactions between plants and
herbivores over evolutionary time.

The potential benefit of many other metabolites, still poorly
investigated, is considerable. For example, the metabolite dihy-
dromethyldihydroxypyrrolydine (DMDP) is produced in the fo-
liage of the tropical liana Omphalea diandra. This and other related
species in the genus are strongly protected against phytophagous
insects, except the highly specialized caterpillars of the moth Ura-
nia fulgens, which, in turn, sequester the metabolite in their bod-
ies. Remarkably, this metabolite plays some role in blocking the
activity of HIV, has negative effects on bruchid beetles that attack
stored grains in the tropics, and has shown some activity against
cancer and diabetes (Dirzo and Smith 1995).

11.3.2.2.2 Pollination

Pollination, the transfer of pollen between flowers, without
which many plants cannot achieve sexual reproduction, is an in-
teraction between animals and plants that is essential for the provi-
sion of plant-derived ecosystem services. Worldwide, there is
increasing realization of the extent to which both wild plant com-
munities and agricultural systems depend on pollination services
(Buchmann and Nabhan 1996; Allen-Wardell et al. 1998). (See
Box 11.2.)

Because many fruits and vegetables require pollinators, polli-
nation services are critical to the production of a considerable
portion of the vitamins and minerals in the human diet. When
agroecosystems are managed in a way that reduces a diverse as-
semblage of native pollinators, crops are at risk of suffering yield
losses (Kremen et al. 2002).

Estimates of the annual monetary value of pollination vary
widely, from $120 billion per year for all pollination ecosystem
services (Costanza et al. 1997), to $200 billion per year for the
role of pollination in global agriculture alone (Richards 1993).
The range of these numbers reflects the lack of common methods
for valuing the services provided by nature in general (see Chapter
2) and pollinators in particular. Recent research in coffee ecosys-
tems in Costa Rica (Ricketts et al. 2004) however have shown
that for stingless bee pollinators, which nest only in the forest, the
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services provided by adjacent forest patches contribute to 20%
greater coffee yields within one kilometer of the forest, and 7%
overall to the income of the coffee farms.

Existing evidence indicates that species richness and composi-
tion of pollinators are linked with plant reproduction and estab-
lishment and thus with all the supporting, regulating, and
provisioning services that stem from terrestrial vegetation. The
direct impact of losing effective pollinators is primarily on plant
reproductive success and fruit production. Most pollination sys-
tems are ‘‘somewhat generalized’’ (Waser et al. 1996), in that most
flowers attract and can be pollinated by a range of pollinators that
often vary under different climatic conditions. Therefore flowers
usually will continue to be visited even if the most effective polli-
nators have been eliminated. Because some pollinators are much
more effective than others, however, less pollen may be depos-
ited, or it may be deposited at the wrong place on the plant, or
the visits may occur at times when the flower is less receptive to
receiving pollen. Rarely will plants completely fail to produce
seed when their most effective pollinator is removed; they are
more likely to produce less seeds or fruit of reduced viability or
quantity.

Previously, low fruit production in plants was widely attrib-
uted to nutrient limitation, but increasingly studies have pointed
to pollen limitation as a cause of fruiting failure (Burd 1994; John-
son and Bond 1994). The contribution of pollination to crop
yields is beginning to garner attention on the scientific agenda
and to be considered an essential agricultural input for optimal
production. Pollination is now increasingly recognized as a key
component of biodiversity and sustainable livelihoods, and an In-
ternational Pollinators Initiative has been formed to address polli-
nator conservation.

Adequate richness and density of pollinators also influence
plant genetic diversity and thus indirectly affect supporting eco-
system services related to it. Threats to pollination services may
lead to genetic impoverishment of species. Pollination is the
means by which genes are exchanged in a population. Where the
number of individuals of a given species is low (as a result of
habitat fragmentation, for instance, or selective harvesting) polli-
nators may carry fewer pollen grains to each flower visited
(Kearns et al. 1998; Kunin 1992). In self-compatible species
(where individuals may fertilize themselves), this ‘‘pollination
deficit’’ leads directly to increased inbreeding, reduced genetic
fitness, and increased susceptibility to environmental stress
(Heschel and Paige 1995), as seen often in small fragmented plant
populations.

Although most pollination systems tend to be generalized, the
greatest risks of reproductive failure or genetic impoverishment
occur in highly specialized pollination systems, where the suite of
effective pollinators is the smallest. Specialized pollination systems
occur most commonly in desert ecosystems (Ollerton and
Kamner 2002; Waser et al. 1996). The greatest richness of bee
species, for example, occurs in arid and semiarid environments
such as Israel and the American Southwest (O’Toole 1993).
Closely related Acacia tree species in Tanzania drylands flower at
different times of the day, thereby reducing the opportunities for
sharing pollinators (Stone et al. 1998).

Nevertheless, at a local level, whether in moist tropical systems
or desert systems, there is a strong linkage between effective polli-
nation systems and biodiversity. Larger individual fruit of more
uniform shape and better seed production generally correlate with
a greater number of visits from pollinators (Alderz 1966). Since
changing weather conditions may favor some pollinators over
others, having the largest suite of potential pollinators is the best

................. 11432$ CH11 10-11-05 14:57:25 PS



313Biodiversity Regulation of Ecosystem Services

BOX 11.2

Global Status of Pollinators

Approximately 80% of Angiosperms, including many important agricultural Butterfly (Lepidoptera) populations have decreased in Europe, based
species, are pollinated by animals (the rest are wind- or water-pollinated on local and national studies in the United Kingdom, the Netherlands, and
or are self-compatible). Worldwide, the number of flower-visiting species Germany. Comparison with historical records (1970–82) showed that half
is estimated to be about 300,000 (Nabhan and Buchmann 1997). Bees of British resident butterflies have disappeared from over 20% of their
(Hymenoptera: Apidae) account for 25,000–30,000 species (O’Toole and range and that a quarter have declined by more than 50% (Asher et al.
Raw 1991) and together with flies, butterflies and moths, wasps, beetles, 2001). Swaay and Warren (1999) report in the Red Data Book of Euro-
and some other insect orders encompass the majority of pollinating spe- pean Butterflies that many European butterflies are under serious threat
cies (Buchmann and Nabhan 1996). Vertebrate pollinators include bats, because of changing land use and agricultural intensification.
non-flying mammals (monkeys, rodents, lemurs, and so on), and birds. Mammalian and bird pollinators also show strong declines. Nabhan

The challenges of identifying declines in pollinators are considerable (1996) notes that 45 species of bats, 36 species on non-flying mammals,
given the rarity of many species, the lack of baseline data, and high spatial 26 species of hummingbirds, 7 species of sunbirds, and 70 species of
and temporal variation in pollinator populations (Williams et al. 2001). passerine birds are of global conservation concern. The black and white
Evidence is generally either direct, from isolated case studies showing ruffed lemur of Madagascar, an important pollinator of the island’s cele-
declines of specific taxa in a particular place or time, or indirect, from brated Traveler’s Palm, is highly threatened (Buchmann and Nabhan
studies of pollinator abundance across gradients of human disturbance. 1996). Lower visitation rates by bats and reduced fruit set occurred on a
If, as seems to be the case, pollinator populations are reduced in areas dry forest tree, Ceiba grandiflora, in disturbed habitats (Quesada et al.
with human disturbance, and the area affected by that disturbance is 2003).
increasing, we can expect pollinator populations to decline over time. Pollinator biodiversity is sensitive to a number of factors, many of them

Direct evidence of pollinator declines has been reported in at least one related to land use. Given that these drivers are widespread and often
region or country on every continent except Antarctica, which has no polli- increasing, the indirect evidence indicates that declines in pollinators may
nators. However, no consistent assessment is available at the continental also be increasing. In order to persist in agroecosystems, pollinators need
level, though efforts are currently under way on at least two continents. local floral diversity and nesting sites. Large monocultures fail to provide

Marked declines of bumblebees (Bombus spp.) have been reported these. For example, cultivated orchards surrounded by other orchards
for the United Kingdom (Williams 1986), Belgium (Rasmont 1988), and have significantly fewer bees than orchards surrounded by uncultivated
eastern Germany (Peters 1972) and for native solitary bee species in land (Scott-Dupree and Winston 1987). On melon farms in the western
Germany (Westrich 1989) and in the United Kingdom (Falk 1991). United States, wild bee communities become less diverse and abundant
Changes have been attributed to habitat loss resulting from agricultural as the proportion of natural habitat surrounding farms declines (Kremen
intensification. Day (1991) compiled information on the status of bees from et al. 2004). The most important species for crop pollination became lo-
several national Red Data Lists, identifying more than 400 listed species cally extinct throughout large parts of the landscape. In addition, all spe-
from north of the Alps but virtually none from the Mediterranean. Although cies declined along this gradient, so more resistant species could not
several case studies from Poland, Lithuania, Turkey, Russia, and Ukraine compensate for the loss of more sensitive species (Kremen 2004).
are available, data are insufficient to draw conclusions about general The implications for pollinator services are evident: only farms near
trends in these countries (Banaszak 1995). Similarly, a widespread polli- natural habitats sustained communities of pollinators sufficiently large to
nator decline may be occurring in North America (Buchmann and Nabham provide needed levels of pollination (Kremen et al. 2002). Distance from
1996; Allen-Wardell et al. 1998), but conclusive data are not yet available natural habitat affected pollinator communities and services in a similar
(see special section in Conservation Ecology 5:1 (2001)). way on coffee farms in Costa Rica (Ricketts et al. 2004; Ricketts 2004).

Honeybee (Apis mellifera) colonies, both managed and wild, have un- The sizes, shapes, and interdigitation patterns of natural habitat in an
dergone marked declines in both the United States and some European agricultural landscape may profoundly affect the persistence of pollinators.
countries. The number of managed honeybee colonies in the United States Globally important threats to plant-pollinator systems, while based on
has dropped from 5.9 million in the 1940s to 1.9 million in 1996 (Ingram et land use practices, are driven by a number of forces of varying scales
al. 1996; USDA National Agricultural Statistics Service 1997), and most and points of origin. These include forces driving agricultural intensification
feral colonies have also been lost (Kearns et al. 1998). In the European and consequent habitat loss and fragmentation of wild ecosystems, cli-
Union, honeybee colonies are reported to have declined by 16% between mate change, use of environmental chemicals, diseases and parasites of
1985 and 1991, with losses expected to increase (Williams et al. 1991). A pollinator populations, changing fire regimes, introduction of alien plants,
major cause of honeybee declines is parasitic mites (Varroa jacobsoni and and competition with introduced pollinators. Each of these forces may
Acarapsis woodi). The range expansion of Africanized honeybees in the introduce what appear to be only marginal impacts, but effects can cas-
United States is also predicted to decrease managed honeybee colonies, cade through the ecosystem in ways that may have serious repercussions
largely because beekeepers fear liability lawsuits (Allen-Wardell et al. 1998). for pollinator populations.

The related Himalayan cliff bee (Apis laboriosa) has declined signifi- For example, the introduction of domesticated livestock to grassland
cantly. In a regional study, all but one censused cliff showed declines in ecosystems may depress pollinators if the livestock pressure exceeds the
number of colonies or total loss across a 15-year period (Ahmad et al. levels of grazing to which the resident pollinator populations are adapted.
2003). Bee population characteristics may show changes before popula- Intensively managed livestock tend to trample pathways and water edges
tion declines can be detected. For example, the most abundant orchid that otherwise serve as nesting sites and water access points for wasp
bee in lowland forest in Panama, Euglossa imperialis, frequently has high and bee pollinators (Gess and Gess 1993). Changes in the herbaceous
levels of sterile males resulting in low effective population sizes (Zayed et layer of vegetation, due to grazing and the introduction of tall, fire-tolerant
al. 2003). Recent research points to reduced genetic diversity in specialist grasses, may lead to hotter fires, which destroy the dead wood that sev-
bees compared with generalists (Packer et al. 2005). eral groups of bees use as nesting sites (Vinson et al. 1993).
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insurance policy for reproductive success and consistent gene flow
between plant individuals (Kremen et al. 2002).

Poor reproduction observed in several rare plants has been
linked to the loss of specialized pollinators. Examples are popula-
tions of members of the Scrophularaceae plant family in South
Africa (Steiner 1993) and bird-pollinated vines in Hawaii (Lord
1991). The high degree of mutualism seen in some pollination
interactions is illustrated by plants such as figs, yuccas, and food
plants that are both pollinated by and serve as brood sites for the
larval stage of many lepidopteran pollinators. Highly specialized
relationships occur between fig tree species (considered keystone
species for the maintenance of several vertebrate populations in
the forest) (Terborgh 1986) and their pollinators, fig wasps, mak-
ing them particularly dependent on the pollinators (Wiebes 1979).
Some geographical regions of the world may have a higher occur-
rence of specialized pollination systems than others. South Africa,
for example, has hundreds of plant species that rely on long-
tongued flies for pollination. Many of these plant species rely on
a single long-tongued fly species (Johnson 2004).

Key pollinators for one plant species may also provide pollina-
tion services to other plants at other times of the year. For exam-
ple, Sampson (1952) noted that grazing livestock may destroy or
alter riparian vegetation that serves as a key resource to pollinators
at certain times of the year, thus reducing the ability of those
pollinators to carry out pollination services not only on the ripar-
ian vegetation but on other plants flowering at different seasons.
There is a concern that pollinator declines could, through such
interconnectedness, ultimately affect multiple trophic levels
(Allen-Wardell et al. 1998), yet understanding of these complex
and diffuse relationships is still very incomplete. A growing body
of research, however, is investigating the interactions among
members of ‘‘pollination webs,’’ similar to the complex interac-
tions that define food webs (Memmott 1999).

Human well-being and plant reproductive success are bound
together by the need for a large and diverse suite of pollinators
to assure continued and reliable delivery of effective pollination
services. Pollination services generally cannot be reduced to a
focus on a single ‘‘service provider.’’ The world’s agricultural
community is presently largely relying on the domesticated
honeybee, Apis mellifera, to provide a complex and variable ser-
vice, and that specific provider is faced with a number of disease
and parasite challenges. A matrix of healthy natural ecosystems,
interspersed and adjacent to human settlements and agricultural
fields, can provide significant insurance that pollination services
remain intact.

11.3.2.2.3 Seed dispersal

The movement of seeds away from the parent plant is an essential
process in plant population and community dynamics. This is
achieved in various ways, including wind, water, or explosion of
fruit capsules. Most plants, however, including those directly used
and managed by humans, depend on seed dispersal by animals.
The seeds of a large proportion of woody plants are dispersed
by animals (about 80–95% in the tropics and about 30–60% in
temperate forests) (Jordano 1992). Many herbaceous plants also
rely on animals for their seed dispersal, but the literature on these
links and on their ecosystem-service importance is much sparser
than that for woody species.

Seeds can be dispersed by animals that eat the fruit and discard
the seeds (frugivores) or by seed eaters. In the latter case, most
seeds do not survive consumption, but the survival of a small pro-
portion of them is enough to ensure the perpetuation of plant
populations. Fruit-eating animals include insects and vertebrates,
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ranging from ants to elephants, although in tropical forests a vari-
ety of frugivorous birds and mammals are the main vertebrate
dispersal agents (e.g., Leighton and Leighton 1984). Species that
are important for forest regeneration include those of birds, bats,
monkeys (Julliot 1996), opossums (Medellin 1994), fish (Gould-
ing 1980), and ants (Horvitz and Beattie 1980; van der Pijl 1982).
Flying seed dispersers (bats and birds) are the main vectors that
promote forest regeneration in human-disturbed forests by carry-
ing seeds from adjacent habitats to disturbed areas (Gorchov et al.
1993; Silva et al. 2002).

The removal of a frugivore species may have severe effects on
several plant species. Most seed dispersal systems can be character-
ized as generalized (many animals disperse several species of fruits)
(Jordano 1987). However, even in generalized seed dispersal sys-
tems each animal species deposits seeds in a distinct pattern that
affects plant distribution (Jordano and Schupp 2000). One single
species of animal may operate as the disperser of several plant
species. For instance, agoutis (medium-size rodents; Dasyprocta
spp.), are the main seed dispersal agent of several large-seeded
plants in tropical ecosystems and thus influence the floristic diver-
sity of the understory (Asquith et al. 1999).

In a similar manner to pollination, reduced dispersal also may
decrease the genetic diversity of plant populations, since seeds are
one of the main vectors of gene flow between populations (Pa-
checo and Simonetti 2000). The reduction of frugivore popula-
tions may have disproportionately large effects. For example,
when an animal population is reduced, its resource use shifts to
the most preferred items, such that the least preferred resources
are used little if at all. Not eating the fruits may have negative
impacts on the populations of plants with animal-dispersed fruits.
Thus reductions of animal populations (rather than extinction)
may be sufficient to dramatically change the ecosystem services
provided by frugivores (Redford and Feinsinger 2001).

The value of seed dispersal is hard to estimate, but many tree
crops of high economic importance depend on the seed dispersal
services of animals. Conversely, the persistence of large enough
populations of wild vertebrates strongly depends on the availabil-
ity of fruits of such crops. Several trees whose crops have an im-
portant role in local and export economies depend on seed
dispersal by wild vertebrates. Examples include the Brazil nut
(Bertholletia excelsa), which represents a multimillion-dollar busi-
ness, and the açai palm (Euterpe oleracea) (Baider 2000). Also, sev-
eral cosmetics are based on nuts or seeds from tropical forests.

Several tree species, such as figs and palms, are also some of
the most important keystone species in the tropics (Terborgh
1986; Galetti and Aleixo 1998), because they serve as food sources
during periods of fruit scarcity. Monkeys, tapirs, peccaries, and
several bird species rely on keystone fruit species in Neotropical
forests, and empirical evidence suggests that the structure of verte-
brate communities could collapse if these keystone plant species
are removed from the forest (Terborgh 1986). The overharvesting
of Brazil nuts, açai palm, and Araucaria pine seeds (Araucaria an-
gustifolia) in many areas—including inside protected areas—is
threatening not only the plant populations but also the animals
that depend on their seeds, such as peccaries, toucans, and other
large-bodied frugivores (Galetti and Aleixo 1998; Solórzono-
Filho 2001; Baider 2000; Moegenburg 2002).

11.3.2.3 Predation and Food Web Interactions

Indirect interactions among species are widespread in nature and
refer to the effects of one species on a second species mediated by
a third species. For example, a predator may increase abundances
of some plant species by reducing the abundance of herbivores. It
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is difficult to predict the effects of changes to these interactions
because the indirect links are often poorly understood. Even if
such interactions are known to exist, their strength, and hence
their effects, typically vary with environmental conditions (Ber-
low et al. 1999). However, if these interactions are disrupted, dis-
proportionately large, and often unexpected, alterations in
ecosystem properties and services may occur.

Because indirect interactions are often not immediately obvi-
ous, and because the loss or addition of organisms with certain
traits can trigger positive feedback (self-accelerating) processes in
ecosystems, the introductions or removal of species can cause
‘‘ecological surprises.’’ Human alterations of the species composi-
tion of natural ecosystems can be unintended—such as mortality
due to pollution, accidental species introductions, and extinctions
caused by habitat losses—or deliberate, as when actions are taken
in pursuit of some management goals—such as sustained exploita-
tion, increased production, improved provision of ecosystem ser-
vices, conservation, restoration, or increased attraction of tourists.
Both types of interventions can disrupt ecosystem functioning and
alter the provision of ecosystem services. Although some acciden-
tal changes have improved the provision of some services, highly
undesirable effects are by far more common, or at least more
commonly reported. These often involve very important mone-
tary, environmental, and cultural costs.

Not all ecosystems are equally likely to yield unexpected or
unwanted results. Rich, complex food webs have higher func-
tional redundancy and more indirect interactions, many of which
are weak. A system with many weak interactions may be more
resistant to environmental change or loss of individual species. In
highly interconnected food webs, however, the effect of changes
in richness of one functional group are less predictable and may
affect the abundance of other species or the richness of other
functional groups through a complex set of direct and indirect
interactions (e.g., Buckland and Grime 2000). Trophically simple
systems such as temperate freshwater communities have re-
sponded particularly strongly to the deletion of high trophic level
species. For example, high-latitude lakes have simple food struc-
tures and low functional redundancy and therefore are highly vul-
nerable to food-chain disruption (Schindler 1990). Strong
interactors can also cause destabilization (Luckinbill 1979). Mod-
eling approaches also suggest that increasing diversity can increase
food-web stability under the condition that most of the interac-
tions within the food web are weak (McCann and Hastings 1997).
Stability increases with dietary breadth and number of alternative
prey (Fagan 1997; Morin 1999).

The traits of introduced or removed species strongly affect
whether these changes will result in unexpected or unwanted dis-
ruptions. The structure and organization of communities are
often dependent on a few interactions, changes in which have
disproportionately large effects relative to their abundance.
Therefore, preserving functional diversity and interactions may be
more important than maintaining species richness per se. Intro-
duction or removal of species for which there are few functional
analogues are likely to produce the strongest effects. Specifically,
introduction of species with traits not found in species already
present can produce large-scale alterations of ecosystem processes
and structure (such as the introduction of exotic N-fixing trees
and C4 grasses in Hawaii).

The removal of a top predator often induces increases in her-
bivores and thus reductions in plants, altering community struc-
ture and ecosystem properties. Predators, by preferentially eating
a competitively dominant prey, may facilitate increases in abun-
dance of other species (Paine 1969). Removal of such keystone
predators can greatly reduce prey diversity, because the dominant
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competitor may seriously reduce populations of species. Such ef-
fects of predator removals have been extensively documented in
numerous terrestrial and aquatic ecosystems (Pace et al. 1999).
Ecosystems in which such effects, known as ‘‘trophic cascades,’’
are particularly likely include physically homogeneous habitats
with few consumers, food-limited predators and herbivores, sys-
tems in which predators strongly suppress herbivores, and nutri-
ent-enriched systems. For example, in whole-lake experiments,
nutrient enrichment strongly promotes trophic cascading (Car-
penter et al. 1995). Trophic cascades may be smaller when mid-
level omnivorous consumers compensate for the activities of the
suppressed herbivores. For example, the exclusion of fish in Vene-
zuelan rivers did not produce cascading effects, as these fish eat
both insects and algae (Flecker 1996).

As mentioned earlier, interactions among species can vary spa-
tially and temporally and may range from strongly positive to
strongly negative. For example, in dry woodlands, shrubs may
facilitate the establishment of tree seedlings during dry years, but
they also provide habitat for beetles (Tenebrionidae) that eat the
seedlings (Kitzberger et al. 2000). Therefore, the effects of shrubs
on the trees vary in space and time. In wetter years, direct facilita-
tion becomes less important, and net effects may become domi-
nated by indirect negative effects caused by the herbivores.

11.3.2.4 Ecosystem Engineers

Ecosystem engineers are organisms that directly or indirectly
modulate the availability of resources other than themselves to
other species by causing physical changes in the biotic or abiotic
materials of the environment. They may dramatically modify the
composition and functioning of an ecological community (Jones
et al. 1994). On land, woody plants dominate the physical struc-
ture of the habitat. Deforestation causes massive changes in habitat
structure and leads to loss of species at several trophic levels (Hol-
ling 1992). Some species modify an ecosystem’s disturbance regimes
because they have traits that affect probabilities of disturbance.
For instance, highly flammable grasses induce high fire frequency,
which in turn alters community composition and ecosystem func-
tioning (D’Antonio and Vitousek 1992; Levine et al. 2003). In
hurricane-prone tropical forests, deeper-rooted trees may be less
likely to fall during high winds, thereby altering understory com-
munities (Lawton and Jones 1995). Examples of animal ecosystem
engineers are numerous. Beavers damming streams, termites
building mounds, and elephants killing trees are all examples of
animals that modify the structure of their habitat. These modifi-
cations can strongly affect the hydrology, productivity, and the
provisioning of ecosystem products (such as fish in beaver ponds).

11.3.3 Biodiversity Effects on Climate Regulation

Certain components of biodiversity, such the characteristics of the
dominant species and the distribution of landscape units, influence
the capacity of terrestrial ecosystems to sequester carbon and reg-
ulate climate at the local, regional, and global scales. (See also
Chapter 13.) Indirect feedback to global climate may accrue be-
cause plants sequester carbon in biomass (decreasing carbon re-
lease to the atmosphere). Climate may also be altered by plants
through changes in albedo, evapotranspiration, temperature, and
fire regime. Changes in land use, over large land surface areas,
will change how biodiversity affects climate. Equally important
are the functional traits of dominant plant species and the spatial
arrangement of landscape units. Thus biodiversity needs to be ex-
plicitly considered in climate change mitigation practices such as
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afforestation, reforestation, slowed-down deforestation, and bio-
fuel plantations.

11.3.3.1 Biophysical Feedbacks

The functional traits and structural complexity of plant canopies
influence water and energy exchange through their effects on al-
bedo (Chapter 13). Albedo is the proportion of incoming radia-
tion that is reflected by the land surface back to space. Complex
canopies trap more reflected radiation, thereby reducing albedo.
In dense vegetation, albedo is determined by the properties of
the dominant plant functional types, with albedo decreasing from
grasses to deciduous shrubs and trees to conifers (Chapin et al.
2002). In open-canopied ecosystems, which account for 70% of
the ice-free terrestrial surface (Graetz 1991), all individuals con-
tribute to albedo, and more biologically diverse—and hence more
structurally complex—communities have lower albedo (Thomp-
son et al. 2004). For example, the increase in shrub density in
Arctic tundra in response to regional warming (Sturm et al. 2001)
has reduced regional albedo and increased regional heating
(Chapin et al. 2000b). (See Chapter 25.)

Greater structural diversity of the canopy increases the effi-
ciency of water and energy exchange, which influences water use
efficiency of vegetation and runoff to streams. Complex canopies
generate mechanical turbulence that mixes within-canopy air
with the bulk atmosphere and therefore increases the efficiency
with which water, heat, and CO2 are exchanged between the
ecosystem and the atmosphere. (See Chapter 13.) Mechanical tur-
bulence depends on the structural diversity of the vegetation—the
number, size, and arrangement of roughness elements such as trees
or shrubs. Changes in structural diversity are particularly impor-
tant when they add individuals that are taller or more wind-resistant
than the surrounding vegetation. Even a low density of trees (less
than 100 trees per hectare, for example) in a savanna or woodland
substantially increases turbulent exchange with the atmosphere
(Thompson et al. 2004).

The functional composition of vegetation (for instance, the
structural complexity, phenology, or height) influences not only
the total quantity of energy absorbed and exchanged with the
atmosphere but also the partitioning of this energy flux among
three pathways: latent heat flux (evapotranspiration) as a result of
evaporation of water at the surface and its condensation in the
atmosphere, sensible heat flux (heat associated with a temperature
increase of the air), and ground heat flux (the heat conducted into
the ground) (Oke 1987).

Forests transmit a larger proportion of their energy to the at-
mosphere as latent heat (evapotranspiration) than grasslands do
because of their deeper roots and greater leaf area (Chapin et al.
2002). They therefore have a net moistening effect on the atmo-
sphere (Shukla et al. 1990), which becomes a moisture source
for downwind ecosystems. In the Amazon, for example, 60% of
precipitation comes from water transpired by upwind ecosystems.
Species with traits that enhance stand-level evapotranspiration,
such as high stomatal conductance, therefore enhance the regional
precipitation derived from a given moisture source. Since water
is the resource that most strongly limits global plant production
(Chapin et al. 2002; Gower 2002), these properties also contrib-
ute substantially to global productivity. In the boreal forest, post-
fire deciduous stands have higher albedo and stomatal conduc-
tance than pre-fire conifer stands (Baldocchi et al. 2000) and
therefore have a net cooling effect on climate. Because increasing
temperatures will increase fire frequency, this may act as a one
of the few potential negative feedbacks to high-latitude warming
(Chapin et al. 2000c).
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Large-scale changes in landscape patterns have effects on re-
gional climate. The diversity of patches on a landscape exerts an
additional impact on biophysical coupling between land and at-
mosphere and therefore on local-to-regional climate. Large
patches (more than 10 kilometers in diameter) that have lower
albedo and higher surface temperature than neighboring patches
create cells of rising warm air above the patch (convection); this
air is replaced by cooler moister air that flows laterally from adja-
cent patches (advection). Climate models suggest that these land-
scape effects substantially modify local-to-regional climate. In
Western Australia, the replacement of native heath vegetation by
wheatlands increased regional albedo. As a result, air tended to
rise over the dark heathland, drawing moist air from the wheat-
lands to the heathlands. The net effect was a 10% increase in pre-
cipitation over heathlands and a 30% decrease in precipitation
over croplands (Chambers 1998). Most vegetation changes gener-
ate a climate that favors the new vegetation, making it difficult to
return the vegetation to its original state.

11.3.3.2 Carbon Sequestration

Biodiversity affects carbon sequestration primarily through its ef-
fects on species traits, particularly traits related to growth (which
governs carbon inputs) and woodiness, a key determinant of car-
bon turnover rate within the plant. As described earlier, species
diversity can enhance productivity through temporal and spatial
niche diversification and through increasing the probability of in-
cluding productive species in the community. Species differences
in productivity result from a wide range of plant traits, including
growth rate, allocation patterns, phenology, nutrient use effi-
ciency, resource requirements, traits that influence access to re-
source pools (such as root depth or symbioses with mycorrhizae
or N-fixing microorganisms), and traits that influence conditions
that limit growth (such as temperature or moisture) (Lambers and
Poorter 1992). Woodiness is particularly important in enhancing
carbon sequestration because woody plants tend to contain more
carbon, live longer, and decompose more slowly than smaller her-
baceous plants.

Plant species also strongly influence carbon loss via decompo-
sition and their effects on disturbance. Decomposition is influ-
enced by traits linked to leaf litter quality (carbon quality and
nutrient concentrations, for example), effects on soil environment
(temperature, moisture, oxygen, and so on), carbon exudation
rate from roots, and interactions with other species (Eviner and
Chapin 2004). For example, wood decomposes more slowly than
herbaceous material, and slow-growing plants characteristic of
low-resource environments produce leaves that decompose more
slowly than those of more rapidly growing plants (Cornelissen
1996; Pérez-Harguindeguy et al. 2000), enhancing carbon se-
questration.

In general, the suite of traits that promotes rapid growth and
high productivity also leads to rapid decomposition. Thus there is
a tradeoff among traits that promote short-term carbon accumula-
tion versus long-term carbon storage. Plant traits also influence
the probability of disturbances such as fire, wind-throw, and
human harvest, which temporarily change forests from accumu-
lating carbon to releasing it (Valentini et al. 2000; Schulze et al.
2000). In addition to the effects of plant traits on carbon gain and
loss from ecosystems, other forms of diversity can be important
by influencing the spread of pests and pathogens, which are im-
portant agents of disturbance and carbon loss from ecosystems (see
next section).

Landscape diversity and spatial pattern also influence carbon
loss from ecosystems. In particular, the edges of forest fragments
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are often places of high plant mortality because the radically al-
tered environment at forest edges kills trees via wind throw and
desiccation (e.g., Hobbs 1993 for Australia; Chen et al. 1992 for
western North America; Laurance et al. 1998a for Amazonia).
Elevated tree mortality leads to a decline of living biomass near
forest edges (Laurance et al. 1997) and an increase in decomposi-
tion (Laurance et al. 2000). The net effect is a decline in carbon
storage at the edges of forest fragments. As forest fragments de-
cline in size, a larger proportion of the total landscape loses car-
bon. Another potential effect of habitat fragmentation is the
alteration of natural fire regimes, either by reducing the frequency
and extent of fires (for example, when fires are suppressed in the
surrounding matrix) (Baker 1994) or by increased burning in eco-
systems that are highly vulnerable to fire (as in tropical rainforests)
(Gascon et al. 2000; Cochrane and Laurance 2002; see also Chap-
ter 16).

11.3.4 Pest and Disease Control in Agricultural
Systems

Both the diversity of natural enemies and the landscape diversity
may influence pest and disease control in agricultural systems.
Yields of desired products from agroecosystems may be reduced
by attacks of herbivores above and below ground, fungal and mi-
crobial pathogens, and competition with weeds. Modern agricul-
ture has focused on reducing biodiversity in order to generate
monocultures of the most profitable species or genetic variety.
Landscape diversity (such as the intermixing of crop and non-
crop patches) and crop rotation can also reduce the need to breed
for new pest and disease resistance and to discover new pesticides.

However, biodiversity may enhance pest resistance in agricul-
tural systems through both ecological and evolutionary processes.
Because of the high population densities and short life cycles of
many weeds and pests, resistance to synthetic biocides typically
evolves rapidly, necessitating continuing costly investments to de-
velop and employ new synthetic biocides. Most improvements in
crop resistance to herbivores, pathogens, and weeds are transitory.
Use of biodiversity can reduce the frequency with which biocides
need to be applied and, hence, the selective pressure and rate at
which resistance evolves (Palumbi 2001).

Biodiversity-based techniques that reduce or eliminate the
need for biocides can be based on the species richness of crop
plants or natural enemies (pathogens or parasites). Techniques that
use crop plant biodiversity to reduce or eliminate application of
biocides include intercropping of genetically different strains of a
single crop species, intercropping of crop plants of different spe-
cies, and crop rotation. Techniques that encourage populations of
predators, parasites, and pathogens of the species that attack crop
plants include no-till or low-till soil management and planting of
other plant species that either repel crop predators or attract them
away from the crop.

11.3.4.1 Techniques Based on Crop Plant Biodiversity

The productivity of agricultural systems with high crop genetic
diversity or species richness tends to be more stable over time
than that of low-diversity systems, in part due to improved pest
and disease control (Power and Flecker 1996; Power 1999) (see
also the earlier section on ecosystem stability). Traditional agricul-
tural systems often include substantial planned genetic and species
diversity (Pretty 2002). In contrast, the low diversity of most
commercial monoculture systems often results in large crop losses
from a pest complex that is less diverse but more abundant than
that in more diverse systems. Indeed, a low-diversity global strat-
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egy of food production could potentially be destabilized by pests
and disease (Tilman et al. 2002a).

A large proportion of global food production is accounted for
by just three crops: wheat, rice and maize. The relative scarcity of
outbreaks of diseases on these three crops is a testament to the
success of plant breeding, cultivation practices, and the use of
agrochemicals. Because of the rapid evolution of biocide-resistant
organisms, however, these successes may not be sustainable in the
long term. For example, within about one or two decades of the
introduction of each of seven major herbicides, herbicide-resistant
weeds were observed. Insects also frequently evolve resistance to
insecticides within a decade. Resistant strains of bacterial patho-
gens appear within one to three years of the release of many anti-
biotics for livestock (Palumbi 2001).

By the beginning of the twenty-first century, some 2,645 cases
of resistance of species to biocides had been recorded in insects
and spiders, involving more than 310 pesticide compounds and
540 different insect species (www.cips.msu.edu/resistance/;
www.cips.msu.edu/resistance/rmdb/background.html). During
the 1990s, there was a 38% increase in compounds to which one
or more arthropod species were resistant, and a 7% increase in
arthropod species that are resistant to one or more pesticides.

Increased genetic diversity of crops nearly always decreases
pathogen-related yield losses. Recently rice blast, a major and
costly fungal pathogen of rice, was controlled in a large region of
China by planting alternating rows of two rice varieties (Zhu et
al. 2000). This tactic increased profitability and reduced the use
of a potent pesticide. The use of mixtures of different crop varie-
ties has been shown to effectively retard the spread or evolution
of fungal pathogens of grains (Ngugi et al. 2001; Mundt 2002).
There is some evidence that these approaches may also be useful
for the control of plant viruses (Power 1991; Matson et al. 1997;
Hariri et al. 2001).

High crop species richness enhances the ecosystem services
derived from agriculture and often improves the stability of pro-
duction over time by reducing the incidence of herbivores,
pathogens, and weeds. In monoculture plantations of rubber trees,
sugarcane, or cacao, the larger and more isolated the plantation,
the greater the impact of herbivores on the plants of the agroeco-
system (Harper 1977; Strong 1974). Plantations of cacao and rub-
ber tend to have considerably lower levels of herbivory when
adjacent to natural, diverse forests. In a review of reported tests of
herbivore density in polycultures compared with monocultures,
52% of 287 herbivore species occurred at lower densities in poly-
cultures compared with only 15% that occurred at higher density
(Andow 1991). Sometimes even growing a mixture of two crops
is enough for broad pest control; for example, in the Philippines,
intercropping maize and peanuts helps to control the maize stem-
borer (Conway 1997). Numerous studies indicate that increasing
crop species richness commonly decreases the severity of weed
infestations (Liebman and Staver 2001). This is because greater
crop species richness often increases the overall usage of available
resources by the crops, leaving fewer leftover resources on which
weeds can subsist.

Plant species richness also tends to suppress the spread of viral
infection in crops: 89% of plant viruses with a known transmission
mechanism are transmitted by plant-feeding insects (Brunt et al.
1996). Greater plant species richness reduces the abundance of
their insect vectors, and so the majority of viruses that are trans-
mitted by insects tend to be found at lower densities in polycul-
tures than monocultures (Power and Flecker 1996). The richness
of crop species in an agroecosystem has a much less predictable
effect on the prevalence of microbial pathogens that do not rely
on insect vectors, such as most fungi (Matson et al. 1997).
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Fungal diseases are usually but not always less severe in poly-
cultures than monocultures (Boudreau and Mundt 1997). Varia-
tions occur because the effects of intercropping on disease
dynamics depend on a variety of factors, including microclimate
effects and the spatial scale of pathogen dispersal (Boudreau and
Mundt 1994; Boudreau and Mundt 1997). Crop diversification
can alter microclimate in ways that either encourage or inhibit
pathogen growth, depending on the characteristics of the patho-
gen, plants, and local environment (Boudreau and Mundt 1997).
Long-distance aerial dispersal is an important survival strategy for
fungal and fungus-like pathogens that cause crop diseases, such
as rusts (Uredinales), powdery mildews (Erysiphales), and downy
mildews (members of the protist family Peronosporaceae) (Brown
and Hovmøller 2002). Therefore, deployment of increased crop
species richness at larger spatial scales may be necessary to reduce
their spread. This idea is supported by studies of increased crop
genetic diversity (Zhu et al. 2000; Wolfe 2000), but untested with
species diversity.

11.3.4.2 Techniques Based on the Biodiversity of Natural
Enemies of Crop Predators, Parasites, and Pathogens

The species richness of natural enemies of pests increases with that
of crops (Andow 1991). Compared with monocultures, species-
rich agroecosystems are likely to have higher predation and para-
sitism rates and higher ratios of natural enemies of herbivores, all
of which may contribute to lower pest densities. The spraying of
biocides is much more likely to wipe out the organisms that con-
trol the pests than the pests themselves or to so reduce their preda-
tor populations that the resurgence of pests can cause considerable
damage before control is reestablished (Naylor and Ehrlich 1997).
Traditional subsistence systems that rely on diverse agroecosys-
tems, such as the Javanese home garden or the milpa farming sys-
tem in Mexico, typically support natural enemies of pests, such as
spiders, ants, and assassin bugs (see the Javanese rice paddy case
study in Chapter 26). However, the positive impacts of increased
species richness on natural pest control are not universal (Altieri
and Schmidt 1986).

Natural pest control services are likely to be detrimentally af-
fected by loss of species richness (Schläpfer et al. 1999). However,
in only a few cases has the role of natural enemy species richness
in controlling pests been tested explicitly. Species richness of para-
sitoids increases parasitism rates in the armyworm caterpillars in
some but not all locations in the United States (Menalled et al.
1999). Perhaps the most comprehensive understanding of the im-
portance of predator species richness comes from spiders. There
are indications of complementarity of function among spider spe-
cies—that is, they catch prey using different methods, occupy dif-
ferent microhabitats, or are active at different times or seasons.
Because of this, increasing spider species richness leads to higher
and less variable predation rates and increased food web stability
(Marc and Canard 1997; Riechert et al. 1999; Sunderland and
Samu 2000; and see section 11.2.1 for general discussion of diver-
sity and functional complementarity).

Recent theoretical evidence suggests that the species richness
of predators and parasites of herbivorous insects may be important
for the control of some types of insect pests, whereas composition,
the presence of a particular predator or parasite species, may be
more important than species richness for other types of pest
(Wilby and Thomas 2002b), though this is yet to be rigorously
tested in the field. Understanding whether and when natural
enemy species richness will increase pest control is an important
goal of contemporary agroecological science.
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Mixtures of two or more plant species have also been devel-
oped to manipulate the density of pests and their natural enemies.
For example, two kinds of plants are sometimes cultivated to-
gether with maize to control stem-borers: a plant that repels the
insects and another that attracts them. This strategy has also been
shown to be helpful in suppressing the parasitic weed Striga (Khan
et al. 2000). Natural plant compounds that have been used in
traditional farming systems can be useful in controlling pests in
many agricultural settings. Examples include the neem tree
(Azadirachta indica)—a natural insecticide source that has been
used against rice pests in India for decades—and a variety of other
plants such as the custard apple (Annona sp.), turmeric (Curcuma
domestica), Simson weed (Datura stranonium), and chili peppers
(Capsicum frutescens) (Pretty 1995).

11.3.4.3 Integrated Pest Management and Low-till Cultivation
Systems

Integrated pest management, an approach that combines tradi-
tional agricultural systems with modern techniques, includes the
promotion of natural pest controls through enhanced biodiversity
of crops and natural enemies of crop pests, parasites, and patho-
gens (as just described), the development of host-plant resistance,
and the use of pesticides when absolutely necessary. IPM can be
highly successful in mitigating pest pressure in regions where
farmer training programs and information services are adequate
(Conway 1997; Naylor and Ehrlich 1997). However, despite cases
of notable success with IPM, such as the control of the brown
planthopper in Indonesian rice systems (Kenmore 1984), rela-
tively few crops are managed widely with IPM techniques on a
global scale. Because of favorable pricing policies for pesticides in
many locations and the knowledge-intensive nature of IPM, this
practice has yet to significantly reduce the amount of pesticides
applied in agriculture worldwide.

A central component of IPM is a low-till cultivation system,
which maintains a permanent or semi-permanent organic cover
on the soil, consisting of either a growing crop or dead organic
matter in the form of a mulch or green manure. Low-till cultiva-
tion provides habitat for natural enemies to control insect pests
and increases local genetic, species, and landscape diversity, as well
as enhancing soil stability, organic matter content, and carbon se-
questration (Sánchez 1994; Swift 1999; Pretty and Ball 2001; Lal
2004). However, this practice often relies on the heavy use of
herbicides to control weeds that might otherwise be controlled
by tillage and thus can have strong negative impacts on plant bio-
diversity (Pretty 2002). No-till with no or minimum use of herbi-
cides is also a viable option, at least for small farms (Petersen et al.
2000; Ekboir 2002).

11.3.4.4 Summary on Biodiversity and Natural Pest Control

To summarize, the maintenance of natural pest control services
is strongly dependent on biodiversity. This service benefits food
security, rural household incomes, and national incomes of many
countries. (See also Boxes 11.3 and 11.4.) In many cases, perhaps
the majority of them, increased crop genetic diversity and species
richness at different trophic levels lead to more efficient natural
control of pests and diseases in agricultural systems. However, fur-
ther research is required to elucidate the ecological mechanisms
of pest and disease control in order to understand both the suc-
cesses and failures of reduced-input agricultural systems.

Nonetheless, the available evidence suggests that conserving
the genetic diversity of crops and crop relatives at a global scale
and deploying that diversity locally will protect and enhance natu-
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BOX 11.3

Biodiversity and the Multifunctionality of Agricultural Systems

Modern agricultural methods brought spectacular increases in productivity system services other than food and fiber production. For centuries, tradi-
(Conway 1997; Pretty 2002; Tilman et al. 2002a). Large-scale agriculture, tional agricultural systems have contributed to ecosystem services such
however, brings simplification and a loss of biological diversity and thus as regulation of water supply, soil fertility, and plant and animal pathogens
reduces the potential of agriculture to provide ecosystem services other and pests; storm protection and flood control; and carbon sequestration.
than food production. Worldwide, a third of the 6,500 breeds of domesti- In contrast, industrialized agriculture has become progressively more ex-
cated mammals and birds are under immediate threat of extinction owing pensive in terms of energy (inorganic fertilizers, pumped irrigation, and
to their very small population size. Over the past century, it is believed that mechanical power) (Pretty 1995), human and environmental health (toxic
5,000 animal breeds have already been lost. The situation is most serious contamination, soil erosion and salinization, eutrophication of land and
in the already industrialized farming systems, with half of breeds at risk in water) (Conway and Pretty 1991; Pretty 1995; Altieri 1995; EEA 1998),
Europe and a third at risk in North America. Asia, Africa, and Latin America and social impact (rural uprooting, poverty, and economic inequity) (Pretty
have approximately 20% of their breeds at risk (FAO/UNEP 2000; Blench 2002; see also Chapter 6).
2001). There is strong evidence that more genetic diversity keeps options Sustainable agricultural systems that substitute goods and services
open for both breeders and farmers in the face of a changing environment. derived from nature for externally derived fertilizers, pesticides, and fossil

Unlike many other economic sectors, agriculture is inherently multi- fuels enhance the provision of ecosystem services and human well-being
functional. It jointly produces much more than just food, fiber, or oil, having in several ways. First, they increase the energy-efficiency of food produc-
a profound impact on many elements of local, national, and global econo- tion (Pretty 1995; Pretty and Ball 2001) (see also Chapters 8 and 26),
mies and ecosystems (FAO 1999; see also Chapters 10 and 17). These thus decreasing the externals costs to society as a whole. Second, they
impacts can be negative or positive. For example, an agricultural system enhance the provision of human health (see also Chapter 14). Third, by
that depletes organic matter or erodes soil while producing food imposes protecting genetic, species, and landscape diversity, they enhance the
costs that others must bear; but one that sequesters carbon in soils and provision of biodiversity-linked regulating and supporting ecosystem ser-
keeps both planned and unplanned species richness high enhances eco- vices derived from it.

ral pest control services that provide economic and food produc-
tion benefits. Moreover, high-biodiversity agriculture has cultural
and esthetic value and can reduce many of the externalized costs
of irrigation, fertilizer, pesticide, and herbicide inputs associated
with monoculture agriculture (Pretty et al. 2000 2001).

11.3.5 Biodiversity Effects on Human Disease
Regulation

Human health, particularly risk of exposure to many infectious
diseases, may depend on the maintenance of biodiversity in natu-
ral ecosystems. (See Chapter 14.) Over 60% of human pathogens
are naturally transmitted from animals to humans (Taylor et al.
2001). Many of these are transmitted by arthropod vectors from
wildlife species, creating the potential for ecological processes to
affect human disease risk. A greater richness of wildlife species
might be expected to sustain a greater number of pathogen species
that can infect humans. However, evidence is accumulating that
greater wildlife species richness may decrease the spread of wild-
life pathogens to humans. The effect of biodiversity on disease
risk is also expected to depend on the details of interactions be-
tween the wildlife host and arthropod vector species. Unfortu-
nately, such data are lacking for most such diseases.

Spread of one disease for which there is data, Lyme disease,
seems to be decreased by the maintenance of the biotic integrity
of natural ecosystems. Lyme disease is the most common vector-
transmitted disease of humans in North America, and thousands
of cases occur annually in Europe and Asia as well (Ostfeld and
Keesing 2000a). Where it has been studied in eastern North
America, the ticks that transmit the disease primarily acquire the
pathogen from the white-footed mouse, Peromyscus leucopus (Bar-
bour and Fish 1993). Therefore, ecological processes that reduce
the number of ticks feeding on mice have the potential to reduce
disease transmission to humans.

A greater number of small mammal species could reduce the
number of ticks feeding on mice either by reducing mouse abun-
dance through competition or by attracting ticks that would oth-
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erwise have fed on mice. Modeling analyses of data collected in
southeastern New York State suggests that the current level of
mammal biodiversity decreases disease risk to humans by up to
50% relative to realistic scenarios of decreased biodiversity
(Schmidt and Ostfeld 2001; LoGiudice et al. 2003; Ostfeld and
LoGiudice 2003). In a complementary analysis of large-scale geo-
graphic gradients in mammal biodiversity, states in the eastern
U.S. inhabited by more species of small mammals reported fewer
cases of Lyme disease per capita (Ostfeld and Keesing 2000a).

In another survey, Lyme disease risk was over four times
greater in forest fragments less than 2 hectares in area than in
larger fragments that typically harbor a greater number of mam-
mal species (Allan et al. 2003). In these latter two studies, Lyme
disease risk also appeared to be a function of other variables corre-
lated with mammal species richness, such as climate, geographic
location, and the presence and abundance of specific mammal
species. Together, these results strongly suggest that current bio-
diversity of small mammals supports public health by reducing
peoples’ risk of contracting Lyme disease, but that this ecosystem
service is being eroded by habitat fragmentation.

Risks of other infectious diseases might also depend on bio-
diversity, although data to fully understand such links are sparse
and inconsistent. Lyme disease is epidemiologically representative
of emerging diseases in general. Vector-transmitted diseases are
over twice as likely as other diseases to be emerging diseases, and
75% of emerging human diseases are naturally transmitted from
animals to humans (Taylor et al. 2001). Therefore, biodiversity
might be important in controlling many emergent diseases.
Whether the same biological processes that appear to control
Lyme disease risk also control risk of other vector-borne patho-
gens remains largely untested, however. Whether biodiversity can
also decrease the risk of wildlife pathogens that do not require
arthropod vectors for transmission to humans is even less well
understood. Thus, the available data indicate that human health is
supported as an ecosystem service by biodiversity in some cases,
but the generality of this service is poorly known. (See also Chap-
ter 14.)
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BOX 11.4

Putting a Monetary Value on High-biodiversity Agricultural Landscapes

How much are traditional high-diversity agricultural landscapes worth? It concluded that organic agriculture produces £75–125 per hectare of posi-
is relatively easy to assess the negative costs of unsustainable agriculture tive externalities each year, with particular benefits for soil health and
in terms of abatement and treatment costs following pollution, increased wildlife (Cobb et al. 1998).
sediment deposition into dams, the socioeconomic costs of rural uproot- Another proxy measure of how much we value landscapes can be
ing, and so on. It is much more difficult to calculate the value of both made based on actual visits made to the countryside. Each year in the
the positive direct contributions of agricultural systems containing highly United Kingdom, day and overnight visitors make some 433 million visit-
planned and unplanned biodiversity and the indirect effects on supporting days to the countryside and another 118 million to the seaside (Pretty et
and regulating ecosystem services. Environmental economists have de- al. 2003). The average spent per day or night varies from nearly £17 for
veloped methods for assessing people’s stated preferences for environ- U.K. day visitors to £58 for overseas overnight visitors. This indicates that
mental goods through hypothetical markets (see Chapter 2), which the 551 million visit-days to the countryside and seaside result in expendi-
permits an assessment of their willingness to pay for nature’s goods and ture of £14 billion per year. This is three and a half times greater than the
services or to accept compensation for losses (Stewart et al. 1997; Hanley annual public subsidy of farming. While none of these estimates are defin-
et al. 1998, Brouwer et al. 1999). itive, in total they clearly indicate that the landscape is highly valued by

A variety of these assessment methods suggests that traditional ag- society.
ricultural landscapes are highly valued. Although it is impossible to pre- Should farmers receive public support for the ecosystem services they
cisely quantify this, several proxies can be used, including how much produce in addition to food? Should those that pollute or otherwise de-
governments are willing to pay farmers to produce certain habitats or crease the provision of ecosystem services to the public have to pay for
landscapes, how often the public visits the countryside, and how much restoring them? The external costs and benefits of agriculture raise impor-
they spend when they get there (Willis et al. 1993; Foster et al. 1997; tant policy questions for both industrial and developing countries. Three
Stewart et al. 1997; Hanley et al. 1998). categories of policy instruments are available: advisory and institutional

U.K. government programs have attempted to preserve and restore measures, regulatory and legal measures, and economic instruments. In
some of the habitat and other positive countryside attributes that were lost practice, effective pollution control and supply of desired public goods
during intensification. The annual per household benefit of these areas, requires a mix of all three approaches, together with integration across
using a variety of valuation methods (including contingent valuation, choice sectors. Regulatory and legal measures can be used to internalize exter-
experiments, and contingent ranking), varies from £2–30 to £380. If we take nal costs: those who decrease the ecosystem-service potential of the
the range of annual benefits per household to be £10–30 and assume environment below a set standard are subject to penalties. Economic in-
that this is representative of the average households’ preferences for all struments can also be used to make sure that those who damage the
landscapes produced by agriculture, then this suggests national benefits of environment bear the costs of the damage and also as a reward for good
the order of £200–600 million per year. Expressed on a per hectare basis, behavior. A variety of economic instruments are available for achieving
annual benefits are £20–60 per hectare of arable and pasture land. internalization, including environmental taxes and charges, tradable per-

Another study compared paired organic and nonorganic farms, and mits, and targeted use of public subsidies and incentives.

11.4 Biodiversity Effects on the Provision of
Marine Ecosystem Services
The ocean covers approximately 70% of Earth’s surface area and
contains nearly 99% of its habitable volume, so ecosystem services
disrupted in the ocean will have large global consequences. The
services provided by ocean ecosystems include global materials
cycling, transformation and detoxification of pollutants and
wastes, support of coastal recreation and tourism, and support of
world fisheries and aquatic ecosystems. (See Chapter 18.) All these
services are affected by the diversity of life in the ocean, although
quantification of many of the links between biodiversity and ma-
rine ecosystem services has only occurred recently (Peterson and
Lubchenco 1997). Marine biodiversity provides many of the same
types of services as those of terrestrial biodiversity just described,
with the exceptions of pollination and seed dispersal.

11.4.1 Invasion Resistance

In several marine ecosystems, decreases in the richness of native
taxa were correlated with increased survival and percentage cover
of invading species. This suggests that, as in terrestrial plant eco-
systems, invasion resistance is enhanced by the integrity of the
native species pool. For example, diverse systems use resources
such as available space more completely. In experimentally assem-
bled benthic (sea floor) communities, decreasing the richness of
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native taxa was correlated with increased survival and percent
cover of invading species. Open space was the limiting resource
for invaders, and a higher species richness buffered communities
against invasion through increasing temporal stability (such as re-
ducing fluctuations of open space) (Stachowicz et al. 1999). High
biodiversity is also expected to contribute to community resil-
ience by creating insurance through functional redundancy (Sta-
chowicz et al. 2002). Although there are few studies of the effects
of biodiversity in marine ecosystems, the available evidence sug-
gests that marine systems may possess similar mechanisms of inva-
sion resistance as found in terrestrial systems.

11.4.2 Direct and Indirect Interactions between
Marine Species

11.4.2.1 Interactions between Plants and Symbiotic
Microorganisms

Coral reefs and the ecosystem services they provide are seriously
threatened by a hierarchy of anthropogenic threats. (See Chapter
19.) As one of the most species-rich communities on Earth, coral
reefs are responsible for maintaining a vast storehouse of genetic
and biological diversity. Substantial ecosystem services are pro-
vided by coral reefs, such as habitat construction, nurseries and
spawning grounds for fish, nutrient cycling and carbon and nitro-
gen fixing in nutrient-poor environments, wave buffering, sedi-
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ment stabilization, and tourism. Reef-related fisheries constitute
approximately 9–12% of the world’s fisheries. Coral reefs support
the pelagic food web by exporting nutritional material such as
mucous, wax esters, and dissolved organic matter. The total eco-
nomic value of reefs and associated services is estimated as $503
million in Australia and as $900 million in the Caribbean (Moberg
and Folke 1999).

Corals require a symbiosis with zooxanthellan algae, which
provide carbon, and ecosystem services can be maintained only if
the interaction between corals and their obligate symbiotic algae
is preserved. The interaction with zooxanthellae is strain-specific
and changes with temperature and biogeographic region, light
environment, and depth (Baker et al. 2004). High temperatures,
such as experienced globally as a result of the 1998 El Niño
events, disrupt the symbiosis, make corals less resilient to other
stresses, and can lead to massive coral mortality (Hughes et al.
2003). Thus there is a direct causal link between climate warming
and disruption of a critical biological interaction that can trigger
collapse of an entire reef system, with consequent loss of ecosys-
tem services that are provided. (See Chapter 19.)

11.4.2.2 Ecosystem Engineers and Herbivory

Macroalgae and corals modify wave action regimes and allow sed-
iment stabilization, greatly affecting intertidal community diver-
sity (Lawton and Jones 1995). Corals are threatened by a variety
of human impacts, and many kelp macroalgae communities are
threatened by overgrazing. The effects of overgrazing may be re-
versible. For example, recovery of sea otter (Enhydra lutris) popu-
lations after decades of overhunting on the coast of western North
America has promoted the reestablishment of structure-forming
kelp forests and its associated community as a result of the reestab-
lishment of the predation of herbivorous sea urchins by otters
(Dayton et al. 1998; Springer et al. 2003).

11.4.2.3 Predators and Food Webs

Overfishing reduces the capacity of the marine system to continue
to provide ecosystem services by impoverishing and threatening
marine biodiversity, particularly top predators (Myers and Worm
2003). The loss of a top predator is likely to have effects on their
prey and other species throughout the food web. Removal of fish
with key characteristics from the ecosystem may result in loss of
resilience and a change in the ecosystem from one equilibrium
state to another (e.g., Sutherland 1974; Hughes 1994). For exam-
ple, recent declines in great whales, a preferred food of killer
whales, caused the killer whales to shift to sea otters. Rapid deci-
mation of otters by killer whales took predation pressure off a
keystone herbivore, urchins, which then overgrazed kelp beds
and transformed them into crustose algal–dominated communi-
ties called ‘‘urchin barrens’’ (Springer et al. 2003).

As in terrestrial and aquatic communities, there are many ex-
amples of how biodiversity, particularly the loss of populations of
individual species, influences ecosystem processes and the provi-
sioning of ecological services. In the rocky intertidal zone, for
example, most primary productivity is contributed by a few
strong interacting species (Paine 2002). A loss of biodiversity that
includes those species has a large effect on primary productivity.
Similarly, Duarte (2000) found a strong link between ecosystem
functioning and biodiversity in seagrass beds worldwide, with the
caveat that ecosystem processes depend on particular members of
a community rather than on species numbers.

Some species may have a disproportionately large effect rela-
tive to their abundance (Power et al. 1996). For example, the
main predators of large commercial fish species are not larger fish,
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but rather small jellyfish that feed on fish larvae (Purcell 1989). In
addition, species loss in species-rich communities is more likely
to be compensated for by increases of functionally similar species,
as described early in the chapter in the section on ecosystem sta-
bility.

Many species interactions vary spatially and temporally from
strongly positive to strongly negative. For example, predatory
whelks (Nucella emarginata and N. canaliculata) in intertidal com-
munities consume mussels (Mytilus trossulus), but also influence
them indirectly through their effects on barnacles (Balanus gland-
ula), habitat facilitators of mussels. These spatially and temporally
fluctuating interactions have important consequences on commu-
nity structure and ecosystem organization (Berlow 1999).

11.4.3 Biodiversity Effects on Climate Regulation

The major importance of marine biodiversity in climate regula-
tion appears to be via its effect on biogeochemical cycling and
carbon sequestration. The ocean, through its sheer volume and
links to the terrestrial biosphere, plays a huge role in cycling of
almost every material involved in biotic processes. (See Chapter
12.) Of these, the anthropogenic effects on carbon and nitrogen
cycling are especially prominent.

Biodiversity influences the effectiveness of the biological
pump that moves carbon from the surface ocean and sequesters it
in deep waters and sediments (Berner et al.1983). Some of the
carbon that is absorbed by marine photosynthesis and transferred
through food webs to grazers sinks to the deep ocean as fecal
pellets and dead cells. The efficiency of this trophic transfer and
therefore the extent of carbon sequestration is sensitive to the
species richness and composition of the plankton community
(Ducklow et al. 2001). Some phytoplankton in the southern
ocean, for example, are more palatable than others, so an increase
in their abundance increases grazing, the formation of fecal pel-
lets, and the export of carbon to depth. (See Chapter 25.)

The biodiversity of marine sediments can play a key role in
ecosystem processes. Sedimentary habitats cover most of the
ocean bottom and therefore constitute the largest single ecosystem
on Earth in terms of spatial coverage. Although only a small frac-
tion of benthic organisms that reside in and on sediments have
been described and few estimates of total species numbers and
biogeographic pattern have been attempted, there is sufficient in-
formation on a few species to suggest that sedimentary organisms
have a significant impact on major ecological processes (Snelgrove
et al. 1997). Benthic organisms contribute to the regulation of
carbon, nitrogen, and sulfur cycling, to water column processes,
to pollutant distribution and fate, to secondary production and
transport, and to the stability of sediments. Linkages between
groups of organisms and the level of functional redundancy of
marine sediment biodiversity is poorly known, and there are very
few empirical studies (e.g., Bellwood et al. 2004).

11.4.4 Biodiversity Effects on Pollution and Human
Disease Regulation

The marine microbial community provides critical detoxification
services—filtering water, reducing effects of eutrophication, and
degrading toxic hydrocarbons. Very little is known about how
many species are necessary to provide detoxification services, but
these services may critically depend on one or a few species. For
example, American oysters in Chesapeake Bay on the U.S. East
Coast were once abundant but have sharply declined, and with
them their filtering ecosystem services (Lenihan and Peterson
1996). Reintroduction of large populations of filtering oysters
may significantly improve water clarity in the bay (Jackson et al.

................. 11432$ CH11 10-11-05 14:57:32 PS



322 Ecosystems and Human Well-being: Current State and Trends

2001). The process of degrading toxic hydrocarbons, such as those
in an oil spill, into carbon and water requires oxygen. Nutrient
pollution can generate oxygen deprivation and thereby signifi-
cantly reduce the ability of marine microbes to detoxify hydrocar-
bons (Peterson and Lubchenco 1997).

11.5 Biodiversity, Ecosystem Services, and
Human Well-being: Challenges and Opportunities
The message emerging from the evidence assessed in this chapter
is clear: the loss of biodiversity can reduce the provision of ecosys-
tem services essential for human well-being. Knowledge of the
links between biodiversity and ecosystem processes is still incom-
plete, but existing evidence suggests that a precautionary approach
may be prudent and that research should be targeted to assist with
the development of appropriate management interventions.

The biggest challenges are posed by the limited understanding
of the ways in which biodiversity regulates ecosystem functioning
at local and regional scales and the intrinsic difficulty of predicting
unexpected, accelerated, and some times irreversible changes trig-
gered by alterations of local and regional biodiversity by human
intervention. Global extinctions are serious and irreversible, but
alteration of the functional composition of local communities, the
extinction of local populations, or their reduction to levels that
do not allow them to play strong ecosystem roles (functional ex-
tinctions) are of major concern.

The vast majority of supporting and regulating ecosystem ser-
vices provided by biodiversity are delivered at the local to regional
scale. Often, when the functioning of a local ecosystem has been
pushed beyond a certain limit by direct or indirect biodiversity
alterations, the ecosystem service losses may persist for a very long
time. In this sense, modern industrial agricultural practices based
on the reduction of local biodiversity to one or a very small group
of desired species is a major threat to the maintenance of support-
ing and regulating ecosystem services.

The evidence presented in this assessment suggests than in
many instances biodiversity conservation is an economically
sound way of improving human well-being. Conserving and
managing biodiversity sustainably can maintain a number of eco-
system services whose importance is only now starting to be rec-
ognized without necessarily compromising the delivery of
economic products from ecosystems.

The idea that there is an unavoidable trade-off between bio-
diversity and the economic output of ecosystems ignores the ex-
ternal costs of intensive ecosystem exploitation. When these
considerable costs are taken into account, including those of lost
supporting and regulating services—in the case of agricultural in-
tensification, for instance, external costs are related to pollution
and related health hazards, erosion, and carbon emissions resulting
from the burning of fossil fuel by machinery and the production
of pesticides—the net benefits of intensive exploitation are sub-
stantially reduced.

Thus by minimizing external costs and maximizing nonprovi-
sioning ecosystem services, management practices that incorpo-
rate biodiversity may represent a cost-effective option. This is
particularly important for the less-favored sectors of society, such
as local indigenous communities and subsistence farmers, who
normally bear the largest burden of those external costs. The rec-
ognition of both the external costs and the value of supporting
and regulating ecosystem services can provide a solid basis for
developing appropriate schemes of biodiversity management.
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Rejmánek, M., 1996: Species richness and resistance to invasions. In: Biodiver-
sity and Ecosystem Processes in Tropical Forests. Ecological Studies 122, G.H.
Orians, R. Dirzo and J.H. Cushman (eds.), Springer, Berlin, pp. 153–172.

Ribera Siguan, M.A., 2003: Pathways of biological invasions of marine plants.
In: Invasive Species: Vectors and Management Strategies, G.M. Ruiz and J.T. Carlton
(eds.), Island Press, Washington, DC.

Richards, K.W., 1993: Non-Apis bees as crop pollinators. Rev. Suisse Zool.,
100, 807–822.

Richardson, D.M, N. Allsopp, C.M. D’Antonio, S.J. Milton, and M. Rejmá-
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Main Messages

An adequate and balanced supply of elements necessary for life, pro-
vided through the ecological processes of nutrient cycling, underpins all
other ecosystem services. The cycles of several key elements—phosphorus,
nitrogen, sulfur, carbon, and possibly iron and silicon—have been substantially
altered by human activities over the past two centuries, with important positive
and negative consequences for a range of other ecosystem services and for
human well-being.

In preindustrial times, the annual flux of nitrogen from the atmosphere to the
land and aquatic ecosystems was 90–130 teragrams (million tons) per year.
This was more or less balanced by a reverse ‘‘denitrification’’ flux. Production
and use of synthetic nitrogen fertilizer, expanded planting of nitrogen-
fixing crops, and the deposition of nitrogen-containing air pollutants
have together created an additional flux of about 200 teragrams a year,
only part of which is denitrified. The resultant N accumulation on land and
in waters has permitted a large increase in food production, but at the cost
of increased emissions of greenhouse gases and a frequent deterioration in
freshwater and coastal ecosystem services, including water quality, fisheries,
and amenity value.

Phosphorus is also accumulating in ecosystems at a rate of 10.5–15.5
teragrams per year, which compares with the preindustrial rate of 1–6
teragrams of phosphorus a year, mainly as a result of the use of mined
P in agriculture. Most of this accumulation is occurring in soils, which may
then be eroded into freshwater systems, causing deterioration of ecosystem
services. This tendency is likely to spread and worsen over the next decades,
since large amounts of P have accumulated on land and their transport to
water systems is slow and difficult to prevent.

Sulfur emissions have been progressively reduced in Europe and North
America but not yet in the emerging industrial areas of the world: China,
India, South Africa, and the southern parts of South America. A global
assessment of acid deposition threats suggests that tropical ecosystems are
at high risk. Human-induced alteration of the iron and silicon cycles is less well
understood, but it is believed, with medium certainty, to be a significant factor
in altering the productivity of the ocean. This may be a significant benefit to
the service of carbon sequestration.

Human actions, many associated with agriculture, have increased the
‘‘leakiness’’ of ecosystems with respect to nutrients. Tillage often dam-
ages soil structure, and pesticides may decrease useful nontarget organisms,
increasing nutrient leaching. Simplification of the landscape and destruction of
riparian forests, wetlands, and estuaries allow unbuffered flows of nutrients
between terrestrial and aquatic ecosystems. Specific forms of biodiversity are
critical to the performance of the buffering mechanisms that ensure the efficient
use and cycling of nutrients in ecosystems.

In contrast to the issues associated with nutrient oversupply, there re-
main large parts of Earth, notably in Africa and Latin America, where
harvesting without nutrient replacement has led to a depletion of soil
fertility, with serious consequences for human nutrition and the environ-
ment.

12.1 Introduction
Nutrients comprise the 22 or so chemical elements known to be
essential for the growth of living organisms. (See Table 12.1.)
The list varies somewhat because some elements are only needed
in very specific groups of organisms or specific circumstances.
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This chapter deals mainly with nitrogen, sulfur, phosphorus, and
carbon—all elements needed in relatively large quantities (the so-
called macronutrients), and with cycles that have been substan-
tially altered by human activities. Emerging issues related to iron
and silicon will also be addressed.

Broadly speaking, nutrients can occur in gaseous form (such
as N2, CO2), mineral form (such as apatite, the main P-containing
mineral), inorganic ionic form (NH4

�, NO3
�, SO4

2�, H2PO4�),
and organic form (bound into various C-based compounds in liv-
ing or dead organisms or their products). Nutrients are mostly
taken up by plants in the ionic form and by animals in organic
forms through consumption of living or dead tissues; microorgan-
isms in general may use nutrients in any mineral or organic form,
with sometimes high degrees of specialization at the guild or spe-
cies level. The interconversion between forms is mediated by the
ecosystem.

Nutrient cycling describes the movement within and between
the various biotic or abiotic entities in which nutrients occur in the
global environment. These elements can be extracted from their
mineral or atmospheric sources or recycled from their organic
forms by converting them to the ionic form, enabling uptake to
occur and ultimately returning them to the atmosphere or soil.
Nutrient cycling is enabled by a great diversity of organisms and
leads to creation of a number of physical structures and mecha-
nisms that regulate the fluxes of nutrients among compartments.
These structures and processes act as buffers to limit losses and
transfers to other ecosystems, as described later. Nutrients are dis-
tributed among a large number of living or dead compartments,
and their relative abundance among these compartments is typical
of certain ecosystems. For example, this is the case in terrestrial
ecosystems, where nutrients may be greatly concentrated in living
biomass (such as tropical rainforests) or in humus and soil organic
matter (such as tundra ecosystems) (Lavelle and Spain 2001).

Fertility is the potential of the soil, sediment, or water system
to supply nutrient elements in the quantity, form, and proportion
required to support optimum plant growth (implicitly, in the con-
text of ecosystem services, for human benefit). The largest flux
of nutrients is their release from organic materials, as a result of
decomposition by microbial communities. This flux may not be
measurable, as part of it may be immediately reincorporated in
microbial biomass. Microbial activity depends primarily on the
availability of a food source and on regional and local climatic,
edaphic, or hydrological factors. Locally, biological parameters
such as the chemical composition of the organic material (which
depends in turn on the plant community that produced it) and
the soil invertebrates present act as proximate determinants.

The maintenance of fertility is a supporting service for the
production of food, timber, fiber, and fuel. It is also necessary for
ecological processes such as succession and for the persistence and
stability of ecosystems. In systems intensively managed by hu-
mans, such as cultivated systems, the inherent fertility of ecosys-
tems is supplemented through fertilization and management
practices, such as the use of N-fixing plants, the acceleration of
microbial processes by tillage, the addition of suitable organic in-
puts to the soil, and, in many parts of the world, biomass burning.

Fertilization is the input of nutrients to a system by humans,
deliberately or as an unintended consequence of other activities.
It includes supplements of N, P, S, potassium, calcium, magne-
sium, and micronutrients for agriculture; atmospheric N and S
deposition; and the effects of elevated CO2 in the atmosphere.
Iron fertilization in the ocean has been performed experimentally
(Coale et al. 1996; Moore et al. 2001).

It is possible to have an excessive supply of nutrients. In
aquatic systems, this condition is known as eutrophication. Eutro-
phication, usually resulting from leaching of nutrients from soils
managed for agriculture, is a form of nonvoluntary fertilization of
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Table 12.1. Major Elements Needed for Plant Growth and Their Concentrations in Plants, the Upper Meter of Soil, and Ocean Water
(Fortescue 1980; Bohn et al. 1979)

Element

Content in Elemental Form (μg/g )

Major Forms Biological Function/SourcePlant Soil Ocean
Macronutrients (>0.1 % of dry mass)

C 454,000 20,000 28 CO2 in organic molecules; photosynthesis/atm.CO2; OM

O 410,000 490,000 857,000 O2 in organic molecules; cellular respiration/water; OM

H 55,000 650 108,000 H2O in organic molecules/water; OM

N 30,000 1,000 0.5 NO3
– or NH4

+ in proteins, nucleic acids, and chlorophyll/biol. fix of N2;
OM mineralization; atm. deposition 

K 14,000 10,000 380 K+ principal positive ion inside cells; control of stomatal aperture;
enzyme activity/OM mineralization; weathering

P 2,300 800 0.07 H2PO4
– or HPO4

2– in nucleic acids, phospholipids, and electron carriers in 
chloroplasts and mitochondria/OM mineralization; weathering 

Ca 18,000 10,000 400 Ca2+ in adhesive compounds in cell walls; control of membrane 
permeability; enzyme activation/weathering; OM mineralization

Mg 3,200 6,000 1,350 Mg2+ component of chlorophyll; enzyme activation; ribosome 
stability/weathering; OM mineralization 

S 3,400 500 885 SO4
2– component of proteins and many coenzymes/OM mineralization;

atm. deposition
Cl 2,000 100 19,000 Cl– in photosynthesis/OM mineralization; atm. deposition

Micronutrients (<0.2 % of dry mass)
Fe 140 40,000 0.01 Fe2+ or Fe3+ needed for synthesis of chlorophyll; component of many 

electron carriers 
Mn 630 800 0.002 Mn2+ in photosynthesis; enzyme activation 

Mo 0.05 3 3 MoO4
– – in nitrogen metabolism, required for nitrogen fixation 

Cu 14 20 0.003 Cu2+ enzyme activation; component of electron carriers in chloroplasts 

Zn 100 50 0.01 Zn2+ enzyme activation; protein synthesis; hormone synthesis 

Bo 50 10 4.6 H2Bo3
– involved in sugar transport 

Ni Ni2+ nitrogen metabolism cofactor 

Si 1,000 330,000 3 Si (OH)4 support tissues

Co 0.5 8 0.0003 Co2+ required by N-fixing plants

Na 1,200 7,000 10,500 Na+ beneficial to higher plants

Se 0.05 0.01 H2Se03
– beneficial to higher plants

I 0.005 5 I– beneficial to higher plants

Note: OM = Dead organic matter

inland and coastal waters. Increase in nutrients in sewage effluent
is another form of cultural eutrophication related to increases in
human population.

Fertility can also be decreased by human activities, through
soil erosion, nutrient mining (harvesting of nutrients at a rate in
excess of their rate of replenishment), alteration of the soil biota
or structure, salinization through poorly managed irrigation, acid-
ification through inappropriate fertilization, deposition of acidify-
ing pollutants, or excessive use of N-fixing crops.

Life on Earth is closely regulated by the efficient cycling and
availability of nutrients. Human manipulation of this service has
greatly affected all ecosystems. Climate regulation is affected by
decomposition and nutrient cycling at regional or continental
scales through the release of greenhouse gases and carbon seques-
tration in ecosystems. When nutrient cycling is impaired, the aes-
thetic and recreational value of freshwater and marine ecosystems
may decrease significantly.

Nutrient cycling requires a large number of different organ-
isms from diverse functional groups. It is a prime example of
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‘‘functional biodiversity’’ in action. Conversely, dysfunctions in
nutrient cycling, leading, for example, to eutrophication, have
severe negative effects on biodiversity.

Nutrient cycling occurs everywhere, being a necessary part of
the function of all ecosystems, but at widely varying rates. The
specific ecosystem service of fertility is unevenly distributed
around the land and oceans of the world. The most fertile soils—
for instance, the deep, dark, loamy soils of the Eurasian steppes,
the North American prairies and the South American pampas—
have mostly been converted from grasslands to intensive agroeco-
systems over the past two centuries. Agriculture is currently
expanding into areas with soils of inherently lower fertility, such
as the old, red soils of tropical Africa, South America, and South-
east Asia (Wood et al. 2000).

The world’s oceans contain vast reservoirs of nutrients. How-
ever, these are found primarily at depths below about 200 meters,
where there is insufficient light for (net) photosynthesis (Dugdale
1976). As a consequence, high levels of marine primary produc-
tion require the uplifting of nutrients from deeper water into the
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euphotic zone (Summerhayes et al. 1995). Along the west coast
of the continents, equator-ward trade winds drive surface water
away from the coast to be replaced by water rich in nutrients from
the sub-euphotic zone. These coastal upwelling systems constitute
only about 1% of the ocean surface but contribute about 50% of
the world’s fisheries (Ryther 1969), due to not only high new
production rates but also to a short food chain in which much of
the phytoplankton production is eaten directly by fish. The cen-
tral oceans and seas, especially in tropical regions, are generally
low in nutrients and productivity.

Human activities have resulted in large-scale changes in nutri-
ent cycles over the last two centuries, which have occurred at an
accelerated rate since about 1950. Specifically, shifts in land use
patterns, increased fertilization associated with high-yield crops,
and lateral transfer of nutrients across ecosystem boundaries have
dramatically changed the rate, pathways, and efficiency of nutri-
ent cycling. Traditional small-scale, low-input cultivation prac-
tices generally lead to nutrient depletion when fallow periods are
shortened. On the other hand, the sustainability of soil fertility
under large-scale, high-input intensive agriculture is still in ques-
tion, given that this form of agriculture is only a few decades old.

The increase in demand for food, fuel, and fiber during the
last 50 years has led to supplementation of the natural nutrient
supply in agroecosystems by artificial sources, and the global an-
nual nitrogen and phosphorus input to ecosystems has more than
doubled in this period (Vitousek et al. 1997; Smil 2000; Falkow-
ski et al. 2000).

All over the world, the complex regulation mechanisms in
natural systems and biological controls operated by plants and
invertebrates across many scales have been severely impaired,
wherever food production has increased through the input of ad-
ditional nutrients and use of tillage. Large-scale additions of nutri-
ents in agroecosystems can no longer be retained and recycled
locally. Undesired transfers from terrestrial to aquatic ecosystems
have become a serious and growing problem worldwide (How-
arth et al. 2000). At the same time, deposition from the atmo-
sphere of nutrients, originating from industry, agriculture, biomass
fires, and wind erosion, is spreading unprecedented quantities of
N, P, and possibly Fe and Si to downwind ecosystems over large
regions (Brasseur et al. 2003).

In contrast, severe nutrient depletion is observed in soils in
some regions, notably in sub-Saharan Africa (Sanchez 2002). In
these areas, particularly where the inherent soil fertility is low for
geological and ecological reasons and fertilizer inputs are limited
by economic constraints, the nutrient stock in croplands is de-
creasing. (See Tables 12.2 and 12.3.) This is having a serious im-
pact on human food security in the region.

Some of the important questions addressed in this chapter in-
clude: What will be the consequences for ecosystems and human
well-being of the expected 30% increase in the human contribu-
tion to fixed N and other nutrients over the next 30 years? (See
also Chapter 9 of the Policy Responses volume). Is the increasing
frequency and extent of eutrophication observed in fresh and ma-
rine waters likely to be stopped or reversed? How will these
changes in the natural nutrient cycling system affect other ecosys-
tem services?

12.2 Important Issues Common to All Nutrient
Cycles

12.2.1 Ecosystem Stoichiometry: The Balance
between Nutrients

Living organisms tend to contain a relatively constant proportion
of elements, especially carbon, nitrogen, and phosphorus. In
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Table 12.2. Total Nutrient Balance in Africa (Henao 2002)

Country

Year (Average)

1981–85 1986–90 1991–95 1996–99

(NPK–kg/ha)

Algeria 9.2 2.9 34.7 45.3

Angola –33.9 –27.9 –36.5 –50.1

Benin –55.7 –63.9 –57.9 –53.3

Botswana –6.8 –15.8 –11.8 1.9

Burkina Faso –46.6 –51.1 –56.2 –55.6

Burundi –65.4 –62.7 –93.0 –87.4

Cameroon –34.5 –44.5 –51.5 –54.2

Cape Verde –91.5 –52.8 –42.0 –41.7

Central Africa –54.3 –64.5 –62.3 –66.9

Chad –56.7 –59.0 –58.8 –62.6

Comoros –92.6 –87.5 –86.7 –89.3

Congo DR –61.3 –64.4 –63.8 –63.2

Congo PR –78.0 –80.5 –85.6 –76.5

Djibuti –104.6 –79.1 –99.5 –101.8

Egypt 19.0 7.9 –49.7 –54.0

Equatorial Guinea –63.9 –65.6 –68.8 –61.4

Eritrea –48.1 –51.3

Ethiopia –74.4 –69.8 –62.7 –63.6

Gabon –47.0 –54.7 –64.4 –67.9

Kenya –72.7 –72.6 –74.3 –60.5

Lesotho –31.5 –41.4 –25.1 –52.1

Libya 71.6 69.2 101.8 29.6

Madagascar –65.4 –72.2 –73.2 –75.1

Malawi –71.5 –64.6 –62.3 –83.8

Morocco –36.9 –63.6 -49.5 –59.4

Mozambique –44.5 –43.1 -43.3 –61.6

Namibia –60.5 –69.8 –47.4 –52.0

Reunion 208.1 199.6 149.1 23.9

Rwanda –151.5 –136.3 –128.4 –123.8

Seychelles –98.7 –107.0 –68.1 –55.4

Somalia –78.7 –87.9 –61.9 –58.8

South Africa 27.0 –12.0 3.1 –18.6

Sudan –61.5 –57.7 –59.2 –58.3

Swaziland –78.4 –85.0 –89.2 –86.1

Tanzania –64.5 –55.6 –63.4 –66.2

Tunisia –13.6 –6.7 –23.2 –28.0

Uganda –70.8 –74.5 –76.9 –74.9

Zambia –16.0 –41.2 –21.7 –47.3

Zimbabwe –35.6 –51.4 –27.1 –45.8
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Table 12.3. Total Nutrient Balance in Latin America
and in Central America and the Caribbean (Henao 2002)

Country

Year (Average)

1981–85 1986–90 1991–95 1996–99

(NPK–kg/ha)

Argentina –109.1 –108.8 –105.4 –98.9

Belize –189.6 –106.3 –125.5 –143.7

Bolivia –97.4 –105.1 –132.7 –142.9

Brazil –67.7 –72.3 –79.7 –79.5

Chile –54.7 –21.1 24.5 101.7

Colombia –87.7 –55.3 –68.3 –66.0

Costa Rica –50.4 –22.7 –18.8 63.2

Dominican Rep –133.6 –85.8 –83.6 –70.0

Ecuador –68.5 –76.4 –85.4 –63.1

El Salvador –80.5 –63.9 –83.5 –78.6

French Guiana 109.6 –24.8 –86.6 –69.4

Guatemala –91.7 –77.8 –88.5 –96.1

Guyana –150.0 –108.4 –137.9 –132.0

Honduras –133.7 –132.1 –136.8 –72.9

Jamaica –120.2 –76.5 –91.2 –90.7

Mexico –33.2 –27.2 –47.1 –47.4

Nicaragua –105.5 –76.8 –93.9 –92.8

Panama –118.6 –74.1 –89.1 –67.5

Paraguay –88.7 –98.9 –116.2 –117.1

Peru –97.3 –59.2 –80.2 –63.8

Suriname –97.2 –121.7 –151.9 –83.5

Trinidad & Tobago –110.9 –163.0 –131.8 –98.5

Uruguay –35.9 –33.9 –35.8 –2.6

Venezuela 12.1 113.3 6.3 –29.2

freshwater microalgae, the elemental contents expressed as molar
stoichiometric ratios are C (125), N (19), and P (1) (Reynolds
1990), the same order of magnitude as the Redfield ratio
(106:16:1) proposed for suspended particulate matter in oceans
(Redfield 1958). The average proportions for land plants are
about 200:13:1 (although these can be much wider for woody
plants) because the need for structural tissue drives up the C con-
tent. Since the proportions of various functional groups of plants
are also relatively fixed, ecosystems too have broad proportional-
ity in their nutrient content. This has major implications: for in-
stance, it means that the cycles are inextricably linked through
shared organic molecules produced by living organisms. A pertur-
bation to one cycle is a perturbation to all.

In response to an unbalanced composition of nutrients in their
food, organisms tend to either eliminate excess nutrients or de-
velop strategies to better capture nutrients that limit their growth.
For example, in large water bodies, the efficiency of remineraliza-
tion is higher for P than for N. This causes a shift in the N/P ratio
of the available nutrients. This shift may be corrected by natural
nutrient inputs, or further modified by inputs from human activi-
ties in the watershed. The result may be twofold: first, a new
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phytoplankton community may develop, with species more
aligned to the new N/P nutrient ratio and concentration, and,
second, the C/N/P composition of the phytoplankton may
change, affecting its nutritional value for the primary consumers
and energy transfer efficiency in the food chain.

Up to the 1980s, N was considered the nutrient that limits
primary production of the world oceans. The ‘‘North Atlantic
paradigm’’—the view that oceanic primary production is under
control of dissolved inorganic N—was established on the basis of
studies mostly conducted in the North Atlantic Ocean, where
most of the marine stations were situated. However, this view of
the world oceans’ biogeochemistry has proved to be incorrect.
Multidisciplinary studies in a wider range of locations and situa-
tions have revealed the important role of other nutrients (Dugdale
et al. 1995). (See Boxes 12.1 and 12.2.) For instance, silicon is
essential for diatoms, the workhorses of the marine ecosystem,
and may be quickly depleted as an excess of N and P becomes
available. Phosphorus is required for all phytoplankton, including
for N fixation (described later), and so does not have a fixed stoi-
chiometric ratio. Interaction of the biota with the great nutrient
cycles in the oceans makes it necessary to consider each situation
with regard to potential nutrient limitation.

12.2.2 The Role of Organic Matter

Organic matter (that is, C-based compounds of biological origin)
plays several pivotal roles in determining nutrient availability to
plants. The largest labile stock of nutrients in soils, sediments, and
waters is typically contained in organic compounds. Since uptake
by plants is almost exclusively in the inorganic form, the biologi-
cally mediated process of organic matter decomposition is crucial
to nutrient availability (Parton et al. 1988).

Soil and sediment organic matter is a heterogeneous mix of
particles of partly decayed plant and animal tissues; the living bio-
mass of microbes (principally fungi and bacteria); amorphous,
decomposition-resistant high molecular weight C polymers known
as humic substances; and a small quantity of simpler, less recalci-
trant organic molecules, such as carbohydrates, amino acids, and
lipids.

BOX 12.1

Iron as an Essential Fertilizer in Oceans

A number of trace metals are required for plant growth. Most appear
to be present in sufficient quantities. However, iron is a special case
for ocean organisms as it is required in many enzyme systems, includ-
ing those in photosynthesis and in the processing of inorganic and
gaseous nitrogen. A shortage of Fe has been shown to influence the
uptake kinetics of Si(OH)4—reducing, for example, the maximal uptake
rate (Leynaert et al. 2001). Open ocean Fe enrichment experiments
found Fe to affect the initial slope of the light versus carbon uptake
curve in primary production (Barber et al. 1996).

The distribution of Fe in the oceans is poorly known due in part to
the difficulty of obtaining uncontaminated samples, as the techniques
for obtaining clean samples were developed only recently. However,
the vertical profiles of Fe often follow the same pattern as NO3 (Martin
1992). Since the NO3 profiles are the result of biological production
and regeneration, it appears that biological processes to a large extent
control the distribution of Fe also. Input of Fe from the atmosphere is
an important source of Fe, and some regions of the open ocean may
experience enhanced productivity from the occurrence of remote dust
events.
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BOX 12.2

Silicon: A Key Element Linking Land to Ocean Ecosystems

Silicon, like iron, has its major sources on land but is a critical element
in marine ecosystems. Dust atmospheric deposits allow transport from
land to oceans and other continents, with significant effects on trans-
fers of carbon to the deep ocean and neoformation of clay minerals
that regulate nutrient cycling in terrestrial ecosystems.

Sustained C storage in the ocean requires a mechanism known as
the ‘‘biological pump’’—the export of particulate organic C to the deep
ocean (Buesseler 1998). Si(OH)4 is required for building the frustule of
diatoms, the most productive and fastest growing of the phytoplankton
(Smetacek 2000). Diatoms contribute as much as 75% of the annual
primary production in coastal upwellings and Antarctic waters and
about 40 % of the global marine annual primary production (Nelson et
al. 1995) Where Si is in short supply, the plankton community is domi-
nated by small-bodied algae, whose primary production simply cycles
within the surface waters. To sink into the deep ocean waters, and thus
be sequestered for useful periods of time, C must be in larger, heavier
bodies, such as diatoms (Dugdale et al. 1995). Large areas on the
fringe of the Southern Ocean are apparently Si-limited at certain times
of the year. If we are to better understand and model the marine cycle
of C, Si has to be taken into consideration by marine biogeochemists
(Tréguer and Pondaven 2000; Ridgwell et al. 2002).

During the last decade, the Si budget of the world ocean and of
key marine regions has been revised (Tréguer et al. 1995; Nelson et
al. 1995; Tréguer and Pondaven 2000; De Master 2002). Our present
best estimate for the annual production of the biogenic Si deposited in
diatom frustules is 240 ( 40 Tmol per year for the world ocean (Nelson
et al. 1995). The estimates of the net export of biogenic Si range
between 120 and 129 teramoles (1012 moles) per year (Tréguer et al.
1995; Ridgwell et al. 2002).

In Amazonia, recycling of Si by plants allows neosynthesis of soil
clay minerals that accumulate at the soil surface forming thick micropo-
rous horizons of microcrystalline kaolinite where aluminum oxide hori-
zon should have normally formed (Lucas et al. 1993). A similar
mechanism has been observed in Mexican paramo with a perennial
grass cover (Dubroeucq et al. 2002). In that case, allophane is formed
instead of imogolite, an aluminium-rich colloid that is toxic at high con-
centrations. Soil fauna then redistribute these minerals in the upper
part of the soil profile.

Organic matter provides energy for all microbial and faunal
activities and thus allows them to build the microaggregate struc-
tures that control soil hydraulic properties and serve to further
conserve organic matter. For example, deposition of straw on the
soil surface of degraded soils of the Sahelian region attracts ter-
mites that feed on this resource and significantly improve water
infiltration and storage in the galleries and porous constructions
(Mando et al. 1997). The amorphous polymers act as reserves of
nutrients, which are sequestered in their chemical structures for
periods of centuries to millennia. Since its surface bears a signifi-
cant electrical charge, organic matter (along with clay) is the main
location on which the cationic and anionic forms of plant nutri-
ents are retained prior to uptake, without being leached out of
the soil (Jenkinson and Rayner 1977; Schlesinger 1997; Lavelle
and Spain 2001).

Agricultural practices and the policies that accompany their
evolution may have a significant impact on the role and dynamics
of organic matter in the provision of soil ecosystem services. For
example, the prohibition against burning sugarcane crop residues
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in some tropical countries will probably have an impact on the
storage of C in soils. Pasture rotation practiced in some areas aims
to reconstitute organic stocks by the annual crops by inserting
perennial grass lays that will increase organic matter stocks (Franz-
luebbers et al. 2000).

12.2.3 Nutrient Retention in Ecosystems: Buffers
and Safety Nets at All Scales

In natural ecosystems, regulation of nutrient cycling operates at
different scales of time and space, allowing the flow of nutrients
released by microbial activities to adjust to plant demand, thus
limiting losses to other parts of the ecosystems or to different eco-
systems. In natural ecosystems, this ‘‘synchrony’’ between release
of nutrients and their use by microorganisms and plants is deter-
mined by complex interactions among physical, chemical, and
biological processes. It is rarely achieved to a comparable degree
in agroecosystems, which as a result lose nutrients to aquatic eco-
systems or to the atmosphere (Cadisch and Giller 1997).

Regulation of nutrient fluxes occurs in biological structures
(‘‘self-organizing systems,’’ according to Perry 1995), which can
be observed at seven different scales, ranging from microbial ag-
gregates (Scales 1 and 2), through ecosystems (Scales 3 and 4) to
landscapes (Scales 5 and 6) and the entire biosphere (Scale 7) (La-
velle and Spain 2001; Lavelle et al. 2004), as follows.

Scale 1, microbial communities in microbial aggregates and bio-
films—At this scale, highly diverse microbial populations may
control some transformations, whereas others that rely on a low
number of species are vulnerable. For example, this is the case for
microorganisms that control nitrification (the transformation of
ammonia into nitrate, a form usable by plants), a critical step in N
cycling. The functionality of these communities is rarely impaired
by ecosystem degradations in spite of decreases in microbial diver-
sity reported in some cases. The most sensitive function may be
nitrification, since it is operated by a relatively small, diverse
group of microbes. The risk to this function seems to be very
limited, although it is speculated that threshold effects might be
observed in some conditions.

Scale 2, microbial loops involving microbes and their micro-predators
in soil and sediment aggregates, leaf packs, and freshwater systems or
water columns—These are rarely severely impaired, although
changes in soil nematode communities, and in microbial abun-
dance and composition, have been observed in response to ag-
gressive land use practices such as agricultural intensification
(Bongers 1990; Yeates 1994). When larger-scale regulating sys-
tems are impaired, the diversity and abundance of the micro-
predator food web (protozoa, nematodes, and acari in soils;
specific invertebrate microplancton in fresh water and seas) may
affect parameters of nutrient cycling, such as C and N mineraliza-
tion (DeRuiter et al. 1993), through changes in their regulation
of microbial activities. An index of soil ‘‘maturity’’ has been pro-
posed to evaluate the functionality of this compartment (Bongers
1990). Clear changes in its communities have been observed, al-
though effects on nutrient cycling have been reported only in
laboratory experiments.

Scale 3, physical structures of animals and roots that have an impact
on sediments and soils by their bioturbation effects—Mutually beneficial
interactions with microflora and indirect effects of organisms that
create the soil architecture by producing solid bricks of associated
soil particles (called aggregates) and pores of different sizes and
shapes (such as galleries, burrows, and interaggregate voids) allow
regulations of nutrient cycling at different nested scales of time
and space (Lavelle and Spain 2001).
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For example, digestion of soil organic matter in earthworm
guts is largely performed by the microflora that was ingested with
the soil and further stimulated during the gut transit. In the case
of the tropical geophagous earthworm Millsonia anomala, 90% of
the energy thus assimilated by the worm is further spent on me-
chanical activities—the transit of huge amounts of soil (up to 20
times the weight of the worm daily; 1,000 milligrams of dry soil
per hectare per year for an earthworm community). Soil that has
transited through the earthworm guts is deposited in the soil and
at the surface in the form of globular casts that are the stable aggre-
gates that constitute most of the soil in the upper horizon. These
aggregates are microsites where C-sequestration and nutrient
conservation are active. Porosity created by these biological activ-
ities participates in water infiltration and storage and in soil aera-
tion (Lavelle and Spain 2001).

Diversity of plants and soil invertebrates may influence nutri-
ent cycling and prevent nutrient losses at the ecosystem scale,
although the generality of this process has not yet been demon-
strated nor have underlying mechanisms been clearly identified
(Chauvel et al. 1999; Tilman and Downing 1994). The function-
ality of the nutrient buffer provided by biodiversity can be evalu-
ated through indicators of soil and sediment quality based on
invertebrate communities (Velasquez 2004; Ruiz 2004). Direct
and indirect effects of soil bioturbators on nutrient cycling are
reasonably well understood, and their use as indicators of soil
quality is now well established.

Scale 4, ecosystems as mosaics of physical domains of different species
of plants and animals—Excess nutrients released in a patch may
diffuse away and be absorbed in adjacent nutrient-depleted
patches. This feature is deliberately manipulated in most agro-
forestry and agricultural systems with plants that are associated
with high nutrient needs (such as an annual crop of cereals)
planted in patches or bands to capture excess nutrients (such as
legume shrubs). Secondary successions in forests may also rely on
different timing and rates of accumulation of nutrients in adjacent
patches (Bernier and Ponge 1994). Research has proved the value
of having a mosaic of patches at different stages of the succession
(that is, a combination of patches with young, mature, and senes-
cent groups of trees), although models suggesting optimal combi-
nations of these patches do not exist.

Scale 5, landscapes or seascapes—At this scale, nutrients released
in excess from nutrient-rich ecosystem patches may be absorbed
by adjacent nutrient-poor patches. For instance, riparian forests
may absorb nutrients leaking from crop areas and thus prevent
them from entering a river system. On the River Seine in France,
25–55% of the N coming from below the root zone of agricul-
tural land or from aquifers is retained or eliminated by riparian
forest or wetlands before reaching surface waters (Billen and Gar-
nier 1999). More generally, it is estimated that wetlands on aver-
age intercept 80% of N flowing from terrestrial systems (although
figures vary due to temperature and size of the area; see Chapter
7). Again, there is ample empirical evidence of the efficiency of
these buffers, although predictive models do not exist (Krug 1993;
Haycock et al. 1993).

Scale 6, river basins, oceanic biogeochemical provinces, terrestrial bi-
omes—At this scale, climatic factors (such as ambient temperature
or the level of water in terrestrial systems) regulate the overall
rates of biological activities and chemical transformations. Or-
ganic matter produced in warm surface layers of aquatic bodies
descends to cold, deep strata, where consumers are not active due
the lack of light. Specific mechanisms of thermal convection and
deep ocean currents driven by temperature-, salinity-, and density-
induced gradients move nutrient-rich deep ocean water to the
surface, where potential consumers are active.
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Scale 7, the biosphere—Global atmospheric and oceanic circula-
tion created by the redistribution of energy at the Earth’s surface
determines distribution of nutrients through various mechanisms,
including deposition of atmospheric dust and nutrient conveyer
belts associated with major currents in the oceans. The variation
in nutrient concentrations in different basins of the world’s oceans
has its origin in the circulation of the water between the ocean
basins, driven by changes in heat input at the ocean surface and
changes in salinity from variations in river inputs to the different
basins. The macro-circulation of the oceans has been described as
a ‘‘conveyer belt’’ (Broecker and Peng 1982), wherein deep water
formed in the north Atlantic sinks and makes its way through the
Antarctic and then north into the Pacific and Indian Oceans. As
it flows, it receives organic particles formed by primary produc-
tion and fecal pellets formed by grazing by zooplankton that are
traveling in the opposite direction. This counter-current ex-
change mechanism results in increasing nutrient concentrations in
the deep water as it travels westward from the Atlantic Ocean.

The scale structure is hierarchical, with each scale comprising
the sum of the elements present in smaller scales. Effects at small
scales are accumulative, and their effects are additive at larger
scales. Impairment of services at one scale is likely to be caused,
at least in part, by changes at a smaller scale, and it is at these
smaller scales that interventions are most effectively targeted in
order to tackle the causes of large-scale trends. Interventions at
larger scales generally are only able to mitigate the effects of
change in the short term.

The existence of different levels of buffers at nested scales also
has the potential to reduce the vulnerability of nutrient cycling
services, since different options exist to support the services.
Damage occurring at lower scales, such as accidental loss of soil
fauna that aerate soil (earthworms, for instance), may not have
immediate or lasting effects, since soil structures created by these
invertebrates may last long enough to enable populations to be
restored if the disturbance is not too severe.

However, sometimes disturbances have multiple effects that
accumulate over time and space, causing the system to collapse.
Highly intensive land management for crop production, for ex-
ample, can have detrimental effects at Scales 2–5, reducing soil
fauna and root diversity (Scales 2 and 3) through use of pesticides
and tillage (Lavelle and Spain 2001), homogenizing the ecosystem
at plot scale (Scale 4) through use of monocultures, and simplify-
ing the landscape composition through the use of fewer crop vari-
eties (Scale 5). Precise data on the degree and duration of impacts
that will lead to irreversible effects, such as soil and sediment ero-
sion or replacement of native by invasive species of invertebrates,
and other severe consequences for biodiversity and the vulnera-
bility of the system are currently lacking. At present, only indica-
tors of soil quality allow us to compare different sites and states
and to evaluate trends.

12.2.4 Soil Erosion

Soil erosion is one of the key processes underlying land degrada-
tion and desertification. Erosion affects nutrient cycling and re-
duces the fertility of the soil through a reduction in the pool of
available nutrients. Soil erosion results in drastic modifications to
the structure as well as the biological and chemical properties of
the soil matrix. The resulting dust and sediments have off-site
impacts that may be as large, or larger, than the loss of production
sustained on the eroded site. Persistently high rates of erosion
affect more than 1.1 billion hectares of land worldwide (Berc et
al. 2003; Jacinthe and Lal 2001), redistributing 75 billion tons of
soil (Pimente et al. 1995) with 1.5 to 5.0% C-content (Lal 2001).
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When nutrient-rich topsoil is transported from one place to an-
other, nutrients are redistributed over the landscape. In the proc-
ess, some is lost to riverine systems and eventually to the ocean,
with major off-site economic and human well-being conse-
quences, such as silting of reservoirs and eutrophication of lakes.
On the other hand, dust deposits transported in the high atmo-
sphere from Africa to North America are likely to stimulate the
formation of new clay minerals in highly weathered soils and con-
tribute (in other regions) to fertilization of nutrient-deficient ma-
rine areas. (See Figure 12.1.)

Erosion reduces the potential to sequester atmospheric CO2 in
soils by reducing the primary productivity. Exposure of subsurface
layers to near-surface environments results in acidification of carbon-
containing layers in most soils (Lal 2003). Soil erosion is the main
way in which stable, mineral-associated soil organic C is translo-
cated in large quantities into aquatic systems (Starr et al. 2000).
The organic matter can end up in anoxic environments, where it
is better protected than on land, and the accompanying nutrient
fluxes may increase aquatic primary productivity. Thus not all C
in eroded soil is returned to the atmosphere immediately, but the
net effect is likely to be carbon emissions.

12.2.5 Input and Output Processes

Ecosystem nutrient balance is the net result of inputs minus out-
puts. Negative and positive balances are ultimately unsustainable.
The magnitude and duration of nutrient imbalance that can be
tolerated is determined by an ecosystem’s buffering capacity. This

Figure 12.1. Global Dust Deposition. Estimates of global dust emissions can be derived from dust cycle models combine with remote
sensing. The output of one such model, GOCART, is shown here, along with validation data for 16 locations. The estimates from a variety of
models range from about 1,000 TG/yr (Tegen and Miller 1998) to 3,000 Tg/yr (Mahowald et al. 1999), for particles with radii of less than
10�m. The often-cited wider range of global dust emissions of 60–3,000 Tg/yr (Duce 1995) is partly based on such model estimates, and
partly on extrapolations from very limited regional measurements. A central value of 2,000 Mt/yr global dust deposition appears reasonable.
It excludes the small-scale transport of larger soil particles, which do not remain airborne for long. To obtain estimates of nutrient deposition
from these, the dust deposition can be multiplied with the crustal abundance of the elements: O : 46.6%; Si : 27.7%; Al : 8.1%; Fe : 5.0%;
Ca 3.6%; Na : 2.8%; K : 2.6%; and Mg 2.1%. These averages neglect regional variability, which is not well determined for dust aerosol. For
the nutrients deposited with the dust, the bioavailability of the substances in the dust must also be considered, which in the case of iron is
estimated to range between 1 and 10% (e.g., Fung et al. 2000). Thus the upper limit of biologically active Fe transport from land to the
oceans as dust is 2,000 x 0.05 x 0.1� 10 TgFe/yr, and the lower limit is probably around 0.5 TgFe/yr. (Tg � 1012g)
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is roughly indexed to the size of the nutrient stocks, divided by
the normal net flux, which gives the turnover time.

Input of nutrients to ecosystems occurs through five processes.
First, weathering from geological sources generally produces rela-
tively small quantities of nutrients over long periods of time but
is nevertheless an important input mechanism that sustains the
levels of P, potassium, iron, aluminum, sodium, and silicon in
natural ecosystems. The nature and composition of bedrock, in
interaction with the climate, largely determines the flux. In all
cases, this flux decreases with the age of the weathering surface.
The rate at which anions are liberated through weathering deter-
mines the long-term capacity of ecosystems to absorb acid deposi-
tion, an ecosystem service of major importance in regions
downwind of anthropogenic sources of NOx and SO2.

Second, atmospheric input of nutrients can occur through wet
or dry deposition of elements previously released to the atmo-
sphere by fires (biomass or combustion of fossil fuels), intensive
farming practices (such as pig farms or cattle feedlots), and wind
erosion. Atmospheric inputs have been substantially increased by
human activities.

Third, biological processes include the fixation of atmospheric
C (CO2) through photosynthesis, and atmospheric N (N2)
through biological N fixation.

Fourth, nutrients can be released from the biomass of mobile
organisms that enter an ecosystem and suffer mortality. This also
occurs through the lateral transfer of nutrients, primarily in water
flows. The burgeoning human trade in agricultural and forest
products is now a significant pathway of nutrient transfer glob-
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ally—some of it from the nutrient-depleted developing world to
the nutrient-saturated industrial world and, on a smaller scale, be-
tween rural and urban ecosystems.

Fifth, direct anthropogenic inputs occur through fertilization
practices used in intensive agriculture and through the release of
human sewage and livestock wastes.

The output of nutrients from ecosystems also involves five
processes. Soil erosion is the main mechanism whereby nutrients
are transported in large quantities from terrestrial to aquatic eco-
systems. Although a natural process of soil rejuvenation, erosion
is typically accelerated to many times above the long-term ‘‘natu-
ral’’ rate in systems where cultivation, overgrazing, and vegetation
clearance are practiced. The essential nutrients that are most af-
fected by erosion are C, P, K, and N.

Second, leaching is the vertical flow of water in the soil profile
that transports significant amounts of nutrients in solution from
the soil system into groundwater and thence laterally to rivers,
lakes, and oceans. Leaching losses of nutrients are highest in culti-
vated or disturbed systems.

Third, gaseous emissions of CO2, CH4, and CO (among other
gases) to the atmosphere result from the decomposition of organic
matter, including digestion by animals, and the vastly accelerated
decomposition that occurs in fires. Processes related to the con-
version between inorganic forms of N lead to emissions of N2,
N2O, NO, and NH3. Phosphorus has no significant gaseous forms
in most ecosystems. Anthropogenic activities, such as ploughing,
fertilization, fossil fuel burning, flooding, drainage, deforestation,
and changes to fire regimes, have altered the amounts and propor-
tions of emissions of nutrients to the atmosphere. This is the ulti-
mate underlying cause of contemporary climate change and air
quality deterioration.

The fourth output source is the emigration of fauna or the
harvest of crop, forest, fish, or livestock. As noted earlier, export
from one ecosystem generally means import to another.

Fifth, the effective permanent removal of nutrients from the
biosphere only occurs at a slow rate and through a small number
of processes. For instance, for the atmospheric concentration of
CO2 to stabilize at levels that will not cause dangerous climate
changes, anthropogenic carbon emissions must drop, within the
next few centuries, to a level determined by the long-term se-
questration sinks to a few teragrams (million tons) of carbon per
year (Prentice et al. 2001).

12.3 Global Nutrient Cycles

12.3.1 The Global Nitrogen Cycle

There have been extremely significant changes in the global ni-
trogen cycle in the last two centuries, and N inputs to the global
cycle have approximately doubled in this time. (See Figures 12.2
here and 12.3 in Appendix A.) Although most aspects of this bal-
ance have been assessed with a high level of accuracy (fertilizer
inputs, atmospheric deposition, inland N fixation), a large uncer-
tainty remains regarding the extent of N fixation in oceans, as
explained later. Three processes are primarily responsible for the
increased flows of N in the global cycle.

First, industrial-era combustion, especially of fossil fuels, has
increased the emission of reactive N gases (NOy) to the atmo-
sphere, where they participate in the production of tropospheric
ozone (the main harmful component of air pollution) before de-
positing, as a gas, as nitric acid dissolved in precipitation, or as dry
aerosols on land or sea. Because of the reactivity of the gases, the
impact is restricted to a region of up to about 1,000 kilometers
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downwind of the source. Worldwide deposition of N as wet or
dry deposits, in the form of NO3

� or NH4
� ions, is especially

concentrated in regions with farm cattle production. Highest de-
position rates reach 50 kilograms per hectare per year, with local
maximums of up to 100 kilograms in Europe, North America,
China, and India, as well as Southwest America, Colombia, and a
few regions in Africa (see Chapter 9). In other places, the recent
rise in deposition (compared with the beginning of the twentieth
century) has remained limited.

Initially, N deposition stimulates net primary productivity,
since N is the most widely limiting nutrient in terrestrial ecosys-
tems (largely because it is so readily lost by gaseous emission or
leaching). Once the capacity of the recipient ecosystem for N
inputs is reached (a point known as N saturation, indicated by a
sudden increase in nitrates in water draining from the system),
the excess is leached into adjacent rivers, lakes, and coastal zones,
causing eutrophication. This can lead to biodiversity loss in both
terrestrial and aquatic ecosystems, and, in severe cases, net primary
production may decline (Schulze et al. 1989). However, given the
moderate rise in N use predicted, the minor contribution to plant
growth that Nadelhoffer et al. (1999) have calculated should re-
main limited. According to Frink et al. (2001), this should pose
little hazard to biodiversity.

Second, the invention of the Haber-Bosch process for con-
verting atmospheric N2 to ammonia laid the foundation for the
exponential growth in N fertilizer use in the second half of the
twentieth century. It enabled the high-yielding crops of the
Green Revolution, which brought about a large increase in the
production of relatively cheap food and improved the well-being
of millions of people. However, less than half of the applied N
fertilizer finds its way into the crop plant. The remainder leaches
into water bodies or returns to the atmosphere, most benignly as
N2, but some as the powerful and long-lived greenhouse gas N2O,
which is also involved in stratospheric ozone depletion. The at-
mospheric concentration of N2O has been rising by roughly 0.8
parts per trillion per year (0.25%) during the industrial era, largely
through this mechanism. In 1998, it averaged 314 ppt, up from a
preindustrial level of 270 ppt (Prather et al. 2001). (See also Policy
Responses volume, Chapter 9.) The present trend indicates a pla-
teau may have been reached, although some models predict future
increases. Whichever model is correct, no decrease is expected,
since human population seems to have already exceeded the max-
imum number that can be supported without chemical fertilizers.

Third, the natural process of biological N fixation has been
harnessed for agricultural purposes. Worldwide plantings of N-
fixing crops, such as soybeans, now capture about 40 teragrams of
nitrogen a year, an ecosystem service worth several billion dollars
annually in avoided fertilizer costs and contributing substantially
to human nutrition. The negative consequences are ultimately
similar to those resulting from industrial N fixation: increased
emissions of N2O and leaching of N from the land into water
bodies once organic N has been mineralized. In addition, severe
acidification of soils following repeated harvests of N-fixing crops
can occur, unless balancing quantities of cations are added (Pate
1968). Increase in N fixation is still considered important for sus-
tained agricultural production, and is set to continue.

In marine ecosystems, estimates of N fixation by organisms
vary by more than tenfold, ranging from less than 30 to more
than 300 teragrams per year (Vitousek et al. 1997). There is spec-
ulation, supported by some evidence, that biological N fixation
through the cyanobacterium Trichodesmium has increased during
the modern era as a result of increased iron fertilization by wind-
borne dust (Moore et al. 2001).
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Figure 12.2. Key Pools, Fluxes, and Turnover Times in the Global Nitrogen Cycle as Modified by Human Activity. The turnover times
are represented in parentheses. The size of the pools (i.e., the stocks in a particular form) are all expressed as TgN, which equals 1012g of
nitrogen in elemental form, or a million tons. The fluxes or flows between pools are in TgN/yr. Pools where the flows in and out are small
relative to the size of the stock have a slow turnover time—in other words, they change slowly, but are also slow to mend once altered. The
solid arrows represent the basic ‘‘natural’’ (i.e., preindustrial) cycle. The grey arrows and boxes represent the new or enhanced flows and
accumulations caused by human activity. The width of the arrows is approximately proportional to the flux rates. It is clear that the addition
of a major new flux from atmosphere to land, by way of industrial and crop nitrogen fixation, has created an imbalance leading to increased
flow to the ocean, in the process contributing to eutrophication of rivers and lakes. Some of the nitrogen oversupply leads to increased
emissions of N2O and NOy, which are increasing in the atmosphere, contributing to global warming, tropospheric pollution, and stratospheric
ozone depletion. (Reeburgh 1997; Prather et al. 2001; Brasseur et al. 2003)

Part of the accumulated N is eliminated in gaseous forms
through the denitrification process. Although it resembles a natu-
ral mitigation of eutrophication, nitrous oxides produced from
fertilizer denitrification account for 6.9 teragrams of N per year,
representing a flux of 56% increase in total denitrification from
terrestrial ecosystems. Furthermore, 20–32 teragrams in gaseous
forms are released to the air each year through combustion, creat-
ing atmospheric pollution. (See Chapter 13.)

The overall N budget on Earth has thus been significantly
modified. In preindustrial times, the annual flux of nitrogen from
the atmosphere to the land and aquatic ecosystems was estimated
at 90–140 teragrams of N per year. This was more-or-less bal-
anced by a reverse ‘‘denitrification’’ flux. Production and use of
synthetic nitrogen fertilizer, expanded planting of nitrogen-fixing
crops, and deposition of nitrogen-containing air pollutants to-
gether create an additional flux of about 210 teragrams a year,
only part of which is denitrified (Vitousek et al. 1997). This 210-
teragram increase can be attributed to chemical fertilizers (80),
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biomass burning (40), N-fixation in legume crops (40), fossil fuel
combustion (20), land clearing (20), and wetland drainage (10).

12.3.2 The Global Phosphorus Cycle

The lithosphere is the ultimate source of all phosphorus in the
biosphere. (See Figure 12.4.) Paradoxically, while apatite (the nat-
urally occurring phosphate rock) is one of the most easily weath-
ered primary minerals, P is amongst the least biologically available
major nutrients. This is because the forms of phosphorus in the
biosphere are poorly soluble, immobile, or otherwise inaccessible.

As a result, P occurs in sufficient supply in young, arid, and
neutral soils, although with some exceptions, depending on the
nature of the parent material. On the other hand, P often co-
limits (with N) plant and animal production on old, highly
weathered soils, such as those that dominate tropical Africa, South
America, and Australia. Since NH4

� and NO3
� are both more

readily leached out of soils than phosphate, freshwater and some
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Figure 12.4. Schematic Diagram of Main Parts of Global Phosphorus Cycle. Pools are in TgP, fluxes in TgP/yr, and turnover times are
in years. The grey arrows are the fluxes that are entirely or partly anthropogenic. P is building up in terrestrial soils as a result of P fertilizers,
and is leaking into rivers, lakes, and coastal waters, where it is the main driver of eutrophication. (Reeburgh 1997; Carpenter et al. 1999)

coastal ecosystems are typically more responsive to increases of P
than of N, making P the principal driver of eutrophication in
lakes and estuaries. Phosphorus is transported principally adsorbed
onto or absorbed into soil particles rather than in solution. In
addition, where intensive animal husbandry is practiced, P can be
lost in large quantities in surface runoff. As such, phosphorus in
fact does not strictly cycle (other than in very long geological
time frames) but follows a one-way path from terrestrial to aquatic
systems. Return from marine systems to land in the form of bird
guano, although sometimes locally important, is a very minor flux
in total.

The availability of P in landscapes where it is scarce is greatly
enhanced by biological processes. Specialized symbiotic fungi,
known as mycorrhizae, transfer P from inaccessible forms to the
plant and help to reduce leakage of P from the system. There is
widespread empirical evidence that low P availability constrains
biological N fixation (Smith 1992) contributing to the co-limitation
just mentioned. However, the mechanism resulting in this con-
straint remains poorly understood (Vitousek et al. 2002).

Figure 12.4 shows the contemporary and preindustrial global
P cycles. The contemporary cycle is not in balance. As a result of
the large P inputs from the lithosphere, mainly through phosphate
mining, and accelerated weathering as deep soil is exposed as a
result of surface erosion, P is accumulating in terrestrial ecosys-
tems in both the industrial and developing world (with some con-
spicuous exceptions, such as most of sub-Saharan Africa). The
main mechanism by which the P leaves the land and enters fresh-
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water ecosystems is soil erosion. Agricultural P is the principal
driver of eutrophication. P concentrated in sewage effluents and
animal and industrial wastes, including P-containing detergents,
makes a relatively small global contribution (Bennett et al. 2001),
although it may be important locally. For example in the United
States 36% of sewage sludge is applied to the land, with the rest
going to landfills, incineration, or other ‘‘surface disposal’’
methods.

Because the amount of P accumulated on land is large, and
the processes of release are relatively slow but hard to prevent,
this problem is highly likely to grow substantially in the coming
decades. However, the rapid increase in no-till agricultural sys-
tems in several parts of the world and an increasing trend to incor-
porate buffer strips or hedgerows in agricultural landscapes may
help to mitigate the problem significantly in some areas. For ex-
ample, in the United States in 1989, 3% of cropland was no-till;
in 1998 it was 16.3% (20 million hectares). In Brazil, 3% of crop-
land was no-till in 1990 and in 1998 it was 25% (10 million hect-
ares). In Argentina, the figure was 2% in 1990 and 28% (6 million
hectares) in 1998. And in Australia, the no-till area jumped from
0.1% in 1990 to 50% (10 million hectares) in 1998. (Eutrophica-
tion is dealt with extensively later in this chapter.)

12.3.3 The Global Sulfur Cycle

In many respects the sulfur cycle parallels the nitrogen cycle, ex-
cept for a significant input from the lithosphere via volcanic activ-
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ity and the absence of a biological process of S fixation from the
atmosphere to the land or water. (See Figure 12.5.) The main
human perturbation to the global S cycle is the release of SOx

(SO2 plus a small amount of SO3) to the atmosphere as a result of
burning S-containing coal and oil and the smelting of sulfite ores.

SOx gas impairs respiration in humans at high concentrations
and is moderately toxic to plants. Other S gases, such as H2S and
mercaptans (sulfur-containing organic chemical substances), are
not very toxic but are highly offensive to human olfaction even at
low concentrations. Consequently, S-containing gases are usually
vented from tall smokestacks in order to be widely diluted at
ground level. Coupled with the simultaneous removal of ash par-
ticles from the smoke, this contributed greatly to the emergence
of the ‘‘acid rain’’ deposition problem in the twentieth century
(Smil 1997). Sulfuric acid is one of the major components of acid
deposition, along with nitric acid, carbonic acid, and various or-
ganic acids. In preindustrial times it was largely neutralized by
the simultaneous deposition of alkaline ash. High increase in S
deposition (22–47 teragrams per year) has led to a situation where
this compensation is no longer operating.

In the atmosphere SOx forms SO4
2�, a crystalline aerosol that

acts as a powerful nucleus for cloud condensation and helps to
retard climate change. The sulfate dissolves in rainwater, forming
dilute sulfuric acid, and is deposited on Earth’s surface in wet
or dry form, the proportions of which depend on the prevailing
climate.

Figure 12.5. Main Pools and Fluxes in Global Sulfur Cycle. Pools are in TgS, fluxes in TgS/yr, and turnover times in years. The solid
arrows represent the preindustrial cycle, while the grey arrows and boxes show the human additions, circa 2000. Emissions of S from burning
fossil fuels and smelting ores are the main causes of increased S deposition, which accumulates in soils, leading to acidification of the soils
and particularly of poorly buffered freshwater bodies draining from them. (Reeburgh 1997; Brasseur et al. 2003)
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Damage to ecosystems results not so much from the direct
effects of acid, SOx, or SO4

2� on plants (S, in small doses, is a
fertilizer), but from the direct effect of leaching of SO4

2� from soil
in drainage. To maintain electrical neutrality of drainage, cations,
principally Ca2�, are lost; the resulting acidification brings Al3�

and H� into solution (Galloway 2003). The Al3� ion impairs nu-
trient absorption, especially phosphorus uptake, by the roots of all
but a very specialized group of plants. It is also highly detrimental
to aquatic organisms and ecosystems. Soil, river, and lake acidifi-
cation is extremely difficult and expensive to remedy. The buffer-
ing capacity of the ecosystem, which is related to soil depth, soil
chemistry, and weathering rate, provides an ecosystem service
worth billions of dollars, both in avoided damage and mitigation
actions. The capacity of this service is, however, finite and easily
exceeded.

As a result of severe human health problems associated with
SO2 in urban smog and concerns regarding ecosystem health in
areas exposed to high loadings of acid deposition, sulfur has been
progressively reduced or eliminated from industrial, domestic, and
transport sector emissions in Europe and North America. This has
been achieved by switching from high-S coal and oil to lower-S
fuels and by installing flue-gas desulfurization equipment. This has
been so successful that S deposition has declined to such an extent
that sulfur is now becoming a limiting nutrient in many parts of
Europe. The result is that N deposition, resulting from vehicular,
industrial, and agricultural emissions, has now become the major
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component of acid deposition in these regions. A perverse conse-
quence of this is that global warming will increase by about 0.3
watts per square meter (about 10%) as the anti-greenhouse effects
of sulfate aerosols diminish (Ramaswamy et al. 2001).

However, sulfur emission reduction is not widely practiced in
the emerging industrial areas of the world: China, India, South
Africa, and the southern parts of South America. A global assess-
ment of acid deposition threats (Kuylenstierna et al. 2001), based
on a combination of emission locations, wind transport patterns,
and the buffering capacity of soils in the receiving regions, sug-
gests that tropical ecosystems in the developing world are at high
risk of acidification. (See Figure 12.6 in Appendix A.)

12.3.4 The Global Carbon Cycle

The global carbon cycle has been assessed recently and compre-
hensively by the Intergovernmental Panel on Climate Change
(Prentice et al. 2001) because of its centrality to the issue of global
climate change. This chapter will not repeat that work nor the
discussion of C-climate interactions covered in Chapter 13 on air
quality and climate. Suffice to say here that the global C cycle is
currently out of balance (see Table 12.4), principally as a result of
the burning of fossil fuels, but also due to the conversion of high
C-density natural ecosystems, such as forests and grasslands, to
lower C-density agroecosystems. It should be noted that the C
cycle has been perturbed by about 13% relative to its preindustrial
state, compared with figures of 100% or more for the N, P, and S
cycles (Falkowski et al. 2000).

There is an important interconnectivity between the cycles of
N, P, S, Fe, and Si and the C cycle (Mackenzie et al. 2002).

Table 12.4. Stocks of Carbon in Major Compartments of the Earth System and Their Residence Times. The Table indicates change in
carbon stocks per year in the 1990s as a result of imbalances in the cycle caused by human emissions of 6.4 � .6 PgC from the burning of
fossil fuels, and 1.4–3.0 PgC from land use change. (Reeburgh 1997; Prentice et al. 2001)

Components Stock Residence Time Accumulation Rate 
(PgC) (years) (Pg/year)

Atmosphere CO2 750 3–5 3.2 ± 0.2

Land biota plants 550–680 50 land net uptake 
1.4 ± 0.7Soil peat 360 >105

inorganic carbonates 1220

microbial biomass 15–30 <10

POC 250–500 <102

amorphous polymers 600–800 102–105

Lakes and rivers sediments 150 10–1–103 ?

Lithosphere kerogen 15 x 106 >>106

methane clathrates 11 x 103 –

limestone 60 x 106 –

Ocean: surface DOC 40 – oceanic net 
uptake 1.7 ± 0.5POC 5 –

living biomass 2 10–1–101

Ocean: deep DIC 38,000 ~2 x 103

DOC 700 5 x 103

POC 20–30 101–102

sediments 150

Notes: 1 Pg = 1015g = 1 billion tons
Kerogen consists of coal, oil, gas, and other lower-grade fossil carbons such as lignite and oil shales.
Clathrates are a solid form of methane hydrates found at depth in ocean sediments.
DIC: dissolved inorganic C; DOC: dissolved organic C; POC: particulate organic C.
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Human actions have significantly perturbed those cycles, and this
has knock-on effects on the C cycle due to considerations of stoi-
chiometry and the co-limitation or regulation of key processes.
Mechanisms such as N fertilization and the sequestration of C in
deep oceans through the ‘‘biological pump’’ contribute an uncer-
tain but large proportion of the � 4 billion tons per year carbon
storage service that the biosphere currently provides (Prentice et
al. 2001). Some key processes, such as N and CO2 fertilization of
terrestrial ecosystems, are highly likely to reach saturation, possi-
bly during this century (Scholes et al. 2000).

The global fixation of carbon through photosynthesis has been
suggested as a general index of the health of both terrestrial and
aquatic ecosystems, all other conditions of temperature, moisture,
and nutrient supply being equal (Schlesinger 1997). Global indices
of this type (such as the Normalized Differential Vegetation
Index) are now available and show an increase in biomass in the
high northern hemisphere latitudes, consistent with climate
change, and no overall trend (but high interannual variability) in
the sub-tropical deserts. They also reveal large areas of algal
blooms in coastal areas, especially those that are semi-enclosed,
such as the China Sea, indicating eutrophication.

12.4 Consequences of Changes to Nutrient
Cycles
Alterations of nutrient cycling include situations of nutrient ex-
cess, leading to eutrophication of soils and water bodies, and nu-
trient deficiency linked to soil exhaustion and some specific
natural situations in oceans.
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12.4.1 Nutrient Excess in Fresh and Marine Waters

As noted earlier, a major consequence of fertilizer inputs and at-
mospheric deposits, and of impairment of buffers and regulatory
mechanisms at all scales, is eutrophication of aquatic systems—
both fresh and saline waters. (See Chapters 19 and 20 for more on
coastal and inland water systems.)

12.4.1.1 Eutrophication of Aquatic Ecosystems
Eutrophication is the fertilization of surface waters by nutrients
that were previously scarce (Carpenter et al. 1999). In the 1960s
it became obvious that a change was occurring in many lakes
and reservoirs, especially in industrial countries, resulting from an
increase in their nutrient load. This was a consequence of human
activity, with increased inputs of urban and industrial wastewater
and agricultural runoff containing mainly C, N, and P. The prob-
lem is now apparent in many coastal areas as well. Eutrophication
is regarded as the most widespread water quality problem in many
countries (OECD 1982; NRC 1992; Nixon 1995; Carpenter et
al. 1998; Howarth et al. 2000). (See also Box 12.3.)

Eutrophication leads to many changes in the structure and
function of aquatic ecosystems and thus the services they provide.
The symptoms of eutrophication are well known: increase in
phytoplankton, benthic, and epiphytic algae and bacterial bio-
mass; shifts in composition to bloom-forming algae, which may
be toxic or inedible; development of rooted macrophytes and
macroalgae along the shores; anoxia (oxygen depletion) in deep
waters; increased incidence of fish and shellfish mortality; de-
creases in water transparency; taste, odor, and water treatment
problems; and in coastal areas, coral mortality. Such characteristics
are detrimental to many water uses, including for drinking, fish-
eries, and recreation. Although possible, remediation measures are
costly, and mostly consist of reducing the inputs of nutrients to
tolerable levels.

Most attention has focused on P inputs rather that on N or C,
because P is often the element limiting the growth of aquatic
biota in temperate freshwater environments. Phosphorus is less
abundant than N in fresh waters relative to plant needs, and its
concentrations are reduced to very low levels by uptake during
the growing season. It is therefore P that often regulates the extent
of algal and other plant development in the aquatic environment.

BOX 12.3

Case Study of Eutrophication of Inland Waters: Lake
Victoria, East Africa

Observations in 1990–91 in the center of Lake Victoria have been
compared with data from 1960–61 (Hecky et al. 1994). The results
indicated a stronger stratification, with less oxygen in a greater part of
the deep zone of the lake. This eutrophication process results mainly
from an increase of human activities in the watershed, with increased
inputs of nutrients linked with urbanization, deforestation, and cultiva-
tion. Some shift in the phytoplankton population has also occurred. The
increase in nutrients first led to an increase in diatoms. The resulting
depletion in dissolved silicon promoted a shift in the diatom species
and finally the establishment of blue-green alga (Cyanophycea)
(Verschuren et al. 1998). Introduction of alien fish species such as
Lates niloticus (Nile perch) and four species of Oreochromis (tilapia)
also contributed to a strong modification of the trophic food web, with
probable feedback on the phytoplankton community, as well as the fish
community, with a strong decrease in the number of the endemic cich-
lids species (Lévêque and Paugy 1999).
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A debate took place during the 1970s on the possible reduc-
tion or ban of P in detergents as a means of reducing the eutrophi-
cation of lakes. The pro-P argument relied on the small fraction
of P load resulting from the detergents as compared with other
urban or agricultural sources (Lee and Jones 1986). While phos-
phorus use has been totally banned in some countries (in Switzer-
land and some states of the United States), and partial restrictions
occur in others, the use of high-P detergents is unrestricted in a
number of other countries.

Agricultural production in some countries is not keeping pace
with the increase in food demand. (See Chapter 8 for more on
food production). Although in sub-Saharan Africa and Latin
America a significant part of the required increase in cereal pro-
duction could result from an increase in the cultivated area, the
increase would transform land that is currently supplying other
ecosystem services. Increase in food production is also possible
from higher yields in existing agricultural areas (Pinstrup-Anderson
1999). This will require the development of more-sustainable
practices making a better use of natural biological processes (Swift
and Woomer 1994) and an increased use of fertilizers, which
could be mitigated by an improvement in the efficiency of their
use.

In Western Europe or North America, the quantity of fertil-
izer applied today is the same as it was in 1970, whereas the aver-
age yield of wheat, for example, has more than doubled.
Assuming a slowdown in the growth of world population and
crop production and an improvement in fertilizer use efficiency,
it is forecast that total fertilizer use will have to increase from the
present level of 140 million tons N�P2O5�K2O to 167–199
million tons per year by 2030, meaning annual growth rates of
0.7–1.3%. This compares with an annual rate of increase over the
past 30 years of 2.4% (FAO 2000). A significant part of the in-
crease in P fertilizers may enter the aquatic reservoir if conserva-
tion practices and erosion control are not implemented on a very
large scale.

12.4.1.2 Eutrophication and Carbon Sequestration

Elevated net primary production associated with eutrophication
would seem to favor carbon sequestration. However, when re-
cycling of C through decomposer chains prevails on sedimenta-
tion in rivers and lakes, these systems behave as sources of CO2

since their CO2 partial pressure (pCO2) is higher than that of the
atmosphere. In a survey of pCO2 in the surface water of 1,835
lakes around the world, 87 % of the samples were supersaturated
(mean pCO2 : 1,034 (atm) (Cole et al. 1994). In highly polluted
aquatic systems, the pCO2 may reach higher values, such as 5,700
(atm in the upper estuary of the Scheldt River, which receives
industrial and urban wastes from France, Belgium, and the Neth-
erlands (Frankignoulle et al. 1996).

The net global C budget of inland waters has been approached
from a different point of view. From their measurements on lakes,
Cole et al. (1994) have estimated the potential release of CO2

from lakes at about 0.14 billion tons of carbon per year, which is
about half as large as riverine transport of organic and inorganic
C to the ocean. This indicates that terrestrial systems, among
which forests are usually considered as C sinks, export some or-
ganic matter that later contributes to CO2 emission. From consid-
erations of primary production, Dean and Gorham (1998)
estimated that lakes are currently accumulating organic C at an
annual rate of about 42 teragrams a year. Most of the C in all but
the most oligotrophic of these lakes is primary production in the
lakes themselves. The sediments of reservoirs accumulate an addi-
tional 160 teragrams annually, and peatlands contribute 96 tera-
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grams annually. These three C pools collectively cover less than
2% of Earth’s surface and constitute a C sink of about 300 tera-
grams a year.

12.4.1.3 Marine Dead Zones

Low oxygen conditions in coastal marine waters are primarily the
result of enrichment in nitrogen with consequent enhanced
growth of phytoplankton. These nitrogen-fed phytoplankton sink
to the sea floor when they die, and the organic matter is regener-
ated by bacterial activity, consuming oxygen. At low oxygen con-
centrations, most marine life is unable to survive, leading to the
designation of ‘‘marine dead zones.’’ The size of these reaches up
to 70,000 square kilometers (Brian et al. 2004), and they have
been reported off South America, Japan, China, Australia, New
Zealand, and the west coast of North America. The number of
such areas has doubled every decade as more and more artificially
produced nitrogen fertilizers are used in agriculture and as human
population increases result in increased nitrogen containing sew-
age effluent.

The hypoxic conditions are seasonal in some regions, such as
the Gulf of Mexico (fed by nutrients from the Mississippi River)
and off the coast of Oregon, where low oxygen conditions have
appeared in recent years. The Oregon events are related to up-
welling conditions when north winds displace surface waters and
deep waters rise as replacements. These deep waters have high
nutrients, but in recent years have also had low oxygen content.
Benthic populations, such as crabs, are quickly affected by such
conditions and can provide useful indicators for early warning of
low oxygen.

The occurrence of dead zones and their size appears to be a
function of nitrogen inputs, which continue to grow in most parts
of the world. Denitrification (which returns nitrate to the atmo-
sphere as N2 and N oxides) takes effect only when oxygen con-
centrations are already low and so becomes effective only after
the dead zone phenomenon has occurred. In the future, this phe-
nomenon may be as important as overfishing in the decline of
fisheries. (See Chapter 18 for more on marine fisheries.)

12.4.2 Nutrient Deficiencies

A significant proportion of agricultural soils, mainly located in
developing countries, are suffering nutrient deficiencies. Similar
situations may occur in coastal and marine systems as a result of
shortage of water flow from terrestrial systems, or naturally in the
high nutrient, low chlorophyll zones, where deficiencies in Si and
Fe limit primary production.

12.4.2.1 Agricultural Soils

The fertility of any soil will decline if the nutrient content of the
harvest removed from the system (as grain, timber, livestock, and
so on) exceeds the nutrient input from natural and anthropogenic
sources. In general, the nutrient balances in the industrial world
are positive, especially for N, as crops use less than half of the
applied fertilizer, leading to the eutrophication problem just de-
scribed. In large areas of South America (Wood et al. 2000) and
Africa (Smaling et al. 1997; Sanchez 2002), on the other hand,
the nutrient balance is negative, leading to declining soil fertility.
In the case of South America, the magnitude of the imbalance
appears to be decreasing as incomes rise and farmers can afford
more fertilizer. In Africa, the cost of fertilizer to low-income
farmers is usually prohibitive.

The situation is exacerbated by two factors: ecological features
and farmers’ perception of risk in many of the poorest developing
regions. First, much of the agricultural population in nutrient-
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deficient areas lives on soils derived from basement rocks, on very
old, stable land surfaces. The P and base cation content of these
soils is inherently low; as a result, natural biological N fixation is
also low. Because the soils are sandy and low in organic C, they
lose N through leaching. Their low N status leads them to be
burned frequently (since the grass that grows on them is too low
in N for cattle to digest in the wintertime), causing further N loss.
Nitrogen is the key component of protein, and it is precisely these
areas that show a steady decline in per capita protein consump-
tion, to levels well below the recommended daily intake. The
same areas also show high levels of stunted growth associated with
malnutrition (Scholes and Biggs, in press).

Where farmers perceive that there is a risk of not achieving an
acceptable level of yield at harvest (perhaps because of drought)
to cover their input costs, they are often unwilling to invest in
fertilizers to replace nutrients like P and K removed in the har-
vested produce.

12.4.2.2 High Nutrient, Low Chlorophyll Regions of the Ocean

Large parts of the ocean are characterized by the presence of ade-
quate N and P in the euphotic zone but low phytoplankton bio-
mass and low primary and new production (Minas et al. 1986).
The best known of these regions are between the coast of Ecua-
dor out to the Galapagos Islands, the equatorial Pacific out to
the dateline, the northeast Pacific, and portions of the Southern
Ocean.

Open ocean fertilization experiments have shown the first of
these to be limited by Fe (Coale et al. 1996). Responses to Fe
additions have been observed in the Southern Ocean as well, but
with limited effects on phytoplankton productivity and growth
rates. The equatorial Pacific is chronically low in Si(OH)4 with
some secondary effects due to the relatively low Fe concentrations
(Ku et al. 1995). The Southern Ocean north of the polar front
has been identified as a low Si(OH)4 region (Dugdale et al. 1995).
The origin of this condition is now understood as the result of a
seasonal drawdown of Si(OH)4 by diatoms, which proceeds
southward over the course of the austral summer. Drawdown of
NO3 is small compared to the uptake of Si(OH)4, a condition that
may be related to low Fe (Takeda 1998). However, unusually high
Si(OH)4 uptake by diatoms can result from other processes that
slow their growth (Claquin et al. 2002).

The interest in high nutrient, low chlorophyll regions has
been sparked by the possibility of increasing their productivity
through fertilization, with relatively small quantities of Fe and/or
Si. This has been suggested as an option for slowing the increase
in atmospheric CO2. However, the scientific understanding of the
consequences of full-scale implementation of such an action re-
mains insufficient for adequate assessment.

12.4.3 Threats to the Global Marine Nutrient
Cycling System

Global marine nutrient cycling is beginning to be understood in
spite of the complex interactions among physical, chemical, and
biological processes that occur across the moving boundaries of
water masses. Several processes require examination, as each may
be a significant source of increased or decreased services in the
future.

First, N fixation seems to be enhanced when Fe and P are
added (Beherenfeld and Kolber 1999; Bidigare and Ondrusek
1996; Sanudo Wilhelmy et al. 2001; Karl et al. 1997, 2002). Since
the expansion of the Sahara in the early 1970s, the dust load has
increased nearly fourfold (Prospero and Nees 1986). Furthermore,
Tegen and Fung (1995) have shown that about half the dust
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reaching the Equatorial Atlantic is due to disturbed soil condi-
tions, and this dust contains more Fe than undisturbed desert dust.
Increased N availability is likely to increase C fixation and its
further sequestration in sediments and would therefore constitute
a positive contribution to mitigation of climate change.

Second, denitrification is considered a useful process in the
elimination of part of the N burden in estuaries and coastal areas,
whereas it may limit production in N-limited areas, as N fixation
is severely limited by Fe and Si availability (Naqvi et al. 2000;
Codispoti and Christensen 1985). This is thought to be the cur-
rent state of the world’s oceans. If so, this would imply that oce-
anic biological processes (as distinguished from the physical
dissolution of CO2 into water due to increased partial pressures of
CO2 in the atmosphere) are actually adding C to the atmosphere
instead of removing it (e.g., Falkowski 1997).

Third, increased NH4
� from terrestrial effluents inhibits the

ability of diatoms to use NO3
�. In San Francisco Bay, a long-

term decline in productivity has been ascribed to increased NH4

concentrations of anthropogenic origin (Karl et al. 2001). How-
ever, the Anamnox process (oxidization of NH4 into free N by
reaction with nitrite) is likely to mitigate the problem in anoxic
areas (Devol 2003).

Fourth, decreased productivity is linked to reduced inputs of
Si and Fe from terrestrial sources. Changes in the input of
Si(OH)4 from rivers as a result of damming and changes in farm
practices may also have an impact on the productivity of marine
diatoms (Leynaert et al. 2001). When Si(OH)4 concentrations fall
below about 2 �M, other algal groups are able to outcompete
diatoms, potentially leading to the dominance of less desirable or
even toxic bloom species.

12.5 Monitoring and Assessment
Given the large diversity of mechanisms, pools, and fluxes in-
volved in nutrient cycling, decision-makers face a large number
of different, although closely related issues. (See Table 12.5.) For
example, eutrophication of fresh water, which is mainly a conse-
quence of excessive nutrient inputs and mismanagement of wastes
at the landscape scale, is aggravated by atmospheric N deposits
and by the reduction of plant cover and biodiversity at the plot
and landscape scales. Once the pools, fluxes, or mechanisms rele-
vant to the particular issue have been identified, adequate indica-
tors or descriptors of their sizes or intensity can be identified and
monitored. (See Table 12.6.)

Although alterations in nutrient cycling are generally observed
at scales from plot to landscape and region, the mechanisms in-
volved are generally operating at much smaller scales. Efforts to
improve the general quality of nutrient cycling could improve
from fine-tuning the inputs to the needs of cultivated plants as
much as possible, in order to limit the risk of leakage from terres-
trial ecosystems to groundwater and to freshwater and marine sys-
tems, and through greater attention to the state of the various
buffering systems described earlier.

In practice, the best indicators of nutrient cycling efficiency
will be measured at the plot level (diversity and cover of plants
and indicators of quality based on soil fauna communities) and at
the landscape level (density and distribution of buffering zones
such as riparian forests, diversity of land use types in mosaics).
Links between diversity at these two scales and adequate nutrient
cycling have been observed in a number of studies (Wardle et al.
1999; Niklaus et al. 2001; Reich et al. 2001; Tilman et al. 2001).
Cover crops, diversification of land use types in time (rotations)
and space, no-tillage practices at the plot scale, and the use of
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hedgerows, riparian forests, and wetlands have all been shown to
improve the tight cycling of nutrients (Nair 1993; Palm 1995;
Entry and Emmingham 1996; Inamdar et al. 1999; Fassbender et
al. 2000).

However, with a few exceptions, the mechanisms that link
measurements of landscape features and plant and invertebrate di-
versities and so on to nutrient cycles have not been established
satisfactorily, nor have thresholds for degradation of their diversity
been established. This is in part due to a lack of extensive datasets
that would allow statistical relationships to be established. How-
ever, the apparently large time lag between the loss of biological
diversity and the impairment of soil functions might obscure sig-
nificant statistical relationships (Lavelle et al. 2004).

12.6 Implications of Altered Nutrient Cycles for
Human Well-being
Nutrient cycling and soil or water fertility play key roles in terres-
trial and aquatic systems, and these roles benefit many segments
of society. Substantial human benefits are derived directly and in-
directly from nutrient cycling and fertility services.

Principally, millions of people earn their living from the pro-
duction of commodities, such as food and other products, yielded
by terrestrial and aquatic systems. The livelihoods of many rural
households in developing countries in particular are highly de-
pendent on direct harvesting of wild foods and non-food prod-
ucts. (See Chapters 18 and 26 for more on livelihoods based on
food production.) More generally, benefits are derived directly
from the use of noncommercialized ecosystem products generated
by the fertility service of terrestrial and aquatic systems, such as
biodiversity and its services. Thus nutrient cycling and fertility are
essential for supporting the supply of farmed and wild products
and the benefits people derive from their consumption and use.

Various approaches and methods have been developed to
value nutrient cycling and fertility services. These methods can be
grouped into two broad categories: benefit-based and cost-based
approaches. (See Chapter 2.) The most commonly used benefit-
based method is the production function approach that measures
the marginal contribution of fertility to the total value of gener-
ated products after accounting for the marginal contribution of all
other inputs and factors used in the production process. Examples
of studies that have used such an approach to quantify relation-
ships include yield reduction (productivity loss) versus land degra-
dation (Aune and Lal 1995; Lal 1995). The most researched land
degradation factors are soil erosion and nutrient mining in the
United States (Hertzler et al. 1985; Burt 1981; Pierce et al. 1984),
Mali (Bishop and Allen 1989), Zimbabwe (Grohs 1994), and
Ethiopia (Sutcliffe 1993).

In principle, this method is applicable to both commercialized
and noncommercial products of terrestrial and aquatic systems.
However, it is relatively easier to apply to situations where prod-
ucts are commercially exploited and marketed and where the
value of products directly harvested from the wild for noncom-
mercial use is usually calculated using prices and values of similar
products exchanged in the market. But the accuracy and realism
of figures derived from the production function approach is ques-
tionable. A fundamental assumption of this method is that the
market prices of agricultural outputs reflect their marginal costs of
production; in most economies, market distortions (such as U.S.
and European farming subsidies) ensure that market prices are not
equal to marginal costs.

Among the most commonly used cost-based approaches is the
replacement cost method. This uses the value of commercial fer-
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Table 12.5. Problems in Ecosystem Functioning Linked to Nutrient Cycling Dysfunctions and Indicators to Assist Diagnostic.
Numbers of scales in the first column relate to classification of scales made in section 12.2.3.

Scales Dysfunction Observed Possible Diagnostic Indicators
Terrestrial 
1–2: Micro plant growth limited by unex-

pected nutrient deficiencies
microbial diversity modified

beneficial or key microorganisms (N-fixers; mycorrhizae;
white rot fungi) absent

diversity in microfoodwebs communities
(micro- and meso-fauna)

nodulation in legumes

fungal or bacterial diseases impairment of soil structure preventing optimal function of
foodweb controls

Maturity Index (Bongers 1990)

3–4 Ecosystem soil compaction and erosion

deficient water infiltration

C losses

abundance and functional diversity of plants and soil natural tillers
(earthworms, termites, ants) insufficient to allow adequate regulation of
microbial communities and soil structure

synthetic indices of soil quality (Vélasquez
2004; Ruiz-Camacho 2004)

5: Landscape groundwater and adjacent
freshwater systems loaded with
nitrates and phosphates

erosion

leakage due to dysfunction of  regulations at scales 1—4 not mitigated
by the presence of suitable buffer zones for nutrient absorption and
refugia for useful soil fauna

insufficient C supply for faunal activities

landscape metrics given by analysis of com-
position and structure of landscape

6: Global soil nutrient depletion at large
scales

unbalanced nutrient budgets for terrestrial biomes
inadequate management options

lack of formation and financial support

erosion, indices of soil quality
crop production

indicators of human development

Fresh Water

1–2: Micro algal blooms eutrophication (nutrient excess loading) OECD trophic levels (based on total P,
chlorophyll, transparency in lake water)

3–4: Ecosystem changes in fish communities

fish kills

aquatic habitat destruction; increased input of suspended solids from
land erosion

eutrophication; excess nutrient and organic matter load, pollution by
pesticides or other humanmade substances

in rivers, changes in water regime; natural
habitat diversity; invertebrates  and fish
communities structure

low oxygen in rivers and anoxia  in deep lay-
ers of lakes

in lakes, changes in hydrological
seasonality

5: Landscape decrease in inland fisheries decrease in water quality and in self-epuration capacity; increased con-
trol on river flows (dam construction, canals, regulated river, etc.)

pollution (nutrients and chemicals)

decrease in aquatic biodiversity and in
habitat diversity
changes in riparian vegetation

total N and P in water

6: Global decrease in availability of fresh
water (drinking water)

alteration of the self-epuration capacity total N and P in water

Marine and Coastal

1–2: Micro algal blooms
fish kills

changes in N-cycling microbial communities due to sewage effluents
(nutrients and heavy metals)

changes in microbial communities

3–4: Ecosystem algal blooms
fish kills
decreases in productivity;
decreased fish catches

organic matter loading producing hypoxia

reduced water and nutrient flows from
terrestrial ecosystems (damming, irrigation, industrial use of water)

low oxygen concentration

low chlorophyll concentration

5: Landscape eutrophication (algal blooms
fish kills)

habitat disturbance (landfill, mangrove/seagrasses clearing/disruption
of estuaries)

impaired regulation of populations of primary producers by fishes due
to overfishing

habitat structure in coastal environments

decreasing trend in fish catches

6: Global eutrophication in non-directly
affected areas

nutrient overloading of major current systems nutrient load in water

PAGE 348................. 11432$ CH12 10-11-05 14:57:48 PS



349Nutrient Cycling

Table 12.6. Biophysical Structures That Allow Regulation of Nutrient Cycling at Different Scales, Processes Involved, and Indicators
of Their Functionality

Scale

Biophysical
Structures 
(self-organizing 
systems) Process Indicators of Service Human Alterations Indicator of Alteration

Micro soil + sediments:
microaggregates
waters: water 
column

micro-
foodweb 
effects

soils: maturity index
(Bongers 1990)

all: diversity in microfood-
webs communities (micro-
and meso fauna)

organic and 
chemical 
contamination

fertilizer and 
pesticide 
application

Ecosystem biogenic structures creat-
ed by roots and bioturba-
tors

herbivory, foodweb
effects

saprophagy, comminution

incorporation in stable
aggregates

habitat creation

modified access 
to resources

regulation of hydraulic proper-
ties and organic matter dynam-
ics

acceleration of nutrient release
from living plant biomass

CH4 production in cattle guts

changes in decomposition
rates

organic matter sequestered

physical structure of soils
and sediments

bioindicators of soil quality
(Ruiz-Camacho 2004,
Vélasquez 2004)

bioindicators of 
fresh water quality
(AFNOR 1992) 

nutrient balances at plot
level

monitoring at plot level

monitoring decomposition
rates

invertebrate communities
(bioindicators of soil quality)

distribution of  organic mat-
ter in particle size fractions

organic and chemical con-
tamination

physical disruption (tillage)

conversion of natural and
crop systems to pastures

organic and chemical con-
tamination

fertilizer and pesticide
application

description of tillage and
other practices

grazing pressure

land use practices

quality of organic matter
produced by primary pro-
ducers

texture and structure of
soils and sediments; vari-
ations in ecosystem and
landscape

influence rates and pathways
of nutrient cycling and release

regulation of nutrient 
storage and release

chemical analysis of plant
material: C: nutrient ratios,
phenolic compounds

texture, nature of clay min-
erals, effective calcium car-
bonate

porosity, aggregation

change in plant cover

fertilization

sedimentation and dust
deposits

physical disruption, com-
paction of soils and sedi-
ments

N–-fixing primary 
producers; ligneous vs.
herbaceous

external inputs (fertilizers,
deposits, importation) 

texture, formation of dunes
(desert ecosystems)

tillage, grazing pressure

(continues over)

tilizers needed to maintain stable levels of productivity (or natural
fertility) as a proxy for the value of this ecosystem service. How-
ever, the replacement cost method generally underestimates the
marginal contribution of natural fertility to production, as it as-
sumes perfect substitutability between natural and manufactured
fertility. It is known that this is not the case, although economic
theory struggles to suggest the replacement value of natural proc-
esses for which no human-made process is a full substitute (see
Freeman 1993 for a further discussion of this issue).

As an illustrative approximation, the nitrogen made available
through cycling and nonagricultural biological nitrogen fixation
on land totals around 5,000 teragrams a year. Hence, at a global
average price of nitrogen fertilizer ($1,100 per ton of nitrogen),
its annual replacement value is $5.5 trillion. Even if only the cy-
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cling on agricultural fields is considered, the total annual replace-
ment value is around $1.1 trillion. Similarly, the estimate for
phosphorus is 60 teragrams a year on land, with a annual replace-
ment value of $240 billion, and of $48 billion for agricultural lands
only. As marine systems are not deliberately fertilized, such an
approach does not apply, but nutrient cycling is essential in sup-
port of coastal and ocean fisheries.

More-recent approaches to the valuation of the nutrient cy-
cling service, such as the Habitat Equivalent Analysis, although
they have not yet been applied in a comprehensive manner,
would certainly provide much lower figures (Huguenin et al. in
press). Other measures of the value of soil nutrients stocks include
user cost or resource rent estimated as the dynamic price or pro-
duction value lost to future generations from a unit of the nutri-
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Table 12.6. continued

Scale

Biophysical
Structures 
(self-organizing
systems) Process Indicators of Service Human Alterations Indicator of Alteration

Landscape vertical distribution 
in soils and water
columns

mosaic of ecosys-
tems (patches, eco-
tones, and buffering
zones)

transfers and losses

buffering zones regulating
transfer of nutrient
between domains 
(terrestrial to aquatic)

transfer from continent 
to rivers and oceans

monitoring concentrations
along soil profiles and water
columns and sediments

composition of
landscape/seascape as
assessed by remote sensing
techniques (fragmentation, 
homogeneity, shape etc.
indices)

eutrophication

erosion rates, stream discharge

intensification of agricul-
ture and forestry

urbanization

pollution

changes in landscape composition
and structure (remote sensing)

fertilizer application

detergent use

N–-fixation in agriculture and
forestry

population density

socioeconomic 
indicators (education, wealth)

Global homeostatic interac-
tions among atmo-
sphere, lithosphere,
and biosphere on
Earth

transport across oceans
(conveyer belts) and 
continents (dust deposi-
tions)

remote sensing 
measurement of dust clouds

ocean stream 
monitoring

climate change global climatic 
parameters 

ents’ stock depleted today (Hertzler et al. 1985; Brekke et al.
1999; Nakhumwa 2004).

Nutrient cycling and fertility also generate noncommercial
but nevertheless important benefits for various groups in society.
They increase the risk-buffering capacity of agroecosystems—that
is, the capacity of these systems to respond to environmental, cli-
matic, and economic risks by adapting to these stresses without
decreasing their productive capacities. The specific ecological
mechanisms through which this occurs have not been fully docu-
mented, but it appears that belowground biodiversity plays an im-
portant role in this regard (Lavelle et al. 2004). Small-scale farmers
in developing countries are particularly exposed and vulnerable to
these forms of risk (Izac 2003). It is particularly difficult, both
conceptually and empirically, to calculate the economic value of
this enhanced capacity to manage risks. This enhanced capacity
can also be thought of as a contribution to the long-term mainte-
nance of the productive capacity of a system or to its sustainable
use, so future generations will also benefit from this.

There are other issues related to the negative effects of service
impairment that occur outside the immediate area where fertility
is declining. For instance, soil erosion is particularly important
and creates on-site and off-site (externality) effects, and economic
evaluation of soil erosion is therefore not complete without the
inclusion of costs and benefits for both on- and off-site effects.
These may include the cost of dredging silted dams and of restor-
ing impaired inland and coastal aquatic systems, in addition to
the direct cost of fertilizer applications. Generally only anecdotal
evidence is available concerning the costs of impaired aquatic sys-
tems, although estimates of the benefits and costs of nutrient load-
ing for specific fisheries have been provided (UNEP 2002)

The historical changes in nutrient cycling and fertility ana-
lyzed in this chapter affect human well-being in two different
ways. The first is directly, through changes in the perceived bene-
fits or values of these ecosystem services from an anthropogenic
perspective. Some of these changes in well-being are relatively
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easy to quantify in monetary terms; others are much more diffi-
cult to assess in this way, but nevertheless affect extremely impor-
tant dimensions of human livelihoods. The second way in which
human well-being is affected by these changes is through specific
benefits that are currently not explicitly valued by society but that
may have significant future ecological and welfare implications,
such as the capacity of organisms involved in the marine nitrogen
cycle to respond to global environmental changes.

In the case of terrestrial systems, negative trends in fertility and
nutrient cycling have historically been remedied by greater and
greater applications of fertilizers (inorganic and organic). How-
ever, such remedies can mask the effects of these trends only to a
degree and can also result in increased costs of production. World
fertilizer consumption increased rapidly in the 1970s and 1980s
but slowed down in the 1990s, partly due to environmental legis-
lation in industrial countries. (See Chapter 26.)

In the case of coastal and marine systems, high anthropogenic
nutrient loads have resulted in anoxia and loss of fisheries, changes
in the composition of inorganic nitrogen, declining productivity
in some estuaries, and changes in species composition of the phy-
toplankton. (See Chapter 19.) These undesirable effects are di-
rectly related to agricultural fertilization and animal husbandry
practices and to human population increases. Although many in-
dustrial countries are able to mitigate some of these effects
through sewage treatment practices and in some cases control of
agricultural practices, such mitigation is not universal.

Many countries have coped with the decreasing profitability
of agriculture, caused in part by the necessity to supplement the
natural nutrient cycle with fertilizers, by providing direct public
subsidies to primary producers. Although low crop productivity
across sub-Saharan Africa cannot be attributed entirely to in-
creased costs of production, it is clear that deterioration in ecosys-
tem services related to fertility has had a direct impact on
productivity and subsequent rural livelihoods. Claims that fertility
depletion is the single most important cause of poverty in sub-
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Saharan Africa have not been supported by empirical evidence
and failed to consider the myriad of other factors that also contrib-
ute to the highest rural poverty in the world. It is, however, unde-
niable that a net loss in nutrient cycling services that are essential
for primary production has a negative effect on the financial situa-
tion of the rural poor.

One consequence of the changes documented in this chapter
is the loss of sustainability, or resilience, in production systems.
This is mainly, but not uniquely, through a loss of nutrient stocks,
sequestered carbon, and biodiversity. This consequence is particu-
larly important for future generations of farmers and particularly
so in cases where threshold levels of irreversibility seem to have
been reached. In these cases, this generation’s running down of
natural capital is either increasing costs of production for future
generations of farmers or, in some cases, is closing off future pro-
duction options altogether.
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Lévêque, C. and Paugy, D., 1999: Les poissons des eaux continentales africa-
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Université Paris VI. Doctorate. Université Paris VI, Paris.
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Tréguer, P. and P. Pondaven, 2000: Global Change: silica control on carbon
dioxide. Nature, 406: 358–359.

UNEP (United Nations Environment Programme), 2002: Global Environment
Outlook 3. Earthscan.

Velasquez, E. 2004: Bioindicadores de calidad del suelo basados en comuni-
dades de macrofauna y su relacion con variables fisicas e quimicas del suelo.
250p. Universidad Nacional de Colombia, Cali.

Verschuren, D., D.N. Edgington, H.J. Kling, and T.C. Johnson, 1998: Silicon
depletion in Lake Victoria: Sedimentary signals at offshore stations. J.-Great-
Lakes-Res. 24: 118–130.

Vitousek, P.M., J.D. Aber, R.W. Howarth, G.E. Likens, P.A. Matson, et al.,
1997: Human alteration of the global nitrogen cycle—sources and conse-
quences. Ecological Applications 7:737–750.

Vitousek, P.M., K. Cassman, C. Cleveland, T. Crews, C.B. Field, et al., 2002:
Towards an ecological understanding of biological nitrogen fixation. Bio-
geochemistry 57/58:1–45.

Wardle, D.A., K.I. Bonner, G.M. Barker, G.W. Yeates, K.S. Nicholson, et al.,
1999: Plant removals in perennial grassland: vegetation dynamics, decom-
posers, soil biodiversity, and ecosystem properties. Ecological Monographs
69:535–568.

Wood, S., K. Sebastian, and S.J. Scherr, 2000: Agroecosystems. Pilot Analysis of
Global Ecosystems. IFPRI and WRI, Washington DC.

Yeates, G.W. and A.F. Bird, 1994: Some observations on the influence of ag-
ricultural practices on the nematode faunae of some south Australian soils.
Fundamental and Applied Nematology 17:133–145.

................. 11432$ CH12 10-11-05 14:57:53 PS



Chapter 13

Climate and Air Quality

Coordinating Lead Authors: Jo House, Victor Brovkin
Lead Authors: Richard Betts, Bob Constanza, Maria Assunçao Silva Dias, Beth Holland, Corinne Le Quéré,
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Main Messages

Ecosystems, both natural and managed, exert a strong influence on cli-
mate and air quality. Ecosystems are both sources and sinks of greenhouse
gases, aerosol precursors, and pollutants. Their physical properties affect heat
and water fluxes, influencing temperature and precipitation—altering, for exam-
ple, the reflection of solar radiation (albedo) and the flow of water through
plants to the atmosphere (evapotranspiration), where it becomes available for
rainfall. Thus ecosystems provide the following atmospheric ‘‘services’’:

• warming (for example, sources of greenhouse gases and reduction of al-
bedo by boreal forests compared with bare soil and snow);

• cooling (for example, sinks of greenhouse gases, sources of aerosols that
reflect solar radiation, and evapotranspiration);

• water recycling and regional rainfall patterns (for example, evapotranspira-
tion and sources of cloud condensation nuclei);

• atmospheric cleansing (for example, sinks for pollutants such as tropo-
spheric ozone, ammonia, NOx, sulfur dioxide, and methane);

• pollution sources (for example, particulates from biomass burning, NOx,
carbon monoxide, and precursors of tropospheric ozone); and

• nutrient redistribution (for example, source of nitrogen deposited else-
where and reduction of erosion and nutrient-rich airborne dust compared
with bare soil).

Changes in ecosystems have made a large contribution to the changes
in radiative forcing (the cause of global warming) between 1750 and the
present. The main drivers are deforestation, fertilizer use, and agricultural
practices. Ecosystem changes account for about 10–30% of the radiative forc-
ing of carbon dioxide from 1750 to present and a large proportion of the radia-
tive forcing due to methane and nitrous oxide. Ecosystems are currently a net
sink for carbon dioxide and tropospheric ozone, while they remain a net source
of methane and nitrous oxide. Management of ecosystems has the potential to
significantly modify concentrations of a number of greenhouse gases, although
this potential is small in comparison to IPCC scenarios of fossil fuel emissions
over the next century (high certainty). Ecosystems influence the main anthro-
pogenic greenhouse gases in several ways:

• Carbon dioxide—Preindustrial concentration, 280 parts per million; con-
centration in 2000, 370 ppm. About 40% of the emissions over the last
two centuries and about 20% of the CO2 emissions during the 1990s
originated from changes in land use and land management, primarily de-
forestation. Terrestrial ecosystems have been a sink for about a third of
cumulative historical emissions and a third of the 1990s total (energy plus
land use) emissions. The sink may be explained partially by afforestation/
reforestation/forest management in North America, Europe, China, and
other regions, and partially by the fertilizing effects of nitrogen deposition
and increasing atmospheric CO2. Ecosystems were on average a net
source of CO2 during the nineteenth and early twentieth century and be-
came a net sink sometime around the middle of the last century (high
certainty).

• Methane—Preindustrial concentration, 700 parts per billion; concentration
in late 1990s, 1750 ppb. Natural processes in wetland ecosystems account
for 25–30% of current CH4 emissions, and about 30% of emissions are
due to agriculture (ruminant animals and rice paddies).
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• Nitrous oxide—Preindustrial concentration, 270 ppb; concentration in late
1990s, 314 ppb. Ecosystem sources account for about 90% of current N2O
emissions, with 35% of emissions from agricultural systems, primarily
driven by fertilizer use.

• Tropospheric ozone—Preindustrial, 25 Dobson Units; late 1990s, 34 DU.
Several gases emitted by ecosystems, primarily due to biomass burning,
act as precursors for tropospheric ozone. Dry deposition in ecosystems
accounts for about half the tropospheric ozone sink. The net global effect
of ecosystems is a sink for tropospheric ozone.

Land cover changes between 1750 and the present have increased the
reflectivity to solar radiation (albedo) of the land surface (medium cer-
tainty), partially offsetting the warming effect of associated CO2 emis-
sions. Deforestation and desertification in the tropics and sub-tropics leads to
a reduction in regional rainfall (high certainty). The biophysical effects of eco-
system changes on climate depend on geographical location and season. With
high certainty:

• Deforestation in seasonally snow-covered regions leads to regional cooling
during the snow season due to an increase in surface albedo and leads
to warming during summer due to reduction in evapotranspiration.

• Large-scale tropical deforestation (hundreds of kilometers) reduces re-
gional rainfall, primarily due to decreased evapotranspiration.

• Desertification in tropical and sub-tropical drylands leads to decrease in
regional rainfall due to reduced evapotranspiration and increased surface
albedo.

Biophysical effects such as this need to be accounted for in the assessment
of options for mitigating climate change. For example, the warming effect of
reforestation in seasonally snow-covered regions due to albedo decrease is
likely to exceed the cooling effect of additional carbon storage in biomass.

Ecosystems are currently a net sink for several atmospheric pollutants,
including tropospheric ozone (which causes respiratory problems and plant
damage), CO2 (which leads to ocean acidification, with negative effects on
calcifying organisms such as corals and coccoliths), and ammonia (which
contributes to health problems, eutrophication of lakes, and acidification of N-
saturated ecosystems). Fertilizer use has led to increased ecosystem emis-
sions of N gases (which contribute to acid rain and eutrophication of lakes).
The net effect of ecosystems on acid rain and stratospheric ozone depletion
are small compared with industrial emissions.

Vegetation burning, both natural and human-induced, is a major cause of
air pollution. Particulates, tropospheric ozone, and carbon monoxide are toxic
to humans at levels reached as a result of biomass burning. In the 1990s,
biomass burning was responsible for about a quarter of global carbon monox-
ide emissions, just under half of particulate aerosol emissions, and a large but
poorly quantified fraction of tropospheric ozone precursor emissions. Smoke
plumes cause changes in plant productivity (generally decreases), changes in
rainfall (generally decreases), and economic losses due reduced visibility (af-
fecting transport, for example).

The self-cleansing ability of the atmosphere is fundamental to the re-
moval of many pollutants and is affected by ecosystem sources and
sinks of various gases. Removal of pollutants involves chemical reactions
with the hydroxyl radical. OH concentration and hence atmospheric cleansing
capacity has declined since preindustrial times but likely not by more than
10%. The net contribution of ecosystem changes to this decline is currently
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unknown. The reactions are complex, but generally emissions of NOx and
hydrocarbons from biomass burning increase tropospheric ozone and OH con-
centrations, and emissions of CH4 and carbon monoxide from wetlands, ag-
ricultural practices, and biomass burning decrease OH concentration.

The most important ecosystem drivers of change in climate and air qual-
ity in the past two centuries have been deforestation (net CO2 emissions,
net increase in surface albedo, and rainfall reduction), agricultural prac-
tices (increasing emissions of CH4, N2O, and other N gases), and biomass
burning (emissions of toxic pollutants). Wetland draining has decreased
CH4 emissions but increased emissions of CO2 and N2O. The net short-term
(20–100 year) effect on radiative forcing is cooling (medium certainty), while
the long-term effect is probably warming (low certainty). Management of dry-
lands to increase vegetation cover reduces soil carbon loss, reduces dust
emissions, and increases water recycling. Loss of species richness has proba-
bly not had significant impacts on climate and air quality in the recent past, but
shifts in functional types—such as trees versus grasses, deciduous versus
evergreen trees, or calcifying versus non-calcifying plankton—could alter the
biological storage of carbon and trace gas emissions in the future.

Ecosystem interactions with the atmosphere are highly nonlinear, with
many feedbacks and thresholds that, if passed, may lead to abrupt
changes in climate and land cover. Human-induced land cover changes may
become irreversible due to ecosystem-climate feedbacks. For example, in the
Sahara-Sahel region, two alternative land cover types are theoretically sustain-
able: savanna and desert. If a threshold in loss of vegetation cover contributing
to rainfall reduction is crossed, the desert state becomes self-sustaining (low
certainty). The complexity and incomplete understanding of the feedbacks
make it hard to predict thresholds and their future changes.

13.1 Introduction
Living matter builds bodies of organisms out of atmospheric gases such
as oxygen, carbon dioxide and water, together with compounds of
nitrogen and sulphur, converting these gases into liquid and solid com-
bustibles that collect the cosmic energy of the sun. After death, it
restores these elements to the atmosphere by means of life’s processes
. . . Such a close correspondence between terrestrial gases and life
strongly suggest that the breathing of organisms has primary impor-
tance in the gaseous system of the biosphere; in other words, it must
be a planetary phenomenon.

(Vernadsky 1926)

The composition of the atmosphere and the climate we expe-
rience are products of the co-evolution of the biosphere, atmo-
sphere, and geosphere over billions of years (Vernadsky 1926;
Zavarzin 2001). The climate and the concentration of various
gases in the atmosphere are determined by the flow of energy
(radiation, heat) and materials (such as water, carbon, nitrogen,
trace gases, aerosols) between the atmosphere, ocean, soils, and
vegetation. These interlinking components are referred to collec-
tively as the Earth System to stress their inter-dependence. (See
Box 13.1.) Lovelock and Margulis (1974) proposed the Gaia Hy-
pothesis: that biospheric feedbacks regulate the climate within a
range suitable for life. Although not universally accepted, Gaia
remains an inspirational idea in Earth System science (Lenton
1998; Watson 1999; Kirchner 2003).

Ecosystems alter atmospheric chemistry, providing both
sources and sinks for many atmospheric constituents that affect air
quality or that affect climate by changing radiative forcing. In this
chapter we refer to these as ‘‘biogeochemical effects.’’ Ecosystems
further influence climate through the effects of their physical
properties on water fluxes (such as rainfall) and energy balance
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(such as temperature). (See Figure 13.1.) We refer to these as
‘‘biophysical effects.’’

The ability of ecosystems to modify climate and air quality
and thereby provide a service to humans occurs both through
natural processes and as a result of ecosystem management. For
example, the conversion of carbon dioxide and water to oxygen
by ecosystems billions of years ago could be considered the funda-
mental ecosystem service, enabling evolution and maintenance of
a breathable atmosphere. Not all impacts of ecosystems on the
atmosphere and climate are beneficial to human well-being, and
the effects often depend on the location and magnitude of the
impact. A change in magnitude can change the sign—for exam-
ple, a small temperature increase may help some people at some
locations by, say, extending the crop-growing season or potential
area, but a large temperature increase is detrimental to the major-
ity of people in the majority of locations through, for instance,
damage to crops and human health (IPCC 2001d).

This chapter assesses all major effects of ecosystems on climate
and air quality, be it ‘‘good’’ or ‘‘bad’’ for human well-being. The
impacts of climate and air quality on ecosystems and human well-
being, in contrast, are dealt with in detail by other assessments
(e.g., IPCC 2001b, 2001d; WHO 2002; WMO 2003; Brasseur et
al. 2003a; Emberson et al. 2003) and are not the focus of the MA
other than as drivers of ecosystem change (which are summarized
in Chapter 3 and in MA Scenarios, Chapter 7, in several sections
later in this chapter, and in relevant sections of other chapters).
For more detailed reviews of the science behind global climate
change see IPCC (2001a); see also Kabat et al. (2004) and Kedzi-
ora and Olejnik (2002) on biophysical mechanisms and impacts
and Brasseur et al. (2003a) on atmospheric chemistry.

During the Quaternary period (approximately the past 2.5
million years), the Earth System has shown a persistent pattern of
glacial-interglacial cycles during which the climate and atmo-
spheric composition varied between fairly consistent bounds, as
shown by ice core measurements (Petit et al. 1999, EPICA com-
munity members 2004). These quasi-periodic cycles are triggered
primarily by variations in Earth’s orbit. The associated changes in
climate and in carbon dioxide, methane, and other atmospheric
constituents are controlled by mechanisms involving both terres-
trial and ocean ecosystems (IPCC 2001a; Prentice and Raynaud
2001; Steffen et al. 2004; Joos and Prentice 2004). However, the
balance of these mechanisms is not well understood, and this im-
plies uncertainties in predicting future changes, especially on time
scales of centuries or longer.

Burning fossil fuels, changes in land cover, increasing fertilizer
use, and industrial emissions over the past two centuries have pro-
pelled the Earth System outside the boundaries of the natural sys-
tem dynamics of the Quaternary period (high certainty). The
current concentration of carbon dioxide and methane are unprec-
edented in the last 420,000 years and possibly in the last 20 million
years, and the rate of increase is unprecedented in at least the last
20,000 years (IPCC 2001a, 2001d; see also MA Scenarios, Chapter
7). The increase in temperature in the twentieth century was the
largest of any 100 years in the last 1,000 years (IPCC 2001a,
2001d). The Intergovernmental Panel on Climate Change con-
cluded that ‘‘there is newer and stronger evidence that most of the
warming observed over the last 50 years is attributable to human
activities’’ (IPCC 2001a, 2001d).

Human intervention in global biogeochemical cycles has trig-
gered a chain of biogeochemical and biophysical mechanisms that
will continue to affect both atmospheric chemistry and climate on
time scales from years to millennia (high certainty). Even if emis-
sions ceased today, past emissions would continue to have an im-
pact in the future related to the lifetime of the emitted gas in the
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BOX 13.1

The Earth System, Thresholds, and Feedbacks

The ‘‘Earth System’’ has several interacting components: the atmosphere, • CO2 fertilization–CO2 uptake, negative feedback. Increased atmo-
ocean, terrestrial and marine biosphere, cryosphere (ice, including perma- spheric concentration of CO2 has a fertilizing effect on plants, in-
frost), the pedosphere (soils), and humans. These components are tightly creasing uptake of CO2 and reducing atmospheric concentrations
linked with each other. Ecosystems are an integral part of the Earth Sys- (high certainty).
tem; they provide different services to the climate system via numerous • Taiga-tundra albedo-temperature, positive feedback. Afforesta-
physical and chemical mechanisms that control fluxes of energy (radiation, tion of snow-covered regions due to northward movement of forest
heat), water, and atmospheric constituents. boundaries in a warmer world, or due to tree planting, reduces al-

The Earth System is highly nonlinear: climate, air quality, and ecosystem bedo, leading to further warming, less snow, and further reduced
distribution across the planet may change quite abruptly in response to albedo (high certainty).
smooth changes in external forcing (as occurred, for example, during the • Tropical rainforest–precipitation, positive feedback. Large-scale
last deglaciation about 15,000 years ago). Current theories support the reduction in tropical rainforest cover reduces regional precipitation,
possibility of multiple stable states (regimes of a particular balance of com- potentially causing further forest loss and precipitation reduction
ponents that are resistant to change) and abrupt transitions between these (high certainty).
different states or regimes (as with desert and vegetation in the Sahara/ • Sahara-Sahel vegetation–precipitation, positive feedback. De-
Sahel region). These transitions are reinforced by positive (amplifying) feed- creased vegetation cover increases albedo, reduces soil-atmosphere
back loops between components of the Earth System, whereby a small water recycling, and reduces monsoon circulation, decreasing pre-
change in one component can cause changes in other components that cipitation, all of which further suppress vegetation cover (high cer-
continue to push the system away from its previous state and toward a new tainty).
one. Conversely, negative (stabilizing) feedbacks can maintain stable states • DMS-cloudiness, negative feedback. Emissions of DMS by ocean
by preventing the system moving beyond certain thresholds. ecosystems (and of VOCs by terrestrial ecosystems) increase cloud

Numerous examples of feedbacks between ecosystems, climate, and condensation nuclei, cooling Earth, reducing photosynthesis and
atmospheric constituents are mentioned throughout this chapter. emissions of DMS (and VOCs), and increasing thermal stability, re-

ducing cloud formation (medium certainty).
• Climate–greenhouse gases, positive feedback. Warming en- • Tropical forest–tropospheric ozone, positive feedback. High lev-

hances emissions of CH4, N2O, and tropospheric ozone precursors els of tropospheric ozone have a deleterious effect on vegetation,
(NOx and VOCs) (very certain). Warming reduces inorganic ocean compromising further uptake of tropospheric ozone (medium cer-
uptake of CO2, increases soil emissions of CO2, and has been pre- tainty).
dicted to reduce carbon storage in terrestrial and ocean ecosystems; • Pollution–reduction in cleansing capacity, positive feedback.
the net result is an increase in atmospheric CO2 (high certainty). For example, CH4 in the atmosphere reduces OH concentration and
Increasing concentration of greenhouse gases causes further atmospheric cleansing capacity, increasing lifetime and atmospheric
warming. concentrations of CH4 (high certainty).

atmosphere, atmospheric chemistry, and inertia in different parts
of the Earth System (such as the uptake and mixing of carbon
dioxide in the ocean and the response of sea level rise to tempera-
ture and ice melting) (IPCC 2001d Figure 5.2).

A summary of the main ecosystem effects on climate and air
quality, the drivers, and the impacts on human well-being that are
discussed in this chapter is presented in Figure 13.2. Changes in
climate or air quality are often simultaneously affected by several
atmospheric constituents. Likewise, a particular atmospheric con-
stituent can affect both climate and air quality. Furthermore, eco-
system drivers (such as deforestation, biomass burning, and
agricultural practices) often simultaneously affect biogeochemical
and biophysical properties, and their effects can work in the same
or opposite directions. Thus it is often not possible to quantify
cause and effect. Each atmospheric constituent and vegetation
property considered in this chapter is summarized in Table 13.1,
along with its magnitude and distribution, main drivers, and im-
pacts.

13.2 Biogeochemical Effects of Ecosystems on
Climate: Greenhouse Gases and Aerosols
Many atmospheric constituents determine the radiative forcing of
Earth’s climate (IPCC 2001a, 2001d). (Radiative forcing is the
change in net vertical irradiance (radiation or energy) of the tro-
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popause (upper troposphere), with an increase in radiative forcing
implying an increase in global temperature. Global warming po-
tential is an index, relative to CO2, describing the radiative prop-
erties of greenhouse gases based on their effectiveness at absorbing
long-wave radiation, and the time they remain in the atmosphere.
For more detailed explanations of these terms, see IPCC (2001a,
2001d).)

Key atmospheric compounds that have an ecosystem source
or sink include:
• greenhouse gases that absorb long-wave radiation from Earth’s

surface, leading to warming—carbon dioxide, methane, tro-
pospheric ozone (formed from precursors NOx, methane, and
volatile organic compounds), and nitrous oxide; and

• aerosols, of which some types (such as sulfate aerosols) reflect
solar radiation leading to cooling, while others (such as black
carbon) trap radiation leading to warming.
Ecosystems have played a significant role in past radiative forc-

ing (see Figure 13.3A) and in current sources and sinks of green-
house gases and aerosols (see Figure 13.3B). The net biochemical
contribution of ecosystems to historical radiative forcing has been
to increase global warming, accounting for about 10–30% of the
radiative forcing of CO2 from 1750 to the present (Brovkin et al.
2004) and a large proportion of the warming due to CH4 and
N2O, while reducing tropospheric ozone forcing. Ecosystems are
currently a net sink for CO2 and tropospheric ozone, while they
remain a net source of CH4 and N2O.
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Figure 13.1. Ecosystem Effects on the Atmosphere and Climate. Ecosystems, the concentration of many atmospheric gases/species,
and the climate all strongly interact. However, it is the effect of ecosystems on atmospheric air quality (as sources and sinks of pollutants)
and on the climate (both directly due to biophysical properties of vegetation, and indirectly as a source and sink of greenhouse gases and
aerosols) that is the focus of this chapter, as indicated by the solid arrows.

13.2.1 Carbon Dioxide

Increasing carbon dioxide concentration has had more impact on
historical radiative forcing than any other greenhouse gas. In addi-
tion, CO2 has a fertilizing effect on most land plants, while rapid
injection of CO2 into the atmosphere causes acidification of the
global ocean, with negative implications for calcifying organisms.
Ecosystems are both a source and sink for CO2. Management of
ecosystems for carbon storage is currently regarded as an impor-
tant ecosystem service by policy-makers, therefore more informa-
tion is included for this gas than for others. A summary of
pertinent details of the carbon cycle is presented in this section;
for more details, see Prentice et al. (2001), Kondratyev et al.
(2003), and Field and Raupach (2004).

Carbon, the basic building block of all animal and plant cells,
is converted to carbohydrates by the process of plant photosyn-
thesis. Terrestrial plants capture CO2 from the atmosphere; marine
plants (phytoplankton) take up carbon from seawater, which ex-
changes CO2 with the atmosphere. Plant, soil, and animal respira-
tion returns carbon to the atmosphere, as does burning biomass.
Burning fossilized biomass (fossil fuels) also returns carbon, cap-
tured by plants in Earth’s geological history, to the atmosphere.

CO2 is continuously exchanged between the atmosphere and
the ocean; it dissolves in surface waters and is then transported
into the deep ocean (the ‘‘solubility pump’’). It takes roughly one
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year for CO2 concentration in surface waters to equilibrate with
the atmosphere, but subsequent mixing between surface waters
and deep waters, which drives the ongoing uptake of increased
atmospheric CO2, takes decades to centuries. Some of the dis-
solved carbon that is taken up by marine plants sinks in the form
of dead organisms, particles, and dissolved organic carbon (the
‘‘biological pump’’). A small amount remains in ocean sediments;
the rest is respired at depth and eventually recirculated to the
surface. The biological pump acts as a net sink for CO2 by increas-
ing the concentration of CO2 at depth, where it is isolated from
the atmosphere for decades to centuries, causing the concentra-
tion of CO2 in the atmosphere to be about 200 parts per million
lower than it would be in the absence of marine life (Sarmiento
and Toggweiler 1984; Maier-Reimer et al 1996).

It has been widely assumed that ocean ecosystems are at steady
state at present, although there is now much evidence of large-
scale trends and variations (Beaugrand et al. 2002; Chavez et al.
2003; Richardson and Schoeman 2004). Changes in marine eco-
systems, such as increased phytoplankton growth rate due to the
fertilizing effect of iron in dust (see section 13.4.4.3) and shifts in
species composition due to ocean acidification (see section
13.4.2.1) or for other reasons, have the potential to alter the oce-
anic carbon sink. The net impact of changes in ocean biology on
global CO2 fluxes is unknown.

CO2 concentration varied within consistent bounds of 180 to
300 ppm during glacial-interglacial cycles. Prior to the industrial
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Figure 13.2. Ecosystem Effects on Climate and Air Quality: Services, Drivers, and Impacts on Human Well-being. This figure summa-
rizes the services, drivers, and impacts discussed in this chapter. Arrows represent a direct impact on human health and well-being of the
two ecosystems services of this chapter (climate regulation and regulation of atmospheric composition). Note: not all arrows are shown, for
simplicity (e.g., direct impacts of climate change on atmospheric composition through changes in atmospheric chemistry).

revolution (that is, before 1750), CO2 concentration was about
280 ppm, and since then it has risen rapidly, reaching 370 ppm in
2000 (MA Scenarios, Chapter 7). It has been estimated that about
40% of CO2 emissions over the last two centuries came from land
use change (primarily deforestation), while 60% came from fossil
fuel burning (DeFries et al. 1999). (See Figure 13.4.) About 40%
of total CO2 emissions have remained in the atmosphere.

Oceans are estimated to have taken up approximately a quar-
ter, an amount that can be fully accounted for by the solubility
pump. This means that terrestrial ecosystems took up about a
third of all emissions (Prentice et al. 2001, House et al. 2002)
through a combination of ecosystem processes whose relative im-
portance is still not firmly established but that probably include
growth of replacement vegetation on cleared land (e.g., Dixon et
al. 1994; Houghton et al. 1998; McGuire et al. 2001; Goodale et
al. 2002); agricultural and forest management (e.g., Spiecker et al.
1996; Houghton et al. 1999); other land management practices,
such as fire suppression leading to woody encroachment (e.g.,
Houghton et al. 1999); and fertilizing effects of elevated CO2 and
nitrogen deposition (e.g., Lloyd 1999; Holland et al. 1997).

Analyses of historical atmospheric CO2 concentrations pre-
served in ice cores and more recent atmospheric measurements
suggest that the land was a net source of CO2 during the nine-
teenth and early twentieth centuries (that is, emissions exceeded
uptake), and that land changed to a net sink around the 1940s
(Bruno and Joos 1997; Joos et al. 1999). Model analyses with
reconstructed land use and environmental data indicate a later
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change from source to sink (1960s to 1970s), due to decreasing
deforestation in the tropics, forest regrowth in North America
and Asia (Houghton 2003; McGuire et al. 2001; Ramankutty and
Foley 1999; Brovkin et al. 2004), and increased uptake of CO2

by extant ecosystems (McGuire et al. 2001). However, there are
uncertainties in modeling the magnitude of changes in the terres-
trial carbon budget resulting from several sources: differences in
land cover data sets; the lack of systematic global inventory data
for vegetation and soil carbon density; and poor quantification of
N and CO2 fertilization effects and climate impacts on ecosystems
(Prentice et al. 2001; House et al. 2003).

Measured fluxes of CO2 during the 1980s and 1990s are
shown in Table 13.2. During this period, ecosystems were a net
CO2 sink. Model results indicate that, during the 1990s, terrestrial
ecosystems accounted for about 20% of the total emissions (land
plus fossil fuels) but were a sink for about a third of the total
emissions. Figure 13.5 (in Appendix A) shows a reconstruction of
the spatial distribution of ocean and terrestrial net fluxes in the
latter half of the 1990s, based on atmospheric measurements (Rö-
denbeck et al. 2003). These net fluxes are not broken down into
source/sink terms or their underlying drivers. Information on re-
gional fluxes due to different drivers assessed by different methods
is reviewed in House et al. (2003). Generally, areas of deforesta-
tion and forest degradation in the tropics are losing carbon, while
areas of afforestation and forest growth in North America and
Europe are gaining carbon (House et al. 2003).
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Table 13.1. Summary Table of Atmospheric Constituents and Biophysical Factors Affected by Ecosystems: Trends, Drivers, and
Impacts on Ecosystem and Human Well-beinga

Atmospheric
Constituents Sources Sinks Trends Ecosystem Drivers Impacts
CO2 Ecosystem:

land use change (mainly defor-
estation) 1.6 (0.5 to 3.0)
PgC/yr

(net land flux uptake of 1.2 ±
0.9 PgC/yr)

Other:

fossil fuel 6.3 ± 0.4 PgC/yr 

[note: numbers updated since
IPCC 2001a, b; see Table 13.2]

Ecosystem:

terrestrial
uptake (pho-
tosynthesis)

2.8 (0.9 to 5.0)
PgC/yr

Other:

ocean uptake
(dissolution
and mixing)

1.9 ± 0.7
PgC/yr

Atmospheric concentration:

Increased from preindustrial 280 ppm to 370
ppm (2000). Increased by 3.2 ± 0.1 PgC/yr
during 1990s. Average annual rate of increase
rising. Projected to continue rapid increase
due to fossil fuel burning and long atmospher-
ic lifetime: 250 years, but a small amount
persists for much longer.

Ecosystem:

Terrestrial source until around middle of last cen-
tury, then increasing sink. Sink likely to decline
due to limited management opportunities, sat-
uration of CO2 fertilization effect, and climate
impacts. Ocean ecosystems show evidence of
large-scale trends and variations, but the net
impact of these changes on CO2 fluxes is
unknown. Non-biological uptake by the ocean
will continue, but the rate will decline with
increasing CO2 concentration and warmer cli-
mate.

– climate change 

– land use and land
management: defor-
estation, afforesta-
tion, reforestation,
forest management,
agricultural manage-
ment

– biomass burning

– N fertilization

– Fe fertilization (dust)

– CO2 fertilization
effects

– climate: positive radiative
forcing (heating)

– ocean acidification:
reduced growth of oceanic
calcifying organisms
including corals, potential
negative impacts on fish
production

– “fertilizing” effect on plants

CH4 Ecosystem:

peatlands/wetlands 92–237
TgC/yr

ruminants 80–115 TgC/yr 

rice 25–100 TgC/yr

termites 20 TgC/yr

oceans 10–15 TgC/yr

biomass burning 23–55 TgC/yr

Other:

energy 75–110 TgC/yr, 
landfills 35–73 TgC/yr

waste treatment 14–25 TgC/yr

methane hydrates 5–10 TgC/yr

Ecosystem:

soil uptake 30
TgC/yr

Other:

tropospheric OH
reactions 506
TgC/yr

stratospheric
loss 40
TgC/yr

Atmospheric concentration:
Increased from preindustrial 700 ppb to 1,745
ppb in 1998. Increased 7.0 ppb/yr during
1990s.

Atmospheric lifetime: 8.4 years.

Growth rate peaked in 1981 at 17 ppb/yr but is
highly variable from year to year.

Ecosystem:
Increasing terrestrial source; sink relatively
small contribution to the overall trend; growth
rate slowed 1990–96 partly due to decreased
northern wetland emissions rates from
anomalously low surface temperatures and
reduction in OH from strat. O3 depletion;
removal rates increased 1990–2000 by
+0.5%/yr.

– climate change

– land use and land
management: agri-
cultural practices,
wetland draining

– biomass burning

– flooding

– climate: positive radiative
forcing (greenhouse gas,
heating)

– tropospheric ozone 
formation

– stratospheric ozone 
formation

– tropospheric oxidizing
capacity reduction

CO Ecosystem:

mostly tropical sources

vegetation 150 TgC/yr

oceans 50 TgC/yr

biomass burning 700 TgC/yr

Other:

oxidation of:

– CH4 800 TgC/yr

– VOCs 430 TgC/yr

fossil/domestic fuel 650 TgC/yr

Ecosystem:

dry (surface)
deposition
190 TgC/yr
(Hauglustaine
et al. 1998)

Other:

OH reaction
1920 TgC/yr
(Hauglustaine
et al. 1998)

Atmospheric concentration:

Preindustrial concentration unknown, 1998 con-
centration 80 ppb. Increasing 6 ppb/yr during
1990s.
Atmospheric Lifetime: 0.08–0.25 years.

Slowly increasing till late 1980s, then decreased
possibly due to catalytic converters decreas-
ing automobile emissions, increased again
late 1990s. Increase may be mostly in
Northern Hemisphere (Haan et al. 1996),
which already contains twice as much CO as
Southern Hemisphere.

– biomass burning

– ecosystem uptake

– land use and land
management:
vegetation cover

– human health: hypoxia,
neurological problems, 
cardiovascular disease

– tropospheric ozone 
precursor

– tropospheric oxidizing
capacity reduction,
removal of OH 

– indirect climate impacts:
reacts with other green-
house gases

N2O Ecosystem:

tropical soils 4.0 TgN/yr

temperate soils 2.0 TgN/yr

agricultural soils 4.2 TgN/yr

ocean 3 TgN/yr

cattle/feedlots 2.1 TgN/yr

biomass burning 0.5 TgN/yr

Other:

industrial 1.3 TgN/yr

atmosphere (NH3 oxid.) 0.6
TgN/yr

Ecosystem:

N2O uptake by
soils and con-
version to N2

(relatively
small)

Other:

stratospheric
reactions that
deplete
ozone 12.3
TgN/yr

Atmospheric concentration:

Increased from preindustrial 270 ppb to 314 ppb
in 1998. Increased by 0.8ppb/yr during 1990s.
Increase rate slower in 1990s than 1980s.

Atmospheric lifetime: 120 years.

Ecosystem:

Terrestrial and oceanic sources, exponential rise
in concentration since preindustrial.
Agricultural emissions increased fourfold from
1900 to 1994 (Kroeze et al. 1999).

– climate change:
emission higher in 
wetter soils

– land use and man-
agement: accelera-
tion of the global N
cycle due to fertilizer
use and agricultural
N fixation, animal
production

– biomass burning

– N deposition

– atmospheric NOx

pollution

– climate: positive radiative
forcing (greenhouse gas,
heating)

– stratospheric ozone 
depletion

~~

~~

~~
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Table 13.1. continued

Atmospheric
Constituents Sources Sinks Trends Ecosystem Drivers Impacts
NOx (NO and

NO2)
(precursors
of nitrate)

Ecosystem:

soils (mostly tropical)
13–21 TgN/yr

biomass burning 7.1 TgN/yr

Other:

fossil fuel 33.0 TgN/yr

aircraft 0.7 TgN/yr

lightning 5.0 TgN/yr

stratosphere <0.5 TgN/yr

Ecosystem:

canopy uptake of soil
emissions
4.7–8TgN/yr and
of wet and dry
deposition

Other:

reaction with OH to
form nitric acid
(HNO3), which col-
lects on aerosols
(dry deposition) or
dissolves in 
precipitation (wet
deposition) 

Atmospheric Concentration:

Difficult to quantify because of the tremendous
spatial and vertical variability.

Atmospheric Lifetime: <0.01–0.03 years.

Nitrate concentrations declined recently due to
emission controls.

Ecosystem:

Difficult to quantify trend, largely stable.

– climate change:
warming increases
emissions

– land use and man-
agement: tropical
deforestation
reduces soil emis-
sions, but reduces
canopy uptake more
so net emissions
increase.
Acceleration of glob-
al N cycle due to
fertilizer use, etc.

– biomass burning 

– human health: direct res-
piratory effects and respi-
ratory effects of aerosols

– tropospheric ozone 
precursor

– tropospheric oxidizing
capacity increase

– acid rain formation

– fertilization of plants
(deposition)

– eutrophication of lakes
(deposition and nitrate
leaching)

NH3 Ecosystem:

domestic animals 22 TgN/yr

fertilizer use 9 TgN/yr

crops (+ decomposition) 
4 TgN/yr

natural soils 2 TgN/yr

oceans 8 TgN/yr

biomass burning 6 TgN/yr 

Ecosystem:

direct soil and plant
uptake

wet and dry deposi-
tion (affected by
vegetation cover)

Other:

reaction with OH
(very small per-
centage)

Atmospheric Concentration:

Documentation of trends is challenging
because of the relatively short atmospheric
lifetime.

Atmospheric lifetime: 1 day–1 week.

Ecosystem:

Rise in agricultural sources exponential, much
of the growth occurring since 1950. Main
source areas Europe and North America
(fertilizer use) and India (cattle).

– land use and man-
agement: accelera-
tion of global N
cycle due to fertilizer
use, agricultural
intensification/man-
agement; land cover
change

– biomass burning

– human health: hypoxia,
pfisteria, respiratory
effects

– eutrophication of lakes
(deposition and nitrate
leaching) 

– acid neutralization and
production 

– aerosol/particulate 
formation

SO2/SO4/H2S
DMS
(dimethyl-
sulfide) 
(precursors
of sulfate
aerosols) 

Ecosystem:

biomass burning [SO2] 2.2
Tg/yr

land biota [H2S] 1.0 Tg S/yr

marine plankton [DMS] 24
Tg S/yr 

Other:

fossil fuel emissions [SO2]
76 Tg S/yr

volcanoes [SO2] 9.3 Tg S/yr

Ecosystem:

direct soil and plant
uptake

wet and dry deposi-
tion (affected by
vegetation cover)

ecosystems are a
sink for about 30%
of SO2 emissions
and sulphate
aerosols

Other:

reaction with OH

Atmospheric concentration:

Sulfate concentration in 1960s four times that
of preindustrial, but declined recently due to
stringent emissions regulations. Patchy dis-
tribution around source areas — polluted
regions North America, Europe, and  China.
SO2 emissions declining in North America
and Europe, rising in South and East Asia.
Emissions are projected to decrease sub-
stantially over the next century.

Ecosystem:

Mostly stable.

– climate change

– land use and man-
agement; land cover
change

– biomass burning 

– human health: respiratory
effects of aerosols

– climate: negative radiative
forcing (cooling)

– indirect climate impacts:
cloud condensation nuclei

– acid rain

– reduced NPP though
reduced solar radiation

VOCs 
(volatile 
organic
compounds)

Ecosystem:

vegetation (mostly tropical):

isoprene 220 TgC/yr

terpene 127 TgC/yr

acetone 50 TgC /yr

methanol 70–350 Tg/yr

biomass burning 33 TgC/yr

Other:

fossil fuel 161 TgC/yr

Ecosystem:

direct soil and plant
uptake

wet and dry deposi-
tion (affected by
vegetation cover)

Other:

reaction with OH

Atmospheric concentration:

Difficult to quantify because of the tremendous
spatial and vertical variability.

Atmospheric lifetime: < 1 day to >1 week.

Emissions probably increased due to increas-
ing use of gasoline and other hydrocarbon
products.

Ecosystem:

Deforestation has probably decreased natural
emissions.

– climate change
(warming increases
emissions)

– land use and man-
agement: forest
cover change, 
agricultural manage-
ment, use of fertiliz-
ers

– biomass burning

– N deposition

– human health: aerosol
precursor (terpene), respi-
ratory effects

– indirect climate impacts:
cloud condensation nuclei

– tropospheric ozone forma-
tion (isoprene)

– tropospheric oxidizing
capacity (increase)

– organic acid formation

– acid rain

Aerosols:
organic matter

Ecosystem:

biomass burning 54 Tg/yr

biogenic (VOC oxidation,
plant debris, humic mat-
ter and microbial parti-
cles) 56 Tg/yr

Other:

fossil fuel 28 Tg/yr

wet and dry deposi-
tion (affected by
vegetation cover)

Ecosystem:

Biogenic aerosols increasing due to increase
in oxidizing agents, e.g., NO3 and O3, possi-
ble three- to fourfold increase since prein-
dustrial times (Kanakidou et al. 2000). Not
much is known about emissions from plants,
microbes, and humic matter, but likely to be
strongly affected by land use change.

– land use and man-
agement

– biomass burning

– human health: respiratory
effects 

– climate impacts: negative
radiative forcing (cooling)

– indirect climate impacts:
cloud condensation nuclei 

– reduced NPP though
reduced solar radiation

(continues over)
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Table 13.1. continued

Atmospheric
Constituents Sources Sinks Trends

Ecosystem
Drivers Impacts

Aerosols:
black carbon

(0–2 μm)

Ecosystem:

biomass burning 5.7 Tg/yr

Other:

fossil fuel 6.6 Tg/yr

wet and dry
deposition
(affected by
vegetation
cover)

Atmospheric concentration:

Concentration and trend uncertain.

– land use and man-
agement: vegeta-
tion cover

– biomass burning

– climate: positive radiative forcing
(heating)

– human health: respiratory effects

– reduced NPP though reduced
solar radiation

Aerosols: dust Ecosystem:

mineral (soil) dust 2000
Tg/yr (1–2 μm 300
Tg/yr); mainly from
desert/dryland areas,
<10 % from disturbed
soil surfaces (Tegen et
al. 2004)

Other:

industrial dust (>1 μm) 100
Tg/yr

wet and dry
deposition
(affected by
vegetation
cover)

Atmospheric concentration:

Concentration and trend uncertain.

Ecosystem:

Decrease in North American emissions
since dust bowl years due to changes in
management. Emissions from
Sahara/Sahel increased significantly
since 1960s, possibly due to changing
wind patterns and desertification.
Chinese desert areas and loess plateau
variable, trend and causes not clear.
Climate change impacts–model results
inconclusive.

– climate variability 

– climate change

– land use and man-
agement: reduction
in land cover, agri-
cultural manage-
ment

– desertification

– human health: respiratory effects,
irritation

– climate impacts: radiative forcing
net sign and magnitude unclear as
reflects incoming radiation and
traps outgoing radiation

– fertilizing effects of iron in ocean
and phosphate on land in some
regions, increasing productivity,
indirect climate effect as CO2 sink

– reduced NPP though reduced
solar radiation

– visibility reduction

Tropospheric
ozone

Ecosystem:

ecosystem precursors
VOCs (isoprene), NOx,
CH4, CO primarily from
biomass burning in the
tropics 

Other:

transport from stratosphere
475 Tg O3/yr

precursors in urban pollu-
tion

Ecosystem:

dry deposition:
620–1178 Tg
O3/yr

Other:

stratosphere/tro-
posphere
exchange:
400–1440 Tg
O3/yr

Atmospheric Concentration:

Increased from preindustrial conc. 25 DU
(Dobson units) to 34 DU (370 Tg O3) in
late 1990s. Increased from 1970 to 1980
but no clear trend from 1980 to 1996.
Difficult to quantify due to the high reac-
tivity and spatial and temporal variability
of sources, but satellite measurements
may improve quantification. Models pre-
dict increasing tropospheric O3 driven
regionally by increasing emissions of pol-
lutants.

Atmospheric lifetime: 0.01–0.05 years.

Concentrated over areas of urban pollution
and biomass burning.

– emissions of key
precursor trace
species including
VOCs, CH4, NOx,
CO

– climate change:
warming increases
concentration

– biomass burning

– human health: UV exposure

– climate: positive radiative forcing
(heating)

– troposphere oxidizing capacity

– stratospheric ozone production

OH radical reactions between tropo-
spheric ozone, non-
methane hydrocarbons,
and NOx in UV light

reactions with
many
reduced com-
pounds,
especially CO
and CH4

Probably declining since preindustrial but
not by more than 10%.

– emissions of key
precursors and sinks

– reduced OH leads to reduced tropo-
spheric oxidizing capacity

Biophysical
Surface
Properties Non-Forests Forests Trends Ecosystem Drivers Impacts

Surface 
albedo

snow-free: 0.16 (tall grass-
lands) to 0.6 (sand
desert)

snow-covered: 0.5 to 0.8

snow-free: 0.11
(tropical ever-
green) to 0.2
(deciduous)

snow-covered:
0.2 to 0.25

Increase in mid-latitudes due to deforesta-
tion until middle of twentieth century,
now decrease due to regrowth in some
mid-latitude areas. Increase in tropics.

– land use and man-
agement: primarily
forest cover

– climate: radiative forcing (higher
albedo = more reflection = cool-
ing) 

Water 
fluxes (evapo-
transpiration)

up to 5 mm/day up to 10
mm/day

Evapotranspiration decrease, especially in
tropics, due to deforestation.

– land use and man-
agement: primarily
forest cover

– climate: direct impacts on radiative
forcing and indirect impactsvia
clouds

– hydrological cycle

Surface 
roughness

up to 0.1m 1.0–2.5m Decrease, especially in tropics, due to
deforestation.

– land use and man-
agement: primarily
forest cover

– climate: atmospheric circulation
(wind)

a All numbers relate to the 1990s and are from IPPC 2001b unless otherwise stated.
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B.

Figure 13.3. Contribution of Ecosystems to Historical Radiative Forcing and Current Greenhouse Gas Emissions (Adapted from IPCC
2001a, 2001b). Figure A is the radiative forcing caused by changes in atmospheric composition, alteration in land surface reflectance (albedo),
and variation in the output of the sun for the year 2000 relative to the conditions in 1750. The height of the bar represents a best estimate,
and the accompanying vertical line a likely range of values. We have separated factors with a significant ecosystem influence from those
without. The indirect effect of aerosols shown is their effect on cloud droplet size and number, not cloud lifetime. Some of the radiative
components are well mixed over the globe, such as CO2, thereby perturbing the global heat balance. Others represent perturbations with
stronger regional signatures because of their spatial distribution, such as aerosols. Radiative forcing continues to be a useful tool to estimate
to a first order, the relative climate impacts such as the relative global mean surface temperature response due to radiatively induced
perturbations, but these global mean forcing estimates are not necessarily indicators of the detailed aspects of the potential climate responses
(e.g., regional climate change). Figure B is the relative contribution of ecosystems to sources, sinks, and net change of three of the main
greenhouse gases. These can be compared by conversion into CO2–equivalent values, based on the global warming potential (radiative
impact times atmospheric lifetime) of the different gases. For CH4 and N2O, a 100-year time scale was assumed; a shorter time scale would
increase the relative value compared with CO2 and a longer time scale would reduce it. Ecosystems are also a net sink for tropospheric
ozone, but it is difficult to calculate emissions in CO2–equivalent values.

PAGE 365................. 11432$ CH13 10-11-05 14:58:06 PS



366 Ecosystems and Human Well-being: Current State and Trends

Figure 13.4. Carbon Sources and Sinks over the Last Two Cen-
turies. Total carbon losses to the atmosphere due to historical land
use change have been estimated at around 200 PgC (DeFries et al.
1999): two thirds to three quarters of this loss was due to conversion
of forestland to cropland or other land uses; other carbon losses
included degradation of grasslands and shrublands and the conver-
sion of non-forestland to cropland. Fossil fuel emissions from pre-
industrial times to 2000 are estimated as 280 PgC (Marland et al.
2000, update in Prentice et al. 2001), but the atmospheric increase
during the same period was only 190 PgC. About 124 PgC, or �26%
of the total emissions, were taken up by the oceans primarily as a
result of chemical and physical processes (dissolution and mixing)
(House et al. 2002 based on Gruber 1998; Sabine et al. 1999, 2002;
Prentice et al. 2001; Langenfelds et al. 1999; Manning 2001). The
remaining 166 PgC or �34% was absorbed by the land biosphere.
In this analysis, historical land use change is responsible for about
40% of the observed growth in atmospheric CO2; Brovkin et al. (2004)
estimate a range of 25–49%, with the lower end of this range being
more likely.

Concern about global warming and the implementation of
the Kyoto Protocol has led to carbon uptake for climate regula-
tion being considered as an important ecosystem service (MA Pol-
icy Responses, Chapter 13). Forests can be managed as a sink
(including preventing deforestation and promoting afforestation,
reforestation, and improved forest management). This approach
implies that once the forests stop growing, they must be protected
to avoid loss of most of the carbon store (and to encourage long-
term storage in soil carbon pools). Alternatively, forest biomass
can be used to produce long-lived products that store carbon
(such as furniture), or as a substitute for materials that are energy-
intensive to produce (such as aluminum and plastics), or as bio-
mass fuels that are used instead of fossil fuels.

In these ways, an area of forest can continue to offset CO2

emissions indefinitely and may provide other services at the same
time. The potential trade-offs with other environmental and so-
cioeconomic values are also relevant—for example, biodiversity
maintenance. (See Chapter 9 and MA Policy Responses, Chapter
13). The prospect of carbon trading under the Clean Develop-
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ment Mechanism, along with public and industry awareness of
climate change issues, is already promoting small-scale forest ac-
tivities with a view to carbon sequestration and the production of
modern biomass fuels.

Forest degradation resulting from overexploitation can result
in substantial carbon losses. For example, about 0.5 megagrams of
carbon per hectare per year is being lost in Southeast Asia (Kim
Phat et al. 2004) by this mechanism. Forest fragmentation leads to
increased rates of big tree mortality, decomposition, and fire,
causing carbon losses greater than deforestation in some areas
(Nascimento and Laurance 2004). In central Amazonia, model
estimates for the first half of this century suggest annual fragmen-
tation losses of 4–5 megagrams of carbon per hectare per year.
Timber removal from extant Amazonian forests is likely to ac-
count for a loss equal to about 10–20 megagrams of carbon per
hectare per year, and fires for double that amount (Nepstad et al.
1999). Agroforestry systems have an annual sequestration capacity
of 0.2–0.3 megagrams of carbon per hectare per year, and about
400 million hectares of degraded land are potentially suitable for
agroforestry systems globally (IPCC 2000). One North Indian
agroforestry system sequestered up to 19.6 megagrams of carbon
per hectare per year (Singh et al. 2000).

Agricultural management alters the amount of carbon con-
tained in soils and also affects other greenhouse gases such as ni-
trous oxide and methane (e.g., Rosenberg et al. 1998; Paustian et
al. 2000; West and Post 2002; Witt et al. 2000). Soil carbon is lost
when land is cleared and tilled, but it can be regained through
low-tillage agriculture and other methods (Lal et al. 2004). It re-
mains uncertain how much carbon contained in soil eroded from
agricultural landscapes is delivered to the atmosphere in policy-
relevant timescales (Renwick et al. 2004). Actions taken to pro-
mote carbon sequestration in soils would reduce dust emissions,
which have a fertilizing effect on the ocean, thus reducing the
uptake of CO2 by the ocean and diminishing the effectiveness of
this response strategy to an unknown degree (Ridgwell et al.
2002). Complex interactions of this type highlight the need to
consider all implications of management options (see MA Policy
Responses, Chapter 13). In the lowland tropics and sub-tropical
areas where rice is now grown continuously throughout the year
(continuous flooding), soil carbon has been seen to increase
(Bronson et al. 1997; Cheng 1984). With intensive management
typical of these high-yield continuous rice systems, net carbon
sequestration rates of 0.7–1.0 megagrams of carbon per hectare
per year have been measured (Witt et al. 2000). (See Chapter 26.)

Management of marine ecosystems to increase oceanic carbon
sequestration (‘‘ocean engineering,’’ for instance via iron fertiliza-
tion) has some theoretical potential, but very little is known about
potential ecological and geochemical risks of such an endeavor.
Due to its comparatively low estimated cost (probably in the
range of a few dollars per ton of CO2), the approach is financially
attractive but the capacity is too small to slow down anthropo-
genic CO2 increase significantly. Early upper limit calculations
show that the potential for reducing atmospheric CO2 is limited
to a few tens of parts per million (Peng and Broecker 1991; Joos
et al. 1991), in agreement with the most recent high-resolution
ice core data of dust deposition and atmospheric CO2 (Röthlis-
berger et al. 2004). More recent calculations put the maximum
potential at around 1.0 petagrams (1.0 billion tons) of carbon per
year for a maximum of 100–150 years, although it is likely to be
much smaller, say less than 0.2 petagrams of carbon per year (Ma-
tear and Elliott 2004; Caldeira et al. 2004).

Future trends in atmospheric CO2 are likely to depend more
on fossil fuel emissions than on ecosystem change. Although land
use management can have a significant impact on CO2 concentra-
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Table 13.2. Annual Fluxes of Carbon Dioxide over the Last Two Decades. Positive values represent atmospheric increase (or
ocean/land sources); negative numbers represent atmospheric decrease (ocean/land sinks). Land and ocean uptake of CO2 can be separated
using atmospheric measurements of oxygen (O2) in addition to CO2 because biological processes on land involve simultaneous exchange of
O2 with CO2, while ocean uptake does not (ocean ecosystems are assumed to be in equilibrium for the purposes of this calculation). While
this technique allows quantification of the net contribution of terrestrial ecosystems, breaking this down into sources and sinks requires
modeling. The CO2 released due to land use change during the 1980s has been estimated as the range across different modeling approaches.
The difference between the modeled land use change emissions and the net land-atmosphere flux can then be interpreted as uptake by
terrestrial ecosystems (the ‘‘residual terrestrial sink’’). (IPCC data from Prentice et al. 2001)

Source of Flux

IPCC Updatea

1980s 1990s
(gigatons of carbon equivalent per year)

Atmospheric increase +3.3 ± 0.1 +3.2 ± 0.1

Anthropogenic emissions (fossil
fuel, cement)

+5.4 ± 0.3 +6.3 ± 0.4

Ocean-atmosphere flux –1.9 ± 0.6 –1.7 ± 0.5 –1.8 ± 0.8 –1.9 ± 0.7 

Land–atmosphere flux: –0.2 ± 0.7 –1.4 ± 0.7 –0.3 ± 0.9 –1.2 ± 0.9 

–Land use changeb +1.7 
(+0.6 to +2.5)

incomplete +1.3 (+0.3 to 2.8) +1.6 (+0.5 to +3.0)

–Residual terrestrial sink –1.9 
(–3.8 to +0.3)

incomplete –1.6 (–4.0 to –0.0) –2.8 (–5.0 to –0.9)

a Same data as Prentice et al. 2001 but including a correction for the air-sea flux of oxygen caused by changes in ocean circulation (Le Quéré et al.
2003). Other estimates of the air-sea oxygen correction have given slightly different results for the 1990s, mostly due to the fact that direct observations
of heat change in the ocean have not yet been compiled for after 1998 (Keeling and Garcia 2002; Plattner et al. 2002; Bopp et al. 2002).

b The IPCC estimated range for the land use change flux is based on the full range of Houghton’s bookkeeping  model approach (Houghton 1999) and
the CCMLP ecosystem model intercomparison (McGuire et al. 2001). The update is based on the full range of Houghton (2003) and DeFries et al.
(2002); the CCMCP analysis only extended to 1995.

1980s 1990s

tions in the short term (Prentice et al. 2001), the maximum feasi-
ble reforestation and afforestation activities over the next 50 years
would result in a reduction in CO2 concentration of only about
15–30 ppm by the end of the century (IPCC 2000). Even if all
the carbon released so far by anthropogenic land use changes
throughout history could be restored to the terrestrial biosphere,
atmospheric CO2 concentration at the end of the century would
be about 40–70 ppm less than it would be if no such intervention
had occurred (Prentice et al. 2001, House et al. 2002). Con-
versely, complete global deforestation over the same time frame
would increase atmospheric concentrations by about 130–290
ppm (House et al. 2002).

This compares with the projected range of CO2 concentra-
tions in 2100, under emissions scenarios developed for the IPCC,
of 170–600 ppm above 2000 levels, mostly due to fossil fuel emis-
sions (Prentice et al. 2001). The ability of the land and ocean
to take up additional increments of carbon decreases as the CO2

concentration rises, primarily due to the finite buffering capacity
and rate at which ocean water can take up CO2, as well as the
saturation of the CO2 fertilization response of plant growth (Cox
et al. 2000; Prentice et al. 2001). Global warming is predicted to
have a strong positive feedback on the carbon cycle due, for ex-
ample, to increases in soil organic matter decomposition and a
reduction in inorganic ocean uptake due to reduced CO2 solubil-
ity and ocean stratification at higher temperatures, as described
later.

13.2.2 Methane

Methane is a greenhouse gas and an energy source (natural gas).
It is involved in many atmospheric chemistry reactions, including
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formation of tropospheric and stratospheric ozone and the reduc-
tion of atmospheric cleansing capacity (see section 13.4.1). The
major source of methane is microorganisms living in a variety of
anaerobic environments such as flooded wetlands and rice pad-
dies, the guts of termites and ruminant animals, the ocean, landfill
sites, and waste treatment plants. Other soil bacteria re-oxidize
CH4, preventing much of the CH4 produced in anaerobic (wet)
soils from reaching the atmosphere and accounting for a small but
significant sink of atmospheric CH4 in soils remote from methane
sources.

The current atmospheric concentration of CH4 is more than
twice that of preindustrial times, as Table 13.1 indicated (see also
MA Scenarios, Chapter 7). The growth rate peaked in 1981 and
has declined since (Prather et al. 2001), with no increase in the
concentration between 1999 and 2002 (Dlugokencky et al. 2003).
The observed values are subject to high interannual variability due
to changes in sources, sinks, atmospheric transport, atmospheric
chemistry, and climate variability. Emissions from ecosystems ac-
count for about 70% of total emissions (Prather et al. 2001), with
about 30% from wetlands and 30% from agriculture. The spatial
distribution of emissions from natural wetlands and agriculture
(based on modeling) is shown in Figure 13.6. While northern
wetlands are rather well studied with respect to magnitude and
drivers of CH4 emissions, the lack of data from tropical wetlands
is a major knowledge gap.

Agriculture (ruminant animals and rice paddies) is the most
important anthropogenic driver of CH4 emissions. In pastoral
countries such as Bolivia, Uruguay, and New Zealand, CH4 emis-
sions by ruminant livestock are responsible for over 40% of all
greenhouse gas emissions (when expressed as CO2 equivalents)
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Figure 13.6. Map of Methane Fluxes from Wetlands and Agriculture Models. The top figure shows the spatial location of methane fluxes
from natural wetlands according to Walter and Heimann (2000). The total emissions are probably too high; a maximum of about 160–170
GgCH4/yr may be more realistic (Houweling et al. 2000). The bottom figure shows emissions from agriculture sources (rice paddies, animals
and animal wastes) according to the model EDGAR (v3.2) (Olivier et al. 1994).
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(UNFCCC at ghg.unfccc.int). Control of this methane source
through changing diet is being examined as a potential control on
global warming. Methane emissions from lowland, irrigated rice
systems are affected by various management practices. For exam-
ple, the use of green manures can substantially increase CH4 emis-
sions compared with the use of inorganic N fertilizers (Wassmann
et al. 2000a, 2000b). (More detailed discussion of rice paddies can
be found in Chapter 26.)

Wetland and peatland soils under waterlogged or seasonally
frozen conditions tend to store carbon fixed by plants during pho-
tosynthesis. This is because in waterlogged soils, decomposition
of plant material is slower than in aerated soils and is accompanied
by a relatively slow release of CH4 compared to the faster CO2

efflux of aerobic soils. Wetland draining for agriculture, for fores-
tation, or due to water extraction leads to a decrease in CH4 pro-
duction but a rapid increase in CO2 release from soils that are
often very rich in organic matter. The current consensus is that,
while some areas are carbon sinks and some are carbon sources,
most wetlands—in particular, the northern peat-forming ones—
have a carbon balance close to zero (Callaghan et al. 2004).

CH4 has a higher global warming potential than CO2 (23:1
on a 100-year time horizon), although CO2 is much longer-lived
in the atmosphere. In the short term (20–100 years), CH4 emis-
sions have a more powerful effect on the climate per unit mass
than CO2. Thus as most wetlands are currently sources of CH4,
they are also net sources of radiative forcing (medium certainty)
(Friborg et al. 2003). Draining of wetlands leads to a decrease in
radiative forcing (cooling) in the short term, but in the long term
the opposite may be true (low certainty) (IPCC 2001a; Christensen
and Keller 2003).

The climate change impacts on peatlands have different feed-
backs depending on the location and extent of global warming.
Some regions, such as northern Alaska, are predicted to experi-
ence—and are indeed already experiencing—soil drying, leading
to net losses of carbon as CO2 and decreases in CH4 emissions
(Chapter 25). In the subarctic, however, where recent decadal
warming has led to the loss of permafrost with thermokarst ero-
sion and a wetting of the soils as a consequence, a significant
increase in CH4 emissions has been seen (Christensen et al. 2004),
with the overall effect of an increase in radiative forcing. In tropi-
cal regions, the key issue is what changes will occur to seasonal
flooding—draining will lower the impact on radiative forcing as
the CH4 emissions are very high, yet the carbon store in peat is
insufficient for emissions of CO2 to overwhelm this in the long
term.

Preliminary model results of changes in wetland areas under
future climate (e.g., Cox et al. 2000) suggest that the northern
wetlands will increase their carbon storage and subsequent CH4

emissions while tropical ones will lose significant amounts of car-
bon and decrease CH4 emissions. Furthermore, rising soil temper-
ature and enhanced microbial rates could increase methane
emissions, amplifying global warming by 3.5–5% by the end of
this century (Gedney and Cox 2003; Gedney et al. 2004).

13.2.3 Nitrous Oxide

Ecosystems are a source of nitrogen in various gaseous forms, each
with different effects on climate and air quality. They are also a
sink for atmospheric nitrogen, taking up N2 directly from the
atmosphere (nitrogen fixation) or reactive nitrogen after deposi-
tion (wet deposition–rained out, or dry deposition). For a detailed
explanation of the nitrogen cycle and the role of ecosystems, see
Chapter 12. The nitrogen cycle has been profoundly altered by
use of synthetic fertilizers. (See Chapter 26.)

PAGE 369

Nitrous oxide is a powerful, long-lived greenhouse gas (GWP
296:1 on a 100-year time horizon), which (unlike other N oxides)
is unreactive in the troposphere. Atmospheric concentrations of
N2O have increased since preindustrial times from 270 ppb to 314
ppb (MA Scenarios, Chapter 7). Ecosystem sources—primarily soil
microorganisms in an array of environments—account for about
90% of N2O emissions and a small fraction of N2O uptake
(Prather et al. 2001). Enhanced ecosystem N2O emissions are
mainly driven by increased fertilizer use, agricultural nitrogen
fixation, and atmospheric nitrogen deposition (Nevison and Hol-
land 1997; Prather et al. 2001). Wetland draining also increases
N2O emissions. Fertilizer use and nitrogen deposition are pro-
jected to increase substantially in the tropics (Matson et al. 1999;
Prather et al. 2001).

13.2.4 Tropospheric Ozone

Besides being a greenhouse gas, tropospheric ozone is a toxic pol-
lutant. It is highly reactive in the atmosphere and also helps main-
tain the atmospheric cleansing capacity. It is formed in the
atmosphere in the presence of light from precursors: mainly vola-
tile organic compounds (the most important VOC being iso-
prene), nitrogen oxides (NO and NO2, collectively denoted as
NOx), CH4, and carbon monoxide. Biomass burning is an ecosys-
tem source of precursors, but urban pollution sources dominate,
with very high concentrations of ozone mostly appearing down-
wind of urban areas. In addition to being a source of tropospheric
ozone precursors, ecosystems account for about half the total sink
for tropospheric ozone, through dry deposition (Prather et al.
2001). Ecosystems are thus currently a net sink for tropospheric
ozone. Deforestation reduces this sink (see Figure 13.7): NOx soil
emissions decline, but canopy uptake declines more. Where for-
ests are replaced with agriculture, NOx emissions increase further.

The concentration, sources, and sinks of tropospheric ozone
are difficult to quantify due to its high reactivity and the spatial
and temporal variability of sources and sinks. Most surface mea-
suring stations show an increase from 1970 to 1980, but no clear
trend from 1980 to 1996. Models predict increasing tropospheric
ozone in the future, driven regionally by increasing emissions of
its precursors (Prather et al. 2001).

13.2.5 Aerosols

Ecosystems are sources and sinks for a variety of aerosols (or aero-
sol precursors) that directly affect radiative forcing, causing warm-
ing or cooling depending on their properties (such as reflectivity)
and location (such as height or the underlying surface) (Penner et
al. 2001). Many aerosols affect cloud formation, which in turn
affects radiative forcing in complex ways. The net effect of clouds
on radiative forcing remains uncertain, but increasing the aerosol
load probably, on average, causes cooling. The net effect of aero-
sols on climate is matter of intensive investigation, and while the
field is progressing rapidly, more research is needed before firm
conclusions can be drawn.

Sulfur compounds (sulfur dioxide, hydrogen sulfide, and di-
methyl sulphide) contribute to the formation of sulfate aerosols
with a negative radiative forcing (climate cooling) (MA Scenarios,
Chapter 7). Industrial sources dominate, despite declines in some
regions due to controls and legislation (Rodhe 1999; Penner et al.
2001). Ecosystems are a sink for about 30% of SO2 emissions and
for sulfate aerosols. Dimethyl sulfide, emitted by marine phyto-
plankton when they die or are eaten, contributes to cloud formation.
DMS emissions are quite variable in relation to phytoplankton
species and mode of release. Global mean DMS concentration in
surface waters is fairly well known, but regional emissions are
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Figure 13.7. The Tropical Reactor—Biochemical and Biophysical Interactions in the Tropics (Andreae 2001). The top figure shows the
natural biochemical and biophysical fluxes and interactions over intact forest. The bottom figure shows the fluxes when the natural forest area
is subject to deforestation and pollution. The land changes from a net sink of tropospheric ozone to a net source when the canopy does not
trap NOx emissions from soil, and emissions of NOx from agriculture increase. Aerosols from vegetation fires and pollutions sources (e.g.,
cars) act as cloud condensation nuclei leading to higher storm clouds. Overall rainfall is reduced due to a reduction or evapotranspiration
(water recycling through vegetation).
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more uncertain. Climate-related change in surface ocean stratifi-
cation is bound to affect phytoplankton species distribution and
succession, with likely consequences for DMS production and
potentially also for cloud formation (Kiene et al. 1996).

Carbonaceous aerosols of many forms are emitted by ecosys-
tems and can cause warming or cooling depending on their com-
position, size, shape, and location. IPCC (2001a) concluded that
biomass-burning aerosols have a net cooling effect (indoor bio-
mass fuel burning was underrepresented in this estimate). But
these aerosols can also reduce cloudiness, which is thought to
enhance climate warming (Penner et al. 2003). Black carbon (soot
from incomplete combustion of biomass and fossil fuels) has been
suggested to have a large warming effect on the climate, due in
part to various feedbacks (Hansen and Sato 2001; Jacobson 2002),
although the magnitude of this effect is disputed (Penner et al.
2003; Roberts and Jones 2004). Air quality impacts of biomass-
burning aerosols are dealt with later in this chapter.

There are huge uncertainties regarding emissions and trends of
biogenic aerosols (VOC oxidation products, plant debris, humic
matter, and microbial particles), thus IPCC (2001a) did not esti-
mate their net radiative warming impacts. Their contribution
could be significant in densely vegetated regions of the tropics,
and it is under threat as a result of land use change.

Mineral dust is entrained into the atmosphere from sparsely
vegetated soils. Dust scatters solar radiation and absorbs terrestrial
radiation. Its net impact on radiative forcing is uncertain, but up-
dates since IPCC (2001a) infer that the net effect is cooling (Kauf-
man et al. 2001). Its trends and drivers are described later in this
chapter.

13.3 Biophysical Effects of Ecosystems on
Climate

13.3.1 Surface Properties and Climate Processes
Affected by Ecosystems

Ecosystems affect climate through the alteration of energy and
water fluxes in the lowest atmosphere, or planetary boundary
layer (about 1–2.5 kilometers above Earth’s surface) (Pitman et
al. 2004). Within this layer, vertical profiles of temperature and
humidity depend strongly on the partitioning of energy between
sensible heat and latent heat. Over land, this partitioning is largely
controlled by ecosystems. Over bare, dry land, the energy is trans-
ported via sensible heat, resulting in relatively high surface air
temperatures. Vegetation canopies transpire water extracted from
the root zone, increase the upward latent heat flux, and cool the
surface air (Avissar et al. 2004). Modification of the fluxes of water
and energy by ecosystems has significant regional effects on pre-
cipitation, temperature, and wind. Globally averaged impacts are
small, complex, and hard to detect against the background of nat-
ural climate variability and anthropogenic climate change. Key
physical properties and processes affected by ecosystems are sum-
marized here:
• Surface albedo is the fraction of solar radiation reflected back

into the atmosphere from Earth’s surface. Higher albedo
means that more energy leaves the planetary boundary layer
(net cooling of the atmosphere). Vegetation traps radiation,
generally reducing albedo compared with, for instance, snow
cover or bare ground in dry lands. In agricultural regions, till-
age usually decreases albedo since bare soil in moist climates is
generally darker (less reflective) than plant canopies. Forests
are very effective at trapping radiation by multiple reflection
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within the canopy; this effect is particularly strong in snow-
covered regions where trees extend above the snow, while
short vegetation such as crops and pastures are covered by
snow. (See Figure 13.8 in Appendix A.) Phytoplankton mod-
ify ocean surface albedo, with different types either reducing
(Frouin and Lacobellis 2002) or increasing it (Brown and
Yoder 1994; Balch et al. 1991).

• Transpiration is the flux of water from the ground to the at-
mosphere through plants, controlled by the opening and clos-
ing of tiny pores in the leaf ’s surface called stomata. The
volume of water transpired is determined by vegetation root-
ing depth, leaf area, soil moisture, temperature, wind, and
stomatal conductance (which is biologically regulated). Tran-
spiration drives the hydrological cycle—recycling rain water
back to the atmosphere to be rained out elsewhere. Thus ter-
restrial ecosystems mediate the service of water recycling.
Through transpiration and precipitation, water evaporated
over the ocean is transported into the interior of continents.
A part of the rainfall escapes immediate recycling and forms
river runoff; thus the presence of vegetation reduces the frac-
tion of rainfall going into runoff. (See Figure 13.9.) As runoff
is part of the freshwater flux into the surface ocean, changes in
terrestrial ecosystems can in principle affect ocean dynamics.
Transpiration cools the surface during the daytime and in-
creases air humidity in the near-surface atmospheric layer. In-
creased concentration of water vapor (a greenhouse gas) leads
to reduced fluctuations in the diurnal temperature cycle by
increasing the night temperatures. Photosynthesis is tightly
coupled to transpiration, but while increased atmospheric
CO2 concentration in the future is likely to enhance photo-
synthesis, it may tend to reduce transpiration due to reduced
stomatal conductance (medium certainty).

• Cloud formation has strong but complex effects on global and
regional climate (Stocker et al. 2001). Evapotranspiration de-
termines the availability of water vapor for the formation of
clouds. Clouds alter the radiation balance (low clouds are
cooling while high cirrus clouds are warming), air circulation,
and precipitation. Vegetation also affects cloud formation via
changes in surface albedo and roughness. Some of the atmo-
spheric constituents with ecosystem sources act as cloud con-
densation nuclei: in particular DMS emitted by marine
plankton, VOCs emitted by some types of vegetation, and
some aerosols emitted during biomass burning. Increased con-
centrations of CCNs produce more and smaller cloud drop-
lets, making clouds more reflective and persistent; this has a
cooling effect on Earth. In addition, such clouds tend to rise
in the atmosphere, delaying the onset of rain; increasing ice
formation, rainfall intensity, and lightning; creating more vio-
lent convective storms; and altering energy balances and air
circulation (Andreae et al. 2004). The net effect on the total
rainfall within a given area is unknown.

Both marine and terrestrial biota naturally regulate CCN
concentrations to remain at fairly low levels (Charlson et al.
1997; Williams et al. 2002). Increased DMS and VOC emis-
sions increase CCNs, which reduces radiation and cools the
planet; this in turn reduces photosynthesis and emissions of
DMS and VOCs and increases thermal stability, thus reducing
the probability of cloud formation in a negative feedback
loop. The natural regulation mechanism is becoming over-
whelmed by anthropogenic emissions of aerosols and defores-
tation. Some aerosols, such as soot particles, absorb sunlight,
which cools the surface and heats the atmosphere, reducing
cloud formation.

................. 11432$ CH13 10-11-05 14:58:30 PS



372 Ecosystems and Human Well-being: Current State and Trends

Figure 13.9. The Influence of Terrestrial Vegetation on Water Recycling (in mm/day). A general circulation model of climate has been
used to simulate the ratio of land evapotranspiration to precipitation (Betts 1999) with (A) present-day vegetation and (B) all vegetation
removed leaving bare soil. The difference between the two (C) illustrates the general increase in recycling of water back into the atmosphere
via evapotranspiration when vegetation in present. For reference, (D) shows the absolute rate of evapotranspiration simulated with present-
day vegetation.

• The aerodynamic properties of the surface (roughness length)
modify the strength and direction of the surface wind. On
land, the height and cover of surface vegetation are the main
determinants of roughness length.

• Sea surface temperature is warmed by phytoplankton that trap
radiation within the surface layer. A warmer surface reduces
vertical mixing (ocean stratification) and ice cover, with po-
tential feedbacks on regional circulation (Sathyendranath et al.
1991; Miller et al. 2003). Stratification reduces the flow of
nutrients, feeding back on phytoplankton growth and compo-
sition, CO2 uptake, and climate.

13.3.2 Biophysical Hotspots

The biophysical impacts of land use on climate are region- and
season-specific and are often confounded by other climate drivers
(for example, greenhouse gases and aerosols). On the global scale,
biophysical effects of historical land cover changes are limited.
Most model results indicate a slight biophysical cooling, partly
offsetting the biogeochemical warming due to CO2 emissions
from land cover change (Betts 1999; Matthews et al. 2004; Brov-
kin et al. 2004). Regionally, the biophysical climate effects of eco-
system change can be substantial.

13.3.2.1 Tropical Forests

Tropical forests in South America, Africa, and Southeast Asia are
being cleared to make land available for agriculture. (See Chapters
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21 and 26.) The change in vegetation from forest to pasture or
crops increases surface albedo (leading to cooling of the atmo-
sphere), decreases roughness, and reduces evapotranspiration (re-
ducing rainfall and leading to local warming) (Henderson-Sellers
et al. 1993). Measurable impacts can be expected when the area
of deforestation is on a scale of a few hundred kilometers. Trees
can get access to deep soil water and have been observed to main-
tain evapotranspiration through the dry season at levels equal to
the wet season. Thus extensive deforestation generally leads to
decreased regional rainfall (see Box 13.2), although under some
conditions rainfall can be higher over areas with partial deforesta-
tion compared with areas with no deforestation (Durieux et al.
2003; Avissar et al. 2002). Since forest existence crucially depends
on rainfall, the relationship between tropical forests and precipita-
tion forms a positive feedback, which, under certain conditions,
theoretically leads to the existence of two steady states: rainforest
and savanna (Sternberg 2001; Oyama and Nobre 2003), although
some models suggest only one stable climate-vegetation state in
the Amazon (Claussen 1998).

Biophysical impacts of tropical deforestation are different in
the wet and dry seasons. In the dry season, non-forest areas be-
come hot and dry during the daytime, and air flows from forests
to non-forest areas, enhancing thermal turbulence. These condi-
tions favor the formation of shallow rain clouds over non-forest
areas. During the wet season, evaporation in forest and pasture
are about the same but the forest reflects less radiation due to
lower albedo, leading to warming of the planetary boundary layer.
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BOX 13.2

Case Study: Deforestation and Rainfall Impacts in the
Amazon (Maria Silva Dias, personal communication, 2002)

The state of Rondônia in the southwest Amazon was opened for coloni-
zation in the early 1970s by developers, following government incen-
tives. Afonso Andrade was one of the first farmers, clearing an area of
about 2,000 hectares for farming cattle and crops like rice, beans, and
corn for local consumption. During the first five years, when Andrade’s
property was mostly surrounded by forest, he would plant a brown
bean crop at the end of the wet season. Even if rain was scarce, the
seeds would germinate and the crops would grow because dew was
very abundant during the nighttime, and ‘‘the soil would be wet early
in the morning.’’ The flow of moisture from the neighboring forest during
daytime would sustain the dew formation during nighttime. As defores-
tation proceeded, however, the forest was further away in successive
years, the atmosphere and the soil became drier during the dry sea-
son, and the forest moisture was diluted into a larger area. Now it is
very hard to get a crop going during the dry season without irrigation.

Warming generates more thermal turbulence, which favors the
formation of clouds and rainfall over forest areas (Nobre et al.
2004). Cloud formation is further affected by aerosols from bio-
mass burning and other sources (Williams et al. 2002).

DeFries et al. (2002) found that projected future land cover
change, which is likely to occur mostly in the sub-tropics and
tropics, will have a warming effect on climate, driven mostly by
decrease in evapotranspiration. Increasing atmospheric CO2 de-
creases stomatal conductance in many species. If this effect occurs
on a large scale, it will reduce latent heat flux and therefore in-
crease land surface temperature (Sellers 1996). In some cases, ag-
ricultural leaf area index (the area of green leaf per unit area of
ground) is higher than forest leaf area index, which will reduce
the effect of decreased stomatal conductance on large-scale tran-
spiration (Betts et al. 1997). Decreased canopy conductance may
contribute to a decrease in precipitation in regions where water
recycling by vegetation is important—for example, Amazonia
(Betts et al. 2004).

13.3.2.2 Boreal Forests

The presence of forests in boreal regions reduces the albedo of
the land surface compared with short tundra vegetation. Solar ra-
diation is trapped within the forest canopy, causing warming
(Betts and Ball 1997). This effect is particularly accentuated dur-
ing the snowy season, when short vegetation becomes fully cov-
ered with snow, which strongly reflects solar radiation back to
the atmosphere (Harding and Pomeroy 1996; Hall et al. 2004).
Increased air temperature leads to earlier snow melt. The treeline
boundary is limited by temperature, so the relationship between
forest and air temperature forms a positive taiga-tundra feedback.
This biophysical mechanism plays a substantial role in Earth Sys-
tem dynamics; for example, a reduction of forest cover may have
helped trigger the onset of the last glaciation (Gallimore and
Kutzbach 1996; de Noblet et al. 1996), while enhanced forest
cover has contributed to the regional warming during the mid-
Holocene (Foley et al. 1994).

Boreal deforestation leads to spring cooling and extension of
the snow season due to albedo changes. During the growing sea-
son, trees have a denser, more productive canopy than herbaceous
plants, and therefore they transpire more water, cooling surface
air (Pielke et al. 1998). This hydrological effect is of primary im-
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portance during the summer, so deforestation leads to summer
warming. Model results suggest that for deforestation in most bo-
real forest areas, the cooling effect of albedo changes dominates
over the hydrological warming effect on annual average surface
temperature (Chalita and Le Treut 1994; Betts 1999; Brovkin et
al. 1999). A sea ice–albedo feedback enhances the cooling effect
of boreal deforestation (Bonan et al. 1992; Brovkin et al. 2003).

In the recent past, deforestation in the temperate and boreal
regions has likely led to a biophysical cooling that partially offset
the warming effect of associated CO2 emissions. In the future,
reforestation of regions permanently covered by snow in winter
is likely to lead to an increase in global temperature, as the bio-
physical warming due to albedo changes outweighs the biogeo-
chemical cooling due to uptake of CO2 in forest stands (Betts
2000; Claussen et al. 2001). This would be counter to the aims of
carbon sequestration schemes in these regions. It is also expected
that warming at the high northern latitudes will be substantially
amplified through the taiga-tundra feedback (Brovkin et al.
2003), although changes in permafrost, forest fire frequency, and
outbreaks of pests complicate projections for vegetation cover
dynamics in the boreal and polar regions. (See also Chapters 21
and 25.)

13.3.2.3 Sahel/Sahara

In the Sahel region of North Africa, vegetation cover is almost
completely controlled by rainfall. The rainy season lasts between
two and four months, during which rainfall is highly unpredict-
able: rainy days can be followed by weeks with no rainfall. When
vegetation is present, it quickly recycles this water, as Figure 13.9
illustrated, generally increasing regional precipitation and, in turn,
leading to a denser vegetation canopy (Dickinson 1992; Xue and
Shukla 1993). This positive feedback between vegetation cover
and precipitation amplifies rainfall variability in the Sahel (Zeng
et al. 1999). Model results suggest that land degradation leads to a
substantial reduction in water recycling and may have contributed
to the observed trend in rainfall reduction in the region over the
last 30 years (Xue et al. 2004). Combating degradation should
maintain or restore the water recycling service, increasing precipi-
tation and contributing to human well-being in the region. (See
Chapter 22.)

The Sahara Desert, to the north of the Sahel, is another im-
portant example of ecosystem-climate interactions. While rainfall
there is too low to support much vegetation at present, it was not
so in the past. During the mid-Holocene, about 9,000–6,000
years ago, Sahelian vegetation was greatly extended to the north
(Prentice and Jolly 2000). Changes in Earth’s orbit increased sum-
mer insolation, enhancing monsoon circulation and increasing
moisture inflow into the region, and this effect was greatly en-
hanced by the reduced albedo of the vegetation itself (Kutzbach
et al. 1996; Braconnot et al. 1999; Claussen et al. 1999; Joussaume
et al. 1999). A rather abrupt collapse in west Saharan rainfall and
vegetation cover occurred about 5,500 years ago (deMenocal et
al. 2000). This abrupt change is consistent with the existence of
alternative stable states in the climate-vegetation system (Claussen
1998; Brovkin et al. 1998). (See Figure 13.10.)

The Sahara desert today differs from other sub-tropical deserts
in its exceptionally high albedo. Net cooling of the atmosphere
leads to a horizontal temperature gradient and induces a sinking
motion of dry air, suppressing rainfall over the region (Charney
1975). Low precipitation reduces the vegetation cover, increasing
bare ground with high albedo. This positive feedback maintains
desert conditions. On the other hand, if precipitation increases
there is more vegetation, the albedo is lower, surface temperature
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Figure 13.10. Changes in Stability of the Climate-Vegetation Sys-
tem in the Sahara/Sahel Region According to Climate Model Sim-
ulations of the Last 9,000 Years (Renssen et al. 2003).
Hypothetically, strong positive feedbacks between precipitation and
vegetation in the Sahara/Sahel region can lead to the existence of
two steady states, desert and ‘‘green’’ (savanna-like). Balls and
arrows in the figure indicate the maximum range of the fluctuations
induced by large-scale atmospheric and oceanic variability. A) About
9,000 years ago, the system fluctuated in the vicinity of the green
state, while the desert state with a shallow potential minimum was
also stable. B) About 6,000 years ago, the potential became equal
for both states and the system fluctuated between desert and green
states. C) Later, the green state lost stability. Desert is the only
steady state at present, and precipitation variability is reduced in
comparison with the two-state system (A and B).

is higher, and the gradient in temperature between the land and
ocean increases—amplifying monsoon circulation and upward air
motion over the desert, resulting in increased summer rainfall.

A shift from ‘‘green’’ to ‘‘desert’’ state and vice versa is strongly
influenced by externally induced fluctuations in rainfall (Wang
and Eltahir 2000; Renssen et al. 2003). In the future, global
warming may increase moisture in the Sahara/Sahel region
(Brovkin et al. 1998), but it is unlikely that Sahara greening will
reach mid-Holocene levels (Claussen et al. 2003).

13.3.2.4 Wetlands
Evapotranspiration of water from wetlands during the day leaves
the air above the surface heavy with water vapor, preventing a
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loss of energy. In sub-tropical regions this is often sufficient to
hold night temperatures above freezing point. When wetlands are
drained, this ecosystem service is lost. Marshall et al. (2003)
showed that the likelihood of agriculturally damaging freezes in
southern Florida has increased as a result of the conversion of
natural wetlands to agriculture. In January 1997, a rare freeze in
southern Florida caused losses to vegetable and sugarcane crops
that exceeded $300 million.

13.3.2.5 Cultivated Systems
Intensified agriculture generally increases leaf area index because
crops are bred for maximum ability to intercept light. Therefore
the effects of past extension of agriculture may, to a certain extent,
be reversed by intensification, with increased leaf area during the
summer season being a move back toward denser vegetation with
characteristics closer to a natural forested state (Gregory et al.
2002). Where seasonal crops replace evergreen vegetation, this
will not be the case.

13.4 Effects of Ecosystem on Air Quality
Ecosystems effect the concentrations of many atmospheric com-
pounds that have a direct deleterious effect (for example, pollu-
tion) or a beneficial effect (for example, fertilization) on human
well-being. Ecosystems are often both sources and sinks for vari-
ous trace gases that undergo complex atmospheric reactions, si-
multaneously affecting several aspects of air quality in different
ways. It is therefore often hard to quantify the current net effect
of ecosystems or of ecosystem change on a particular aspect of air
quality. This section concentrates on main net effects, comple-
menting the summary information for each atmospheric constit-
uent that was presented in Table 13.1.

13.4.1 OH and Atmospheric Cleansing Capacity

Some reactive gases released or absorbed by ecosystems are in-
volved in maintaining the ability of the atmosphere to cleanse
itself of pollutants through oxidation reactions that involve the
hydroxyl radical. (See Box 13.3.) The reactions are complex but,
generally, emissions of NOx and hydrocarbons from biomass
burning increase tropospheric ozone and OH concentrations.
CH4 and CO are removed by OH, so emissions of these gases
from wetlands, agriculture, and biomass burning decrease OH
concentration. Net effects of deforestation are uncertain.

A proxy for estimating atmospheric cleansing capacity (or tro-
pospheric oxidizing capacity) is the concentration of OH, but this
is hard to measure directly because of its short lifetime (on the
order of seconds). Model estimates, based on measurements of
compounds destroyed by OH, indicate a decline in OH concen-
tration since preindustrial times, but the change has probably been
less than 10% (Prinn et al. 2001; Jöckel et al. 2003). There is some
concern that the pursuit of a hydrogen energy economy could
further reduce oxidizing capacity (Schulze et al. 2003; Warwick
et al. 2004). A threshold-dependent collapse in atmospheric
cleansing capacity would have major implications for air quality
(Brasseur et al. 1999). The fundamental importance of tropo-
spheric oxidizing capacity to air quality and atmospheric chemis-
try means that improving the understanding of OH in the
atmosphere, and of the role of ecosystems in regulating OH, is a
focus for intensive scientific research.

13.4.2 Pollution Sinks

13.4.2.1 CO2 and Ocean Acidification
Increased atmospheric CO2 concentrations are having adverse ef-
fects on certain ocean ecosystems, and since terrestrial ecosystems
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BOX 13.3

Atmospheric Cleansing (Tropospheric Oxidizing Capacity)

The ability of the atmosphere to cleanse itself of the many compounds
emitted from biological and anthropogenic sources is becoming a key
issue. Conversion and removal of a large number of environmentally
important atmospheric compounds requires one or more chemical re-
actions involving oxidation taking place in the troposphere (the lower
9–16 kilometers of the atmosphere). The hydroxyl radical is the main
oxidizing sink and is often referred to as the ‘‘atmospheric detergent.’’
Compounds affected include:

• CH4 converted to CO;
• removal of NOx by direct uptake and conversion to HNO3;
• conversion of CO to CO2;
• conversion of SO2 to H2SO4;
• removal of some gases responsible for stratospheric ozone

depletion, such as methyl bromide; and
• conversion of DMS to SO2

OH is formed when tropospheric ozone is broken down by UV light to
release oxygen atoms that then react with water vapor. Ecosystem
emissions of tropospheric O3 precursors (NOx, VOCs, CH4, CO) contrib-
ute to OH formation. Ecosystem emissions of compounds oxidized by
OH (such as CH4, CO, hydrocarbons) contribute to the destruction of
OH.

are currently a net sink for CO2 (as described earlier), this could
be considered an ecosystem service of benefit to human well-
being. The component of anthropogenic CO2 from fossil fuels
and land use change that has dissolved in the ocean has increased
the acidity of the ocean to a degree that is unprecedented in re-
cent geological history (Caldeira and Wickett 2003). The global
mean surface ocean pH has decreased by 0.12 units since prein-
dustrial times. A further decrease of 0.25 units will occur during
this century if atmospheric CO2 concentration rises to 750 ppmv
(Wolf-Gladrow et al. 1999).

Increased acidity changes carbonate chemistry in the surface
ocean, with negative impacts on ocean organisms such as corals,
coccolithophores, and foraminifera that make their bodies from
calcium carbonate. The rate of calcification (growth) of the or-
ganisms will decrease (Riebesell et al. 2001), with possible conse-
quences for ecosystem services such as tourism and fish
production (Guinotte et al. 2003). A rise in the atmospheric CO2

concentration to double the preindustrial level may reduce global
calcification by as much as 30% (Kleypas et al. 1999). The nega-
tive feedback of declining growth of calcifying organisms on the
atmospheric CO2 increase is likely very small (Heinze 2004).

13.4.2.2 Tropospheric Ozone

Sources, sinks, and trends in tropospheric ozone concentration
were described earlier in this chapter. Tropospheric ozone can
have adverse effects even at relatively low concentrations. Harm-
ful concentrations occur in urban areas but also in the region of
vegetation fire events and of high NOx emissions from fertilizer
use, particularly when atmospheric conditions trap air, such as in
valleys or temperature inversions. While ecosystems in some re-
gions are a source of ozone precursors, globally they are a net
sink. Ozone is destroyed by reacting with plant tissues.

Adverse human health effects of tropospheric ozone include
impacts on pulmonary and respiratory function and the aggrava-
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tion of pre-existing respiratory diseases such as asthma, resulting in
increased excess mortality (Thurston and Ito 1999; WHO 2000).
Current tropospheric ozone concentrations in Europe and North
America cause visible leaf injury and reduced yield of some crops
and trees (Mclaughlin and Percy 1999; Braun et al. 1999; Mc-
laughlin and Downing 1995; Ollinger et al. 1997). It is estimated
that for wheat there is a 30% yield reduction for a seasonal seven-
hour ozone daily mean of 80 nanomoles per mole, a concentra-
tion level that has been found in parts of the United States and
Europe (Fuehrer 1996). Economic losses in the Untied States
alone may amount to several billion dollars annually. Fowler et al.
(1999) estimate that the proportion of global forests exposed to
potentially damaging ozone concentrations will increase from
about 25% in 1990 to about 50% in 2100.

13.4.2.3 Acid Rain and Acid Regulation

Acid deposition of SO2, sulfate, NOx, and nitrate has increased
mainly due to industrial emissions (Satake et al. 2000; Rodhe et
al. 1995). Biomass burning emissions also affect the chemical
composition of rainfall over large areas, while soil emissions of
NOx are as important as industrial emissions in tropical areas, with
large increases driven by increasing fertilizer use. Ecosystems are
also a sink for NOx and sulfur compounds. The net effect of eco-
systems is probably a sink for compounds that contribute to acid
rain. Industrial sources of acid deposition have caused damage to
sensitive ecosystems, especially in northern Europe and parts of
northeastern North America (Emberson et al. 2003; see also MA
Scenarios, Chapter 7). Industrial emissions are now declining in
these areas due to pollution control, but they continue to rise in
other areas, such as Southeast Asia.

Ammonia is the only important gaseous alkaline component
in the atmosphere. NH3 neutralizes many of the acid compounds
emitted, forming sulfate and nitrate aerosols. NH3 in high con-
centrations is harmful to human health, causes eutrophication of
lakes, and can also contribute to acidification in N-saturated eco-
systems. Although the quantity of NH3 volatilized from fertilized
fields and animal feedlots can be extremely large (Bouwman et al.
1997), ecosystems as a whole are a net sink for NH3 (Dentener
and Crutzen 1994; Holland et al. 1997).

13.4.2.4 Stratospheric Ozone

Decreases in stratospheric ozone and subsequent increases in ul-
traviolet (UV-B) radiation have adverse effects on human and ani-
mal health, plant growth and mortality, and marine organisms.
The net effect of ecosystems on stratospheric ozone is very small
compared with industrial emissions, but the effect is probably to
reduce the quantity of stratospheric ozone-destroying com-
pounds. As with acid rain, compounds that destroy stratospheric
ozone have greatly increased as a result of industrial activities.
There are natural ecosystem sources of methyl halides (marine
ecosystems and biomass burning), and ecosystems are the primary
source of N2O, which also destroys stratospheric ozone when oxi-
dized in the atmosphere. However, ecosystems are also sinks for
halocarbons. As industrial emissions have been controlled by the
Montreal Protocol and fallen dramatically, concentrations of most
ozone-depleting gases in the atmosphere are now at or near a peak
(WMO 2003), while concentrations of N2O continue to rise.

13.4.3 Pollution Sources

13.4.3.1 Biomass Burning—Vegetation Fires

Vegetation fires are a common natural phenomenon in many re-
gions and vegetation types. Fires maintain vegetation diversity,
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productivity, and nutrient cycling (although too-frequent fire can
lead to impoverishment of nutrients). Fire is also a common land
management tool, particularly in the tropics, where it is used to
clear land (shifting agriculture, for example, or disposing of resi-
dues) (see Box 13.4), to maintain grasslands for cattle grazing, to
prevent encroachment of weeds, and to prevent destructive can-
opy fires and catastrophic wildfires. Prevention of uncontrolled
wildfire is an integral component of land use policies: balancing
the benefits of controlled use of fire with minimizing the many
adverse effects of uncontrolled fires. Several studies have sug-
gested increased fire risk during the twenty-first century (e.g.,
Flannigan and van Wagner 1991; Price and Rind 1994; Stocks et
al. 1998; Mouillot et al. 2002).

Combustion of plant biomass in vegetation fires (or as an en-
ergy source, see Chapter 9) produces a mixture of compounds,
including greenhouse gases, toxic pollutants, and reactive gases.
Toxic pollutants are mostly the result of incomplete combustion;
biomass burning is often inefficient, varying with biomass type
and load, fire intensity, and weather conditions. Air pollution
from biomass burning is associated with a broad spectrum of acute
and chronic health effects (Schwela et al. 1999; WHO 2002;
Brasseur et al. 2003b). Emissions associated with burning biomass
for energy (mostly fuelwood and dung) have been linked to high
levels of indoor pollution and major health effects (see Table
13.3); we do not consider this an ecosystem source, however, but
rather one arising from use of ecosystem resources. Estimates of
the emissions of biomass combustion products in vegetation fires
are subject to large uncertainties because of the difficulties inher-
ent in estimating the amount of biomass burned (Andreae and
Merlet 2001).

13.4.3.1.1 Particulates

Particles small enough to be inhaled into the lungs, typically less
than 10 micrometers (PM10), are associated with the most serious
effects on humans, including respiratory disease, bronchitis, re-
duced lung function, lung cancer, and other cardiopulmonary
sources of mortality and morbidity. Studies do not show threshold
concentrations below which effects are not observed (WHO
2000, 2002). Particulate levels in plumes associated with large-
scale tropical fires can be 2 to 15 times those observed in urban
areas (Brauer and Hisham-Hashim 1998), although exposure lev-
els are generally less than those from indoor air pollution.

During the peak of the burning season, the number of parti-
cles in the air is an order of magnitude higher than during the rest

BOX 13.4

Case Study: Biomass Burning in and around the Amazon
Basin during the Dry Season

Farmers prepare their crop and pastureland by burning to clear weeds;
developers burn the forest to open new farmland. The alternative to
burning crop and pasture land is to use herbicides or machinery to cut
and mulch the weeds. Herbicides are expensive for the local farmer.
The machinery is expensive to buy and operate (but could be bought
by cooperatives). Burning is cheap and effective in the short term (two
to three years), although it becomes costly to the crop yield in the
medium term (three to five years). In areas with poor soils, open areas
have been abandoned and a secondary forest is growing back. In
areas with less poor soils, fertilizers have been introduced to compen-
sate for the lack of nutrients. In a few places the culture of not burning
is beginning to be adopted by more educated farmers.
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of the year. Solar radiation reaching the surface is reduced by
about 10–30%, lowering both the surface temperature and the
light available for plant growth. In China, the effect of atmo-
spheric aerosols and regional haze from all pollution sources is
reducing wheat yields by 5–30% (Chameides et al. 1999). In some
circumstances, for example in cloudless conditions in areas with
high solar radiation (Cohan et al. 2002), plant production could
be increased by haze cover. Particulates tend to reduce rainfall but
increase the likelihood of intense storms (Andreae et al. 2004).
Rainfall reduction has a positive feedback effect, making further
fires more likely in, for example, the Amazon (Koren and Kauf-
man, 2004), but intense rains storms can contribute to putting out
fires.

13.4.3.1.2 Tropospheric ozone
Biomass burning emits tropospheric ozone precursors (VOCs,
NOx, CH4, and CO). The impacts of tropospheric ozone were
described earlier. High levels of tropospheric ozone can accumu-
late at a regional scale during the biomass-burning season (e.g.,
Swap et al. 2003). The interannual trends and seasonal cycle of
tropospheric ozone concentrations correspond to the seasonal
cycle and extent of biomass burning in tropical Africa, Latin
America, and Asia (Thompson and Hudson 1999). Ozone con-
centrations can reach values that are larger than those observed in
the most polluted urban areas of the world. Values of 100–120
ppb have been measured during the dry season in the southwest
Amazon Basin; background values during the rainy season are
around 10–15 ppb (Kirchhoff et al. 1996; Cordova et al. 2004).

13.4.3.1.3 Carbon monoxide
Potential health effects of CO include hypoxia, neurological
deficits, neurobehavioral changes, and increases in daily mortality
and cardiovascular diseases. CO toxicity is mostly associated with
indoor pollution from biomass fuel burning, but some studies
show effects of CO even at very low concentrations (WHO 2000;
Schwela et al. 1999). Dangerous levels are only occasionally ob-
served during vegetation fires, although fatalities caused by exces-
sive carbon monoxide concentrations alone or in combination
with other pollutants have been reported, as in China in 1987
(Schwela et al. 1999).

13.4.3.1.4 Other compounds

Volatile organic compounds, including benzene, toluene and xy-
lene, and polynuclear aromatic hydrocarbons, have been identi-
fied in fire smoke plumes (Muraleedharan et al. 2000; Radojevic
2003) and are known or suspected carcinogens, mutagens, and
teratogens with the potential to cause serious long-term effects.
Volatized heavy metals can also pollute the environment. In 1992,
severe wildfires spread into the 30-kilometer exclusion zone
around the Chernobyl Power Plant in Belarus, burning radioac-
tively contaminated vegetation and increasing the level of radio-
active cesium in aerosols 10 times (Dusha-Gudym 1996).

13.4.3.2 Nitrogen Pollution

Elevated deposition of nitrogen compounds is driven by emissions
of various N gases. Ecosystem sources include increased fertilizer
use, rice paddies, ruminant animals, and biomass burning. Eco-
system N deposition adds to the burden of nitrate leaching to
groundwater due to fertilizer use in agricultural ecosystems, caus-
ing changes in the functioning and stability of many sensitive
ecosystems (for example, heathlands and bogs), particularly in
the most populated parts of the world. In heavily affected areas
(the Netherlands, for instance), the drinking water standard for
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nitrate has been exceeded, and lakes and coastal waters suffer from
eutrophication. Episodes of high wet deposition of nitrogen are
suspected of occasionally affecting even remote marine ecosys-
tems. Changes in the nitrogen cycle and its impacts are dealt with
in detail in Chapter 12.

13.4.3.3 Dust Pollution

Agricultural intensification coupled with increasing population
density and climate variability in many areas of Sahelian Africa
have led to soil degradation and greater soil exposure to wind
erosion, increasing the sources of atmospheric dust in recent years
(N’Tchayi 1994; Nicholson 1998). An increase in local dust
storms is widely considered to be related to ill health (fever,
coughing, sore eyes) and has been implicated in meningococcal
meningitis epidemics in the region (Molesworth 2002). Dust em-
anating from this region and the Sahara has been implicated in
respiratory problems as far away as the United States (Prospero
2001). Dust storms cause a strong reduction in visibility, resulting
in serious disruptions in ground and air traffic. These conditions
not only occur in the dust source regions themselves, they can
also be problematic downwind. For example, visibility in Beijing
is often adversely affected by dust storms originating in the Gobi
Desert in springtime (Sugimoto et al. 2003; Shimuzu et al. 2004).

The major dust source regions are deserts, but semiarid re-
gions where vegetation is sparse and soil surfaces disturbed by
human activities also contribute to the atmospheric burden of
dust. Soil disturbance has been estimated to account for up to 10%
of total dust emissions (Tegen et al. 2004). Long-term increases in
dust over the Atlantic are possibly associated with desertification
of northern Africa (Prospero and Lamb 2003). There are many
land use and climate drivers and feedbacks that are likely to affect
dust production in the future, with climate drivers dominating.
While both the magnitude and the direction of change in dust are
uncertain, some models suggest that dust production could de-
cline in a warming world due to increased vegetation in arid and
semiarid regions (Mahowald and Luo 2003; Tegen et al. 2004).

13.4.4 Fertilizing Effects

Carbon dioxide, nitrogen gases (NOx, NH3), and nutrients in dust
particles can all have fertilizing effects on terrestrial plants, poten-
tially increasing production of services such as food and timber.
Fertilization from these sources is one possible contributory
mechanism for the increasing terrestrial CO2 sink in recent years.
Estimates of the magnitude of this effect in the past and future are
limited by incomplete understanding of soil carbon dynamics,
plant nutrient relationships, and plant physiology (Oren 2001;
Finzi et al. 2002; Hungate et al. 2003; Zak et al. 2003; Norby et
al. 2004; Nowak et al. 2004). Nitrogen and dust deposition on
the ocean also have the potential to increase phytoplankton pro-
duction, and the supply of iron in dust is thought to be a major
control on the strength of biological carbon uptake in the ocean
(Martin et al. 1991). Ecosystems are currently a net sink for CO2

and a net source of NOx, while vegetation cover reduces dust
emissions (as described earlier in this chapter).

13.4.4.1 Carbon Dioxide

Carbon dioxide in the atmosphere and ocean is necessary to sup-
port plant photosynthesis. Most marine plants are not limited by
CO2 but by nutrients and light. On the other hand, most terres-
trial plants are limited to some extent by CO2 supply, and thus
rising atmospheric concentrations can have a fertilizing effect, en-
hancing productivity both directly (Farquhar et al. 1980) and in-
directly though stomatal closure and improvements in water use
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efficiency (Drake et al. 1997; Farquhar 1997; Körner 2000). The
strength of the response in terrestrial plants depends on the photo-
synthetic pathway. Theoretically, those with a C3 pathway (trees,
cold climate plants, most nontropical grasses, and most agricul-
tural crops, including wheat and rice) respond more strongly than
those with a C4 pathway (most tropical grasses, some desert
shrubs, and some crops, including maize and sugarcane), although
field experiments suggest a more complex picture (Owensby et
al. 1993; Polley et al. 1996; Porter and Navas 2003; Nowak et al.
2004).

Experimental doubling of CO2 in Free-Air CO2 Enrichment
systems produces an average aboveground biomass increase of
17% for C3 and C4 agricultural crops and a 20% increase in ag-
ricultural yield under conditions of ample N and water, but there
is a wide range of responses among individual studies (Kimball et
al. 2002). Increases are generally greater in conditions of low
water availability. Trees in open top chambers have shown an
enhancement of the annual wood mass increment of about 27%
(Norby et al. 1999). This strong response of trees to elevated CO2

has been confirmed in Free-Air CO2 Enrichment experiments in
young forest plantations (DeLucia et al. 1999; Hamilton et al.
2002; Nowak et al. 2004). However, the response of mature for-
ests may be different from that of young forests for various reasons
(Norby et al. 1999; Curtis and Wang 1998).

13.4.4.2 Nitrogen Deposition

Nitrogen limitation to plant production is widespread. (See
Chapter 12.) There has been a rapid increase in reactive N deposi-
tion over the past 50 years (Vitousek et al. 1997; Holland et al.
1999). There is much field evidence that N deposition increases
NPP (e.g., Chapin 1980; Vitousek and Howarth 1991; Bergh et
al. 1999; Spieker et al. 1996) and soil carbon storage (Fog 1988;
Bryant et al. 1998). When the nitrogen saturation limit is reached,
as is thought to have happened in highly polluted areas of Europe,
plants can no longer process the additional nitrogen and may suf-
fer from deleterious effects of associated pollution (Shulze et al.
1989; Aber et al. 1998; see also Chapter 7). N addition leads to
changes in plant species composition and an overall reduction in
diversity. In general, the impacts are most pronounced in nutri-
ent-poor systems, where N deposition enhances growth of the
most responsive species, which often outcompete and eliminate
rare species that occupy N-deficient habitats (Mooney et al.
1999).

13.4.4.3 Dust as a Fertilizer

Nutrients in dust particles (especially phosphate and iron) can act
as fertilizers when deposited on oceans and land (Piketh et al.
2000). Fertilization of the ocean from expanded desert sources,
and the resulting increase in ocean ecosystem CO2 uptake, is
thought to be one of the drivers of change in glacial-interglacial
atmospheric CO2 concentrations (Watson et al. 2000; Ridgwell
et al. 2002; Bopp et al. 2003). Ice core records indicate decreased
dust input in the ocean may account for up to about a quarter
of the 80-ppm atmospheric CO2 increase at the last glacial-
interglacial transition (Rothlisberger et al. 2004). A recent synthe-
sis (Piketh et al. 2000) suggests that aerosols derived from the
southern African continent are increasing carbon uptake down-
wind in the Indian Ocean. Changes in dust sources, transport,
and deliberate iron fertilization of the ocean could affect marine
productivity, future CO2 uptake (Mahowald and Luo 2003;
Tegen et al. 2004), and marine N fixation and N2O release (Den-
man et al. 1996), but the magnitude and associated impacts are
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uncertain. (Sources and drivers of dust are described earlier; see
also Chapter 22.)

13.5 Climate Variability and Climate Feedbacks

13.5.1 Interannual Variability

Biological activities are dependent on climatic conditions, and
therefore biogenic emissions of gases often show a seasonal cycle
and interannual climate variability linked to natural climate varia-
tions. In some cases the interannual variability is large—for exam-
ple, when biological processes are limited by water availability.
This variability in turn affects biological sources and sinks of at-
mospheric compounds and biophysical properties of vegetation.
For instance, during recent El Niño events atmospheric CO2 in-
crease has doubled or tripled compared with other times, partly
due to reductions in land uptake caused by the effects of high
temperatures, drought, and fire on terrestrial ecosystems in the
tropics (Tian et al. 1998; Clark et al. 2004).

Warming enhances emissions of VOCs (which increase by
20–30% per degree Celsius) (Guenther et al. 2000), CH4, and N
gases, which generally tend to increase tropospheric ozone and
OH (although these reactions also depend on water and light
availability). Changes in OH concentration further affect the vari-
ability in concentration of some atmospheric compounds such as
CH4. Effects of interannual variability on biogenic sources and
sinks are one of a number of processes that affect CH4 and tropo-
spheric ozone (Dlugokencky et al. 1998; Warwick et al. 2002;
Sudo and Takahashi 2001).

Enhanced biomass associated with the La Niña phase of the El
Niño-Southern Oscillation, followed by droughts in the El Niño
phase, produce above average biomass burning emissions from
savannas in southern Africa (Swap et al. 2003). In 1997–98, fires
associated with an exceptional drought caused by ENSO devas-
tated large areas of tropical rain forests worldwide (Siegert et al.
2001). Emissions of associated gases such as CO2, CO, CH4, and
other trace gases have been correlated with large biomass burning
events in tropical and boreal regions (Langenfelds et al. 2002).

13.5.2 Climate Feedbacks on Ecosystems, Climate,
and Air Quality

Changes in global and regional climate, partially bought about by
ecosystem change, can in turn lead to further changes in ecosys-
tem sources and sinks of gases and biophysical properties. Tem-
perature and moisture changes will cause a variety of changes in
sources, sinks, and chemical reactions in the atmosphere, the net
effect of which is uncertain and may differ from place to place.
The predominant climate feedbacks operate though changes in
the carbon cycle and CO2 emissions, with a strong positive feed-
back predicted under future climate change. Methane emissions
from wetlands are expected to increase under some conditions
(such as permafrost melting) and to decrease in others (such as the
drying of northern and tropical soils), as described earlier. Nitrous
oxide emissions are generally higher in wetter soils. Increased
emissions of tropospheric ozone precursors, NOx and VOCs,
occur under warmer conditions.

Where climate change causes shifts in vegetation there will be
regional biophysical effects—for example, due to the northward
shift of boreal forests and enhanced vegetation cover in the Sahara
(Brovkin et al. 2003; Claussen et al. 2003). Vegetation loss could
lead to positive climate feedbacks though biophysical effects—for
instance, feedback on local drying from Amazon dieback (Betts et
al. 2004)—and could lead to increased dust emissions. Changes in
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water availability affect transpiration, with drought reducing
water recycling and rainfall.

On the land, warming increases the rate of decomposition of
soil organic matter, thereby reducing carbon storage in soil. Al-
though soil warming experiments have shown an increased rate
of decomposition for the first one to three years only (Jarvis and
Linder 2000; Oechel et al. 2000; Luo et al. 2001; Rustad et al.
2001), this represents the burning-off of the labile (easily decom-
posed) component only. The larger pool of more chemically sta-
ble soil organic matter is potentially vulnerable to warming over
longer time scales (Cramer et al. 2001; Joos et al. 2001; Knorr et
al. 2005). The effect of global warming on vegetation cover is
highly uncertain but likely also to affect atmospheric CO2. One
coupled climate-carbon cycle model has predicted a dieback of
tropical forests in South America, which, along with increased
soil organic matter decomposition and subsequent carbon loss,
would lead to an additional 200 ppm increase in atmospheric CO2

(Cox et al. 2000). Another model predicted a smaller feedback
(Friedlingstein et al. 2001).

In the oceans, sea surface temperature increase and changes in
the global water cycle tend to increase vertical stratification (layer-
ing) and to slow down global ocean circulation. Warming reduces
the solubility of CO2 in the ocean. Stratification slows the mixing
into deep layers of excess carbon in the surface water. Stratifica-
tion further reduces nutrient input into the surface zone and leads
to a prolonged residence time of phytoplankton at the surface,
near light. Models indicate the net effect is reduced phytoplank-
ton productivity (Bopp et al. 2001; Joos et al 1999). Models esti-
mate that the combined effect of warming and circulation changes
on ocean physics and biology will reduce the oceanic CO2 uptake
by 6–25% in 1990–2050, thus providing a positive climate feed-
back (Maier-Reimer et al. 1996; Sarmiento et al. 1998; Matear
and Hirst 1999; Joos et al. 1999, Bopp et al. 2001; Plattner et al.
2001).

Changes in ocean circulation, pH, and temperature are also
likely to have additional effects on ocean biology that have not
been quantified in these models and that may induce further CO2

feedbacks. These include changes in the community structure, net
production, and bio-calcification. The effect of bio-calcification
is estimated to increase the ocean carbon sink by less than 2.5%
(Riebesell et al. 2001). The quality and magnitude of biological
changes will vary over space and time and is highly uncertain.
While the combined inorganic and biological changes tend to
reduce global uptake of anthropogenic carbon, the global net ef-
fect on carbon uptake of the ocean biological changes alone is
unknown. Altered size and timing of phytoplankton blooms can
also potentially reduce fish production (Chavez et al. 2003; Beau-
grand et al. 2002; Platt et al. 2003).

13.6 Impacts of Changes in Climate and Air
Quality on Human Well-being

13.6.1 Impacts of Changes in Climate on Human
Well-being

According to the IPCC (2001d), ‘‘The earth’s climate system has
demonstrably changed on both global and regional scales since
the pre-industrial era, with some of these changes attributable to
human activities. . . . Projected climate change will have benefi-
cial and adverse effects on both environmental and socio-
economic systems, but the larger the change and rate of change
in climate, the more the adverse effects dominate.’’ Changes in
climate are linked to all aspects of human well-being as defined by
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the Millennium Ecosystem Assessment (MA 2003). This section
provides a summary of the detailed results presented by IPCC
(2001a, 2001b, 2001c, 2001d) unless otherwise stated.

13.6.1.1 Security

An increase in frequency and severity of floods and droughts has
been noted in some areas. A fourfold increases in economic losses
for catastrophic weather events from the 1980s to the 1990s (aver-
age annual global loss $40 billion in the 1990s) has been partly
linked to regional climatic factors and partly to socioeconomic
factors. IPCC projections include increasing ecological shocks
and stress as well as vulnerability to them, alongside a reduction
in the ability to predict and plan for the weather.

13.6.1.2 Health

Many vector-, food-, and water-borne infectious diseases are
known to be sensitive to changes in climatic conditions, as are
production of spores and pollens and the climatically related pro-
duction of photochemical air pollutants. Floods increase risk of
drowning, diarrhea, respiratory diseases, water-contamination
diseases, hunger, and malnutrition. Heat waves in Europe and
America have been associated with a significant increase in urban
mortality. For example, during the European heat wave of 2003,
almost 15,000 additional deaths were estimated to have occurred
in France, mostly in elderly people (WHO 2004). Warmer win-
tertime temperatures can also result in reduced wintertime mor-
tality in cold climates.

Indirect climate effects on human health include changes in
water quality, air quality, food availability and quality, population
displacement, and economic disruption. Poor understanding of
the role of socioeconomic and technological factors in shaping
and mitigating health impacts, and the difficulty in separating cli-
mate variability impacts from climate change impacts, means that
current estimates of the potential health impacts of global warm-
ing are based on models with medium to low certainty.

The World Health Organization (WHO 2002) has estimated
that global warming was responsible in 2000 for approximately
2.4% of worldwide diarrhea, 6% of malaria in some middle-
income countries, and 7% of dengue fever in some industrial
countries. (See Table 13.3.) These factors contribute to the esti-
mated mortality of 154,000 deaths and 5.5 million disability-
adjusted life years, mostly in Southeast Asia and Africa. (Such
estimates are of high uncertainty, however, due to the difficulties
in establishing direct causality.)

Overall, global warming is projected to increase threats to
human health, particularly in lower-income populations predom-
inantly within tropical and sub-tropical countries: thermal stress
effects amplified with higher projected temperature increases;
expansion of areas of potential transmission of malaria and den-
gue; greater increases in deaths, injuries, and infections from
floods and storms; and water quality degraded by higher tempera-
tures and salinization, with changes modified by changes in water
flow volume.

13.6.1.3 Basic Material for a Good Life

The impacts of global warming include changes in species distri-
butions, population sizes, the timing of reproduction or life-cycle
events, and the frequency of pest and disease outbreaks (IPCC
2001b, 2001d). Growing season has lengthened by one to four
days in the Northern Hemisphere during the last 40 years, with
earlier onset of life-cycle events (such as flowering, migration, and
breeding). Coral reef bleaching has increased in frequency. (See
Chapter 19.)
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The productivity of ecological systems is highly sensitive to
climate change, and projections of change in productivity range
from increases to decreases. Models of cereal crops indicate that
in some temperate areas, potential yields increase for small in-
creases in temperature but decrease with larger temperature
changes. In most tropical and sub-tropical regions, potential yields
are projected to decrease for most projected increases in tempera-
ture. An increase in frequency of disturbance by fire and insect
pests is projected.

Stratification of the ocean at warmer temperatures may reduce
phytoplankton productivity and thus fish production (Platt et al.
2003). A further increase in frequency and extent of coral reef
bleaching is projected, along with loss of coastal wetlands and
erosion of shorelines. Diversity in ecological systems is expected
to be affected by climate change and sea level rise, with an in-
creased risk of extinction of some vulnerable species. Projected
climate change would exacerbate water shortages and water-
quality problems in many water-scarce areas of the world but
would alleviate it in others. Some systems—including coral reefs,
glaciers, mangroves, boreal and tropical forests, polar and alpine
systems, prairie wetlands, and temperate native grasslands—are
particularly vulnerable to climate change because of limited adap-
tive capacity and may undergo significant and irreversible damage
(IPCC 2001b, 2001d).

13.6.1.4 Good Social Relations

The impacts just described may compound the risk of conflict
over natural resources.

Tropical and dryland regions are likely to incur more detri-
mental impacts than temperate and cold regions (IPCC 2001b,
2001d). People in poor countries are most vulnerable due to
lower adaptive capacity. Climate change is expected to have nega-
tive impacts on development, sustainability, and equity (IPCC
2001b, 2001d; Toth 1999). The aggregated market sector effects
are estimated to be negative for many developing countries for all
magnitudes of global mean temperature increase studied and are
estimated to be mixed for industrial countries for up to a few
degrees Celsius warming and negative for warming beyond that
point.

The global value of the climate regulation services of ecosys-
tems was estimated by Costanza et al. (1997) to be $2 trillion per
year, of which $800 billion was attributed to the biological role
of ecosystems, principally carbon storage in forests and changes in
greenhouse gas emissions and albedo from converting grasslands
to agriculture. The remainder was due to nonbiological oceanic
uptake of CO2. This global value is a synthesis of published esti-
mates of ecosystem service values for several different biomes,
using a range of valuation techniques. Extrapolating from the
biome values to a global aggregate is likely to underestimate the
true total value because these are partial valuations in several ways.
First of all, not all biomes were represented in the available litera-
ture. Second, not all processes (biochemical and biophysical) and
feedbacks that generate ecosystem climate services were consid-
ered. For example, increasing loss of forests might alter other eco-
systems so dramatically as to change their function in the carbon
cycle, such as altering temperature in the oceans and net ocean
uptake of CO2.

Damages from reductions in carbon sequestration capacity
may be nonlinear, with damages increasing more than propor-
tionally to forest loss. The unit demand for an ecosystem service
is likely to increase rapidly as its supply diminishes; in other
words, there is reason to expect that the marginal value of forests
for climate control may increase with forest loss. In this case, ag-
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Table 13.3. Attributable Mortality and Disability-Adjusted Life Years from Environmental Risk Factors, 2000.a The risk factors and
measured adverse outcomes of exposure are as follows: unsafe water, sanitation, and hygiene–diarrhea; urban air pollution–cardiovascular
mortality, respiratory mortality, lung cancer, mortality from acute respiratory infections in children; indoor smoke from solid fuels–acute
respiratory infections in children, chronic obstructive pulmonary disease, lung cancer; climate change–diarrhea, flood injury, malaria,
malnutrition, dengue fever, cardiovascular mortality, population movement. (WHO 2002)

World Africa
North

Americab

South and Central
America

Eastern
Mediterranean Europe

Southeast
Asia

Western
Pacific

(thousand)

Mortality 
Unsafe water, sanitation, 

and hygiene 
1,730 608 1 54 270 18 699 77

Urban air pollution 799 32 28 35 59 107 164 373

Indoor smoke from solid fuels 1,619 392 0 26 118 21 559 503

Climate changec 154 54 0 0 21 0 74 3

DALYs 
Unsafe water, sanitation, 

and hygiene 
54,158 18,636 61 2,045 8,932 736 19,727 4,018

Urban air pollution 7,865 485 200 360 727 859 1,852 3,386

Indoor smoke from solid fuels 38,539 12318 6 773 3,572 544 15,227 6,097

Climate changec 5,517 1,893 3 94 768 17 2,572 170

a Uncertainty ranges (range of coefficient of variation): water and indoor air pollution 0 to 4.9; urban air pollution 10 to 14.9; climate change >15.
b North America: United States, Canada, and Cuba.
c Climate change impacts are modeled effects on disease, flood risk, and food production for modeled climate in year 2000 compared with mean climate

in 1961–90.

gregating the marginal valuation methods used may underestimate
the economic value of total forest climate control services. While
the direct use of the Costanza et al. (1997) service values is prob-
lematic in many policy spheres, which need the marginal values,
the review by Balmford et al. (2002) of the relative values of intact
and human-modified ecosystems suggests that in general terms,
the loss of nonmarketed services associated with ecosystem loss or
conversion frequently exceeds the (marketed) benefits.

13.6.2 Impacts of Changes in Air Quality on
Human Well-being

Impacts of air pollution on human health can be dramatic, as ex-
emplified by the ‘‘Asian/atmospheric brown cloud’’ and the
smoke haze generated by 1997–98 fires in Indonesia. Health ef-
fects can also be more subtle and are increasingly widespread. In-
dustrial pollution is not the concern of this chapter, but some of
its effects were included in Table 13.3 for illustration. Ecosystem
emissions, particularly those resulting from biomass burning, can
add to the burden of industrial pollution and affect human well-
being in nonurban areas, while ecosystem sinks can reduce the
negative impacts of industrial air pollution. Some ecosystem air
quality effects described earlier in this chapter are summarized
below according to the Millennium Ecosystem Assessment (MA
2003) definition of well-being:

13.6.2.1 Security

Vegetation fires can cause damage to property and life, with ef-
fects of smoke on transport and effects of toxic pollutants on
health. The health implications of changes in clean air are out-
lined in a following section.
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13.6.2.2 Access to Resources

Some pollutants with ecosystem sources and sinks are deleterious
to ecosystem health, affecting production of resources such as
food and timber. For example, ecosystems are currently a net sink
for tropospheric ozone and compounds that contribute to acid
rain as well as for CO2 (ocean acidification and impacts on marine
organisms). Agricultural ecosystems are a net source of nitrogen
compounds that contribute to acid rain and eutrophication of
lakes, decreasing agricultural and fish production. On the other
hand, some of these N compounds have a fertilizing effect, in-
creasing plant productivity up to the point where the ecosystems
become saturated with that nutrient.

13.6.2.3 Health: Clean Air

Biomass burning is a source of particulates, tropospheric, ozone
and CO, all of which have harmful respiratory effects. Smoke
pollution generated by vegetation fires occasionally reaches levels
with major public health and economic impacts—usually when
wildfires or land management fires get out of hand under extreme
weather conditions. Vegetation fires particularly enhance the risk
of acute respiratory infections in childhood, a major killer of
young children in developing countries, and affect the health of
women already exposed to high levels of indoor air pollution
(Schwela et al. 1999).

Few epidemiological studies investigate short-term and long-
term implications of vegetation fires for human health. The health
impacts of burning biomass (mainly fuelwood or dung) as an en-
ergy source in indoor cookstoves has been studied in more detail.
(See also Chapter 9.) Exposures are far more concentrated and
chronic than for vegetation fires, but since many of the com-
pounds emitted are the same, it is useful to note the impacts for
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comparison. WHO has estimated that 1.6 million deaths and 39
million DALYs worldwide were attributable to indoor biomass
burning, with women and children particularly at risk (WHO
2002). Ecosystems are a net sink for tropospheric ozone, reducing
the impacts of urban air pollution. Dust adversely affects respira-
tion and is reduced by vegetation cover.

13.6.2.4 Good Social Relations
Ecosystem reduction of air pollution, such as acid rain and ocean
acidification, can limit damage to ecosystems valuable for aes-
thetic, cultural, religious, recreational, or educational purposes.
On the other hand, the detrimental impacts of some wildfires on
economies, human health, and safety have consequences compa-
rable in severity to other major natural hazards and could lead to
transboundary conflicts. In addition to the air quality impacts of
fire mentioned already, wildfire can lead to the destruction of
ecologically or economically important resources (such as timber
and biodiversity), adding to rapid environmental changes and
degradation. Smoke plumes can cause visibility problems, result-
ing in accidents and economic loss including closure of airports
and marine traffic.

Fires can be catastrophic in areas that have been long pro-
tected from them, allowing a buildup of fuel, and where human
settlement has extended into forest areas. In the 1980s and 1990s,
the most serious pollution problems were noted in the Amazon
Basin and in Southeast Asia. Land use fires and uncontrolled wild-
fires in Indonesia and neighboring countries in 1991, 1994, and
1997 created regional smog layers that lasted for several weeks.
Box 13.5 provides examples of impacts and losses of particular fire
events. Advances in satellite data and atmospheric transport mod-
els are expected to improve monitoring, evaluation, and early
warning systems to prevent fires or manage impacts. (See Chapter
16 for more information on fire impacts other than air quality.)

13.7 Synthesis: Effects of Ecosystem Change
and Management on Climate and Air Quality
Services
Table 13.4 provides a synthesis of the different biochemical and
biophysical effects of each MA ecosystem type on climate and air
quality. This section addresses the most pertinent types of ecosys-
tem change and management due to the scale of their impacts or
their relevance to the MA.

13.7.1 Changes in Ecosystem Cover and
Management

The largest effects of ecosystems on air quality and climate due to
human-induced changes in land cover and management have
been associated with deforestation, agricultural management (fer-
tilizer use, cattle, and irrigation), and biomass burning. Deforesta-
tion and agricultural practices are mainly driven by population
growth, urbanization, and economic development and are modi-
fied by policies and subsidies. Chapter 7 in the Scenarios volume
(and Chapter 3 here, more briefly) describes many of these direct
and indirect driver and linkages. While industrial countries have
been responsible for most of the industrial impacts on climate
and air quality in the past, management of tropical ecosystems in
particular has played a role and will likely continue to have a
significant impact in the future.

13.7.1.1 Forest Cover and Management
Change in forest cover has had a larger impact on global and
regional climate than any other ecosystem driver. Deforestation
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BOX 13.5

Recent Major Fire Episodes and Losses

• Regional haze episodes caused by forest fires occurred in SE Asia
on several occasions during the 1990s (Radojevic 2003). Measure-
ments in Brunei in 1998 during a particularly severe haze episode
caused mainly by local fires recorded many compounds, including
VOCs (such as benzene and toluene), aldehydes, cresol, phenol,
acetic acid, polynuclear aromatic hydrocarbons, heavy metals, and
levels of particulates exceeding air quality guidelines (Muraleed-
haran et al. 2000). In 1994, the fires burning in Indonesia caused
the visibility to drop to as low as 500 meters in Singapore. During
the 1997 South East Asian smog episode, when particle levels in
some areas were up to 15 times higher than normal, the Malaysian
government was close to evacuating the 300,000 inhabitants of the
city of Kuching (Brauer and Hisham-Hashim 1998), and the loss of
an aircraft and 234 human lives in Sumatra was partially attributed
to air traffic control problems caused by the smog.

• On the Indonesian islands of Kalimantan and Sumatra during 1997–
98, an estimated 9 million hectares of vegetation burned. Some 20
million people in Indonesia alone suffered from respiratory problems,
mainly asthma, upper respiratory tract illness, and skin and eye irri-
tation during the episode, with nearly four times as many acute respi-
ratory illnesses as normal reported in South Sumatra (Heil and
Goldammer 2001). A first assessment of costs of damages caused
by the fire episode on 4–5 million hectares was $4.5 billion (short-
term health damages; loss of industrial production, tourism, air,
ground and maritime transportation; fishing decline; cloud seeding
and fire-fighting costs; losses of agricultural products, and timber;
and direct and indirect forest benefits) (EEPSEA 1998).

• The fires burning in Mexico during the 1998 episode forced the local
government to shut down industrial production in order to decrease
additional industrial pollution during the fire-generated smog. Daily
production losses were about $8 million (Schwela et al. 1999).

• In 2002, forest and peat fires in the Moscow region resulted in the
worst haze seen in Moscow in 30 years. This has caused severe
cardiovascular and respiratory problems among the population of
Moscow, especially among children (GFMC 2003).

has been a major source of CO2, only partially offset by reforesta-
tion, afforestation, and forest management activities and by the
fertilizing effects of N and CO2. Immediately after deforestation,
tropical soils are a source of N2O, although emissions decline to
original level or below after 15–20 years. Tropical forests are also
an important source of VOCs; therefore deforestation reduces
VOC emissions, although this will depend on the emission rate
of the replacement vegetation. Deforestation reduces the sink for
tropospheric ozone and N gases (Ganzeveld and Lelieveld 2004).

Forest cover affects albedo, particularly in boreal snow-
covered regions. Deforestation increases albedo (cooling). Model
results suggest that historical deforestation has led to a cooling of
the land surface (Betts 2001; Govindasamy et al. 2001) compara-
ble to the warming caused by CO2 emissions resulting from the
same deforestation (Brovkin et al. 2004), and that this biophysical
effect of historical deforestation is necessary to explain the ob-
served climate during the second half of the nineteenth century
(Crowley 2000; Bauer et al. 2003). Loss of forest cover pro-
foundly affects the water cycle, reducing water recycling and local
rainfall, but the net hydrological effect of deforestation is less cer-
tain, especially on a global scale (Rind 1996).
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Table 13.4. Summary of Important Ecosystem Fluxes and Biophysical Properties, by Ecosystem Type

Biome Major Biochemical Impacts Major Biophysical Impacts
Cultivated systems CO2 source: conversion to cropland, management

sink: management (e.g., low tillage)

CH4 source: rice paddies, ruminant animals, termites
sink: upland soils

N2O source: soils, cattle/feedlots, fertilizer use

NOx source: soils

NH3 source: cattle, feedlots, fertilizer, plants, soils

VOCs source: oxygenated VOCs (e.g., methanol, ethanol, acetone)

dust source: disturbed soil surfaces and reduced vegetation cover

albedo: increase when forest conversion to crop-
land, decrease in case of irrigation, decrease
where leaf area index higher than natural vege-
tation

transpiration: decrease in case of forest conver-
sion to cropland, increase for irrigated systems

Dryland systems
(including savan-
nas and grass-
lands)

CO2 source: biomass burning, devegetation,
sink: woody encroachment

CH4 source: biomass burning, ruminants, termites 
sink: upland soils

CO source: biomass burning

N2O source: soils

NOx source: soils

NH3 source: plants, animal waste, soils

VOCs source: plants, biomass burning

S source: biomass burning

particulates source: biomass burning

tropospheric O3 source: biomass burning

CO source: biomass burning

dust source: devegetation, degradation, and erosion

albedo: increase in case of desertification

surface runoff: increase in case of desertification 

13.7.1.2 Agriculture

Agriculture is a significant source of greenhouse gases, accounting
for about 5% of total CO2 emissions (Rosenberg et al. 1998),
about a quarter of CH4 emissions (rice paddies and ruminant ani-
mals) (Praether et al. 2001), and about a third of N2O emissions
(agricultural soils and cattle/feedlots) (Praether et al. 2001). Ag-
ricultural management can reduce carbon loss or promote storage
to some extent (Lal et al. 2004; Renwick et al. 2004). The use of
nitrogen fertilizers profoundly alters the nitrogen cycle, leading to
increased emissions of N gases that, in addition to contributing to
global warming, contribute to acid rain and eutrophication of
lakes, increase the atmospheric cleansing capacity, destroy strato-
spheric ozone, and may cause respiratory and other health prob-
lems. Dust is lost from cultivated and denuded soil surfaces.
Agricultural crops often have a higher leaf area index than natural
vegetation, reducing albedo. Irrigation increases water recycling,
raising latent heat flux and cooling the surface.

13.7.1.3 Wetlands

Wetland draining for agriculture, forestry, or water extraction
leads to a decrease in CH4 production and an increase in CO2 and
N2O emissions, probably with a net decrease in radiative forcing
on short time-frames (20–100 years), but in the longer term the
opposite may be true (low certainty) (IPCC 2001a; Christensen and
Keller 2003). The same will be true for wetlands experiencing
drying due to global warming, such as Northern Alaska (now and
in the future), and for tropical seasonally flooded areas (if they dry
in the future) (low certainty). Where climate change has led to loss
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of permafrost, the net effect is increased CH4 emissions that will
likely continue in the future.

13.7.1.4 Dryland Management and Degradation

Management of drylands to increase vegetation cover and reduce
soil erosion increases carbon storage, reduces dust sources, and
increases rainfall recycling. Potential impacts are significant given
the very large areas involved. Drylands store more carbon in soils
than in biomass and are thus more vulnerable to carbon loss
through soil erosion, but with good potential for increasing be-
lowground carbon storage (IPCC 2000). (See Chapter 22.)

13.7.1.5 Biomass Burning

Biomass burning is a major source of toxic pollutants, greenhouse
gases, and reactive gases—causing major health and visibility
problems and contributing to global warming. Greenhouse gases
emitted during fires are CO2, CH4 (5–10% of all sources), N2O,
and tropospheric ozone precursors: NOx (just over 10% of all
sources), CO (a quarter of all sources), and VOCs. Aerosols from
biomass burning have a net cooling effect. Fire suppression re-
duces emissions from burning and encourages woody plant bio-
mass to increase and act as a carbon sink. (In the United States,
for example, this may have amounted to a sink of 0.2 petagrams
of carbon per year during the 1980s (Houghton et al. 1999).)
However, fire suppression can also increase the risk of future, cat-
astrophic wildfires (Schwela et al. 1999). Pollutants include partic-
ulates, precursors of tropospheric ozone, and CO, plus a number
of trace gases and compounds (such as polynuclear aromatic com-
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Table 13.4. continued

Biome Major Biochemical Impacts Major Biophysical Impacts
Forest and woodland

systems
CO2 source: deforestation

sink: afforestation, reforestation, forest management

CH4 source: biomass burning, termites
sink: upland soils

CO source: biomass burning, decomposition

N2O source: soils

NOx source: soils
sink: canopy

NH3 source: plants, animal waste, soils

VOCs source: plants, biomass burning

S source: biomass burning

particulates source: biomass burning

tropospheric O3 source: biomass burning

CO source: biomass burning

albedo: increase in case of deforestation,
decrease due to afforestation

transpiration: decrease in case of deforestation,
increase for afforestation

Urban systems CO2 source: biomass (fuel) burning?

CH4 source: landfill, biogas

N2O source: landfills

VOCs source: landfills

S source: landfills

tropospheric O3 source: indoor biomass fuel burning

CO source: indoor biomass fuel burning

particulates: indoor biomass fuel burning

“heat island” effect

albedo: increase with expansion and vegetation
replacement

transpiration: decreases with expansion and vege-
tation replacement

Inland water systems CH4 source: intermittent flooding of vegetation (remineralization) freshwater incursions to ocean and effects on
ocean circulation

Coastal systems CO2 sink: biological pump
source: upwelling 
net balance unknown 

CH4 source: remineralization

N2O source: denitrification

Marine systems CO2 sink: biological and solubility pumps

N2O source: remineralization

CH4 source: remineralization

DMS source: plankton

phytoplankton blooms—reduced albedo (warming
sea surface temperatures)

Polar systems CO2 source: permafrost melting 

CH4 source: permafrost melting

reduced ice cover due to warmer surface and
longer growing season—decreased albedo and
further warming

Mountain systems CO2, CH4 and N2O production under snowpack can constitute a significant 
proportion of the annual trace gas budget

reduced ice cover due to warmer surface and
longer growing season—decreased albedo and
further warming, shift in treeline

Island systems Depends on land cover as above, no specific impacts deforestation changes in wind patterns alters
ocean upwelling, warming sea surface tempera-
tures

Wetlands CH4 source: anaerobic respiration—decreased by draining

CO2 source: peatland burning, aerobic respiration after draining

CO source: peatland burning

N2O source: soils

reduced evapotranspiration in case of draining
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pounds, aldehydes, organic acids, sulfur dioxide, and methyl ha-
lides (stratospheric ozone depletion)).

13.7.2 Changes in Biodiversity, Invasive Species,
and Disease

Change in species diversity in the strict sense is thought not to
have a large influence on climate and air quality, although climate,
climate change, and air quality conditions have a large influence
on biodiversity. (See Chapters 4 and 11.) Changes in the relative
abundance of different functional types (such as needle-leaved
versus deciduous trees, shrubs versus grasses, and diatoms versus
cocolithophorids), however, may have substantial impacts on
sources and sinks of gases and on other ecosystem properties (e.g.,
Riebesell et al. 2001; Scherer-Lorenzen et al. 2005). Loss of bio-
diversity could further affect the adaptability and resilience of eco-
systems and their ability to migrate with changing climate
(Schulze and Mooney 1993; Tilman et al. 1997; Nepstad et al.
1999; Loreau et al. 2001; Kim Phat et al. 2004).

Furthermore, the loss of particular species could have a sub-
stantial impact on ecosystem functioning. Such ‘‘keystone spe-
cies’’ or ‘‘ecosystem engineers’’ (Jones et al. 1994) may not
necessarily be identified in advance, which makes preventive mit-
igation policy difficult. For a review of climate-biodiversity inter-
actions, see Gitay et al. (2002) as well as Chapters 4 and 11. Some
examples of drivers of change in functional type abundance are
provided here, including climate change, species invasions, and
disease.

Encroachment of invasive woody species is generally an addi-
tional sink of CO2, changes biophysical properties (increases LAI,
increases transpiration, and reduces albedo), and may reduce bio-
diversity—for example, Mesquite (Prosopis sp.) invasions in Texas
in the United States (Archer et al. 2001; Dugas et al. 1996; Gib-
bens 1996).

The ‘‘fertilizing’’ effect of increased CO2 levels benefit some
species (most trees) more than others (such as grasses) (Nowak et
al. 2004), giving them a competitive edge. For example, Smith et
al. (2000) showed that elevated CO2 increased the success of an
invasive C4 grass species in the Mojave Desert, potentially reduc-
ing biodiversity and altering ecosystem function. As with invasive
tree species, this functional shift from grass to trees will also affect
biophysical properties, biodiversity, and sources/sinks of various
trace gases. Trees are not always the winners; for example, lianas
respond more strongly than trees to the fertilizing effects of in-
creased atmospheric CO2 concentration (Condon et al. 1992;
Granados and Koner 2002; Phillips et al. 2002.). Lianas enhance
tree mortality and suppress tree growth, which could ultimately
reduce carbon storage in forests.

The chestnut blight in the United States around the 1900s
caused a switch from chestnut trees, which do not emit isoprene
(a VOC involved in tropospheric ozone formation), to oaks,
which do, approximately doubling the biomass of isoprene-
emitting species (Lerdau and Keller 1997).

Regime shifts of marine pelagic ecosystems, which have oc-
curred in Arctic waters since the mid-1980s, have caused major
breakdown in fishery production. Diatom-dominated phyto-
plankton communities were replaced by extensive coccolitho-
phorid blooms in the Barents Sea and the eastern Bering Sea
(Smyth et al. 2004), causing massive changes in ecosystem struc-
ture. With coccolithophores being predominant producers of
DMS, the observed regime shifts are likely to have altered the
sulfur cycle and cloud formation in these areas, affecting air qual-
ity and water recycling.
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Certain types of marine organisms (calcifiers—coccolitho-
phorids, foaminifera, and corals) form shells of calcium carbonate
(CaCO3). This process releases CO2 to the ambient seawater,
countering part of the photosynthetic CO2 drawdown (that is, the
drawdown of CO2 by coccolithophorids is much smaller than that
of non-calcifying phytoplankton). A shift in species composition
away from coccolithophorids, for example due to changes in
ocean acidity, would increase the ocean’s CO2 storage capacity.
On the other hand, biogenic particles containing CaCO3 and
SiO2 sink faster than other particles, which implies that the plank-
ton (coccolithophorids and diatoms) producing these two miner-
als should increase the drawdown of carbon from surface to depth
in the ocean. Thus shifts in composition of the marine ecosystems
have the potential to influence the oceanic carbon sink (Francois
et al. 2002; Klaas and Archer 2002), but at present we cannot
quantify the probability, extent, or direction of the likely future
changes or their consequences for climate.
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Springer, New York, USA, pp. 79–92.

Norby, R.J., K. Kobayashi, and B.K. Kimball, 2001: Rising CO2: future eco-
systems—Commentary. New Phytologist, 150(2), 215–221.

Norby, R.J. and Y. Luo, 2004: Evaluating ecosystem responses to rising atmo-
spheric CO2 and global warming in a multi-factor world. New Phytologist,
162(2), 281–293

Norby, R.J., S.D. Wullschleger, C.A. Gunderson, D.W. Johnson, and R. Ceu-
lemans, 1999: Tree responses to rising CO2 in field experiments: implications
for the future forest. Plant Cell and Environment, 22(6), 683–714.

Nowak, R.S., D.S. Ellsworth, and S.D. Smith, 2004: Functional responses of
plants to elevated atmospheric CO2—do photosynthetic and productivity
data from FACE experiments support early predictions? New Phytologist,
162(2), 253–280.

Oechel, W.C., G.L. Vourlitis, S.J. Hastings, R.C. Zulueta, L. Hinzman, and
D. Kane, 2000: Acclimation of ecosystem CO2 exchange in the Alaskan Arc-
tic in response to decadal climate warming. Nature, 406(6799), 978–981.

Olivier, J.G.J., A.F. Bouwman, C.W.M. Vandermaas, and J.J.M. Berdowski,
1994: Emission database for Global Atmospheric Research (EDGAR). Envi-
ronmental Monitoring and Assessment, 31(1–2), 93–106.

Ollinger, S.V., J.D. Aber, and P.B. Reich, 1997: Simulating ozone effects on
forest productivity: Interactions among leaf-, canopy-, and stand-level proc-
esses. Ecological Applications, 7(4), 1237–1251.

Oren, R., D.S. Ellsworth, K.H. Johnsen, N. Phillips, B.E. Ewers, C. Maier,
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393Human Health: Ecosystem Regulation of Infectious Diseases

Main Messages
According to the World Health Organization, infectious diseases still ac-
count for close to one quarter of the global burden of disease. Major
tropical diseases, particularly malaria, meningitis, leishmaniasis, dengue, Japa-
nese encephalitis, African trypanosomiasis, Chagas disease, schistosomiasis,
filariasis, and diarrheal diseases still infect millions of people throughout the
world (very certain).

The magnitude and direction of altered disease incidence due to ecosys-
tem changes depend on the particular ecosystems, type of land use
change, disease-specific transmission dynamics, and the susceptibility
of human populations. Anthropogenic drivers that especially affect infectious
disease risk include destruction or encroachment into wildlife habitat, particu-
larly through logging and road building; changes in the distribution and avail-
ability of surface waters, such as through dam construction, irrigation, or
stream diversion; agricultural land use changes, including proliferation of both
livestock and crops; deposition of chemical pollutants, including nutrients, fertil-
izers, and pesticides; uncontrolled urbanization or urban sprawl; climate vari-
ability and change; migration and international travel and trade; and either
accidental or intentional human introduction of pathogens (medium certainty).

There are inherent trade-offs in many types of ecosystem changes asso-
ciated with economic development, where the costs of disease emer-
gence or resurgence must be weighed against a project’s benefits to
health and well-being. Such trade-offs particularly exist between infectious
disease risk and development projects geared to food production, electrical
power, and economic gain. To the extent that many of the risk mechanisms
are understood, disease prevention or risk reduction can be achieved though
strategic environmental management or measures of individual and group pro-
tection (high certainty).

Intact ecosystems play an important role in regulating the transmission
of many infectious diseases. The reasons for the emergence or reemer-
gence of some diseases are unknown, but the main biological mechanisms
that have altered the incidence of many infectious diseases include altered
habitat, leading to changes in the number of vector breeding sites or reservoir
host distribution; niche invasions or interspecies host transfers; changes in
biodiversity (including loss of predator species and changes in host population
density); human-induced genetic changes of disease vectors or pathogens
(such as mosquito resistance to pesticides or the emergence of antibiotic-
resistant bacteria); and environmental contamination of infectious disease
agents (high certainty).

Disease/ecosystem relationships that best illustrate these biological mecha-
nisms include the following examples with high certainty (unless stated other-
wise):

• Dams and irrigation canals provide ideal habitat for snails that serve as
the intermediate reservoir host species for schistosomiasis; irrigated rice
fields increase the extent of mosquito breeding areas, leading to greater
transmission of mosquito-borne malaria, lymphatic filariasis, Japanese en-
cephalitis, and Rift Valley fever.

• Deforestation alters malaria risk, depending on the region of the world.
Deforestation has increased the risk of malaria in Africa and South
America (medium certainty).

• Natural systems with intact structure and characteristics generally resist
the introduction of invasive human and animal pathogens brought by
human migration and settlement. This seems to be the case for cholera,
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kala-azar, and schistosomiasis, which have not become established in the
Amazonian forest ecosystem (medium certainty).

• Uncontrolled urbanization of forest areas has been associated with mosquito-
borne viruses (arboviruses) in the Amazon, and lymphatic filariasis in Af-
rica. Tropical urban areas with poor water supply systems and lack of
shelter promote transmission of dengue fever.

• There is evidence that habitat fragmentation, with subsequent biodiversity
loss, increases the prevalence of the bacteria that causes Lyme disease
in North America in ticks (medium certainty).

• Zoonotic pathogens (complete natural life cycle in animals) are a signifi-
cant cause of both historical diseases (including HIV and tuberculosis) and
newly emerging infectious diseases affecting humans (such as SARS,
West Nile virus, and Hendra virus).

• Intensive livestock agriculture that uses subtherapeutic doses of antibiotics
has led to the emergence of antibiotic strains of Salmonella, Campylo-
bacter, and Escherichia coli bacteria. Overcrowded and mixed livestock
practices, as well as trade in bushmeat, can facilitate interspecies host
transfer of disease agents, leading to dangerous novel pathogens, such
as SARS and new strains of influenza.

Human contact with natural ecosystems containing foci of infections in-
creases the risk of human infections. Contact zones between systems are
frequently sites for the transfer of pathogens and vectors (whenever indirect
transmission occurs) to susceptible human populations such as urban-forest
borders (malaria and yellow fever) and agricultural-forest boundaries (hemor-
rhagic fevers, such as hantavirus) (high certainty). The different types and
subtypes of systems (natural, cultivated, and urban) may contain a unique set
of infectious diseases (such as kala-azar or plague in drylands, dengue fever
in urban systems, and cutaneous leishmaniasis in forest systems), but some
major diseases are ubiquitous, occurring across many ecosystems (such as
malaria and yellow fever) (very certain).

Tropical developing countries are more likely to be affected than richer
nations in the future due to their greater exposure to the vectors of infec-
tious disease transmission and environments where they occur. Such
populations have a scarcity of resources to respond to and plan environmental
modifications associated with economic activities (high certainty). However,
international trade and transport leave no country entirely unaffected.

The following diseases (high certainty) are ranked as high priority for
their large global burden of disease and their high sensitivity to ecologi-
cal change:

• malaria across most ecological systems;

• schistosomiasis, lymphatic filariasis, and Japanese encephalitis in culti-
vated and inland water systems in the tropics;

• dengue fever in tropical urban centers;

• leishmaniasis and Chagas disease in forest and dryland systems;

• meningitis in the Sahel;

• cholera in coastal, freshwater, and urban systems; and

• West Nile virus and Lyme disease in urban and suburban systems of
Europe and North America.
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14.1 Introduction
This chapter focuses on infectious diseases whose incidence has
been shown or is suspected to be related to anthropogenic eco-
logical change. Mechanisms of change occur through a variety of
ways, including altered habitats or breeding sites for disease vec-
tors or reservoirs, niche invasions, loss of predator species, biodiv-
ersity change, host transfer, and changes in (intermediate) host
population density.

Infectious diseases stemming from health infrastructural defi-
ciencies, such as poor sanitation and lack of adequate vaccine cov-
erage, as well as those linked to specific sociocultural factors, such
as airborne and sexually transmitted diseases, are not covered in
this chapter, even though these lead to a large global burden of
disease. Readers should refer to Chapter 5 of this volume and
Chapter 12 of Policy Responses for an assessment of noninfectious
disease and related health topics.

Ecosystems affect human health in many ways, either directly
or indirectly. Many major pharmaceuticals, including aspirin, dig-
italis, quinine, and tamoxifin, originated from plants. (See Chap-
ter 10.) Intact ecosystems protect against mortality and injuries
from floods and mudslides. (See Chapter 16.) Human health de-
pends on access to food, clean water, clean air, and sanitation. (See
also Chapters 8, 7, 13, and 27.) Watershed conditions influence
water quality and wetlands help remove toxins from water—
increased soil runoff following deforestation, for example, has led
to mercury contamination of Amazonian fish. (See Chapter 20.)
Toxic algal blooms threaten food safety. (See Chapter 19). Water-
shed protection has been used to offset the cost of drinking water
treatment facilities. (See MA, Policy Responses, Chapter 7.) Finally,
a broad range of noninfectious disease health risks and prevention
strategies are detailed in Chapter 16 of Policy Responses.

Infectious diseases account for 29 of the 96 major causes of
human morbidity and mortality listed by the World Health Orga-
nization, representing 24% of the global burden of disease (WHO
2004). As numerous reports address the health effects of poor san-
itation and drinking water treatment, this chapter focuses more
specifically on diseases with known links to anthropogenic eco-
logical change. Table 14.1 and Figure 14.1 (in Appendix A) show
the current extent and distribution of infectious and parasitic dis-
eases around the globe.

The incidence of many of these diseases is not declining. Ac-
cording to WHO (WHO 2002), African trypanosomiasis, den-
gue, and leishmaniasis are emerging and expanding and do not
yet have a standardized control program in place. In addition,
malaria, schistosomiasis, and tuberculosis persist even though
active control programs have been established. Comparison of
disease-burden figures published in WHO’s latest World Health
Report (2004) with the same statistics from the previous report
(WHO 2002) shows that malaria, meningitis, leishmaniasis, den-
gue, and Japanese encephalitis are increasing. Tropical diseases
with essentially no change include diarrheal diseases, trypanoso-
miasis, Chagas disease, schistosomiasis, and filariasis. However,
onchocerciasis (river blindness) shows a declining trend.

While this chapter summarizes known links between ecologi-
cal degradation and altered infectious disease transmission or
emergence, natural systems can also be a source of pathogens,
and destruction of an ecosystem may, in some cases, reduce the
prevalence of disease in an area. Destroyed ecosystems have led to
the disappearance of foci of disease, but this has resulted more
from economic development rather than from any planned dis-
ease control. Yet environmental modification has been, for mil-
lennia, a key means for controlling disease vectors—from the
drainage of swamps in Rome to reduce mosquitoes to deforesta-
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tion in Zimbabwe to protect cattle from trypanosomiasis. At this
point in history, however, the scale of ecological change may be
leading to disease emergence or reemergence, and this is the issue
to which the assessment in this chapter is directed.

14.1.1 Historical Perspective on Infectious Diseases
and Development

Over the millennia, people have used and changed the habitable
environment. Ten thousand years ago, agriculture and large settle-
ments developed. Several of today’s most pervasive diseases origi-
nally stemmed from domestication of livestock. Tuberculosis,
measles, and smallpox, for example, emerged following the do-
mestication of wild cattle. Infectious agents or pathogens of verte-
brate mammals that infect humans as incidental hosts are called
zoonotic, and the resultant diseases are zoonoses. Many pathogens
that are currently passed from person to person (anthroponotic),
including some influenza viruses and HIV, were formerly zoo-
notic but have diverged genetically from their ancestors that oc-
curred in animal hosts. Many diseases thought to be caused by
noninfectious agents, including genetically based and chronic dis-
eases, are now known to be influenced or directly caused by in-
fectious agents (UNEP in press).

In the last two centuries, the spread of industrial and post-
industrial change, rapid population growth, and population
movements have quickened the pace and extensiveness of ecolog-
ical change. New diseases have emerged even as some pathogens
that have been around for a long time are eradicated or rendered
insignificant, such as smallpox. Environmental and ecological
change, pollutants, the widespread loss of top predators, persistent
economic and social crises, and international travel that drives a
great movement of potential hosts have progressively altered dis-
ease ecology, affecting pathogens across a wide taxonomic range
of animals and plants (Epstein 1995).

14.1.2 Ecology of Infectious Diseases

Intact ecosystems maintain a diversity of species in equilibrium
and can often provide a disease-regulating effect if any of these
species are either directly or indirectly involved in the life cycle
of an infectious disease and occupy an ecological niche that pre-
vents the invasion of a species involved in infectious disease trans-
mission or maintenance. Disease agents with much of their life
cycle occurring external to the human host, such as water- and
vector-borne diseases, are subjected to environmental conditions,
and it is these diseases for which most linkages to ecosystem con-
ditions have been found (Patz et al. 2000).

Infectious diseases are a product of the pathogen, vector, host,
and environment. Thus, understanding the nature of epidemic
and endemic diseases and emerging pathogens is essentially a study
of the population biology of these three types of organisms, as
well as of environmental factors. In addition to ecologically medi-
ated influences on disease, changes in the level of infectious dis-
eases can themselves disrupt ecosystems (such as bird populations
or predator-prey relationships altered by West Nile virus) (Daszak
et al. 2000; Epstein et al. 2003).

Recent interest in infectious disease threats to public health
has focused on emerging and reemerging pathogens. From a sci-
entific perspective, looking at emerging infectious diseases is use-
ful, as they display different adaptive mechanisms of evolution
that have been ‘‘successful’’ in leading to the survival or even
increased spread of a microorganism. In a narrow sense, the study
of the ecology of emerging infectious diseases tries to understand
(and possibly also predict) the mechanisms that lead to the ability
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Table 14.1. Burden of Infectious and Parasitic Disease in 2003, by WHO Region and Mortality Stratum. Mortality stratum is a way of
dividing up the WHO regions, which are based on geography, into units which are more similar in terms of health performance (i.e., separating
Australia, Japan, and New Zealand out from China, the Philippines, and others in the Western Pacific Region, and Canada, the United States,
and Cuba from the rest of the Americas, where health status is poorer). They are based on WHO estimates of adult and child mortality, with
some arbitrary threshold to group them into different classes (see second column in the table). The data are based on nationally reported
health statistics, although there is sometimes some estimation by WHO if national statistics are poor or non-existent. (WHO 2004)

Region Mortality Stratum Total DALYsa

DALYs from Infectious and
Parasitic Diseases

Infectious and Parasitic
Diseases as Share of Total

(thousand) (thousand) (percent)

Africa high child, high adult
high child, very high adult

160,415
200,961

75,966
111,483

47.4

Americas very low child, very low adult
low child, low adult
high child, high adult

46,868
81,589
17,130

1,228
6,719
3,944

2.6
8.2

23.0

Southeast Asia low child, very low adult
high child, high adult

62,463
364,110

10,598
78,355

17.0
21.5

Europe very low child, very low adult
low child, low adult
low child, high adult

51,725
37,697
60,900

891
2,040
2,734

1.7
5.4
4.5

Eastern Mediterranean low child, low adult
high child, high adult

24,074
115,005

1,529
30,881

6.4
26.9

Western Pacific very low child, very low adult
low child, low adult

16,384
248,495

322
23,349

2.0
9.4

Total 1,487,816 350,039 23.5

a Disability-adjusted life year: years of healthy life lost, a measure of disease burden for the gap between actual health of a population compared with an
ideal situation where everyone lives in full health into old age. (WHO World Health Report 2004)

to switch hosts and establish in a new host—from the perspective
of a given pathogen (as described later in this chapter).

Definitions of the term ‘‘emerging’’ are given early in the lit-
erature (e.g., Krause 1981; Lederberg et al. 1992). Emerging dis-
eases are those that have recently increased in incidence, impact,
or geographic or host range (Lyme disease, tuberculosis, West
Nile virus, and Nipah virus, respectively); that are caused by
pathogens that have recently evolved (such as new strains of in-
fluenza virus, SARS, or drug-resistant strains of malaria); that are
newly discovered (Hendra virus or Ebola virus); or that have re-
cently changed their clinical presentation (hantavirus pulmonary
syndrome, for instance). Many authors vary in their definitions of
‘‘recent,’’ but most agree that emerging infectious diseases are
those that have developed within the last 20–30 years (Lederberg
et al. 1992). ‘‘Reemerging’’ diseases are a subclass of emerging
diseases that historically occurred at significant levels but that be-
came less significant due to control efforts and only recently in-
creased in incidence again, such as dengue fever and cholera.

14.1.3 Trade-offs

While preservation of natural ecosystems can prevent disease
emergence or spread, there are recognized trade-offs between
ecological preservation and human disease. Malaria control ef-
forts, for example, which relied heavily on the insecticide DDT,
caused enormous damage to wetland systems and beyond. (See
MA Policy Responses, Chapter 12.)

Probably the best documented examples of trade-offs involv-
ing ecosystem change, development, and disease are associated
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with water supply projects for agriculture or electrical power. (See
Box 14.1.) Dams and irrigation systems were one of the most
visible symbols of water resources development and management
in the twentieth century. Irrigation systems are estimated to con-
sume 70–80% of the world’s surface freshwater resources and
produce roughly 40% of its food crops. (See Chapter 7.) The pace
of irrigation development has increased rapidly over the past half-
century, in order to meet the increasing food requirements of
human populations. But irrigation and dam construction can also
increase transmission of diseases such as schistosomiasis, Japanese
encephalitis, and malaria.

Such trade-offs also have an important temporal aspect. For
example, draining wetlands can reduce mosquito breeding sites
for immediate benefit, but the wetland services of filtering, detox-
ifying, or providing species habitat will be lost.

14.1.4 Ecosystem Services Relevant to Human
Health

The relationships between ecological systems, their services,
human society, and infectious diseases are complex. (See Figure
14.2.) The primary drivers of ecosystem changes are linked to
population growth and economic development. These changes
trigger several ecological mechanisms that can often increase the
risk of infectious disease transmission or can change conditions of
vulnerability, such as malnutrition, stress and trauma (in floods
and storms, for example), immunosuppression, and respiratory
ailments associated with poor air quality.
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BOX 14.1

Trade-offs: Dams—Food and Power versus Disease

From 1930 to 1970, dams were synonymous with economic development, presents a mixed picture. The WCD’s evaluation of 14 large dam projects
consuming an estimated $3 trillion in global investments but providing food showed a shortfall of roughly 5% in the average economic internal rate of
security, power, local employment, and the expansion of physical and social return, between the appraisal estimate and the evaluation estimate, with
infrastructure such as roads and schools (WCD 2000). Apart from their 4 projects falling below the 10% rate of return that is deemed acceptable
direct benefits, dams also are recognized to mediate indirect benefits, both in a developing-country economic context. The WCD concluded that irri-
economic and social, that are often ignored in quantifications of economic gation dam projects have ‘‘all too often’’ failed to deliver on the economic
benefits focused on crop production. These include the use of water for profitability promised, even when defined narrowly in terms of direct proj-
horticulture, livestock farming, fisheries, and domestic purposes. ect costs and benefits. However, added to the direct costs are additional

Case studies done for the World Commission on Dams show services costs in terms of adverse economic, social, environmental, and health
and benefits ranging from irrigation and electricity generation for domestic impacts, such as the loss of thousands of hectares of tropical forests and
and industrial purposes to flood protection, tourism, fisheries, local em- their associated flora and fauna, the suffering of physically and livelihood-
ployment, and water supply. At the household level it is accepted that displaced communities, the loss of downstream fisheries and agricultural
irrigation projects, and implicitly large irrigation dams, have contributed to productivity, and impaired health due to water-related diseases.
greater food security and improved nutrition. The magnitude of the impact Diseases such as malaria, schistosomiasis, onchocerciasis, lymphatic
at the national level is less clear. In India (one of the largest builders of filariasis, and Japanese encephalitis have at various times scourged hu-
irrigation dams), for instance, estimates of total food increase attributable mankind in different parts of the world, and together with diarrheal and
to new land brought under irrigation range from 10% to 30% and nutrition intestinal diseases caused by microbial agents and helminths they con-
levels have improved by 14% over the past 25 years. Over the past 50 tinue to be a serious threat to human health. There is an extensive litera-
years, the country has achieved a marginal per capita increase in food ture on disease outbreaks or increased endemicity occurring in the
availability and a decrease in the proportion of rural population below aftermath of large-scale water resources development over the past
the poverty line (people without the capacity to purchase their own food 50–75 years (for example, Surtees 1975; Service 1984, 1989; Gratz 1987;
requirements). However, the absolute number of people below the poverty Hunter et al. 1993; Jobin 1999). However, there is a serious lack of com-
line has increased by approximately 120 million people (WCD 2000). parative burden of disease estimations and economic cost estimations

The financial and economic profitability of large dam projects also relating to these disease outbreaks or increased endemicity.

There is a wide spectrum of human disturbances to ecosystems
and their services that may change disease risk via biological
mechanisms described in the next section. Of course, human ac-
tivities not associated with environmental modifications may also
have a role in the production of infectious diseases, both in their
emergence or resurgence. This is the case of the infectious proc-
esses associated with human behavior, such as those transmitted
by direct contact (such as AIDS or skin infections), airborne infec-
tions, and some food-borne infections.

Ecosystem changes can mediate the influence of anthropo-
genic activities in changing the epidemiological patterns of human
infectious diseases by reducing or increasing disease incidence.
(See Box 14.2.) Most ecological systems have a unique set of in-
fectious diseases; however, some diseases, such as malaria, are
more ubiquitous and can be found across ecological systems such
as drylands, forests, and wetlands, although with somewhat differ-
ent dynamics.

Figure 14.2. Relationships between Society, Ecosystem
Services, and Human Infectious Diseases
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14.2 Trends and Drivers of Changes in Disease
Risk
Most emerging diseases are driven by human activities that modify
the environment or otherwise spread pathogens into new ecologi-
cal niches (Taylor et al. 2001). Examples of direct anthropogenic
drivers that affect disease risk include wildlife habitat destruction,
conversion, or encroachment, particularly through deforestation
and reforestation; changes in the distribution and availability of sur-
face waters, such as through dam construction, irrigation, and
stream diversion; agricultural land use changes, including prolifera-
tion of both livestock and crops; deposition of chemical pollutants,
including nutrients, fertilizers, and pesticides; uncontrolled urban-
ization; urban sprawl; climate variability and change; migration and
international travel and trade; and either accidental or intentional
human introduction of pathogens. (See also Chapter 3.)

These anthropogenic drivers of ecosystem disturbance can
lead to specific changes in ecosystems that may or may not lead
to disease emergence via mechanisms that are more directly rele-
vant to life cycles or transmission of infectious diseases. There is
concern that the extent of ecosystem changes in recent decades
and the multiple ways in which habitats and biodiversity are being
altered are increasing the odds that infectious diseases will be af-
fected at some level. The specific biological mechanisms altering
disease incidence, emergence, or reemergence are described here
and, by way of illustration, disease case studies in this chapter are
organized according to these biological mechanisms.

The relationship between infectious diseases and ecological
changes is shown in Figure 14.3.

Disturbance or degradation of ecosystems can have biological
effects that are highly relevant to infectious disease transmission.
The reasons for the emergence or reemergence of some diseases
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BOX 14.2

The Resilience of the Amazon Forest in Preventing the Establishment of Infectious Diseases

The Amazon forest system in Brazil has been the subject of successive dogs, and wild canids as reservoir animals. So far the disease has be-
cycles of occupation and development since the last quarter of the nine- come established only in two geographically restricted areas of the Brazil-
teenth century, starting with the rubber boom up to the 1980s, when ian Amazon: in a savanna area in the northern part and in a periurban
road building and the expansion of cattle ranching also became important setting in the central part (Confalonieri 2000). In both situations it seems
drivers. These developments attracted human migrations from other parts that the dogs are the only reservoir species involved in the transmission
of the country, either for temporary work or permanent settlement (Confa- cycle, and the pathogen did not pass to wild populations of vertebrates
lonieri 2001). Most of the migrants came from northeastern Brazil, which (Guerra 2004; Silveira et al. 1997).
is endemic for diseases like kala-azar, schistosomiasis, and Chagas dis- In the early 1990s, cholera entered Brazil through the Peruvian border
ease. and moved down the Amazon River and its tributaries, where a few small

As for the introduction of schistosomiasis, both infected humans and outbreaks occurred. When the ‘‘cholera wave’’ reached the major cities in
snail intermediate hosts have been found in the region (Sioli 1953). How- the Amazon region, hundreds or even thousands of people were affected.
ever, the foci of the disease were established only in the periphery of a In the ‘‘rural’’/riverine areas of western Brazilian Amazon, the disease
few major cities, in snail breeding sites created by humans, such as pools, affected people only for a few months and vanished without any significant
ponds, and channels. No foci of transmission of the disease were created control measures being implemented. The suspected major reasons for
among the riverine populations, some including infected human migrants. this, in addition to the low human population density in the area, was that
The main reason was the absence of the snail species Biomphalaria spp, the left margin tributaries of the Amazon River were unsuitable for the
which were not able to develop probably due to the characteristics of the survival of Vibrio cholerae, due especially to their low pH.
fresh water of the natural systems, which do not have the appropriate These case studies are good example of the ‘‘nonreceptiveness’’ of
mineral salts necessary for the formation of the shell of the snails (Sioli natural systems—and the people living on them—to the introduction of
1953). alien pathogens or parasites and their invertebrate carriers, which did not

A similar situation has been observed with kala-azar, which is endemic evolve in these environments due to a natural resilience. This has impor-
in rural areas of the Brazilian northeast, involving humans, sand flies, tant implications both for public health and for conservation.

Figure 14.3. Convergence Model for the Emergence of
Infectious Diseases, Combining Multiple Causes of Disease
Emergence or Reemergence (Institute of Medicine 2003)

are unknown, but the following mechanisms have been proposed
and have altered the incidence of many diseases (Molyneux 1997;
Daszak et al. 2000; Patz et al. 2004):
• altered habitat leading to changes in the number of vector

breeding sites or reservoir host distribution;
• niche invasions or transfer of interspecies hosts;
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• biodiversity change (including loss of predator species and
changes in host population density);

• human-induced genetic changes in disease vectors or patho-
gens (such as mosquito resistance to pesticides or the emer-
gence of antibiotic-resistant bacteria); and

• environmental contamination by infectious disease agents
(such as fecal contamination of source waters).
While the rest of this chapter is organized according to these

mechanisms (see Table 14.2), it is important to recognize that in
many instances these often overlap or act in combination, some-
times resulting in non-linear or synergistic effects on disease trans-
mission. It should be noted that emerging or resurging diseases
may occur across many ecosystems even though they have been
grouped here according to the major ecosystem in which they are
prevalent.

14.2.1 Altered Habitat/Breeding Sites: Effect on
Infectious Disease Transmission

Disturbance of habitats due to alterations in land cover or climatic
change is considered to be the largest factor altering the risk of
infectious diseases—for example, by affecting breeding sites of
disease vectors or the biodiversity of vectors or reservoir hosts.
Examples of diseases emerging or resurging due to habitat change
that occur across many ecosystems are described here for culti-
vated, drylands, forest, urban, and coastal systems.

14.2.1.1 Irrigation and Water Development in Cultivated
Systems

According to the FAOSTAT database (apps.fao.org/default.jsp),
the global extent of irrigated agricultural land increased from 138
million hectares in 1961 to 271 million hectares in 2000. In 1950,
there were an estimated 5,000 large irrigation and multipurpose
dams in the world, which has now increased to more than 45,000.
These provide water for 30–40% of irrigated agricultural land and
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Table 14.2. Mechanisms of Disease Emergence and Examples of Diseases across Ecosystems

Mechanisms Ecosystems
Cultivated Systems Dryland Systems Forest Systems Urban Systems Coastal Systems

Habitat 
alteration

schistomiasis

Japanese encephalitis

malaria

hantavirus

Rift Valley fever

meningitis

malaria
arboviruses 

(e.g., yellow fever)

onchocerciasis

lymphatic filariasis

Dengue fever

malaria

cholera

Niche invasion or 
host transfer

Nipah virus
BSE (mad cow)
SARS
influenza

HIV (initially) leishmaniasis

Biodiversity 
change

leishmaniasis onchocerciasis rabies
onchocerciasis

lyme disease

Human-driven 
genetic changes

antibiotic-resistant bacteria chagas disease chagas disease

Environmental 
contamination of 
infections agents

cryptosporidiosis
leptospriosis

leptospirosis diarrheal diseases

generate 19% of global electricity supplies. (See Chapter 8 for
more on water impoundment and offtake for irrigation.)

Inevitably, this growing trend in water resources development
has resulted in qualitative and quantitative changes in natural bio-
diversity and in changed levels of interaction between humans,
vectors, and disease agents. Large-scale human resettlement,
which usually occurs in conjunction with irrigation development,
has resulted in exposure to disease in nonimmune populations.
Furthermore, multiple cropping has changed movement patterns
of temporary agricultural labor, increasing risks of disease trans-
mission and dissemination, while overcrowding and low nutri-
tional status has increased susceptibility to infection. Water
resources development has often been accompanied by invasions
of new disease-carrying vectors or population changes in existing
vectors, as well as similar changes in disease agents, which have
increased the risks of disease (Bradley and Narayan 1988).

Global statistics on major microbial and parasitic diseases asso-
ciated with water resource development show differential degrees
of mortality and morbidity due to different diseases. Comparisons
in terms of disability-adjusted life years (DALYs) show that infec-
tious and parasitic diseases contribute 23.5% (340 million DALYs)
of the total global burden of disease.

Unfortunately, DALY estimates only exist for global and re-
gional scales at present, and it is not possible to use these to make
direct spatial or temporal comparisons of disease burdens associ-
ated with large-scale water resources developments. Such infor-
mation would be needed to evaluate properly the impact of water
resource developments on human health. A similar caveat applies
to economic indicators that point to significant impacts. For in-
stance, malaria alone is estimated to reduce the economic growth
rate in seriously affected countries by 1.3% per year and to cost
these countries billions of dollars a year (Malaney et al. 2004).
Once again, however, such figures cannot be disaggregated to
determine the economic costs associated with water resources de-
velopment in particular.

Small dams, below 15 meters in height, are far more numer-
ous than large dams and are closely linked to agriculture. They
have been advocated by the international financing community as
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manageable and practical solutions to land and water conserva-
tion. They serve more purposes than large dams: for example, a
small multipurpose project may provide water for domestic sup-
plies, fishing, cattle, and irrigation while providing flood control.
Although there is no accurate estimate of the number of small
dams in the world, it is likely that their collective volume is
greater than that of large dams. In Nigeria and Zimbabwe, for
instance, the shore length of small dams has been estimated to be
8–10 times that of the large reservoirs (Jewsbury and Imevbore
1988).

Similarly, it is estimated that small dams have an equal or
greater impact on human health than large dams. There is usually
a high degree of water contact with people and animals, so disease
transmission rates are high (Hunter et al. 1993). However, there
have been relatively few epidemiological studies on disease trends
around small dams in tropical countries, despite available data that
show a strong association between small dams and substantial in-
crease in disease. For instance, intense transmission of diseases
such as schistosomiasis, onchocerciasis, malaria, lymphatic filaria-
sis, and dracunculosis are associated with small dams in many Afri-
can countries, including Cameroon, Kenya, Ghana, Mali,
Rwanda, and Zambia (Hunter et al. 1993). As in the case of large
water resource developments, comparative health statistics in
terms of DALYs or other useful parameters such as years of life
lost or years lived with disability are yet to be determined.

14.2.1.1.1 Schistosomiasis

Irrigation canals are known to provide ideal habitat for the snails
that serve as an intermediate reservoir host for schistosomiasis.
For example, reduced salinity and increased alkalinity of water
associated with irrigation development along the Senegal River
have been shown to increase fecundity and growth of freshwater
snails (Southgate 1997).

A literature review of the association between schistosomiasis
and the development of irrigation projects along the Tana River
in Kenya has been provided by Mutero (2002). Two species of
the genus Schistosoma occur in Africa, namely S. haematobium and
S. mansoni. Clinical signs for the two infections are blood in the

................. 11432$ CH14 10-11-05 14:58:14 PS



399Human Health: Ecosystem Regulation of Infectious Diseases

urine and blood in the stools, respectively. S. haematobium has the
highest prevalence along the lower Tana, where the now largely
abandoned Hola irrigation scheme is situated. In 1956, when the
scheme began, there were no snail vectors of S. haematobium due
to a lack of suitable habitat because of the scheme’s elevation
above the river. A decade later, there was a 70% prevalence of
urinary schistosomiasis among local children, which rose to 90%
by 1982 due to poorly maintained irrigation channels.

14.2.1.1.2 Mosquito-borne diseases and tropical rice irrigation

There are many examples worldwide of vector-borne disease
problems linked to water resources development (see reviews of
Bradley 1977; Mather and That 1984; Service 1984). (See Box
14.3.) Tropical rice irrigation systems, in particular, have been
linked to vector-borne diseases such as malaria and Japanese en-
cephalitis (reviews by Lacey and Lacey 1990; Amerasinghe 2003).
Major ecological impacts of irrigated rice include an enormous
increase in the extent of mosquito breeding surface and an in-
crease in the availability of habitat where multiple cropping oc-

BOX 14.3

Irrigation: Infectious Disease Case Studies from Sri Lanka and India

Two of the most recently documented examples of ecosystem disturbance year, which erased the normal trend of wet and dry periods. Added to this
and mosquito-borne disease are from South Asia, and they provide con- was biological disturbance in terms of the replacement of a diverse natural
trasting examples of the aggravation of health problems resulting from forest flora and fauna by the introduction of a virtual crop monoculture
irrigation development in a tropical environment (Sri Lanka) and a more (rice), and a dominant large mammal population (humans, often from
northern desert region (India). areas nonendemic to diseases such as malaria and Japanese encephali-

In Sri Lanka, the Accelerated Mahaweli Development Project devel- tis), together with fellow-traveler species (garden plants, vegetables, fruit
oped 165,000 hectares of land (much of it forested land previously unoc- trees, livestock, domestic pets, poultry, rodents, and so on). Whether
cupied by humans) for irrigated rice cultivation, resulting in the settlement overall plant and animal biodiversity was diminished or not is debatable,
of 1 million persons into the malaria-endemic lowland dry zone of the but it is clear that the natural biodiversity was replaced by a crop-related
country between 1980 and 1990. Varied impacts of mosquito-borne dis- one that afforded opportunities for disease causing–organisms and their
eases were observed in the irrigated rice systems. Malaria increased two- vectors to have an impact.
to fivefold in all systems within the first two to three years of settlement The development of irrigated agriculture in the Thar Desert, Rajasthan,
(Samarasinghe 1986). Plasmodium falciparum infections increased from in northwestern India provides another telling example of ecosystem dis-
the normal 5% of infections to 24% in some regions. Some systems have turbance exacerbating disease burden. Here, the major change was the
remained highly malarious 10–15 years later, but the disease burden has provision of surface water to a desert area.
decreased in other areas. Upstream impacts also were recorded, with The Thar Desert was traditionally only mildly prone to malaria, but in
outbreaks of malaria in villages along the banks of the Mahaweli River in the last six decades it has undergone drastic change in physiography and
normally non-malarious hill country areas—a consequence of decreased microclimate concomitant with irrigation development. Contrasting trends
water flow, pooling, and vector breeding as a result of water impoundment in the balance between An. culicifacies (an efficient vector) and An. ste-
at upstream dams (Wijesundera 1988). phensi (a poor vector) have occurred in the Thar Desert, with An. ste-

The major vector of malaria in Sri Lanka is Anopheles culicifacies, but phensi constituting 94% of the two species in desert areas, but the
in areas of the Mahaweli Project it was observed that additional species opposite situation (overwhelmingly more An. culicifacies) holding in the
such as An. annularis and An. subpictus also played a significant role in irrigated areas. As a result, the prevalence of malaria in the irrigated areas
transmission, as their populations increased due to the availability of suit- has increased almost fourfold between the 1960s and today, with several
able breeding habitats (Amerasinghe et al. 1992; Ramasamy et al. 1992). epidemics in the past 15 years. As in Sri Lanka, this has been accompa-

On top of the malaria burden came Sri Lanka’s first major epidemic of nied by a high incidence of P. falciparum infections in the irrigated areas,
Japanese encephalitis in System-H of the Mahaweli in 1985–86 (more rising from 12% in 1986 to 63% by 1994 (Tyagi 2002).
than 400 cases and 76 deaths), followed by a second epidemic in Although excessive rainfall triggered by the El Niño Southern/Oscillation
1987–88 (more than 760 cases and 138 deaths). The catalyst appears to has probably contributed to malaria epidemics in the Thar Desert, Tyagi
have been the promotion of smallholder pig husbandry in a misguided (2002) relates most of the recent epidemics to the phenomenon of ‘‘inun-
attempt to generate supplementary income among farmers. In a rice irri- dative vectorism’’—the sudden ushering of one or more vector species in
gation system where Culex tritaeniorhynchus and other Culex vectors of prodigiously high densities in virgin areas such as a recently irrigated
Japanese encephalitis were breeding prolifically, the outcome was cata- desert). Malaria in the Thar Desert is now effectively transmitted in three
strophic. ways: in the irrigated area it is transmitted in tandem by the native An.

The Mahaweli represents a complex of gross physical ecosystem dis- stephensi and invader An. culicifacies; in the dryland areas, by An. ste-
turbance in terms of forest clearing, dam, reservoir and canal construction, phensi; and in the non-command flood-prone southern areas, mainly by
and the maintenance of standing or flowing water virtually throughout the An. culicifacies.
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curs. These factors may selectively favor some species and displace
or change the relative dominance of certain species or genotypes.

With malaria, in particular, the result can be marked changes
in disease equilibrium, which may increase or decrease depending
on the transmission capability of a particular mosquito species
(Akogbeto 2000). The varied epidemiology of malaria in different
cultivated systems in Africa is aptly reviewed by Ijumba and Lind-
say (2001), who coined the phrase ‘‘paddies paradox’’ to describe
situations where irrigation increases vector populations but may
or may not increase malaria.

This anomaly has been largely attributed to differences in so-
cioeconomic and ecological environments inside and outside irri-
gation schemes. For instance, villages surrounded by irrigated rice
fields in Kenya showed a 30- to 300-fold increase in the number
of the local malaria vector, Anopheles arabiensis, compared with
those without rice irrigation, yet malaria prevalence was signifi-
cantly lower in these villages (0–9% versus 17–54%) (Mutero et
al. 2003). The most plausible explanation for this appeared to be
the tendency of An. arabiensis to feed more on cattle than people
in irrigated villages.
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In rural India during the 1990s, ‘‘irrigation malaria’’ was re-
sponsible for endemic transmission in a population of about 200
million people (according to Sharma 1996). This has been attrib-
uted to poorly maintained irrigation systems, illegal irrigation,
water seepages, poor drainage, and a rise in water tables associated
with irrigation that created conditions suitable for the breeding of
the major vector An. culicifacies and slow running streams that
favor another vector, An. fluviatilis.

Japanese encephalitis is confined to Asia and is almost always
associated with rice ecosystems. Region-wide, with an estimated
50,000 cases per year and 20% fatality and disability rates, the
disease takes a considerable social and economic toll (Hoke and
Gingrich 1994). The primary vector, Culex tritaeniorhynchus, oc-
curs throughout Asia and breeds abundantly in flooded rice fields,
as does another important vector, C. vishnui (India, Thailand, Tai-
wan). Other vectors, such as C. gelidus (in Indonesia, Sri Lanka,
Thailand, and Viet Nam), C. fuscocephala (in Malaysia, Thailand,
Taiwan, and Sri Lanka), and C. annulus (in Taiwan), breed in a
variety of habitats, some of them associated with irrigated rice.

The transmission cycle of Japanese encephalitis involves an
amplifying host, which is usually the domestic pig (in some in-
stances, birds of the heron family (Ardeidae) are also involved)
(Hoke and Gingrich 1994). Thus, irrigated riceland communities
in which pig husbandry is traditionally carried out are likely sites
for the disease, as both vector and amplifying host are brought
together. The disease is endemic in irrigated ricelands in Thailand
and China. Explosive outbreaks of Japanese encephalitis in new
irrigation systems have been reported from the Terai region of
Nepal and in Sri Lanka (Joshi 1986; Peiris et al. 1992). Extensive
use of synthetic nitrogenous fertilizers in Indian rice fields has
been blamed for significant increases in the populations of this
disease’s vectors; elevated nitrogen in the rice field water increases
the density of mosquito larvae (Victor and Reuben 2000; Sunish
and Reuben 2001).

Another disease linked to irrigation developments is lymphatic
filariasis. Commonly called ‘‘elephantiasis,’’ filariasis is caused by
a mosquito-borne helminth. Outbreaks often occur from rising
water tables following water project developments. In Ghana, for
instance, rates of infection, worm load, annual bites per person,
and annual transmission potential have been found to be higher
in irrigated areas than in communities without irrigation (Appawu
et al. 2001). This was also confirmed by another observation,
where opening irrigation channels during the dry season resulted
in a significant increase of filariasis vectors (Dzodzomenyo et al.
1999). On the other hand, conversion of swamps into rice fields
on Java Island, Indonesia, resulted in a decrease of breeding sites
for vectors and therefore a decrease in disease transmission (Oemijati
et al. 1978).

14.2.1.1.3 African trypanosomiasis (African sleeping sickness)

Tsetse flies are widely distributed in West and Central Africa and
parts of East Africa; they are the vectors of animal and human
trypanosomes that cause African sleeping sickness. They are a
highly adaptable group of generalized vectors feeding on available
hosts throughout their distribution and are associated with the
ability to adapt rapidly to changing habitats and vegetation. For
instance, in Kenya in 1964 an outbreak of sleeping sickness was
associated with the spread of flies from the natural shoreline habi-
tats of Lake Victoria to vegetation within settlements character-
ized by thickets of Lantana camara; flies were feeding on humans
and cattle, with cattle acting as the reservoir host of the parasite.
More recently, during the 1980s an epidemic in Busoga, Uganda,
was the result of civil unrest and abandonment of traditional ag-
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ricultural practices and crops (coffee and cotton), followed by the
spread of L. camara along village edges (UNEP in press).

In West Africa the behavior of tsetse flies in Southeast Nigeria
and Côte d’Ivoire peridomestic populations has been closely asso-
ciated with villages with a high population of domestic pigs and,
again, Lantana as well as other vegetation (coconuts, yams, and
bananas). In West Africa, Glossina palpalis and G. tachinoides appear
to feed preferentially on pigs, where they act as a ‘‘dilution
host’’—reducing the risk of sleeping sickness to humans, as do
cattle in Uganda (UNEP in press).

14.2.1.1.4 Rodent-borne hemorrhagic viruses

These infections are caused by different species of arenaviruses,
with wild rodents of the genera Calomys, Sigmodon, Akodon, and
Zygodontomys acting as their natural hosts and reservoirs. They
have been especially recorded in Argentina (Junin virus), Bolivia
(Machupo virus), and Venezuela (Guanarito virus) (Simpson
1978; Salas et al. 1991; Maiztegui 1975; de Manzione et al. 1998).

These infections often occur in outbreaks involving a few
dozen to thousands of cases, mainly in rural populations, and hu-
mans become infected through contact with the urine and feces
of infected rodents. In the specific case of Junin virus infections
there is an additional occupational component: agricultural work-
ers risk excess exposure during the harvesting of corn.

Human infection of the three diseases occurs in both villages
and the wider countryside, primarily due to the contact between
susceptible human hosts and the naturally infected rodent species
in agro-ecosystems. In short, these viral infections are linked to
the expansion of agriculture into natural systems in South
America.

14.2.1.2 Habitat Change and Disease in Drylands and
Grasslands

As with other systems, drylands have specific components and
services that are relevant to human health issues. (See Box 14.4.)
These can be grouped in two general categories: those that are
part of natural systems (either biological or nonbiological) that
can pose risks to human health and those associated with social
interventions to promote human livelihoods in dry environments.

Water availability is the major limiting factor in drylands—not
only for the survival of wild species and for agricultural and live-
stock production systems (see Chapter 22), but also for human
health. Water scarcity and the poor quality of available water can
increase the risk of transmission of pathogens associated with poor
hygiene practices, leading to food-borne and water-borne dis-
eases, which are major health problems in impoverished commu-
nities living in these areas. The greatest impacts are most often
experienced by the more vulnerable social segments, such as high
morbidity and mortality rates in children due to diarrheas. These
infections are aggravated by the already existing chronic physical
health problems common in impoverished communities, such as
malnutrition, as well as a lack of adequate medical care in what
are often marginalized communities.

Climate extremes such as droughts can have severe impacts on
human health via different pathways, both direct and indirect.
Direct effects are basically associated with the exacerbation of
water scarcity as well as with food deprivation, resulting in fam-
ines. Droughts also have indirect effects that are mediated by so-
cial and demographic mechanisms such as individual and
population stress and migrations. Movements of rural communi-
ties deprived of water and food in extreme situations can become
an important determinant of the spatial redistribution of endemic
infectious diseases. This is the case of kala-azar in northeastern
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BOX 14.4

Meningitis in West Africa and Its Connection to Ecology, Overgrazing, and Dust Clouds

No animal reservoirs of infections are involved in the transmission of me- dust. Wind erosion may cause three types of agricultural damage: sedi-
ningococcal meningitis in Africa. This is an airborne disease, transmitted mentation at undesired places, crop damage, and soil degradation (Stark
from person to person through aerosols that are inhaled. The disease 2003).
occurs in high endemic levels in Africa only in the so called meningitis Wind erosion has resulted in an increase in local dust storms, widely
belt, which is a large dry area in the Sahel. The specific environmental considered to be related to ill health during the dry season. For instance,
mechanisms involved in determining the biological vulnerability of the in a detailed study of farmers’ perceptions on the causes and conse-
human population to this infection is not well known, but it is generally quences of wind erosion in Niger, its impact on health (fever, coughing,
assumed that the low relative humidity is an important factor in decreasing and sore eyes) was of greater concern than its contribution to crop dam-
the resistance of the upper respiratory tract. The role of dust storms is age or loss of topsoil (Bielders 2001). Dramatic increases in atmospheric
also being investigated (Molesworth et al. 2002). dust in Sahelian West Africa have been noted in recent years (Ben Mo-

The countries of Sahelian Africa sandwiched between the hot dry Sa- hamed 1986; N’tchayi 1994; Nicholson 1998); atmospheric dust emanat-
haran Desert and the moist humid forests of the Guinea Coast are among ing from this region and the Sahara has been implicated in respiratory
the poorest in the world. The region includes significant portions of Sene- problems many thousands of miles away (Prospero 2001).
gal, Mauritania, Mali, Burkina Faso, Niger, Chad, Sudan, and Eritrea, Dust storms have also been implicated in changes in the spatial and
which roughly correspond to the zone receiving between 200 and 600 temporal dynamics of meningococcal meningitis epidemics in the region
millimeters of annual rainfall. In this region, approximately 90% of the (Molesworth 2002). Key factors that have been identified as determinants
population depends on subsistence agriculture. As a result of rapid demo- of areas at risk of epidemic meningitis are land cover and absolute humid-
graphic change, climate variability, and economic drivers, farmers have ity (Molesworth 2003). The identification of these determinants has sig-
expanded their cropping areas to increase production. nificant implications for directing essential monitoring and intervention

Agricultural intensification (often resulting in overgrazing) coupled with activities and health policy. It also provides a basis for monitoring the
higher population densities in many areas has led to fallow periods that impact of climate variability and environmental change on epidemic occur-
are insufficient to recuperate the soil. This has resulted in the loss of rence in Africa.
topsoil due to wind erosion, thus increasing the sources of atmospheric

Brazil. In the major droughts of the early 1980s and 1990s, mas-
sive intraregional migrations of people from endemic rural areas
to cities in search of subsistence and governmental assistance cre-
ated new foci of the disease. This has resulted in outbreaks of
infectious diseases at the periphery of major cities (Confalonieri
2001).

Besides natural biotic and abiotic factors, anthropogenic envi-
ronmental modifications in dryland areas can also create conditions
for the emergence of health problems related to development
projects in these areas. This is the case of the efforts to increase
food production in drylands by designing schemes for the provi-
sion of water, such as irrigation, and the building of dams has
resulted in an increase in the incidence of tropical diseases, as
mentioned earlier.

Wild fauna and insect ecology is also important for some in-
fectious diseases located in dryland systems, including plague in
the scrublands of southwestern United States, northeastern Brazil,
and Peru and in regions of India and southern Africa. Another
focal infection is kala-azar (Leishmania donovani), which is present
mostly in arid areas such as Sudan (Thomson et al. 1999), Medi-
terranean countries, and South America.

14.2.1.2.1 Hantavirus

Rodent-borne hantavirus occurs both in arid grasslands (for ex-
ample, in North America), as well as agricultural systems (particu-
larly in South America and Asia). One of the best-known
outbreaks occurred in the spring and summer of 1993, when
acute respiratory distress with a high fatality rate was diagnosed
among previously healthy individuals in the Four Corners region
of the southwestern United States (Engelthaler et al. 1999). The
disease, hantavirus pulmonary syndrome (HPS), was traced to in-
fection by a previously unrecognized hantavirus. The virus (Sin
Nombre virus) was found to be maintained and transmitted pri-
marily within populations of a common native field rodent, the
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deer mouse Peromyscus spp. Transmission to humans is thought
to occur through contact with virus in secretions and excretions
of infected mice.

Recent studies have now shown that the El Niño effects dur-
ing 1991–92 helped boost the reservoir populations of rodents in
the region (Engelthaler et al. 1999; Glass et al. 2000). Unseasonal
rains during the usually dry summer months in 1992 produced
favorable environmental conditions in the spring and summer of
1992 that led to the outbreak of HPS. Parmenter and colleagues
reported that populations of deer mice at the Long-Term Ecologi-
cal Research station approximately 90 kilometers south of Albu-
querque, New Mexico, were ten- to fifteenfold higher during the
HPS outbreak period than the previous 20–year average (Par-
menter et al. 1993). Glass and colleagues (2000) further showed
the potential of using remotely sensed data to monitor conditions
and identify high-risk areas up to a year in advance of anticipated
disease outbreaks.

14.2.1.2.2 Rift Valley Fever

Extensive Rift Valley Fever outbreaks were not reported until
1951, when an estimated 20,000 people were infected during an
epidemic among cattle and sheep in South Africa. Outbreaks
were reported exclusively from sub-Saharan Africa until 1977–78,
when 18,000 people were infected and 598 deaths were reported
in Egypt (CDC 2002).

All known Rift Valley Fever virus outbreaks in East Africa
from 1950 to May 1998, and probably earlier, followed periods
of abnormally high rainfall (Woods et al. 2002). Analysis of these
records and of Pacific and Indian Ocean sea surface temperature
anomalies, coupled with vegetation data from satellites, showed
that accurate predictions of Rift Valley Fever outbreaks in East
Africa could be made up to five months in advance. Concurrent
near-real-time monitoring with such data may identify actual af-
fected areas (Linthicum et al. 1999).
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Dams and irrigation can increase the breeding sites of the Rift
Valley Fever vector, exacerbating the effect of extreme rainfall.
(See Figure 14.4.) Several ecological changes have been reported
in the epidemic region in Mauritania following dam construction,
irrigation, and heavy rainfall (Jouan et al. 1990). Environmental
factors, such as hydroelectric projects, and low-grade transmission
among domestic animals could have enhanced the disease’s sur-
vival and subsequent outbreaks (Lefevre 1997).

14.2.1.3 Habitat Change and Disease in Forest Systems

The major vector-borne diseases are focused in the tropics. There
is a significant overlap between the distribution of the majority of
important vectors of human and animal diseases and the biological
richness of tropical rain forest ecosystems, woodland savannas, and
boundaries of these ecosystems. (See Box 14.5.) It is the degrada-
tion of these ecosystems, the behavior and ecology of the vectors
at the forest edge, the impact of deforestation on the interactions
between humans with vectors, and reservoir hosts at the interface
that determine the epidemiology of human infective agents. Ad-
ditional factors are the behavior and degrees of immunity of local
or migrant populations, their interaction with and the behavior of
reservoir hosts, and the availability and effectiveness of surveil-
lance systems and quality of local health care (UNEP in press).

14.2.1.3.1 Malaria

Deforestation, with subsequent changes in land use and human
settlement patterns, has coincided with an upsurge of malaria or
its vectors in Africa (Coluzzi et al. 1979, 1984, 1994), Asia (Bun-
nag et al. 1979), and Latin America (Vittor et al. in press; Tadei et
al. 1998). (See Box 14.6.)

The capacity of different Anopheles mosquitoes to transmit ma-
laria varies between species. Anopheline species themselves also oc-
cupy a variety of ecological niches. An. darlingi in South America,
An. gambiae in Africa, and An. dirus in Southeast Asia are the pre-
dominant and highly effective vectors in their respective regions.

When tropical forests are cleared for human activities, they
are typically converted into agricultural or grazing lands. This
process is usually exacerbated by construction of roads, causing
erosion and allowing previously inaccessible areas to become col-
onized (Kalliola and Paitan 1998) and anopheline mosquitoes to

Figure 14.4. Habitat Change and Vector-borne Diseases

PAGE 402

invade. Cleared lands and culverts that collect rainwater are far
more suitable breeding sites for malaria-transmitting anopheline
mosquitoes than forest (Tyssul Jones 1951; Marques 1987; Charl-
wood and Alecrim 1989). Forest-dwelling Anopheles species either
adapt to newly changed environmental conditions or disappear
from the area, which offers other anophelines a new ecological
niche (Povoa et al. 2001).

14.2.1.3.2 Forest Arboviruses in the Amazon
A wide variety of arboviruses occurs in the Amazon forest, a con-
sequence of the extreme diversity of both arthropod vectors and
wild vertebrates.

Thirty-two arbovirus types have been associated with human
disease in the Brazilian Amazon region. Of these, four are impor-
tant in public health because of their link to epidemics: the Oro-
pouche virus (family Bunyaviridae), dengue and yellow fever viruses
(Flaviviridae), and Mayaro virus (Togaviridae). It is noteworthy that
Oropouche and dengue viruses are associated with human epidem-
ics in urban areas while Mayaro and yellow fever occur in rural
areas. All arboviruses (except dengue) that have been isolated in the
Brazilian Amazon are maintained within complex cycles in the for-
est, where many species of blood-sucking arthropods act as vectors
and several wild vertebrates act as reservoir hosts.

There have been historical changes in the Amazonian envi-
ronment due to natural cyclical processes such as climate variabil-
ity and as the result of human economic and geopolitical
activities. The latter, which includes deforestation, construction
of dams and highways, and mining, can disrupt to a greater extent
the fragile equilibrium of the forest ecosystem, with impacts in
the dynamics of virus transmission (Dégallier et al. 1989; Shope
1997; Vasconcelos et al. 2001).

Dam construction has been associated with the emergence of
several different arboviruses, some of them responsible for human
disease while others were previously unknown (Vasconcelos et al.
2001b).

Comparative studies carried in the 1970s and 1980s in Alta-
mira and Tucurui municipalities prior, during, and after the con-
struction of the Tucurui Dam in the State of Pará, Brazil, showed
that inadequate management of the environment can cause an
increase in the occurrence of a known virus or the appearance of
a new one (Pinheiro et al. 1977; Dégallier et al. 1989). Examples
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BOX 14.5

Reemergence of Onchocerciasis Related to Deforestation in Africa

Prior to the 1970s, onchocerciasis (also known as river blindness) was viously only inhabited by forest species (Thomson et al. 1996). The migra-
a neglected disease. Its devastating effects were largely borne by rural tions of savanna species of S. damnosum s.l. into the forest zones was
populations of West Africa living near the fast-flowing rivers of the Sahel. considered a serious threat to the health of populations living in the for-
When the Onchocerciasis Control Programme was started in 1974, some ested area, as it suggested that the blinding, savanna form of the disease
of West Africa’s richest riparian lands were uninhabited. In villages sited may spread to the forested areas.
in river valleys near to the white water rapids that form the major breeding In 1988 a Task Force of the Onchocerciasis Control Programme in
sites of the blackfly vector, it was not unusual to find 60% of adults af- Sierra Leone determined that breeding sites there were the source of the
flicted with the disease and 3–5% blind. As a direct consequence of the annual invasion of savanna species of S. damnosum that were actively
disease, communities were forced to abandon their villages en masse. recolonizing the controlled breeding sites of Mali each rainy season. The
Today, 30 years and $600 million after the program was first launched, Task Force also found that the savanna fly S. sirbarnum was widely dis-
the disease has been controlled through one of the most successful public tributed throughout the country, including many forested areas (Baker
health campaigns in history (Benton 2002). 1989). This has led to the speculation on the possible role of deforestation

The filarial worm that causes the disease (Onchocerca volvulus) is and rainfall decline on the distribution of different species of S. damnosum
transmitted in West Africa solely by blackflies, which are members of s.l. (Walsh et al. 1993), a role that was later confirmed by a detailed
the Simulium damnsum species complex. Understanding the spatial and cytotaxonomic study of S. damosum larvae found breeding in a deforested
temporal distribution of the vectors of onchocerciasis has been key to their area in Ghana (Wilson et al. 2002).
successful control (Boakye et al. 1998), given that the S. damnosum spe- Deforestation in West Africa has been implicated in the southward
cies complex comprises many distinct sibling species with varying capaci- movement of the savanna species of S. damnosum s.l. in the region—the
ties to transmit O. volvulus. The savanna species S. sirbanum and S. most significant vectors of the blinding form of onchocerciasis (Wilson
damnosum s.str. were identified early on in the program as the species 2002; Thomson and Connor 1996). This has important implications for the
associated with the blinding form of the disease. The distribution of the newly developed African Programme for Onchocerciasis Control; unlike
different members of the S. damnosum species complex is generally re- its predecessor, the Onchocerciasis Control Programme that successfully
lated to vegetation zones, forest, and savanna, but seasonal changes in controlled savannah species of S. damnosum s.l. using insecticides, the
their distribution occurs on an annual cycle as the monsoon winds and new program is heavily dependant on the widespread distribution of the
their accompanying rainfall aid dispersal and result in enhanced river flow micro-filaricidal drug ivermectin. Should current control measures fail, then
and the creation of breeding sites. According to Baker (Baker et al. 1990), emergence of the blinding disease in deforested areas can be expected.
members of the S. damnosum complex move average distances of 15–20 Curiously, forest cover has further implications to the success of new
kilometers daily and may migrate over a total distance of 400–500 kilome- program, as the recent distribution of ivermectin in forested areas has
ters. resulted in a number of deaths—thought to be related to the presence of

From the beginning of the control program, vector control has been yet another filarial worm, Loa loa. This parasite, which has emerged from
dogged by ‘‘reinvasion’’—the long-range northwards movement of female obscurity, is now considered a major impediment to the success of the
blackflies with the potential to reestablish breeding grounds in savanna control program, and mapping its potential distribution has become a prior-
areas during the wet season and to carry O. volvulus parasite back into ity activity and may also be relevant to the control of other filarial worms
vector-cleared areas. Flies are known to be carried from more southerly in the region, such as lymphatic filariasis (Thomson and Connor 2000).
permanent breeding sites on a generally northeasterly tack across West The exact effect of land cover changes, especially deforestation, on
Africa by the associated winds. In the late 1980s, a reverse form of migra- the composition of the vector population differs from place to place. How-
tion was also noted in which savanna flies, both S. sirbarnum and S. ever, as a net effect an increase of the more virulent vector and therefore
damnosum s.str., appeared to have extended their range into areas pre- an increase of morbidity from onchocerciasis can be noted.

of arboviruses that emerged or reemerged in the Brazilian Ama-
zon region and the factors responsible are shown in Table 14.3.

Uncontrolled urbanization or colonization near forest areas
has been typically associated with the emergence of Oropouche
fever and Mayaro fever viruses (Vasconcelos et al. 2001a). The
Oropouche virus has been responsible for at least 500,000 infec-
tions in the last 40 years in the Amazon, and it is spreading.

Current modifications to the forest ecosystem are likely to
result in the spread of infections if vectors and reservoirs find bet-
ter ecological conditions. This mechanism may explain the large
epidemics of Oropouche fever virus in the Brazilian Amazon
from 1960 to 1990, as well as in other Latin American countries,
especially Peru and Panama (Pinheiro et al. 1998; Watts et al.
1998; Saeed et al. 2000). Alternatively, if the ecological changes
are detrimental to the nonhuman carriers of the virus, they will
probably disappear due to the absence of the basic elements neces-
sary for their survival. This could explain the absence of many
previously identified virus species that are no longer found despite
continued surveillance (Vasconcelos et al. 2001a).
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Deforestation for agricultural expansion has been the most im-
portant factor associated with the spread of yellow fever in Africa
and its reemergence in Brazil (in the state of Goiás), although
climatic extremes are also important, for instance Brazil in 2000
(Vasconcelos et al. 2001b). Yellow fever is maintained by a sylvatic
cycle between primates and mosquitoes in the forest. Evidence
from epidemics in Côte d’Ivoire (1982), Burkina Faso (1983),
Nigeria (1986 and 1987), and Mali (1987) and other, long-term,
studies have established a clear link between deforestation and
yellow fever’s increasing area of endemicity (Cordellier 1991).
However, it should be noted that yellow fever epidemics occur in
urban and dry savanna areas as well and can be transmitted by
different mosquito species more adapted to these environments.

14.2.1.4 Habitat Change and Infectious Diseases in Urban
Systems

Uncontrolled urbanization has many adverse human health con-
sequences, primarily due to health infrastructure problems and
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BOX 14.6

Gold Mining and Malaria in Venezuela

Bolı́var state in southern Venezuela near the border with Brazil and
Guyana covers an area of 24 million hectares (the size of the United
Kingdom), 70% of which is forested. It is presently affected by defores-
tation mainly associated with logging, agriculture, dam construction,
and gold mining. Before 1980, malaria was occasionally reported from
this state among the indigenous population. Malaria in this area was
classified by Gabaldon (1983) as difficult to control since the vector,
An. darlingi, was found to bite mostly outside houses (thus harder
to spray with insecticides). Also, the human populations were mainly
Amerindians with seminomadic habits in remote areas (Gabaldon
1983).

During the late 1950s, construction was started on a road to con-
nect Ciudad Bolı́var, capital of Bolivar state, to Boa Vista, capital of
Roraima state in Brazil. The road construction brought workers from all
over the country and opened new opportunities for people seeking land
for agriculture, gold and diamond mining, and forest exploitation. In the
1980s, the boom of gold and diamonds attracted a wave of migrants
from different parts of the country as well as illegal migrants from
Brazil, Guyana, Colombia, and Dominican Republic, among others.
Malaria started to increase steadily, reaching the highest peak of over
30,000 cases in 1988, with over 60% cases due to P. falciparum
(MSDS 2000). Malaria has since become endemic-epidemic in Bolı́var
state.

Studies carried out in several villages spanning 1999–2000 showed
that only three species of anophelines were caught on human landing
catches: An. darlingi, An. marajoara, and An. neomaculipalpus (Moreno
et al. 2002). In general, biting densities were low (fewer that two bites
per person per hour). Nevertheless, there was a strong correlation
between An. darlingi density and malaria incidence (P�0.001). In this
area, studies on breeding places showed that up to 13 species of
anophelines were present, with An. triannulatus being the most abun-
dant. The most productive breeding sites in terms of anophelines spe-
cies diversity and density were the abandoned mine dug outs, which
vary in size from a few meters in diameter to several kilometers, fol-
lowed by lagoons created by flooding of streams on artificial and natu-
ral depressions of terrain (Moreno et al. 2000).

overcrowded, unsanitary conditions. This section focuses on in-
fectious diseases linked to urbanization.

14.2.1.4.1 Lymphatic filariasis

Lymphatic filariasis is one of the most prevalent tropical diseases,
with some 120 million people infected, primarily in India and
Africa, where there has been no decline in the incidence of the
disease for the past decade. The disease is reported to be responsi-
ble for 5 million DALYs lost annually, ranking third after malaria
and tuberculosis (WHO/TDR 2002).

Distribution and transmission of the lymphatic filariasis are
closely associated with socioeconomic and behavioral factors in
endemic populations. In Southeast Asia, urban Bancroftian filari-
asis Wuchereria bancrofti infection, a filarial nematode, is related to
poor urban sanitation, which leads to intense breeding of C. qui-
quefasciatus, its principal mosquito vector (Mak 1987). In Sri
Lanka, C. quinquefasciatus was not originally present in a forested
environment, but rapidly invaded as soon as forest clearing began
and settlement expanded (Asmerasinghe in press). In urban East
Africa, filariasis is also transmitted by C. quinquefasciatus, but in
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Table 14.3. Probable Factors in Emergence of Arbovirus
in Brazilian Amazon Region and Association with Human
Disease (Vasconcelos et al. 2001)

Virus Probable Factors for Emergence
Disease 
in Humans

Dengue poor mosquito control; increased 
urbanization in tropics

yes, epidemic

Guaroa flooding of dama yes, sporadic
cases

Gamboa flooding of dama; migrating birds not yet

Mayaro deforestation yes, limited
outbreak

Oropouche deforestation; increase of colonization
and urbanization in Amazon

yes, epidemic

Triniti flooding of dama not yet

Yellow fever urbanization in tropics; deforestation;
lack of widespread immunization

yes, epidemic

Anopheles A
virusesb

flooding of dama not yet

Changuinola
virusesc

flooding of dama; deforestation;
use of subsoil

not yet

a During construction of dam in Tucurui, Pará State, millions of
hematophagous insects were obtained in a few days, from which several
strains of previously known and new arboviruses were obtained
b In this serogroup of family Bunyaviridae, the new viruses Arumateua,
Caraipé, and Tucurui were isolated, and there was also an increase in 
circulation of Lukuni and Trombetas viruses.
c In this serogroup of family Reoviridae, 27 new arboviruses were isolated
in Tucurui, 4 in Carajas (use of subsoil), and 8 in Altamira (deforestation
for several purposes) from phlebotominae sandflies.

rural areas across tropical Africa it is spread by the same anophe-
line mosquito species that transmit malaria (Manga 2002).

14.2.1.4.2 Dengue fever
In terms of morbidity and mortality, dengue fever—caused by a
virus that has four serotypes or genetic variants—is the most im-
portant human viral disease carried by mosquitoes. It is caused by
a flavivirus and is endemic in about 100 countries and found in
all continents except Europe (WHO/TDR 2004). Around 80
million cases are reported every year, of which 550,000 people
need hospital treatment and about 20,000 die. Although dengue
is primarily a tropical disease, it has become a great concern in
countries with temperate climates because of an increased number
of imported cases, resulting from increased air travel and the in-
troduction of Aedes albopictus, an exotic vector adapted to a cold
climate (Kuno 1994).

However, the primary vector of large dengue epidemics is Ae.
aegypti, a day-biting mosquito that prefers to feed on humans and
that breeds at sites typically found in the urban environment: dis-
carded tires, cans, and other trash that accumulates rainwater;
water storage devices in houses; flower pots and even plants that
collect water. This species has made extraordinary evolutionary
adjustments to coexist with human beings since its origins in Af-
rica as a forest species feeding principally on wild animals (rodents
and so on) and laying eggs in tree holes containing rainwater.
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One subspecies—Ae. aegypti aegypti—evolved to become highly
adapted to indoor or peridomestic environs, breeding in artificial
containers, and followed humankind on its journeys and migra-
tions throughout the globe (Monath 1994).

The spread of the disease is associated with the geographical
expansion of the vector species, favored by current housing and
water supply conditions as well as garbage collection practices in
developing countries. Therefore, uncontrolled urbanization,
which is frequently associated with population growth and pov-
erty (resulting in substandard housing and inadequate water and
waste management systems), plays a major role in creating the
conditions for dengue epidemics. Analysis of associations between
social and economic variables, such as income and education
level, in residential urban areas and the incidence of dengue infec-
tion has shown that low-income neighborhoods have the highest
levels of infection (Costa and Natal 1998). Moreover, communi-
ties with high infestations of Ae. aegypti, especially if they are near
forests that maintain yellow fever virus, face a significant risk of
yellow fever epidemics.

14.2.1.4.3 Other diseases linked to urbanization

Soil disturbance from building construction in arid environments
can encourage coccidioidomycosis, a fungal pneumonia. In-
creased aridity and eventual desertification due to increasing
global temperatures may increase the potential for infection. Coc-
cidioidomycosis is spread by dust, and disease outbreaks are often
preceded by increased rain, followed by dry periods, and espe-
cially in the wake of soil disturbances. A well-documented out-
break followed the 1994 Northridge, California, earthquake,
when 317 cases resulted (Schneider et al. 1997). In a study in
Greece, factors thought to contribute to the extraordinary in-
creases in cases were a drought lasting five to six years, abundant
rain in 1991 and 1992, construction of new buildings, and arrival
of new susceptible residents to the endemic areas (Pappagianis
1994)

Leishmaniasis has been associated with urban settlements in
forested regions and is widespread in 22 countries in the New
World and in 66 in the Old World (WHO, TDR 2004). There
are two major types of leishmaniasis: cutaneous and visceral (kala-
azar). Cutaneous leishmaniasis is originally a forest disease but may
adapt to urban settings with some vegetation and cycling in dogs.

Uncontrolled urbanization or colonization near forest areas
has been typically associated with the emergence of Oropouche
fever and Mayaro fever viruses (Vasconcelos et al. 2001a). The
relationship between malaria and urbanization in two cities is pre-
sented in Box 14.7.

14.2.1.5 Ecological Change and Infectious Disease in Coastal
and Freshwater Systems

Cholera and severe forms of gastroenteritis are caused by Vibrio
cholerae and V. parahaemolyticus. In tropical areas, cases are reported
year-round. In temperate areas, cases are mainly reported in the
warmest season. The seventh cholera pandemic is currently
spreading across Asia, Africa, and South America. In 1992, a new
strain or serogroup (V. cholerae O139) appeared and has been re-
sponsible for epidemics in Asia. During the 1997/98 El Niño,
excessive flooding caused cholera epidemics in Djibouti, Somalia,
Kenya, Tanzania, and Mozambique. Warming of the African
Great Lakes due to climate change may create conditions that
increase the risk of cholera transmission in the surrounding coun-
tries.

Pathogens are often found in coastal waters, and transmission
occurs through consumption of shellfish or brackish water or
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BOX 14.7

Malaria and Urbanization in Brazil

The transmission of malaria in urban areas in the Americas occurs
when urbanization invades the habitat of vectors. These phenomena
have been observed in cities of Brazil such as Belém (Pará state)
located near the mouth of the Amazon River and in Manaus (Ama-
zonas state).

In a recent study comparing malaria transmission and epidemiology
over 60 years in Belém, Póvoa et al. (2002) showed that the incrimi-
nated vectors in the 1940s, An. aquasalis and An. darlingi, are still
currently important vectors. The anopheline species diversity has in-
creased from 2 in the 1930s to 6 in the 1940s to 10 in the 1990s. An.
darlingi was eliminated from Belém in the 1960s and was absent for
approximately 20 years, probably due to the destruction of breeding
sites in forested areas as urbanization increased. During this period
the reported malaria cases were attributed to human immigration from
rural areas into Belém (Marques 1986) or people from Belém traveling
to endemic areas during the holidays and returning with malaria para-
sites in their blood (Souza 1995). Nevertheless, An. aquasalis was
present in coastal areas influenced by tides.

The population of Belém increased from 206,331 in 1942–43 to
934,322 in 1980–89 and then to 1,367,677 in 1996. The number of
malaria cases went from 363 in 1942–43 to 1,197 in 1980–89 and
2,716 in 1996. Approximately 80% of the original forest has been de-
stroyed (Povoa et al. 2002), but the expansion of the city (particularly
the District of Daent) toward the forested protected area and low
coastal swampy areas provided new larval habitats, resulting in a
higher mosquito diversity and closer proximity between human dwell-
ings and mosquito habitat, which increases the transmission of malaria.

A similar situation has occurred in Manaus, where the process of
urbanization eliminated An. darlingi from the city by 1976 (Tadei et al.
1998). Nevertheless, the accelerated expansion of the suburbs into
the surrounding jungle reestablished the contact between the human
population and the principal vector, An. darlingi, which by 1988 colo-
nized the city again and triggered malaria epidemics. Vectors are also
adapting to new circumstances; for example, mosquitoes have varied
their feeding time in areas where humans have intervened (Tadei et al.
1998). At present, malaria cases continue to be reported from the
periurban areas of Manaus.

through bathing. Coastal waters in both industrial and developing
countries are frequently contaminated with untreated sewage (see
Chapter 19), and warmth encourages microorganism prolifera-
tion. The presence and increased transmission of Vibrio spp. (some
of which are pathogens that cause diarrhea), such as V. vulnificus, a
naturally occurring estuarine bacterium, has been associated with
higher sea surface temperatures. Phytoplankton organisms re-
spond rapidly to changes in environmental conditions and are
therefore sensitive biological indicators of the combined influ-
ences of climate change and soil and water pollution. Algal
blooms are associated with several environmental factors, includ-
ing sunlight, pH, ocean currents, winds, sea surface temperatures,
and runoff (which affects nutrient levels), as described in Chapters
12 and 19.

V. cholerae and other gram-negative bacteria can be harbored
in many forms of algae or phytoplankton. V. cholerae can assume a
noncultivable but viable state, returning to a cultivable, infectious
state with the same conditions that promote algal blooms (Col-
well 1996). Some species of copepod zooplankton apparently
provide an additional marine reservoir for V. cholerae, facilitating
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its long-term persistence in certain regions, such as in the estuaries
of the Ganges and Brahmaputra in India. According to this theory,
the seasonality of cholera epidemics may be linked to the season-
ality of plankton (algal blooms) and the marine food chain. Studies
using remote sensing data of chlorophyll-containing phytoplank-
ton have shown a correlation between cholera cases and sea sur-
face temperatures in the Bay of Bengal. Interannual variability in
cholera incidence in Bangladesh is also linked to El Niño/South-
ern Oscillation and regional temperature anomalies (Lobitz et al.
2000), and cholera prevalence has been associated with progres-
sively stronger El Niño events spanning a 70-year period (Rodo
et al. 2002).

14.2.2 Niche Invasion or Interspecies Host Transfer
Effects on Infectious Disease Transmission

The emergence of many diseases has been linked to the interface
between tropical forest communities, with their high levels of
biodiversity, and agricultural communities, with their relatively
homogenous genetic makeup but high population densities of hu-
mans, domestic animals, and crops. For instance, expanding eco-
tourism and forest encroachment have increased opportunities for
interactions between wild nonhuman primates and humans in
tropical forest habitats, leading to pathogen exchange through
various routes of transmission (Wolfe et al. 2000). (See Box 14.8.)

14.2.2.1 Cultivated Systems and Niche Invasion
Intensive farming practices have seen the emergence of several
devastating herd and flock diseases, including Nipah virus, bovine

BOX 14.8

The Importance of Ecological Change and Zoonotic Diseases

Zoonotic pathogens are the most significant cause of emerging infectious lyssaviruses, Hendra virus, Menangle virus (Australia), and Nipah virus
diseases affecting humans in terms of both their proportion and their im- (Malaysia and Singapore). This has implications for further zoonotic dis-
pact. Some 1,415 species of infectious organisms are known to be patho- ease emergence. A number of species are endemic to remote oceanic
genic to humans; 61% of these are zoonotic and 75% of those considered islands, and these may harbor enzootic and potentially zoonotic patho-
as emerging pathogens are zoonotic (Taylor et al. 2001). More important, gens (Daszak et al. 2000).
zoonotic pathogens cause a series of EIDs with high case fatality rates The current major infectious disease threats to human health are
and no reliable cure, vaccine, or therapy (such as Ebola virus disease, therefore emerging and reemerging diseases, with a particular emphasis
Nipah virus disease, and hantavirus pulmonary syndrome). They also on zoonotic pathogens jumping host from wildlife and domestic animals.
cause diseases that have the highest incidence rates globally (such as A common, defining theme for all EIDs (of humans, wildlife, domestic
AIDS). AIDS is a special case, because it is caused by a pathogen that animals, and plants) is that they are driven to emerge by anthropogenic
jumped host from nonhuman primates and then evolved into a new virus. changes to the environment. Because threats to wildlife habitat are so
Thus it is essentially a zoonosis (Hahn et al. 2000) and is thought to extensive and pervading, it follows that many of the currently important
have infected the highest number of human individuals of any disease in human EIDs (such as AIDS and Nipah virus disease) are driven by anthro-
history. pogenic changes to wildlife habitat such as encroachment, deforestation,

Viruses such as Junin, Machupo, and Guanarito hemorrhagic fever and others. This is essentially a process of natural selection in which
agents in Argentina, Bolivia, and Venezuela, transmitted to humans anthropogenic environmental changes perturb the host-parasite dynamic
through the urine of wild rodents, came through the expansion of agricul- equilibrium, driving the expansion of those strains suited to the new envi-
tural practices to new areas; hantaviruses, initially recognized in Korea, ronmental conditions and driving expansion of others into new host spe-
came through the urine of infected rodents and were then identified in cies (Cunningham et al. in press). The selection process acts on the
Asia and Europe. The Junin virus, which causes a hemorrhagic fever, also immense pool of varied pathogen strains circulating within the population
emerged when the production of vegetables that serve as food source for (c.f. the ‘‘zoonotic pool,’’ Morse 1993).
rodents increased in Argentina in 1957. Thus, very few EIDs are caused by newly evolved pathogens, although

Because of the key role of zoonoses in current public health threats, notable exceptions include drug-resistant pathogens, newly re-assorted
wildlife and domestic animals play a key role in the process by providing influenza strains, and pathogens with point mutations that increase their
a ‘‘zoonotic pool’’ from which previously unknown pathogens may emerge virulence (such as canine parvovirus, Parrish et al. 1985). Even in these
(Daszak et al. 2001). The influenza virus is an example, which causes examples, it is possible that the new strains were already present in the
pandemics in humans after periodic exchange of genes between the vi- pathogen population. For example, recent work shows that drug-resistant
ruses of wild and domestic birds, pigs, and humans. Fruit bats are in- strains of some common microbes circulate within rodent populations in
volved in a high-profile group of EIDs that include rabies and other areas outside normal contact with antibiotics (Gilliver et al. 1999).

PAGE 406

spongiform encephalopathy, foot and mouth disease, severe acute
respiratory syndrome, and avian influenza.

14.2.2.1.1 Nipah virus in Malaysia

The emergence of many diseases can be viewed as a pathogen
invading a new or recently vacated niche. For example, Nipah
virus emerged in Malaysia in 1999, causing over 100 human
deaths (Chua et al. 2000). This highly pathogenic virus (with a
case fatality rate greater than 40 %) was previously unknown as a
human pathogen, and emerged from its natural reservoir hosts
(fruit bats) via domestic animal (pig) amplifier hosts.

The ecological changes that caused this virus to invade a new
niche appear to be a complex series of anthropogenic alterations
to fruit bat habitat and agriculture set in a background of increas-
ing ENSO-caused drought (Daszak et al. 2001; Field et al. 2001;
Chua et al. 2002). First, the virus appears not to be able to move
directly from bats to humans, so the development of a pig industry
in Malaysia has been a crucial driver of emergence. Second, fruit
bat habitat has been largely replaced in peninsular Malaysia by
crop plants such as oil palm. Third, deforestation in Sumatra cou-
pled with increasing amplitude, intensity, and duration of ENSO-
driven drought has led to repeated, significant seasonal haze
events that cover Malaysia. These events reduce the flowering
and fruiting of forest trees that are the natural food of fruit bats
and may have changed the fruit bats’ migration patterns and abil-
ity to find food.

These interrelated events are theorized to have coincided just
prior to the Nipah virus outbreaks, when the large mid-1990s
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ENSO event was associated with a drop in fruit production and
the appearance of Pteropus vampyrus (the key Nipah virus reser-
voir) for the first time at the index farms, where Nipah virus was
initially identified (Chua et al. 2002).

14.2.2.1.2 Bovine spongiform encephalopathy (‘‘mad cow’’ disease)
The background of the BSE epidemic is well known. In order to
improve the protein content in the diet of cattle, ground-up
sheep and cattle remains—including of the brain and spinal
cord—were fed to cattle. This practice was claimed as economi-
cally rational because it turned a waste product into a valuable
food. But from an ecological perspective it was anything but ra-
tional; cattle are normally vegetarian, and are certainly not canni-
bals (Prusiner 1997).

While it was originally argued that this practice is harmless, a
similar disease in sheep (scrapie) was known for centuries, and
one in humans (kuru), transmitted through the ritual cannibalism
of human brains, was already known in New Guinea. In time,
the causal agent of BSE, an unusual protein called a prion, was
transmitted to humans, causing a devastating, rapidly progressive,
still untreatable brain disease, called new variant Creutzfeldt-
Jakob disease. So far, the size of this human epidemic has been
modest, but transmission is probably still occurring through blood
transfusions (Llewelyn et al. 2004) and surgical instruments that
cannot be sterilized. As well as these human health effects, the
BSE epidemic had an immense economic and psychological cost
to farmers, as millions of cattle were slaughtered prematurely.

14.2.2.1.3 Severe acute respiratory syndrome
SARS gained international attention during an outbreak that
began sometime during November 2001 in China. Wet markets,
a known source of influenza viruses since the 1970s, were found
to be the source of the bulk of the infections (Webster 2004).
(Live-animal markets, termed ‘‘wet markets,’’ are common in
most Asian societies and specialize in many varieties of live small
mammals, poultry, fish, and reptiles (Brieman et al. 2003).) The
majority of the earliest reported cases of SARS were of people
who worked with the sale and handling of wild animals. The
species at the center of the SARS epidemic are palm civet cats
(Paguna larvata), raccoon dogs (Nyctereutes procuyoinboides),
and Chinese ferret badgers (Melogale moschata) (Bell at al. 2004).
As of July 2003, there had been 8,096 cases and 774 deaths re-
ported worldwide (WHO 2004).

14.2.2.1.4 Avian influenza
Avian influenza virus has caused fatalities in humans, highlighting
the potential risk that this type of infection poses to public health
(Capua and Alexander 2004). Genetic reassortment within a per-
son coinfected with human and avian strains of influenza virus
could potentially link the high transmissibility associated with
human-adapted viruses with the high rates of mortality observed
in the avian cases, thus triggering a potentially devastating pan-
demic (Ferguson et al. 2004). The ‘‘Spanish flu’’ pandemic of
1918–19 was the largest infectious disease event in recorded his-
tory, killing over 20 million people. Recently a single gene coding
for the viral haemagglutinin protein from the 1918 pandemic in-
fluenza A strain was identified and produced extraordinary viru-
lence in a mouse model (Kobasa et al. 2004). Such highly virulent
recombinant viruses will continue to pose a threat through ag-
ricultural practices.

14.2.2.2 Forest Systems and Interspecies Host Transfer

14.2.2.2.1 Bushmeat hunting and disease emergence
The global trade in bushmeat is quite extensive. In Central Africa,
1–3.4 million tons of bushmeat are harvested annually (Fa and
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Peres 2001). Also, in West Africa, a large share of protein in the
diet comes from bushmeat; in Côte d’Ivoire, for example, 83,000
tons are eaten each year (Feer 1993) and in Liberia, 75% of meat
comes from wildlife (105,000 tons consumed a year) (Fa and Peres
2001). The bushmeat harvest in West Africa includes significant
numbers of primates, so the opportunity for interspecies disease
transfer between humans and non-human primates is not a trivial
risk.

Contact between humans and other animals can provide the
opportunity for cross-species transmission and the emergence of
novel microbes into the human population. Road building is
linked to the expansion of bushmeat consumption that may have
played a key role in the early emergence of human immunodefi-
ciency virus types 1 and 2 (Wolfe et al. 2000). Simian foamy virus
has been found in bushmeat hunters (Wolfe et al. 2004), and
workers collecting and preparing chimpanzee meat have become
infected with Ebola (WHO 1996). The initiation of a local epi-
demic of monkeypox (an orthopoxvirus similar to smallpox),
which continued for four generations of human-to-human con-
tact, has been attributed to the hunting of a red colobus monkey
(Jezek et al. 1986). Also, there are other specific human activities
that pose risks similar to those of wildlife hunting and butchering.
For example, in the Tai forest in Côte d’Ivoire, a researcher per-
forming a necropsy on a chimpanzee contracted Ebola (Le
Guenno et al. 1995).

The Taxonomic Transmission Rule states that the probability
of successful cross-species infection increases the closer hosts are
genetically related (chimpanzees are closer genetically to humans,
for example, than birds or fish are), since related hosts are more
likely to share susceptibility to the same range of potential patho-
gens (Wolfe et al. 2000). Surveillance of nonhuman primates—
reservoirs or sources for microbial emergence—can flag emerging
pathogens (Wolfe et al. 1998).

14.2.2.2.2 Diseases transferred from human hosts to wildlife

Cross-species transmission also increases the probability that en-
dangered nonhuman primate species and other wildlife will come
into contact with human pathogens. The parasitic disease Giardia
was introduced to the Ugandan mountain gorilla, Gorilla gorilla
beringei, by humans through ecotourism and conservation activi-
ties (Nizeyi et al. 1999). Gorillas in Uganda also have been found
with human strains of Cryptosporidium parasites, presumably from
ecotourists (Graczyk at al 2001). The invasion of human tubercu-
losis into the banded mongoose (Alexander et al. 2001) represents
another case of a human pathogen invading a free-ranging wildlife
species.

These host transfer and emergence events not only affect eco-
system function, they could possibly result in a more virulent
form of a human pathogen circling back into the human popula-
tion from a wildlife host and may also allow the development
of other transmission cycles to develop outside human-to-human
contact.

14.2.3 Biodiversity Change Effects of Infectious
Disease Transmission

Biodiversity change includes issues of species replacement, loss of
key predator species, and variation in species population density.
(See Chapter 4.) The equilibrium among predators and prey,
hosts, vectors, and parasites is an essential service provided by eco-
systems. (See Chapter 11.) It plays the role of controlling the
emergence and spread of infectious diseases, although it is only
recently that this protective function of biodiversity has been ac-
knowledged (Chivian 2001).
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14.2.3.1 Biodiversity Change at the Forest/Urban System
Interface

Lyme disease can be used as a model system to illustrate some
effects of biodiversity change on infectious disease transmission.
In eastern U.S. oak forests, studies on the interactions between
acorns, white-footed mice (Peromyscus leucopus), moths, deer, and
ticks have linked defoliation by gypsy moths with the risk of
Lyme disease (Jones et al. 1998). Most vectors feed on a variety of
host species that differ dramatically in their function as a reser-
voir—that is, their probability of transmitting the infection from
host to vector. Increasing species richness has been found to re-
duce disease risk (Schmidt and Ostfeld 2001), and the involve-
ment of a diverse collection of vertebrates in this cases may dilute
the impact of the main reservoir, the white-footed mouse (Ostfeld
and Keesing 2000a).

Habitat fragmentation also plays a part in disease emergence;
mouse populations that are isolated in fragments seem to fluctu-
ate, unregulated by biotic interactions. Moreover, predators tend
to be absent in small woodlots, and probable competitors occur at
lower densities in these areas than in more continuous habitat.
Therefore, habitat fragmentation causes a reduction in biodiver-
sity within the host communities, increasing disease risk though
the increase in both the absolute and relative density of the pri-
mary reservoir.

The same conclusions may apply to a number of other dis-
eases, including cutaneous leishmaniasis, Chagas disease, human
granulocytic ehrlichiosis, babesiosis, plague, louping ill, tularemia,
relapsing fever, Crimean Congo hemorrhagic fever, and LaCrosse
virus (Ostfeld and Keesing 2000b).

14.2.3.2 Biodiversity Change in Forest Systems: Variation in
Population Density

Most of the human cases of rabies acquired from bat bites in Brazil
result from isolated attacks, usually by sick bats that drop from
their resting places or fly into houses and are unwisely grasped by
a person. But over the last few decades several reports have been
published of outbreaks of vampire bat (Desmodus rotundus) attacks
on humans in Latin America, occasionally transmitting rabies
(Thomas and Haran 1981; Schneider and Burgoa 1995).

Recently compiled data show that vampire bats were the sec-
ond most frequent species transmitting rabies to humans in Brazil
(25% of all cases) in 1993, second only to dogs (Schneider and
Burgoa 1995); this was also true previously in Mexico (Anony-
mous 1991). In the majority of vampire bat attacks, the underly-
ing motive for the attacks seemed to be the same: bat populations
deprived of their abundant and readily obtained primary food
sources (animals) sought alternative hosts (humans) to feed on. In
rural areas, it has happened when animals such as cattle or pigs
were rapidly eliminated from an area (MacCarthy 1989; Schnei-
der 1991; Lopez 1992; Costa et al. 1993).

Similar attacks can occur when wild vertebrates are reduced
following establishment of human settlements in remote areas
(Almansa and Garcia 1980; Schneider 1991). For example, mas-
sive attacks by bats have occurred in the gold mining camps in the
Amazon, where wild animal species that served as food sources for
the bats were depleted due to overhunting or were chased away
by the noise produced by water pumps and airplanes (Uieda et al.
1992; Coelho 1995; Schneider et al. 1996; Confalonieri 2001).

In this context, bat attacks on humans are a direct conse-
quence of human-induced environmental modifications caused
by the elimination of native species of animals in natural land-
scapes, with a consequent host shift and an increase in the likeli-
hood of rabies transmission.
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14.2.4 Human-induced Genetic Changes of Disease
Vectors or Pathogens

One of the key properties of microbes that have successfully man-
aged a ‘‘host transfer,’’ migrating into a new ecological niche, is
the potential for mutability. This mutagenic potential of the mi-
crobe is exploited once selection pressure (through ecological
change) is exerted on the microbe. For example, Brault et al.
(2004) have associated genetic shifts in the Venezuelan encephali-
tis virus with epidemics in animal hosts in southern Mexico due to
extensive deforestation and habitat changes, where the subsequent
replacement of mosquito vector species is exerting new evolu-
tionary pressures on the virus.

14.2.4.1 Resistant Bacteria from the Use of Antibiotics in
Animal Feed
Intensive animal production (both agriculture and aquaculture)
has many impacts on ecosystems and human well-being. (See
Chapters 19 and 26.) Antibiotics are routinely used for prophy-
laxis and growth promotion in high-production livestock agricul-
ture rather than being used sparingly for medical purposes. Such
subtherapeutic levels exert selective pressure on the emergence of
resistant bacteria. Campylobacter bacteria sampled from pigs in
South Australia, for example, show widespread resistance (60–
100%) to antibiotics such as erythromycin, ampicillin, and tetra-
cycline, and E. coli strains showed widespread resistance to
multiple antibiotics (Hart et al. 2004). Livestock have also been
shown to be reservoirs of drug-resistant Salmonella bacteria (Bu-
sani et al. 2004) and other E. coli that are resistant even to newer-
generation antibiotics, like cephalosporins (Shiraki et al. 2004).

Salmonella enteritidis likely stemmed from antibiotic prophy-
laxis in the poultry industry that led to removal of S. gallinarum
and S. pullorum during the 1960s and the creation of a vacant
niche in the gut, which was subsequently filled by S. enteritidis.
These three pathogens share a common surface antigen; thus,
flock immunity prior to removal of the former two species would
have prevented the latter from becoming established.

14.2.4.2 Genetic Changes in Disease Vectors at Forest/Urban
Interface
Chagas disease is a deadly disease transmitted by triatomine beetles
in South and Central America. The niche and trophic relation-
ships of these insects have direct epidemiological importance, and
pesticide resistance is changing the ecology and transmission of
this disease.

Only a few cases of typical insecticide resistance have been
reported (Busvine 1970; Cockburn 1972), but important niche
adaptations to houses and domestic areas seem to have taken
place, particularly for the Triatoma infestans beetle (Dujardin et al.
1997a, 1997b; Gorla et al. 1997; Noireau et al. 1997; Panzera et
al. 1997; Schofield et al. 1997). Domiciliary adaptation generally
involves genetic simplification (Schofield 1994; Dujardin et al.
1998; Rabinovich et al. 2001), including the loss of genetic mate-
rial that may make triatomines highly susceptible to chemical con-
trol (Borges et al. 1999) and may cause simplification of some
specific characteristics, such as a reduction in body size and sexual
dimorphism (Steindel 1999). Specific markers can differentiate
populations that have survived chemical control from invasive
populations (Costa 1999).

Triatomine ‘‘ecological successions’’ (replacement of some
species by other species) follows control programs and environ-
mental changes such as deforestation (Costa 1999). For instance,
T. sordida has progressively replaced T. infestans because of elimi-
nation of the latter from houses. And T. pseudomaculata, which is
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predominantly peridomiciliary (around dwellings), has replaced
T. brasiliensis in some areas treated with insecticides (Diotaiuti et
al. 1998). The Brazilian Amazon, where Chagas disease was al-
ways considered endemic in wild animals, presently has at least 18
triatomine species reported, 10 of which are infected by Trypano-
soma cruzi, the deadly human form of the disease (Coura et al.
2002; Teixeira et al. 2000).

14.2.5 Environmental Contamination of Infectious
Agents of Diseases

14.2.5.1 Cryptosporidiosis

Cryptosporidium, a protozoan that completes its life cycle within
the intestine of mammals, sheds high numbers of infectious oocysts
that are dispersed in feces. One hundred and fifty-two species of
mammals have been reported to be infected with C. parvum,
which causes diarrhea and gastrointestinal illness. C. parvum infec-
tions of humans were first reported in 1976 and have since been
reported from 90 countries. It is highly prevalent in ruminants
and readily transmitted to humans. Cryptosporidium oocysts are
very small (�3 microns) and are difficult to remove from water;
another study found 13% of treated water in the United States
still contained Cryptosporidium oocysts, indicating some passage of
microorganisms from source to treated drinking water (LeChe-
vallier and Norton 1995).

In a survey of farms in the state of Pennsylvania, 64% returned
at least one bovine stool sample that was positive for C. parvum,
and all samples were positive at 44% of farms. All cattle had full
access to water courses that could be contaminated with these
parasites (Graczyk et al. 2000). Environmental factors such as land
use, climate extremes, and inadequate water treatment are now
recognized as contributing factors in the spread of cryptospori-
diosis (Rose et al. 2002).

The extent of the problem of C. parvum in tropical environ-
ments where water supplies are less well controlled is unknown.
However, the impact of changing climate patterns and increased
frequency of severe weather events on watershed and water stor-
age facilities is likely to increase the level of oocyst contamination
(Graczyk et al. 2000).

14.2.5.2 Leptospirosis

Leptospirosis is a bacterial waterborne disease disseminated by
mammals, which shed the pathogen in their urine. Leptospirosis
occurs across the globe. In tropical areas, the disease usually occurs
as outbreaks during the rainy season, due to the flooding of
densely populated low-lying areas infested with domestic rats,
which breed prolifically because of poor garbage collection prac-
tices. In Rio de Janeiro, for example, epidemics have always been
associated with seasonal increases in rainfall (Roberts et al. 2001).
Outbreaks in rural areas are not as common as in urban areas.

14.2.6 Synergies between Malnutrition and
Infectious Diseases

Malnutrition, as a consequence of environmental degradation, has
a huge global impact on morbidity and mortality due to infectious
diseases. For children under five years of age in the developing
world, being underweight equates to about half the mortality risk
of the main infectious diseases such as diarrhea, malaria, pneumo-
nia, and measles. (See Chapter 8 for more on the health impacts
of malnutrition). (See also Box 14.9.)
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BOX 14.9

Nomadic Lifestyle, Land Cover Change, and Infectious
Diseases

Nomads often face a different spectrum of health problems than nonno-
madic populations. Their adaptation to a specific environment—often
one that supports human settlement only on a transient basis—makes
them sensitive indicators of land cover changes. Important inequalities
between nomadic and nonnomadic populations exist not only with re-
gard to the disease spectrum, but even more important with regard to
access to health care (Sheik-Mohamed and Velena 1999). Nomadic
lifestyle interferes with issues of compliance and adherence, but health
care as an instrument of control used by settled populations is also an
issue. Primary health care for nomads would have to be adapted to
their life-style and needs. Continuous drought, for example, may force
nomads into living conditions that threaten their health as well as their
whole lifestyle (Loutan and Lamotte 1984). Becoming sedentary carries
a major risk of mortality and infectious disease for nomadic populations
in the African rain forest.

Nomadic populations live in the semiarid regions of the African con-
tinent or in the rain forest regions of Africa, South America, and Asia.
Two big groups that can be distinguished are pastoralists (in the semi-
arid regions) and hunters/collectors (in rain forests). Kalahari Bushmen
or Australian Aborigines would also be part of the hunters/collectors
group.

For nomadic populations in the semiarid regions of Africa, water sup-
ply and management is a crucial issue. Water is also an essential part
in many land cover changes and is of course essential to health. Child
mortality in the Sahel region of Africa was found to be higher, and
general access to health care was found to be limited. Infectious disease
prevalence in pastoralists differs from settled populations with a profile
that is directed toward diseases that have a reservoir in cattle, such as
tuberculosis or brucellosis, and those that require long-term treatment,
such as some sexually transmitted diseases and again tuberculosis
(Niamir-Fuller and Turner 1999).

Pygmies in the Central African rain forest have been protected
against some infectious diseases (including HIV1) due to their partial
isolation. However, they are fully susceptible when coming into contact
with carriers. Major land cover changes like deforestation in the Central
African basin increase contact between different populations. Infections
that require long-term treatment, like leprosy or tuberculosis, are diffi-
cult to target in nomadic populations in the rain forest.

14.3 New Tools and Methods for Assessment of
Ecosystem Change and Human Disease
Table 14.4 summarizes the published literature on the link be-
tween ecological change and human disease. New tools applied
across these ecologically linked diseases will improve understand-
ing of these linkages and of the emergence of infectious diseases.
Time-series analysis, geographic information systems, and spatial
analysis (which encompass a range of technologies and ap-
proaches, including digital mapping, analysis of remotely sensed
imagery, spatial statistics, ecological niche modeling, and the use
of global positioning systems), for example, have proved useful in
studying diseases emerging from land use change. (See also Chap-
ter 3.) There have also been a number of significant reviews of
tools that have been applied specifically to public health (Beck et
al. 2000; Thomson and Connor 2000; Hay 2000).
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Table 14.4. Infectious Diseases and Mechanisms of Potential Changing Incidence as Related to Ecosystem Changes

Disease
Cases 

per Year DALYsa

Emergence
Mechanism

Anthropogenic 
Drivers

Geographical
Distribution

Expected
Variation from

Ecological
Change

Confidence
Level

(thousand)

Malaria 350 million 46,486 niche invasion; vector
expansion

deforestation;
water projects

tropical
(America, Asia,
and Africa)

+ + + + + + +

Lymphatic filariasis 120 million 5,777 habitat alteration water projects;
urbanization

tropical America
and Africa

+ + + +

Schistosomiasis 120 million 1,702 intermediate host
expansion

dam building; irrigation America; Africa;
Asia

+ + + + + + + + 

Dengue fever 80 million 616 vector expansion urbanization; poor 
housing conditions

tropical + + + + +

HIV 42 million 84,458 host transfer forest encroachment;
bushmeat hunting;
human behavior

global + + +

Onchocerciasis 18 million 484 habitat alteration spillways of dams Africa;
tropical America

+ + + + +

Chagas disease 16–18 
million

667 habitat alteration deforestation;
urban sprawl and
encroachment

Americas + + + + +

Leishmaniasis 12 million 2,090 host transfer; habitat
alteration

deforestation;
agricultural development

tropical
Americas;
Europe and
Middle East

+ + + + + + + 

Meningitis 223,000 
(in 2002)

6,192 habitat alteration;
dust storms

desertification Saharan Africa + + + +

Hantavirus 200,000 – variations in population
density of natural food
sources

climate variability + + + +

Rabies 35,000
deaths

1,160 biodiversity loss,
altered host selection

deforestation and mining tropical + + + +

Trypanosomiasis 30,000–
500,000

1,525 habitat alteration deforestation Africa + + + + +

Japanese 
encephalitis

30,000–
50,000

709 vector expansion irrigated rice fields Southeast Asia + + + + + +

Rift Valley fever 27,500
(Kenya
1998)

heavy rains climate variability 
and change; dam 
building

Africa; Middle
East

+ + + + +

Lyme disease 23,763
(U.S. 2002)

depletion of predators;
biodiversity loss;
reservoir expansion

habitat fragmentation North America
and Europe

+ + + +

SARS 8,098e host transfer intensive livestock 
operations mixing wild
and domestic animals

global + +

Ecological niche modeling is an approach used in biogeogra-
phy to predict the distributional range of species from existing
occurrence data (Anderson et al. 2003). Using genetic algorithms
as a decision tool in a GIS containing layers of environmental
information (such as topography, climate, and vegetation), epide-
miological and spatial risk stratification can be achieved from data
on the location of vectors or pathogens. This approach has been
successfully used in the case of Chagas disease and for vectors of
leishmaniasis and filovirus infections (Peterson et al. 2002, 2004a,
2004b).
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Increasingly in recent years, meteorological satellite data have
been used to help model the spatial and seasonal dynamics of dis-
ease transmission and develop early warning systems (Connor et
al. 1998). These relatively low cost and easy-to-use data sources
have become familiar to public health services in Africa. For ex-
ample, environmental data indicating areas at risk of malaria epi-
demics are beginning to be routinely incorporated into the
WHO/UNICEF-supported disease surveillance software Health-
Mapper that is widely used by ministries of health (WHO 2001).
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Table 14.4. continued

Disease
Cases 

per Year DALYsa

Emergence
Mechanism

Anthropogenic 
Drivers

Geographical
Distribution

Expected
Variation from

Ecological
Change

Confidence
Level

(thousand)

West Nile virus
and other
encephalitides

5,483 (U.S.
average

2002–04)

– niche invasion international travel;
climate variability

Americas;
Eurasia

+ + +

BSE 133d host transfer intensive livestock 
farming

Europe + +

Cholera b c sea surface 
temperature rising

climate variability and
change

global (tropical) + + + + +

Cryptosporidiosis b c contamination by
oocystes

poor watershed manage-
ment where livestock
exist

global + + + + + + +

Coccidioidomycosis – – disturbing soils climate variability global + + + + +

Ebola – forest encroachment;
bushmeat hunting

forest encroachment Africa + +

Guanarito; Junin;
Machupo

– – biodiversity loss;
reservoir expansion

monoculture in agricul-
ture after deforestation

South America + + + + +

Oropouche/
Mayaro virus 
in Brazil

– – vector expansion forest encroachment;
urbanization

South America + + + + + +

Leptospirosis – – habitat alteration agricultural development;
urban sprawl

global (tropical) + + + + +

Nipah/Hendra 
viruses

– niche invasion industrial food produc-
tion; deforestation;
climate abnormalities

Australia;
Southeast Asia

+ + + +

Salmonellosis – niche invasions antibiotic resistance 
from using antibiotics 
in animal feed

global + +

Key:
+ low
+ + moderate
+ + + high
+ + + + very high

a Disability-adjusted life year: years of healthy life lost, a measure of disease burden for the gap between actual health of a population compared with an
ideal situation where everyone lives in full health into old age. (WHO World Health Report 2004)
b and c Diarheal disease (aggregated) deaths and DALYs respectively: 1,798 ˘ 1,000 cases and 61,966 ˘ 1,000 DALYs.
d Human cases from 1995 to 2002.
e From November 2002 to July 2003, probable cases of SARS reported to the World Health Organization.

References
Akogbeto, M., 2000: Lagoonal and coastal malaria at Cotonou: entomological

findings. Sante, Jul-Aug., 10(4), 267–275.
Alexander, K.A., E. Pleydell, M. Williams, J.F.C. Nyange, A.L. Michel, 2001:

The zoonotic importance of mycobacterium tuberculosis: a potential threat
to free-ranging wildlife populations? Journal of Emerging Diseases, 8, 598.

Almansa, J.C. and R.C. Garcia, 1980: Incidencia del murciélago hematófago
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ación de tres métodos de captura de anofelinos en un área endémica del
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humana transmitida por murciélago. México, Rev. Salud. Publ., 37, 354–362.

Schneider, M.C., C. Santos-Burgoa, J. Aron, B. Munoz, S. Ruiz-Velazco, and
W. Uieda, 1996: Potential force of infection of human rabies transmitted by
vampire bats in the Amazon region of Brazil. Am. J. Trop. Med. Hyg., 55(6),
680–684.

Schneider E., R.A. Hajjeh, R.A. Spiegel, R.W. Jibson, E.L. Harp, et al. 1997:
A coccidioidomycosis outbreak following the Northridge, Calif, earthquake.
Jama-Journal of the American Medical Association 277: 904–908.

Schofield, C. J., 1994: Triatominae, Biology and Control. Eurocommunica Publi-
cations, UK.

Schofield, C. J. and J. P. Dujardin. 1997: Chagas disease vector control in
Central America. Parasitology Today 13(4), 141–144.

Service, M.W., 1984: Problems of vector-borne diseases and irrigation projects.
Insect Science and its Application, 5, 227–231.

Service, M.W., 1989: Rice, a challenge to health. Parasitology Today, 5, 162–
165.

Sharma, V.P., 1996: Re-emergence of malaria in India. Indian Journal of Medical
Research, 103, 26–45.

Sheik-Mohamed, A. and J.P. Velema, 1999: Where health care has no access:
the nomadic populations of sub-Saharan Africa. Tropical Medicine and Interna-
tional Health; 4(10), 695–707.

Shiraki, Y., N. Shibata, Y. Doi, and Y. Arakawa, 2004: Escherichia coli produc-
ing CTX-M-2 beta-lactamase in cattle, Japan. Emerg Infect Dis 10, 69–75.

Shope, R.E., 1997: Emergence of arbovirus diseases following ecological modi-
fications: epidemiological consequences. In: Factors in the emergence of Arbovirus
diseases, Saluzzo JF, B. Dodet (ed.). Elsevier, Paris, pp.19–22.

Silveira, F.T, J.J. Shaw, C.N. Bichara, et al., 1997: Leishamniose Tegumentar
Americana, in R.N.Q. Leão (org.), Doenças Infecciosas e Parasitárias. En-
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Main Messages

Ecosystem processes may act to reduce concentrations of substances
that are directly or indirectly harmful to humans. This capacity is finite, has
been exceeded locally in many places, and is exceeded across some whole
regions. The cases of stratospheric ozone depletion by chlorofluorocarbons
and climate change due to greenhouse gas buildup demonstrate that the ca-
pacity to alter the environment in harmful ways through by-products of human
activities has now reached global proportions.

Humankind produces a large variety of wastes that are introduced into
the environment either by accident or by design. Wastes are by-products
of human activity and include human excrement wastes, agricultural wastes,
energy and manufacturing wastes, industrial and consumer chemical products,
medical and veterinary products, and transportation emissions.

All cases of wastewater-borne disease, human health impairment due to
contaminants, environmental degradation due to waste discharges, and
contaminant-caused impacts on biota are failures in waste management.
The management of wastes is an important function of human societies and
essential to the promotion of human well-being. The mismanagement, or ne-
glect of management, for any of the many waste types leads to impairment of
human health, to economic losses, to aesthetic value loss, and to damages to
ecosystems, biodiversity, and ecosystem function.

Deferring waste management actions until the problems become large is
not an effective management approach. The costs of trying to reverse dam-
ages to waste-degraded ecosystems or remove toxins from the environment,
if possible at all, can be extremely large and burdensome on society.

The capacity of an environment to adsorb wastes without damage to
human well-being or to ecosystems depends on the ecosystems’ ability
to detoxify, process, or sequester (that is, isolate from the biosphere)
waste contaminants. The no-damage limit or capacity for assimilation is
highly variable. This variability is a result of the properties of different contami-
nants and the differing characteristics of specific ecosystems. Loading limits
also depend on human judgments as to what is an acceptable level of human
health risk or alteration of an ecosystem.

The levels of a waste chemical that are harmful to the ecosystem may be
either much higher or much lower than for human health. For example, by
the time human health effects are noticed, there may already have been sub-
stantial changes in the ecosystem and vice versa. Further, the sensitivity of
different organisms within ecosystems may be very different for a particular
contaminant. Different waste contaminants may have local, regional, or global
impacts.

Some waste contaminants (such as metals and salts) cannot be con-
verted to harmless materials and will remain in the environment perma-
nently. With continued introduction into an environment, the concentrations of
such contaminants will continue to increase. Many other contaminants (such
as organic chemicals and pathogens) can be degraded to harmless compo-
nents. And depending on the properties of the contaminant and its locations in
the environment, degradation can occur at relatively fast or extremely slow
rates. The more slowly a contaminant is detoxified (that is, the more persistent
it is), the greater the possibility that harmful concentrations of the contaminant
will be reached in the environment either locally or globally.

Some wastes, such as nutrients and organic matter, are normal compo-
nents of natural ecosystem processes but can reach harmful levels due
to human activities. Inputs of these materials may sufficiently exceed natural
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rates so that ecosystem functions are modified or impaired. Nutrients and or-
ganic matter, when applied at appropriate rates and locations, are an important
resource for the improvement of agricultural soils.

The fate and effects of chemicals introduced into the environment can be
predicted (in most cases with useful accuracy), so as to allow informed
waste management decisions to be made. Due to the great number of
possible contaminants, as well as the continuous generation of new com-
pounds, and to the complex interactions within ecosystems, our understanding
of the consequences of some contaminants is incomplete.

The problems associated with wastes and contaminants are in general
growing worldwide. Some wastes are produced in nearly direct proportion to
population size, such as sewage wastes. Other wastes and contaminants re-
flect the affluence of society. An affluent society uses and generates a larger
volume of waste-producing materials such as domestic trash and home-use
chemicals. Where there is significant economic development, loadings of cer-
tain wastes are expected to increase faster than population growth. The gener-
ation of some wastes, such as industrial ones, does not necessarily increase
with population or development state. These wastes may often be reduced
through regulation aimed at encouraging producers to clean discharges or to
seek alternate manufacturing processes.

It is not possible at this stage to state whether the intrinsic waste detoxi-
fication capability of Earth will increase or decrease with a changing
environment. The detoxification capabilities of individual locations change with
changing conditions. However, it is certain that at high waste-loading rates, the
intrinsic capability of ecosystems can be overwhelmed such that wastes build
up in the environment to the detriment of human well-being and the loss of
ecosystem biodiversity and functions.

15.1 Introduction
This chapter addresses two major topics: the general characteris-
tics and patterns of waste production and the capacity of ecosys-
tems to detoxify or otherwise adsorb human-produced wastes.
The first is addressed by showing some trends in major categories
of wastes, attempting to indicate in particular the relationships
between population and level of development and waste produc-
tion. The second topic is complex due to the wide variety of
types of wastes produced by human activities and to the complex
set of ecosystem processes that determine the fate and effects of
wastes in various ecosystems. The chapter shows how ecosystem
processing of wastes and waste loadings interact to determine the
damages of particular wastes.

The term ‘‘wastes’’ in this chapter refers to materials for which
there is no immediate use and that may be discharged into the
environment. It includes materials that might otherwise be useful
if they were not in the environment, such as oil after an oil spill
or pesticides once they are no longer at their site of application.
The term ‘‘pollutant’’ is not generally used here. A waste in the
environment is a contaminant but not necessarily a pollutant in
the sense of loss of use of ecosystem services.

Although there is no attempt here to systematically assemble
and estimate the damage to humans and ecosystems done by past
waste releases, a few examples of the types, issues involved, and
magnitude of damages of wastes that exceeded ecosystems’ capac-
ity are provided in order to illustrate the importance of managing
wastes.

The intent of this chapter is to lay down a foundation for
decisions regarding wastes and to establish the importance of
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waste management for human well-being at both the local and
the global scale.

15.1.1 Humanity’s Many Types of Wastes

Human activities discharge many types of materials into the envi-
ronment:
• Industrial by-products resulting from the production of durable goods,

pharmaceuticals, and other manufactured goods used by society:
Some of these materials are novel to natural systems (xenobi-
otic), which means they did not exist on Earth before being
manufactured by humans. Ecosystems may be very ineffective
in detoxifying novel chemicals, and so they may be particu-
larly persistent and thus accumulate in the environment.

• Nondegradable wastes, which cannot be broken down to harmless ma-
terials: These can only be diluted. This category includes met-
als and salt wastes. Typically, salts are not a problem once they
reach the ocean, but metals cause problems in any ecosystem.

• Pesticides: These may indiscriminately kill even beneficial in-
sects, and persistent pesticides may accumulate in organisms
and have harmful effects on other organisms in the food web.

• Fertilizers, the most important of which, quantitatively, are ni-
trogen and phosphorus compounds.

• Excrement, or sewage wastes, rich in organic matter and in nitro-
gen and phosphorus (plant fertilizers or nutrients) and carrying
pathogens: The organic matter in sewage can remove oxygen
from aquatic systems, and the nutrients may stimulate plant
growth and alter ecosystem structure and function.

• Natural materials, which are often released at rates that greatly
increase environmental concentrations, thereby often harming
ecosystems and human health: Included here are toxic metals,
salt wastes, acid wastes, reactive nitrogen, carcinogenic poly-
cyclic aromatic hydrocarbons (found in smoke and exhaust),
and petroleum products.

• The by-products of day-to-day human activities: This category in-
cludes materials made from paper, plastics, glass, metals, and
products such as household chemicals, and pharmaceuticals,
which become wastes after they are used and, in one form or
another, end up in the environment.
Table 15.1 provides a more detailed listing of the major cate-

gories of wastes introduced into the environment. The individual
materials within a category may have different behaviors in the
environment and represent very different types and levels of risks.
It should be recognized that some of the categories in the table
include a great number of different types of materials. For exam-
ple, the Registry of Toxic Effects of Chemical Substances (MDL
2003) lists over 150,000 chemicals. Another compendium, The
Merck Index (O’Neill et al. 2003), lists over 10,000 individual
biologically active pharmaceuticals, chemicals, and biological
compounds. Further, thousands of new compounds are being
synthesized and manufactured each year.

Wastes may be classified as either ‘‘point source’’ or ‘‘non-
point source.’’ Point source wastes are those discharged from a
specific facility or at a specific location. Typical of these facilities
are industrial operations or sewage processing facilities where the
discharge location is readily identifiable, often a single pipe or
smokestack. (It should be noted that a sewage treatment plant is
not the actual source, but a collecting point for wastes.) The other
major category, non-point source wastes, includes urban runoff,
acid rain, and agricultural runoff. The distinction between point
and non-point sources is somewhat arbitrary, however, as the
place in time and space at which a large number of small point
sources become non-point source is subjective.
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Different types of wastes are also often mixed together, mak-
ing management of wastes more difficult. For example, the mix-
ing of industrial effluents with domestic sewage impairs possible
beneficial uses of waste waters. Domestic sewage, properly treated
to kill pathogens, may make suitable fertilizer and soil enhancers
for agricultural purposes. However, metals or chemicals often
contaminate centrally collected sewage, precluding the use of the
sewage for such beneficial purposes. Many household chemicals
such as pesticides, pharmaceuticals, and cleaners may also render
domestic sewage unsuitable. For example, irrigation with indus-
trial waste waters has been associated with enlarged livers, cancers,
and malformation rates in areas in China (Yaun 1993) and with
cadmium poisoning in Japan (WHO 1992).

Reuse of domestic waste waters is easier when grey waters
(those, for example, from washing) are not mixed with black wa-
ters (those containing excrement). The grey waters can be used
especially for small-scale irrigation with low risk of disease trans-
mission (Faruqui et al. 2004). If mixed wastes (such as municipal
wastes) are incinerated, special technology is required to prevent
potentially harmful materials (such as noncombustible metals)
from entering the incinerator’s air emissions and causing air pollu-
tion. The ash of incinerated mixed waste may also have high lev-
els of contaminants, requiring careful disposal.

15.1.2 Types of Damage Caused by Wastes

Wastes can cause harm in many different ways. It is convenient to
consider three general different types of harm:
• direct impairment of human health;
• damage to ecosystems or organisms that creates economic

losses; and
• damage to organisms in an ecosystem, with loss of biodiver-

sity.

15.1.2.1 Impact of Wastes on Human Health

There are many examples of human health problems associated
with wastes:
• Pathogens in sewage wastes transmit diseases. Such pathogens

include cholera, typhoid, shigella, and viruses, causing diseases
such as diarrhea, polio, meningitis, and hepatitis. It is esti-
mated that 1.8 million children in developing countries (ex-
cluding China) died from diarrheal disease in 1998, caused by
microorganisms, mostly originating from contaminated food
and water (WHO 2003) (some reported food cases may not
be from wastes but from direct contamination by other hu-
mans and poor hygiene in food preparation). Worldwide, a
lack of suitable sanitary waste treatment is estimated to cause
12 million deaths per year (Davidson et al. 1992).

• For metals, the severe health effects of mercury being dis-
charged into the environment were learned in the painful les-
son of Minimata Bay Disease (actually not an infectious
disease, but mercury poisoning) first identified in the late
1950s, where nearly 3,000 people were stricken with disease
or died after mercury was dumped into the environment.
Lead is another metal of high concern. Lead has entered the
environment as an additive in gasoline and paints. For exam-
ple, lead exposure in Mexico has resulted in 40–88% of the
children in various communities having blood levels of lead
higher than exposure guidelines (Romieu et al. 1994, 1995).
Lead exposure can reduce growth and cause learning disabili-
ties and neurological problems.

• A number of persistent organic pollutants have become of
enough concern to stimulate the generation of international
conventions to stop their use (such as the Stockholm Conven-
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Table 15.1. Major Categories of Wastes and Contaminants Listed by Source

Category Types of Wastes Character of Source Extent of Impact

Industrial sources
Energy producers 

Coal, oil, and gas, production 
of coking coal

Nuclear plants 

metals, PAH, fixed nitrogen, waste heat, fly ash, spent
fuel, CO2

point source local to regional to global

Manufacturing and 
chemical wastes

wide variety of types; often synthetic chemicals, sol-
vents, and/or metals

point source local to regional

Mining metal-contaminated water and soils, acidified water point source local to regional

Transportation accidents oil spills and chemical spills point source local to regional

Waste incineration particulates, PAH, dioxins, fixed nitrogen, phthalates point source local to regional

Agricultural sources
Livestock production systems pathogens, including species-jumping bacteria/viruses,

organics, nutrients, salts; pharmaceuticals, including
antibiotics 

non-point source local to regional

Cropping systems herbicides, fungicides, and insecticides; nonusable
plant materials, nitrogen, phosphorus

point and non-point sources local

Land preparation and rangeland
management

PAH, particulates (from set fires) point and non-point sources local to regional

Human habitation sources 
Sewage pathogens, fertilizers, organic matter, residual 

pharmaceuticals
point and/or non-point
sources

local to regional

Heating source emissions PAH, particulates non-point source local to regional

Consumer hazardous materials cleaners, paints, automotive fluids, pesticides, fertiliz-
ers, batteries, cells

point and/or non-point
sources

local

Trash organics, leachates containing nutrients, salts, metals,
plastics, glass

point and/or non-point
sources

local

Transportation, including shipping,
aviation, and automotive sources

PAH, reactive nitrogen, lubricating oils, coolants, lead non-point source regional

tion on Persistent Organic Pollutants and the Aarhus Protocol
on Persistent Organic Pollutants). For example, the concen-
trations of polychlorinated biphenyls in fish from certain wa-
ters are great enough to warrant official advisories against
eating the fish. PCBs have been found in human tissues and
human milk throughout the world (Jensen and Slorach 1991).

• It is estimated that air pollution in China causes more than
50,000 premature deaths and 400,000 new cases of chronic
bronchitis a year (Harrison and Pearce 2000; UNEP 2000).
Air pollution may aggravate asthma, and in the United States
approximately 600 children die annually from asthma and
150,000 are hospitalized (CDC 1995). (See also Chapters 13
and 27 for a further assessment of air pollution.)
Humans are exposed to wastes by drinking water containing

hazardous substances from waste residues, by ingesting foods with
waste residues, by inhaling airborne wastes, or by through-the-
skin exposure after physical contact with waste residues. Drinking
contaminated water is a common route of exposure for many
wastes that are leached into surface or groundwaters. Examples
of food exposure routes include agricultural pesticide residues on
foods, contamination during food preparation, and bacteria accu-
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mulated by edible clams that filter and concentrate particles from
water.

Inhalation is a route of exposure for airborne wastes, such as
the polycyclic aromatic hydrocarbons in smoke and automotive
exhausts, or for pesticides carried downwind of the site of applica-
tion. Through-the-skin (dermal) exposure is most often associated
with worker exposure to materials they are handling, but it is also
a route for wastes, such as for residential use pesticides, and for
parasites. The dermal and inhalation exposure routes highlight
significant overlaps between worker safety issues and waste issues.

15.1.2.2 Economic Losses
Detriment to ecosystems or specific organisms by the introduc-
tion of harmful wastes can lead to significant economic losses:
• When a body of water becomes anoxic from eutrophication

through excess nutrient inputs, it can no longer support com-
mercial, subsistence, or sport fisheries. Worldwide, there are
now at least 146 areas in the coastal environment where low
oxygen concentrations occur either chronically, seasonally, or
episodically (UNEP 2004).

• A major economic loss has resulted from the use of the anti-
foulant agent tributyltin used in paints for ship and boat hulls.
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Pleasure boats are often kept in high-density moorings and
docks in close proximity to where oysters are grown. The
species and race used for the oyster aquaculture industry in
Europe is about 100 times more sensitive to TBT than are
typical aquatic test organisms. As the pleasure boating com-
munity adopted TBT-based paints as the hull paints of choice
in the 1970s, oyster farming operations throughout Europe
experienced huge decreases in yield. For example, in Arca-
chon Bay, France, annual oyster production dropped from
around 13,000 tons to about 3,000 tons between 1977 and
1983. Further, surviving oysters grew deformed, rendering
them unsuitable for market. Economic losses for Arcachon
Bay over this period were estimated at 800 million francs (Al-
zieu 1990). Banning the use of TBT paints on small vessels
alleviated the immediate threat to the European oyster in-
dustry.

• Discharges of wastes into the environment can also cause eco-
nomic losses even where there may be no clear detriment to
the local organisms. For example, in U.S. coastal waters about
15% of potential commercially harvestable shellfish beds are
closed due to water quality problems, primarily from sewage
discharges (NOAA/ORCM 2003).

• When human health is affected by wastes such that a person is
unable to work, there are direct economic consequences.

15.1.2.3 Damage to Ecosystems and Loss of Biodiversity

Wastes present in the environment can harm organisms. Terres-
trial organisms may be exposed to wastes through the food chain,
through inhalation, or through direct contact. Aquatic organisms
may also take up wastes directly from the water.
• Where sufficiently high levels of contamination occur, organ-

isms may receive acutely toxic exposures and die in mass. For
example, fish kills have resulted from industrial discharges or
runoff of agricultural pesticides (Heileman and Siung-chang
1990). Deaths of aquatic and bird wildlife are often the imme-
diate and visible result of large oil spills, although there may
also be long-term residual toxicity resulting from large oil
spills (Peterson et al. 2003).

• More subtle and less evident are wastes that change the behav-
ior or the biology of organisms but are not in themselves le-
thal. A well-known example was the widespread use of DDT
and its effects on high-trophic-level birds, which did not die
but could not successfully reproduce. Currently, there is con-
cern that other chemicals, such as hormone disrupters, may
affect organisms at concentration levels below those causing
effects evident in standard toxicity tests. Some of these may
disrupt the hormone systems of some organisms, affecting
their behavior or reproductive physiology and reducing their
capability to survive or reproduce (NTP 2001; deFur et al.
1999).

• Ecosystems can be damaged by changes in their chemical
composition. For example, acid rain—a result of sulfur and
fixed nitrogen emissions from power plants, motor vehicles,
and agriculture—can alter the chemistry of soil. This stresses
vegetation and alters the species composition of lakes and
streams, sometimes to the point of making the lake unable to
support fish life (Driscoll et al. 2001; Galloway 2001).

15.1.2.4 Different Thresholds for Human Health, the
Ecosystem, and Economic Loss

The thresholds for effects in the three general types of damage—
human health, economic losses, and damage to ecosystems—may
be quite different. Acceptable waste concentration limits to pro-
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tect human health may overwhelm some ecosystems and result in
economic losses.
• The effective pesticide DDT has a low acute (short-term) tox-

icity to humans. From a human perspective, its use was rela-
tively safe and is still used inside households for malaria
control, and although there could be significant sublethal
human health effects as well, it was primarily DDT’s effects
on the reproductive capabilities of birds that made its use un-
acceptable.

• The antifoulant paint ingredient TBT is apparently harmless
to mammals (including humans) at environmental concentra-
tions that are lethal to oysters. Although the use of TBT
caused economic losses in Europe and harmed some other
mollusk populations as well, ingestion of TBT-contaminated
organisms was not considered or regulated to address a human
health problem.

• The effects of low levels of many carcinogenic chemicals (such
as PAH) or ionizing radiation are of great concern for human
health where each individual is valued, yet are usually not risks
to the health of wildlife populations.
Given the different sensitivity of different species, including

humans, to chemical residues, a chemical exposure standard set to
reduce human health impacts may not be sufficient to protect
wildlife, or vice versa. As such, individual evaluations are required
to fully understand the consequences of varying waste concentra-
tions on human health and ecosystems.

15.2 Trends in Waste Production
The amounts of wastes released into the environment in many
ways depend on choices made by governments, organizations,
and individuals. Trends for some categories of wastes by them-
selves are not necessarily predictive of future trends, as waste-
generating behaviors may change. And the future magnitude of
waste problems depends on how wastes are managed in relation
to the capacity of ecosystems to detoxify wastes.

In order to understand the actions required for adequate waste
management, recognizing the role of ecosystems in waste detoxi-
fication, it is useful to examine relationships between waste pro-
duction and different segments of the human population. The
production of some wastes is closely related to population size,
while some production is more related to human practices in agri-
culture and manufacturing, which often correlate with a nation’s
state of development.

15.2.1 Population-proportional Wastes

The amounts of human excrement wastes (feces and urine) pro-
duced are essentially proportional to human population size. Al-
though there may be some differences in the composition and
per capita production of excrement depending upon the nutrition
status of the population (for example, the nitrogen content of
sewage depends on the amount of protein in the diet), the overall
variability in composition is relatively small. The total amount of
human excrement wastes will increase in proportion to popula-
tion growth.

The urbanization of populations (see Chapter 27) and the
general increase in coastal populations (see Chapter 19) will tend
to concentrate the excrement production into relatively limited
areas. If damage to ecosystems from the nutrients and organic
matter in human sewage is to be prevented, and if sewage-carried
pathogens are to be reduced or eliminated, efforts to manage
human excrement wastes must increase in proportion to the pop-
ulation size. Where the oxygen demand (mostly due to the decay
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of carbon compounds in the sewage) and nutrient fertilizers in
excrement wastes are not removed from sewage, especially in
waste-receiving waters near large urban areas, the loadings to the
environment can easily exceed the capacity of ecosystems to ad-
sorb them without causing harm to the environment. Pathogen
destruction and the removal of oxygen demand can be managed
very effectively by modern sewage treatment. With additional
treatments (and often significant expense), the amount of nitrogen
and phosphorus discharges may be significantly reduced. (See later
description in this chapter, Chapter 12, and MA Policy Responses,
Chapter 10.)

15.2.2 Development-related Wastes

The amount of consumer or municipal waste produced on a per
capita basis has a relationship with the development status of
countries. (See Figure 15.1.) In general, poverty reduction would
be expected to increase the production of consumer waste even
without increasing populations. However, policies and practices
may also significantly affect the amount and types of municipal
wastes produced as societies develop.

The density and character of solid municipal wastes also differs
at different states of development. (See Figure 15.2.) In the
United States and Europe, for example, solid waste has a large
fraction of light materials, such as carton boxes, paper bags, and
plastic bags, whereas in many developing countries there is a
larger fraction of higher density solid waste, such as gravels, glass,
food wastes, and unusable metals.

There are three different types of agricultural wastes: fertiliz-
ers, pesticides, and organic wastes (such as manure). The use pat-
terns of these are different and typically depend on a country’s
state of development. In industrial nations, fertilizers were applied
in increasing amounts per unit area until the late 1980s, when
application declined. (See Figure 15.3.) Recognizing the contri-
bution of agricultural runoff to degraded water quality and eutro-
phication and the expense of unnecessary overfertilization,
improved farming practices were introduced in many countries,

Figure 15.1. Municipal Waste Production in OECD Countries by
per Capita GDP (Harrison and Pearce 2001; UNDP 2003)
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Figure 15.2. Density of Municipal Solid Waste in Selected Coun-
tries (UNEP 1996)

Figure 15.3. Fertilizer Use Trends in Industrial and Developing
Countries, 1963–98 (Harrison and Pearce 2001)

which reduced the need for more fertilization yet maintained pro-
duction. In contrast, in many developing countries the application
of fertilizer on an area basis is still increasing and has surpassed
the rate in industrial countries. There is, however, considerable
variation between industrial and developing countries: industrial
ones use more pesticides overall. (See Figure 15.4). Hidden
within this overall trend are some additional important trends:
• Industrial countries are quicker to move to newer, less toxic

(to humans), more environmentally suitable systems and prod-
ucts.

• Developing countries are often still using older, less expensive,
more toxic pesticides at significant risk to farm workers, their
families, and others in the vicinity of farms (Goldman and
Tran 2002), with poverty exasperating such problems.

• Many developing countries have stockpiled wastes that are
likely to eventually breach containment and be a source of
potential harm if not destroyed or disposed of properly (Gold-
man and Tran 2002), again a problem exasperated by poverty,
which reduces the capacity to deal with such problems.
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Figure 15.4. Pesticide Use in Countries at Different Levels of
Development (Goldman and Tran 2002)

• Many individuals applying pesticides, particularly in develop-
ing countries, lack appropriate training. This leads to pesticide
poisonings, unnecessary use, and misapplication of pesticides.

15.2.3 Wastes Controlled by Regulations

The amount of industrial wastes produced can be controlled by
regulation and good industrial manufacturing practices, and it is
not necessarily the case that discharge of industrial wastes grows
with increased industrial levels. Figure 15.5 shows that releases of
industrial wastes to water do not increase in proportion to the
gross domestic product of various countries. The trend is not sig-
nificantly different if looking only at the waste produced as a
function of the fraction of GDP that is attributable to the industry
sector.

The prevention of industrial discharges can be required by a
strong regulatory framework and can be achieved through treat-
ment of waste streams (or pollution control) and through pollu-
tion prevention (often called ‘‘green chemistry’’) through
modification or selection of manufacturing processes to reduce or
eliminate the production of wastes in the manufacturing process
while providing the same products (Greer 2000).

15.2.4 Wastes Controlled by a Combination of
Factors

Some wastes do not fit into a single one of the categories just
described. For example, emissions from cars and trucks include
carbon monoxide, reactive forms of nitrogen, soot, PAH, and
carbon dioxide. The number of vehicles in any country depends
on population size, the wealth of the population, and the policies
in place. The emissions from an individual vehicle depend on
regulation and enforcement of emission standards and on the
kinds of vehicles (that is, the size and engine capacity and type) in
use.

15.3 The Necessity of Waste Management
The production of wastes is a normal function of all living organ-
isms, and individuals, groups of organisms, and societies depend
on the capacity of ecosystems to detoxify such wastes. Without
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Figure 15.5. National Releases of Organic Water Pollutants in
Selected Countries. The nations included (in order of lowest to
highest GDP) are Ukraine, Indonesia, Russia, India, Brazil, China,
United Kingdom, France, Germany, Japan, and United States. (Har-
rison and Pearce 2000; WRI 2003)

an ability to manage wastes, organisms cannot live indefinitely. A
lesson often taught in introductory biology classes provides a use-
ful illustration. Bacteria inoculated into a rich culture medium
will at first grow and multiply. But eventually, as waste products
from bacterial metabolism build up in the medium, the bacteria
can no longer multiply and may die. The death happens even
though there may still be plenty of food for the bacteria. They are
poisoned by their wastes.

Higher organisms require systems to process wastes and ex-
pend significant energy to deal with wastes. For example, a
human body has kidneys, liver, large intestine, and bladder that
are primarily committed to waste processing. Further, the circula-
tory system is just as important for transporting wastes to be pro-
cessed or eliminated as it is for carrying oxygen and nutrients to
cells. Waste management is an important and necessary function
of higher organisms.

Similarly, a portion of society’s energy must be committed to
the important but unglamorous task of waste processing in order
to promote health and well-being. In a human-dominated Earth,
the practice of placing wastes out of reach is no longer a long-
term solution. The dumping of wastes, such as at sea, or the trans-
port of wastes from one country to another does not necessarily
prevent the wastes from causing human detriment.

15.3.1 Local Scale

On the scale of a large city, sewage treatment and solid waste
management are particularly important functions. The level of
commitment necessary to accomplish these tasks may be illus-
trated by examination of the expenditures in cities where sewage
and solid waste services are considered adequate. In an examina-
tion of budgets for some major U.S. cities, for example, the com-
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bined expenditures of solid waste disposal and sewage treatment
range from about half the costs of police and fire protection (New
York and San Diego) to equal to those expenditures (Detroit and
Houston). Establishing effective waste management functions is
an extremely important development goal, as the poor are partic-
ularly susceptible to detrimental exposure to wastes (Goldman and
Tran 2002; see also description later in this chapter).

15.3.2 National Scale

Regulatory management of wastes is generally conducted through
national governments and through state or provincial authorities.
Insufficient regulatory management often leads to human health
impairment, economic loss, or ecosystem degradation. The costs
of failure to prevent waste problems can be very high, especially
those for cleaning up contaminated sites. For example, the U.S.
Environmental Protection Agency estimated (EPA 1998) that it
would require $32.9 billion in public funds to remediate the
5,664 listed contaminated sites in the United States at that time,
which is in addition to the considerable private funds spent on
these projects. Another example is the costs of remediation in
U.S. coastal waters, where it is estimated that upgrading sewage
treatment plants to mitigate nitrogen-caused low oxygen prob-
lems in estuaries will cost up to $20 billion for the Chesapeake
Bay and about $10 billion for Long Island Sound (Boesch 1996).
In addition to such remediation costs, the full cost of failure in
waste management includes broader human, ecosystem, and eco-
nomic costs.

15.3.3 Global Scale

Some contaminants are of global significance, particularly persis-
tent chemicals subject to long-range transport. Accordingly, a
number of international conventions and protocols have come
into force or been signed to manage such chemicals. Notable
among these are:
• the 1979 Geneva Convention on Long-Range Transbound-

ary Air Pollution and its eight protocols;
• the 1985 Vienna Convention for the Protection of the Ozone

Layer and its Montreal Protocol on Substances that Deplete
the Ozone Layer (plus amendments);

• the 1989 Basel Convention on the Control of Transboundary
Movements of Hazardous Wastes and Their Disposal;

• the 1992 United Nations Framework Convention on Climate
Change and its Kyoto Protocol;

• the 1998 Rotterdam Convention on the Prior Informed Con-
sent Procedure for Certain Hazardous Chemicals and Pesti-
cides in International Trade; and

• the 2001 Stockholm Convention on Persistent Organic Pol-
lutants.
In addition, there are further efforts to manage chemicals on a

global basis, such as the U.N.’s Strategic Approach to Interna-
tional Chemicals Management initiative.

15.4 The Capacity of Ecosystems to Detoxify or
Use Wastes
The ability of an ecosystem to reduce waste concentrations de-
pends on both the properties of the waste and the properties of
the ecosystem. In order to understand the potential harm of a
waste or to determine how much capacity an ecosystem has to
assimilate a particular waste, it is necessary to examine the ecosys-
tem processes that are responsible for the fates of wastes. Although
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there are thousands of types of materials in wastes, ecosystem
processes are relatively few in number.

Table 15.2 lists the ecosystem processes that may act to reduce
the concentrations or impacts of wastes in an environment over
time. There are two fundamentally different types of processes:
• Processes that act to change wastes into less toxic forms (‘‘detoxifica-

tion’’): Some types of wastes may be completely destroyed by
processes in the environment or used in the environment in a
way that renders them harmless. It should be recognized that
while processes that alter waste materials are often on the path
to detoxification, the initial alteration of a waste may not re-
duce the potential of the waste to do harm.

• Processes that move and transport wastes: These reduce concentra-
tions of waste by diluting them into larger areas or larger vol-
umes of water. However, some waste transport processes may
also concentrate wastes into ‘‘hot spots’’ of relatively high
waste concentrations.
Different types of waste have different properties and interact

with or are subject to different environmental processes. Table
15.3 lists the general detoxification characteristics for different
types of waste materials.

15.4.1 Detoxification Processes

15.4.1.1 Microbial Degradation

Organic wastes can usually be broken down or even consumed as
food by some organisms. When degraded, the waste may be made
less toxic and its harmful effects reduced. Remineralization is the
complete breakdown of an organic chemical (for example, into
its basic components such as carbon dioxide, nitrogen, phospho-
rus, and water), such as may occur by microbial digestion. Re-
mineralization completely destroys toxicity inherent in such
waste. Most remineralization is conducted by microbes (primarily
bacteria and fungi).

The ability of microbes to metabolize and remineralize differ-
ent wastes is highly variable. Remineralization depends on the
type and number of microbes in the total community that are
capable of degrading a particular waste. The number of waste-
degrading microbes in turn depends on prior exposure to the
waste (or similar types of waste) through chronic or single-event
exposures. Degradation of the wastes may increase after exposure
as a result of an increase in number of waste-degrading microbes
or the induction of appropriate enzyme systems.

The rates at which microbes can degrade wastes are influenced
by temperature and thus may change seasonally. The presence of
oxygen often exerts a strong influence on degradation rates, and
wastes may persist for very long periods of time in sediments that
have little or no oxygen, even though microbes in oxygen-rich
environments may readily degrade the same waste. Marine and
aquatic sediments and water-saturated soils in wetlands are often
low in oxygen. Hence, the water availability in a specific location,
acting through changes in the amount of saturated sediments and
soils or even through changes in soil moisture, may have signifi-
cant effects on contaminant degradation rates.

Some wastes break down in anaerobic conditions. Specifically,
the removal of chlorine atoms from PCB molecules, a necessary
first step in their remineralization, seems to occur (though slowly)
in anaerobic conditions (e.g., Mondello et al. 1997).

High concentrations of waste contaminants may also be toxic
to the bacteria and fungi that could otherwise degrade the con-
taminant were it present in lower concentrations. This restricts
the breakdown of a contaminant to the less contaminated areas of
a site, slowing the overall degradation.
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Table 15.2. Processes Involved in Waste Processing and
Detoxification

Processes Factors Affecting Processes
Contaminant movements in soils 
Sorption to sediments
(may reduce bioavailabi-
lity)

chemical nature of soils; especially organic con-
tent and cation exchange capacity, basicity of
compound

Leaching by precipitation
water flow (transport from
and through surface
sediments)

porosity of soils, rate and pattern of rainfall, vege-
tation cover, slope of soil surface, polarity of com-
pound

Groundwater transport clay content, cation exchange capacity, porosity,
hydraulic gradient, polarity of compound

Volatilization and dust
transport

vapor pressure of chemical, vegetation cover,
moisture content of soils

Soil erosion vegetation cover, soil moisture content, soil cohesion

Biological transports bioturbation, bioconcentration, and animal
movements and migration

Contaminant movements in water bodies
Mixing or dilution volume of receiving waters, stratification

Advection and dispersion velocity of water, turbulence regime

Water residence time water input rate, tidal height, salinity distribution

Particle and sediment
interactions and scaveng-
ing to sediments

solubility of contaminant (Kow), particle 
deposition rate

Sediment-water
exchange

diffusion rate, bioturbation rate, water level fluctu-
ations

Sequestering of chemi-
cals (acid volatile sulfides
in sediments)

oxidation state of sediments, availability of
sulfides

Scavenging to (accumula-
tion at) sea–air interface

solubility of contaminant

Volatilization vapor pressure of contaminant, wind speed and
water surface roughness

Aerosol formation breaking waves

Precipitation from solution solubility limits

Biological transports uptake by organisms, settling of organic
materials, food chain transfers

Contaminant movements in air
Wind transport wind speed, particle size and density

Wet deposition precipitation patterns and solubility

Dry deposition and
adsorption

surface area, air turbulence, “strictness” of
contaminant

Processes responsible for alteration and destruction of contaminants
Direct photolysis strength and wavelength of light
Oxidation/reduction properties of chemicals, oxidation state of media

Acid, base, and neutral
hydrolysis

properties of chemicals, moisture availability

Microbial transformations type of chemical bonds (e.g., chlorinated/hol-
genated vs. natural compounds); native communi-
ty of microbial degraders; microbial degradation
rates may depend upon waste concentration,
temperature, the presence or absence of oxygen,
pH, prior exposure, availability of co-metabolites,
and influence of synergism

Radioactive decay rate of decay intrinsic to radionuclide

Die-off (of pathogens and
indicator organisms)

temperature and other conditions in environment,
presence of organisms to ingest pathogens, pres-
ence of vector organisms
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Chemicals that can be used as food by microbes tend to break
down more quickly than poor food-quality chemicals. Some or-
ganic chemicals are especially slow to break down in the environ-
ment. For many of these, their resistance to microbial degradation
results from the presence of many attached chlorine or bromine
atoms. While there are many naturally occurring organic com-
pounds incorporating chlorine or bromine—which degrade, al-
beit slowly, naturally—many of those synthesized by the chemical
industry are quite resistant to microbial degradation. The chlorine-
carbon bonds in these synthetic chemicals are not naturally abun-
dant, and organisms do not have enzymes effective at degrading
these chemicals. One group of such resistant chemicals with
known toxic effects are the persistent organic pollutants, some of
which have been banned from further production by interna-
tional treaties (as described earlier in this chapter).

The time required for the concentration of POPs in a con-
taminated area to decrease measurably is typically measured in
decades (Wania and Mackay 1995). For example, results from the
NOAA Mussel Watch Program show that PCBs (one group of
POPs) in Delaware Bay are decreasing at a rate of only about 5%
per year (a half-life of about 13 years). This decrease is partly due
to slow degradation of the PCBs but also to their dilution and
spreading. On a national scale, the average PCB concentration in
mussels in the United States is only decreasing at a rate of 2% per
year (a half-life of 34 years). Another example is dioxin contami-
nation in Viet Nam, which was a result of defoliant use between
1962 and 1970. Concentrations of dioxin in human milk in Viet
Nam have been decreasing with a half-life of about 4 years (calcu-
lated from data in Schecter et al. 1995). This decrease is a result
of both degradation and slow dispersion of the dioxin. The slow
rate of loss, coupled with the high initial exposures, results in
dioxin concentrations in human milk some 30 years after the con-
tamination ceased that are still 10 times higher than in nonex-
posed areas (Schecter et al. 1995).

Where large amounts of waste are present, such as in an oil
spill, the degradation rates of the wastes may be limited by factors
needed for microbial growth such as nitrogen and phosphorus.
If bacteria cannot increase in number, the degradation rates of
compounds will remain slow. The physical nature of spills may
also inhibit microbial breakdown. If the spilled waste remains in
large clumps, or patches, the microbes cannot reach or degrade
the interior of the clump, and only the surface of the clump is
subject to microbial decay, greatly slowing the digestion of the
waste.

For many organic wastes, and particularly large (high molecu-
lar weight) compounds, it is important to distinguish between an
initial alteration of the chemicals in the waste (a relatively small
change in the form of the waste) and complete remineralization.
A small alteration of a parent compound may result in persistent
and/or toxic daughter products that may be of as much concern
as the parent waste chemical.

With such a complex array of factors that can influence bio-
degradation, it is not usually a simple matter to predict the persis-
tence of a degradable waste in an environment. However,
experience with wastes has been gained and models have been
developed that allow such predictions to be made with good con-
fidence. In addition, understanding of the process affecting waste
degradation has allowed the development of bioremediation tech-
niques that create the right conditions to accelerate biodegrada-
tion in some contaminated areas (Alexander 1994) (see MA Policy
Responses, Chapter 10).

15.4.1.2 Pathogen Die-off
Some human pathogens are rendered harmless in the environ-
ment. Many bacteria and some viruses that only grow in condi-
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Table 15.3. Detoxification Characteristics for Different Types of Waste Materials. For the types of waste that cannot be destroyed by
natural environmental processes, as opposed to dilution or sequestration, no time frame for detoxification is given. Half-life is the time it takes
for the concentration of a particular material to reduce by half. The use of half-life is a measure that implies first-order kinetics. It should be
recognized that detoxification is usually a biological process that will have much more complex kinetics than first-order. Nevertheless, half-life
is a useful simplifying approach.

Type of Waste
Characteristics of Waste and Major Processes for
Detoxification Time Frames for Detoxification, Where Applicable

Airborne sulfur dioxide
and sulfates

Component of acid rain. Can be buffered by some soils until buffer-
ing capacity of soils is exceeded.

Airborne oxides of 
nitrogen

Component of acid rain. Contributor to eutrophication.
(see box on eutrophication.)

Polycyclic aromatic
hydrocarbons (PAH)

Many PAH are carcinogenic. PAH may be photodegraded and rem-
ineralized by microbes. Many PAH have a high affinity to adsorb
onto particles and soils.

Rate of photodegredation of PAH depends upon specific configura-
tion of individual PAH. In air or sunlit waters, half-lives of PAH may
range from hours to days. Lower molecular weight PAH can be
readily degraded in aerobic soils and sediments, with typical half-
lives in days to weeks. Higher molecular weight PAH degrade
much more slowly, with half-lives in weeks to months. In anaerobic
conditions, PAH may persist indefinitely.

Toxic metals, especially
mercury, lead, and 
cadmium

Cannot be degraded. May be bound to other material (i.e., sulfides)
in certain conditions so that toxicity of metals is not exhibited if
there is sufficient binding material. Other binding sites include
organics, and they may form precipitates such as hydroxides and
oxy-hydroxides that may render them less bio-available and in the
process reduce their toxicity.

Rate of dilution depends upon environmental setting, while precipi-
tation processes are pH/redox regulated. Many metal-contaminat-
ed sites may remain contaminated for decades to centuries.

Halogenated organic
compounds, especially
DDT and its metabo-
lites, PCB, PCT, dieldrin,
and short-chained 
halogenated aliphatic
compounds

Some can be photodegraded. May be degraded by microbes. Many
have high affinity to adsorb onto particles and soils. One route of
degradation is the volatilization of chemicals from sediments or
soils to the atmosphere, where it is degraded by strong UV light.

Due to having halogen-carbon bonds that only occur in trace
amounts in nature, microbes do not generally have an ability to
degrade these compounds readily. However, general detoxification
enzymes within microbes can degrade some of these chemicals,
albeit slowly. For example, half-lives of PCBs in contaminated sedi-
ments are typically decades.

Petroleum hydrocarbons Petroleum hydrocarbons are a mixture of primarily alkane com-
pounds and PAH. The alkanes are readily degraded by microbes in
the right conditions. PAH are described above. Where petroleum
hydrocarbons are introduced into the environment in large quantity,
such as an oil spill, the oil may remain in large drops so that bacte-
ria cannot get to most of the oil. In large spills, there may not be
sufficient nitrogen and phosphorus in the local environment to per-
mit hydrocarbon-degrading microbes to multiply.

Lighter hydrocarbons can degrade with half-lives of hours to days
when found in low concentrations and in aerobic conditions.
Heavier components of oil—i.e., that left over after the light hydro-
carbons are degraded or volatilized—can persist indefinitely (such
as tarballs). Light or heavy hydrocarbons in anaerobic conditions
will degrade very slowly if at all. In addition, high concentrations of
hydrocarbons may initially exhibit localized toxic effects, causing a
delay before degradation proceeds.

Toxins of biological 
origin from algae, fungi,
and bacteria

Presumably these compounds are subject to microbial and/or pho-
todegradation.

Rates of degradation probably rapid, with half-lives in hours or
days. The toxicity of a water body disappears soon after the organ-
isms producing the toxins are no longer present.

(continues over)

tions found in the human body lose viability in the relatively
harsh conditions of the environment. Both viruses and bacteria
may be ingested and utilized for food (therefore remineralized) by
other organisms in the environment without detrimental effects.
However, other pathogens, such as vector-borne diseases, com-
plete part of their life cycles outside of the human body and are
maintained by their in hosts in the environment.

15.4.1.3 Photochemical Degradation

In the atmosphere, and to a lesser extent in surface waters, some
compounds are altered by interaction with ultraviolet light or by
chemically reactive compounds produced by ultraviolet light,
such as ozone or hydroxyl radicals. Some limited groups of or-
ganic chemicals have structures (chromophores) that adsorb light
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energy and are activated into a particularly reactive state, altering
their structure. This structural change may not reduce the toxicity
and may even create more toxic daughter products, but it may be
a first step toward remineralization, which can be followed by
microbial degradation. The rates of alteration by photochemical
degradation may vary widely between chemicals that have only
slightly different structures. Reactive compounds in the atmo-
sphere, especially ozone, may also act to alter the structure of
airborne wastes.

15.4.1.4 Sequestration of Wastes

Some waste materials may be sequestered in the environment in
such a way that they are not biologically available and do not
exhibit toxicity. The sequestration of certain metals in marine and

................. 11432$ CH15 10-11-05 14:58:58 PS



428 Ecosystems and Human Well-being: Current State and Trends

Table 15.3. continued

Type of Waste
Characteristics of Waste and Major Processes for
Detoxification Time Frames for Detoxification, Where Applicable

Nitrogen compounds Nitrogen exists in different forms and is an essential plant nutrient.
The presence of elevated nitrogen concentrations in water can lead
to proliferation of algae and other plant species. This can reduce
the value of the resource and can affect human health. For exam-
ple, nitrate levels over 20mg/l are considered the safe upper limit in
potable water.

Rates of transformation are dependent on the form. Dentrification
can be rapid (hours) in the presence of bio-available carbon and
acceptable pH and temperature conditions. Assimilation into plant
biomass is light-, temperature-, and plant species-dependent and
may be hours to days.

Ammonia toxicity Ammonia is oxidized to nitrate in aerobic environments. Local pH
and salinity conditions can influence the level of toxicity by influ-
encing the ionized and un-ionized fractions.

Rate of oxidation is temperature and oxygen-dependent, with typi-
cal half-lives of hours to days.

Phosphorus An important plant nutrient that is associated with fertilizers and
detergents. Phosphates bind with some metals, for example iron
and aluminum salts, and can from insoluble salts of calcium and
magnesium under high pH conditions in oxidizing conditions.
Reducing conditions can result in the release of preciously bound
phosphorus. Phosphorus may be removed by plant uptake.

Minutes to hours if chemical precipitation/release processes are
involved; days to months in the case of biological uptake being
species-dependent.

Organic loading Most organic matter can be remineralized to carbon dioxide by
microbes. Some organic matter is resistant and will degrade much
more slowly.

Rate of oxidation is temperature and oxygen-dependent, with typi-
cal half lives of hours to days for readily degradable organics and
months to years for resistant materials.

Acid wastes High acid wastes (i.e., low pH wastes) can result in the mobiliza-
tion of metals that may increase toxicity. Acidity can be buffered in
both soils and water until the buffering capacity is exceeded. The
presence of sulfur can influence acidity, for example the oxidation
of sulfur compounds can lead to a reduction in pH while sulfate
reduction through the generation of alkalinity can reduce the acidity
, which can be reflected in an increase in the pH.

Hours to weeks if conditions are favorable. Chemical processes
are generally more rapid than biologically mediated processes.

Pathogens Some pathogens may lose viability in environment or may be uti-
lized as food by other organisms. Some pathogens are endemic in
the environment and do not lose viability.

Survival half-lives of non-endemic pathogens is typically hours to
days.

Radionuclides Natural radioactive decay to stable isotopes (see metals for associ-
ated processes).

Half-lives of most medical-use radionuclides range from hours to
weeks. Half-lives for the bulk of radioactive wastes from power
plants range from decades to millennia.

Solid salts of alkali met-
als and alkaline earth
metals

Cannot be destroyed.

Waste heat Heat loss occurs through dilution and radiation of heat energy to
the atmosphere.

aquatic sediments by acid volatile sulfides is an example. These
metals are bound into a mineral form that is not biologically avail-
able, and as long as there are sufficient sulfides to bind all the
metals, no toxicity is exhibited (Ditoro et al. 1992). Where the
concentrations of metals exceed that of sulfides, the sediments
exhibit toxicity. Sequestration may be reversible. If conditions are
altered, the sequestration may break down and the wastes re-
turned to toxic forms. In the case of acid volatile sulfides, the
metal sequestration takes place in anoxic sediments, and if the
sediments become oxidized through disturbance or ecosystem
change, the metals may be released from their bound state and
become available and exhibit toxicity. Some chemicals may also
be sequestered within soil or sediment organic matter.

Humans often manage wastes by sequestration or immobiliza-
tion, such as in managed landfills or high-level radioactive waste
storage sites. As with natural sequestration, sufficient time may
bring about a change in conditions and release wastes back to the
environment.
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15.4.1.5 Incineration

Organic wastes are often remineralized by incineration. Efficient
incineration can completely destroy the toxicity of an organic or
pathogenic waste. Inefficient incineration, however, results in the
production of carcinogenic polycyclic aromatic hydrocarbons, di-
oxins, and furans. If a metal-containing waste is burned, the met-
als may be emitted to the atmosphere, where they can enter food
chains and cause environmental damage and detriment to human
health. Incineration in large amounts, especially of sulfur-containing
materials (such as some coals) can add acidity to the atmosphere,
resulting in acid rain and ecosystem damage. A variety of engi-
neering techniques are available to capture the contaminants and
reduce the emissions.

15.4.2 Waste Transport Processes

As noted earlier, there are a number of processes that tend to
disperse materials in the environment—for example, pesticide
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leaching into groundwater, runoff with rainwater to water
courses, and evaporation or volatilization into the atmosphere,
where it may be carried by winds. Soil and wind erosion may also
carry pesticides sorbed to soil particles into water bodies and to
downwind areas.

Reduction of waste concentrations in a single body of water
is best understood as a result of two processes: dispersion (dilution
by mixing into larger volumes of water) and advection (water
moving downstream). Both these processes reduce the concentra-
tion of the waste at its point of entry in the ecosystem. These also
apply to contaminants in air.

Dispersion and advection have been counted on for millennia
to manage human wastes. If the wastes can be detoxified by the
environment, and the loading rates do not exceed the capacity of
the environment to process them without undesirable change to
the ecosystem, such an approach can be effective. However, with
increasing human population densities and waste loads, coupled
with many types of wastes that do not degrade rapidly, such a
simple approach is rarely adequate. Even wastes that are diluted
into the entire atmosphere of the planet have reached concentra-
tions above acceptable levels. Examples are the upper-atmosphere
ozone-depleting chemicals chlorofluorocarbons and methyl bro-
mide, which are now the subject of coordinated efforts to reduce
their emissions through the Vienna Convention and the Montreal
Protocol.

While there is a natural tendency for all things to disperse and
move from areas of high concentration to low concentration,
there are also processes that effectively act to concentrate some
wastes and create relative hot spots. The next two sections exam-
ine these processes in more detail.

15.4.2.1 Partitioning and Scavenging

One particularly important process that influences the fate of
chemicals, especially in aquatic systems, is that of chemical parti-
tioning. Many waste chemicals have low solubility in water. Even
when present in water at concentrations below their absolute sol-
ubility, low-solubility chemicals may be strongly attracted to par-
ticles. If a solid surface is available, such as small particles in the
water, the chemical will tend to adsorb or attach to the particle.
The strength of this affinity is referred to as a partition coefficient
(which for organic chemicals correlates with the octanol/water
partition coefficient, or Kow). Some authors express this general
concentration mechanism as ‘‘solvent switching’’ (MacDonald et
al. 2002). The particle affinity of metals depends on other factors,
especially the oxidation state of the metal.

Particles in the water column tend to settle to the bottom.
This may occur in standing water or in areas of low flow, such as
upstream of a dam in a river. The adsorption of chemicals to parti-
cles and the subsequent settling of particles acts to transport (or
scavenge) chemicals from the water column to sediments. In this
fashion, relatively high concentrations of chemicals can build up
in sediments even in areas that originally had dilute concentra-
tions of waste in the water. The sediments act as a reservoir for
wastes, often to the detriment of benthic organisms. And depend-
ing on the persistence of the waste, the sediments may remain
contaminated even if the inputs are stopped. If the sediments are
disturbed by high water flows such as floods or major storms or
by mechanical means such as dredging or construction projects,
the sediments may become ‘‘new’’ sources for wastes.

15.4.2.2 Biological Uptake and Trophic-level Concentration

Many waste chemicals may have a strong affinity for biological
tissue, particularly for the lipid (fatty) tissues in organisms. An
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aquatic organism may move large amounts of water across its met-
abolic surfaces (gills or equivalent) in order to obtain oxygen. This
provides an opportunity for chemicals (especially organic com-
pounds such as the POPs) to be taken up into the organism, con-
centrating the chemical by another type of solvent switching. As
with sediment partitioning, the concentrations in the organism
may become much higher than in the water. The magnitude of
this effect is usually described as the ‘‘bioconcentration factor.’’

The concentrations of wastes can increase in organisms further
up the food chain. This process is often called ‘‘bioamplification’’
and may be viewed as a ‘‘solvent depletion process’’ (MacDonald
et al. 2002). (Biomagnification is another term often used in the
same sense as bioamplification, although biomagnification is also
sometimes used in the same sense as bioconcentration. The use of
these terms is not standard.) When a higher trophic level organism
ingests a food that has been contaminated (by bioaccumulation),
it may digest most of the food but none of the waste. The waste
then becomes much more concentrated in the gut, exposing the
higher-trophic-level organism to high concentrations of waste.
Where upper-trophic-level organisms cannot metabolize or ex-
crete the waste, the waste increases in concentration in bodies of
organisms in successively higher trophic levels, and thus bioampli-
fies. In this fashion, persistent chemicals that were originally pres-
ent at low, nonharmful levels in the environment build up to
harmful levels in the tissues of higher-trophic-level organisms, in-
cluding humans (MacDonald et al. 2002).

15.5 Determining the Capacity of an Ecosystem
to Assimilate Wastes
The assimilative capacity of an ecosystem to adsorb waste may be
defined as the amount and rate of a given waste that can be added
to an ecosystem before some specified level of detrimental effect
is reached. Deciding on a safe or acceptable level is not usually a
simple matter, as is clear from the complex set of processes and
the wide array of possible waste types just described. Further, the
‘‘acceptable level’’ incorporates human value judgments, which
may be different for different people and may vary over time.

The human value judgments include such considerations as:
• the level of risk that is acceptable;
• whether environmental standards are based upon some abso-

lute level or whether risks are balanced against benefits;
• the costs of mitigating the effects of wastes;
• the manner in which noneconomic properties of an ecosystem

are valued; and
• the allocation of benefits, or risks, to different sectors of Ear-

th’s population, and between the present and the future.
Hence the capacity of an ecosystem to assimilate wastes is not

usually determined by purely scientific or objective study. Science
may be able to clearly describe the consequences of any particular
waste loading, but it is the application of human values to the
consequences that are responsible for setting a ‘‘safe’’ or accept-
able limit.

15.5.1 Safe Levels of Exposure

The concept of ‘‘safe’’ is reasonably clear for pathogen wastes. If
the disease organism is present in water or food, it is not safe to
drink the water or eat the food. In practice, however, it is often
not easy or routine to directly detect the presence of disease or-
ganisms in the environment. A separate test or procedure might
be necessary for each species of pathogen, and the culturing of
pathogens for test purposes is often difficult and may be danger-
ous. The presence of nonharmful organisms that are found in
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human wastes and that are relatively easy to measure are usually
used to indicate the possible presence of disease organisms. This
approach assumes that pathogenic organisms do not survive
longer in the environment than do the indicator organisms,
which may not always be the case. Still, the use of indicator or-
ganisms has been effective (but not perfect) in protecting human
health for many decades. The common use of fecal bacteria for
indicators is not useful in predicting the presence of parasitic
worms.

Chemical wastes are often divided into two categories: those
having threshold effects and those having no threshold effects. For
threshold chemicals, there are assumed to be no detrimental ef-
fects below a certain level of human exposure, although above
that threshold, detrimental effects may be found. For no-threshold
chemicals, primarily carcinogens, it is usually assumed that there
is detriment at all levels of exposure, no matter how small. For
these, the probability of damage is greater with greater levels of
exposure.

Establishing a safe level for a contaminant that has a distinct
threshold effect is conceptually straightforward, but there may be
considerable technical complexities in arriving at a standard, such
as how to apply results of laboratory animal studies to humans. In
practice, maximum exposure limits are usually set well below the
threshold level for the observed effect in order to account for
uncertainties in the measurement of the threshold, individual sen-
sitivity, and the possibility of greater than estimated exposures to
a waste for some persons. There is always some concern that a
chemical may have subtle detrimental effects at low levels of ex-
posure that are hard to identify as being caused by the chemical.

For non-threshold carcinogenic chemicals and for ionizing ra-
diation, the risk increases with exposure. The effects are an in-
crease in probability that the exposed person could get a cancer
during his or her lifetime. As cancers may arise from different
causes, the cause of a particular case of cancer may not be un-
equivocally attributable to a particular exposure, and the effects
are observed in population statistics of how many persons contract
cancer of a particular type. The setting of a ‘‘safe’’ level for a
carcinogen requires a value judgment of the level of risk that per-
sons are willing to accept, plus the knowledge of the probability
of a cancer developing in an individual from a given dose (that is,
the dose-response relationship). An example might be the stan-
dard for acceptable concentration of a chemical in drinking water.
This standard may be based on a value of an individual’s lifetime
risk being no more than one chance in a million (usually used by
U.S. EPA) or one in 100,000 (usually used by WHO) of contract-
ing cancer from that chemical if they have a lifetime exposure to
the chemical at the level of the standard.

The level of exposure that is deemed acceptable varies consid-
erably from chemical to chemical depending on its toxicity. For
example, the FAO/WHO CODEX Alimentarius standards for
maximum residue levels range from 0.05 to 25 milligrams per
kilogram for different pesticides on apples.

Where contaminants occur together and have similar mecha-
nisms of detrimental effects, these effects may be additive, acting
together so the threshold for effect may be reached at levels that
would have no effect for individual chemicals. There is also con-
cern that the effects of some contaminants may be synergistic in
that exposure to a combination of two or more contaminants will
lead to a much greater effect than would be expected from the
simple addition of the effects of the individual contaminants. Fi-
nally, the effects of some contaminants may be antagonistic in
that together there is less effect than would be expected from the
addition of multiple contaminants (Yang 1994).
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15.5.2 Predicting and Managing the Risks of Wastes

Determination of human health impairment from exposure to
wastes can be very complex. For each waste or each component
of a mixed waste stream, an evaluation of the impairment depends
on a knowledge of the fate of the wastes in the environment, how
much exposure humans will get from the waste, and how much
detriment will occur from a given level of exposure.

In evaluating the detrimental effects of a waste or actions taken
to reduce exposure and detriment from wastes, it is usually desir-
able to evaluate the total number of exposed persons in the popu-
lation—the cumulative human-health impairment. For example,
two differing waste management options might protect all indi-
viduals from exposures that exceeded standards for individual
protection, but the options may differ in the total dose to the
population.

Toxicology and risk assessment are developed areas of science,
and various national and international bodies have used appro-
priate techniques to determine health risks and set appropriate
standards and guidelines. Professional organizations working on
these issues include the Environmental Mutagen Society, Genetic
Toxicology Association, Society of Environmental Contamina-
tion and Toxicology, Society for Occupational and Environmental
Health, and many others (see, for example, www.health.gov/
environment/ehpcsites.htm). Although the scientific community
has the ability in most cases to predict (with useful accuracy) the
fate and effects of chemicals, due to the great number of possible
contaminants (as well as the continuous generation of new com-
pounds) and the fact that the specific conditions within a specific
ecosystems may not be known, our understanding of the conse-
quences of some contaminants is incomplete.

15.6 Drivers of Change in Waste Processing and
Detoxification
At this stage it is not possible to state, on a global scale, whether
the capacity of ecosystems will increase or decrease in response to
climate change. The change in average local or global tempera-
tures of a few degrees is not thought likely to have much effect
on the distribution of waste materials in the environment (Mac-
Donald et al. 2002) or on a temperature-dependent microbial
degradation rate.

As described earlier, the capacity for an environment to assim-
ilate wastes is highly dependent upon local conditions. The bacte-
ria and other decomposing organisms that detoxify susceptible
chemicals or reuse nutrient wastes are highly dependent upon
local conditions such as oxygen availability, moisture, and tem-
perature. Hence, changes in local climate may have significant
effects of waste assimilation capacity of different ecosystems. The
conditions at some locations may allow the microbial community
to be better able to process certain types of wastes. Other locations
may suffer a reduced inherent ability to detoxify.

Changing climatic conditions may also have an effect on the
susceptibility of organisms to wastes. Organisms living near their
physiological temperature limits may be particularly sensitive to
stress from waste contaminants. In such cases, small temperature
changes may cause significant differences in the effects of contam-
inants.

A safe generalization for virtually all types of wastes is that the
ability of environments to detoxify them can be overwhelmed at
high waste loading rates. If waste production increases with grow-
ing populations and improved development of nations proceeds
faster than waste management efforts, then it seems likely that
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there will be an increasing number and size of locations on Earth
where the detoxification capabilities of the ecosystem will be
overwhelmed and waste concentrations will build up to the detri-
ment of human well-being to damage ecosystems with a loss of
biodiversity.

It is hard to predict with a high degree of confidence which
environments will be most subject to impacts by different types
of wastes. Nevertheless, Table 15.4 is an assessment of the likeli-
hood of ecosystems receiving different types of wastes and con-
taminants. Table 15.5 lists a number of the driving forces acting at
the local level and the effects those drivers will have on waste
processing and detoxification.

15.7 Selected Waste Issues
This section describes some key waste issues. A great number of
waste types and issues could be cited as examples, and it is not
possible for this chapter to attempt to detail the entire scope of
waste types and issues in similar detail. The selection here is
merely representative of this range, and should not be interpreted
as suggesting that these wastes are the most important to consider
for future waste management actions.

15.7.1 Consumer Household Wastes and Hazardous
Materials

15.7.1.1 Household Trash, a Mixed-waste Stream

A multitude of products are used by individual consumer house-
holds or in nonindustrial commercial settings. Many of these
products generate trash and require disposal. These include food
wastes, paper products, plastics, and metals and may also contain
harmful chemicals. Depending on local practice, wastes may be
combined or attempts may be made to keep the different materials
separate. Food wastes, when kept separate, may be used as com-
post and for soil enrichment. Some paper products, plastics, glass,
and metals can be recycled. What is not separated and reused must
be disposed of. Once different types of materials are mixed (usu-
ally by the individuals or households generating the trash), it is
much more difficult to separate them for reuse. Polyethylene
wrappers, bags, or sheets are a major problem in Africa as they
litter urban areas, are not biodegradable, and do not burn readily.

Common practices are to either landfill (dump) or incinerate
the wastes. Both options have drawbacks. Landfilling permanently
takes up space, often in short supply in areas of high population
density. Improperly designed and managed landfills may attract
vermin, may contaminate groundwater, become visual blights,
and emit objectionable odors. Although portions of the organic
materials in landfills may decay and generate the green-house gas
methane (which could be collected and used as a resource), much
of the disposed materials does not degrade and will effectively
persist permanently.

Incineration generates air pollution, with the amount of pol-
lution dependent upon the investment in technologies to reduce
or capture emitted metals and other hazardous materials before
they leave the smokestack (NRC 1999). Where open burning is
used, the simplest form of incineration, there is no opportunity
for recapture of harmful materials in the smoke. Clearly, keeping
the different types of wastes separate and reusing those materials
is beneficial relative to either landfilling or incineration. However,
most community recycling programs reduce the total volume of
the domestic waste stream by only 30–50%.

The amount of household refuse is likely to increase with in-
creasing affluence of persons, as indicated earlier in Figure 15.1.
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There can also be differences in societal practices that would devi-
ate from this trend. Another example of development-dependent
use of materials is provided by the per capita use of paper in differ-
ent countries. (See Figure 15.6).

In parts of the developing world, municipal waste collection
is often very ineffective, and much of the wastes are dealt with by
a network of urban wastepickers (Furedy 1990, 1994). In most
cases, wastepicking is driven by poverty. Picking through wastes
of more-affluent people provides access to resources of clothing,
fuel, housing, and even jobs for the poorest. The waste stream
can be mined for the raw materials to support small-scale indus-
tries, but the conditions for the waste pickers are usually very
unhealthy (Yhdego 1991). There have been some efforts to orga-
nize wastepickers and improve waste collection efficiency, recycl-
ing, and conditions for the workers (Furedy 1992; LIFE 1995;
Poerbo 1991).

15.7.1.2 Consumer-use Hazardous Materials
Consumers use many products that contain hazardous materials.
A partial list of such products sorted into general categories in-
cludes the following:
• Household cleaners: bleach, ammonia, disinfectants, drain

opener, furniture polish and wax, oven cleaner, spot remover
• Laundry products: laundry detergent, fabric softener, bleach,

perchloroethylene
• Lawn and garden products: fertilizer, pesticides, herbicides, gaso-

line, oil
• Home maintenance products: paint, paint thinner, stains, varnish,

adhesives, caulk
• Pesticides: insecticide, mothballs, pet spray and dip, rat and

mouse poison, weed killer, disinfectant, flea collars, insect re-
pellant

• Health and beauty products: hairspray, hair remover, fingernail
polish, fingernail polish remover, hair coloring products, cos-
metics, medications

• Automotive products: antifreeze, brake fluid, car wax and clean-
ers, gasoline, oil filters, transmission fluid, windshield washer
fluid, lead-acid batteries, tires

• Other: charcoal briquettes, lighter fluid aerosol cans, art and
craft materials, lighter fluid, pool chemicals, shoe polish, bat-
teries, electronic components, light bulbs
Many of these products represent potential waste streams and

potential impacts on the environment. In addition, some of them
may have detrimental effects on sewage treatment systems, espe-
cially individual household septic systems. Consumer use may be
a significant fraction of chemical use not usually associated with
individual consumers. For example, nonagricultural uses of pesti-
cides in the United States represents about 30% of total pesticide
sales (Donaldson et al. 2002). At least one pesticide is used in 77%
of U.S. households, with most households using multiple types of
pesticides (Donaldson et al. 2002). Pesticides are used in homes
for nuisance insect control, protection of structures, and (in some
countries) for control of insect-borne diseases. The risks of pesti-
cide use in the home are relatively large. Between 1981 an 1990,
on average 20,000 pesticide exposures a year were reported in
emergency rooms throughout the United States, with 82% of
those reportedly due to exposure in the home (Blondell 1990).

Further, many of these products may end up in domestic
wastes, as indicated. Where toxic materials are placed in landfills,
they represent an additional hazard as they may leach into
groundwater and render it unsafe for consumption.

15.7.2 Persistent Organic Pollutants

POPs are a category of waste of special concern because of their
longevity and biological effects. One definition of POPs is pro-
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Table 15.4. Assessment of the Likelihood of Ecosystems Receiving Different Types of Wastes and Contaminants

Contaminant

Dryland Inland Waters Coastal Waters

Marine Mountains Polar Forest Urban
Industrial
Country

Developing
Country

Industrial
Country

Developing
Country

Industrial
Country

Developing
Country

Airborne sulfur dioxide and
sulfates

xxx xxx xxx xxx – – – xxx xxx xxx xx

Airborne oxides of nitrogen xxx xxx xxx xxx xx xx x x – x xx
Polycyclic aromatic

hydrocarbons
xx x xxx xx xxx xxx x – – – xx

Toxic metals, especially
mercury, lead, and cadmium

xxx xx xxx xxx xxx xxx x x x x xx

Halogenated organic com-
pounds, especially DDT
and its metabolites, PCB,
PCT, dieldrin, and short-
chained halogenated
aliphatic compounds

xxx xxx xxx xxx xx xx x x x x x

Petroleum hydrocarbons xxx xx x x xxx xxx x – xx x x
Toxins of biological origin from

algae, fungi, and bacteria
– – xxx xxx xx xx x – – – x

Eutrophication – – xxx xxx xxx xxx x – – – x
Ammonia toxicity – xx xxx xxx xx xx – – – x x
Organic loading – – xxx xxx xxx xxx – – – -
Acid wastes xx xx xx xx – – x x x
Pathogens x x xxx xxx x xx – – – – x
Selected indicators of water

quality: biological/chemical
oxygen demand, dissolved
oxygen, pH, coliform bacteria

x xxx xx xxx xxx xxx x – – – –

Selected radionucleides x x x x x x x – – – –
Solid salts of alkali metals and

alkaline earth metals
xxx xxx xxx xxx – – – – – – –

Other substances that have
caused significant local
environmental problems in
the past, such as arsenic,
boron, elemental phosphorus,
selenium, and fluoride

xxx xx xxx xxx xxx – – – – –

Waste heat xxx xxx xxx xxx – – – – –
Domestic refuse (mixed wastes) xxx xx x xx x x x – – – xxx

Key:

xxx = highly probable

xx = moderately probable

x = somewhat probable

– = not likely or relevant

y

y

vided in the 1998 Aarhus Protocol on Persistent Organic Pollutants
of the 1979 Geneva Convention on Long-Range Transboundary
Air Pollution: ‘‘Persistent organic pollutants (POPs) are organic
substances that: (i) possess toxic characteristics; (ii) are persistent;
(iii) bioaccumulate; (iv) are prone to long-range transboundary
atmospheric transport and deposition; and (v) are likely to cause
significant adverse human health or environmental effects near to
and distant from their sources.’’

Further production of these chemicals will be prohibited
under international treaty. The Aarhus Protocol and the 2001
Stockholm Convention on Persistent Organic Pollutants ban the
production of an initial list of POPs (12 under Stockholm and
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16 under Aarhus), including pesticides, industrial chemicals, and
industrial by-products, and include provisions for adding other
chemicals to the restricted lists. The Aarhus Protocol has 36 signa-
tories and went into force in October 2003. The Stockholm
Convention has 151 signatories and entered into force in May
2004.

A common feature of POPs is that they are all heavily chlori-
nated compounds. Although there are numerous naturally produced
chlorine and bromine compounds (Gribble 2003), they occur at low
concentrations in ecosystems, and there are few naturally occurring
enzymes and metabolic pathways efficient at breaking down these
compounds. POPs have a low solubility in water and a high affinity
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Table 15.5. Principal Drivers of Change Summarized from Individual Chapters, with a Provisional Assessment of the Implications
for Detoxification

System Driver of Change Some Considerations for Detoxification

Cultivated
systems

change in vegetation (seasonal contribution to
inputs)

change in exposure (erosion) 

temperature 

interruption in nutrient flow

changes in moisture regime (irrigation)

removal of biomass

introduction of inorganic nutrients

introduction of herbicides, pesticides

salinization

aquaculture in coastal areas

floodplains (accreting systems)

cultivation of floodplains

change in soil structure

increase in soil loss with negative consequences for waste/contaminant attenuation due to loss of part of the
resource

the soil through erosion becomes a waste/contaminant in its own right causing accretion in and loss of wet-
lands; a change in the nutrient status of receiving water bodies due to P bound to soil and an increase in
turbidity can reduce photosynthetic capacity of water, affecting nitrogen/phosphorus cycling

possible greater ranges in temperature that affect moisture content (increase in evaporation losses) and rates
of particular transformation processes by influencing metabolic rates

cropping reduces return nutrient flows due to active removal of vegetation

change in nature of nutrients from organically derived to inorganic due to fertilization

direct addition of herbicides/pesticides to crops and transfer of these to other ecosystems either by aerosol or
elution

introduction of irrigation water can result in salinization of soil, if irrigation scheduling and drainage are not
managed, etc.; irrigation return flows can result in an increase in salinity and nutrient flows into receiving
waters

introduction of ponds and fish farming can result in increase in waste loads in affected waters; the ponds
themselves may assist in internal transformation processes afforded by the extended hydraulic retention
periods

regulated flows due to damming can result in dessication and loss of floodplain functionality, with sediments
trapped in dams (rather than on floodplains); should the trapped sediments be subjected to anoxic/anaerobic
conditions, previously bound phosphorus, for example, could be released and contribute to eutrophication 

cultivation of floodplains can result in loss of changes in carbon supply and have implications for nutrient
cycling and retention

change in soil structure and properties, i.e., loss of carbon, changes in carbon exchange capacity, pH, etc. can
have implications for contaminant removal

Dryland
systems

changes in vegetation cover

increased nutrient load (livestock)

use of wetlands (water)

water retention (dams)

change in exposure (erosion) 

temperature 

interruption in nutrient flow

changes in moisture regime (irrigation)

removal of biomass

introduction of inorganic nutrients

introduction of herbicides, pesticides

salinization

aquaculture in coastal areas

floodplains (accreting systems)

cultivation of floodplains

fire

soil erosion, loss of capacity to buffer due to there simply being less soil

draining of wetlands for cultivation reduces opportunities for sediment trapping and, depending on site-specific
circumstances, may actually contribute to sediment loss

reduction in P removal, related to sediment loss and dentrification due to loss of anaerobic environments
associated with wetland loss

the storage of water in impoundments increases opportunity for contaminant degradation/immobilization due to
increased opportunities for sedimentation and extended detention periods

the loss of floodplains to agriculture as a result of regular flows will reduce their value in terms of sediment
accreting and nutrient trapping/release systems

water retention–appearance of systems with symptoms of eutrophication is likely to increase as a conse-
quence of nutrient retention, cycling, and internal generation (i.e., C fixation as algae)

capacity of drylands to successfully reduce pesticides/herbicides is likely to be compromised by a reduction in
area due to conversion to cropping and higher applied loads

the risks of salinization both as a result of changes in land use as well as increasing manufacturing and sup-
port activities will increase with a further deterioration of dryland systems

the increase in aquaculture ponds in drylands in coastal areas will improve the capacity of the system to trap
wastes/contaminants, but on the downside this could be to the detriment of people because of bioconcen-
tration/transfer from sediment to harvestable biota

Inland
waters

loss of wetlands (cropping)

loss of wetlands (irreparable alteration, i.e. recla-
mation for structures)

loss of wetlands water abstraction

loss of water changes in land use (e.g., mining)

loss of wetlands through modification of hydrolo-
gy (e.g., high peaks from urban areas, con-
strictions due to culverts, etc.)

abstraction for human use/urban and agriculture
storage

deterioration due to waste loads

deterioration due to increased introduction of
waterborne sanitation

increase in baseflows 

salinization

see above for drylands

reduction in capacity to detoxify due to direct loss of habitat, increasing loads, and changes in nature of con-
taminants

damming increases capacity to transform wastes, including nutrients, with consequences on water quality;
detention times, days to weeks, can lead to eutrophication

(continues over)
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Table 15.5. continued

System Driver of Change Some Considerations for Detoxification

Coastal interruption of coastal processes by stabilizing
rivers

direct loss of habitat (urban/harbor)

change in structure (e.g., prawn ponds)

deterioration due to waste loads

deterioration due to increased introduction
of waterborne sanitation

increase in baseflows

stabilization of flows

transportation

see urban

increasing nutrient loads, both from local as well as regional origin, may lead to impairment of water quality
as the capacity of the system to transform the wasted could be compromised; this is already apparent in
the presence of anoxic zones, for example, in the Gulf of Mexico

Marine reduction in biomass

transportation (increase in globalization and
trade)

dumping

accidental spills

increased risk of point source waste load due to increase in global shipping trade

increase in nutrient load overriding dilution effect

Forest changes in land use

changes in species composition

changes in runoff characteristics

changes in water quality (sediment)

forest loss acidification

fire

see cultivation, inland waters

Mountains land use changes, deforestation, cropping
systems

industrial use

deforestation, overgrazing, and inappropriate
cropping practices lead to irreversible
losses of soil and ecosystem function

as above

Polar land use changes

atmospheric composition changes

infrastructure development, mining

ecotourism

increase in waste loads with temperature being limiting factor

limited capacity for microbial degradation due to low temperature

Urban population expansion

increase in impervious surfaces

simplification of environments

hydrololgy (rapid runoff, contained)

nutrient load

contaminant types

loss of habitat due to direct transformation

increase in demand for externally sourced
resources, e.g., power, water, food, gas,
petroleum

waste sludge management

increase in nutrient and other wastes

reduced "natural" capacity but potential to replace with engineered systems, constrained by finances and
political will, different for industrial and developing countries

value systems, immediate survival as opposed to high levels, e.g., aesthetics

contaminant types and loads reflect socioeconomic status

increased conversion of all other ecosystems, e.g., feedlots, energy provision, landfills, industrial develop-
ment, to support change in lifestyles

for tissue, especially the fats in tissue, so they tend to accumulate in
organisms through bioaccumulation from water or food. As these
compounds are not metabolized and are only slowly excreted by
mammals and birds, the concentrations of POPs tend to bioamplify,
so that organisms at high trophic levels, including humans, are par-
ticularly susceptible to detrimental effects.

POP-based pesticides were widely used and are still applied.
For example, about 2.6 million tons of DDT were used from
1950 to 1993, while the figure for toxaphene during the same
period was 1.33 million tons (Voldner and Li 1995). The remark-
able efficacy of this class of insecticides, especially in controlling
insect-borne diseases such as malaria, coupled with the intensifi-
cation of agricultural systems led to their production and wide
use. However, use of most of these compounds was curtailed in
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most countries in the 1970s after their toxicity was demonstrated.
While primarily active on nerve conduction chemistry, these sub-
stances are acknowledged carcinogens and suspected teratogens,
immunotoxins, and hormone disrupters (Guillette et al. 1994;
Zahm and Ward 1998; Holladay and Smialowicz 2000; Solomon
and Schettler 2000). In many parts of the world, DDT is still used
for malaria control and chlordane is still the chemical of choice
for termite control. A serious problem facing many developing
and transition countries is the issue of stocks and reservoirs of
obsolete, discarded, and banned POP pesticides and PCBs. There
is an estimated 120,000 tons of obsolete stock of pesticides in
Africa (FAO 2001; Tanabe 1988; Goldman and Tran 2002).

Polychlorinated biphenyls have been used mainly in electrical
transformers, capacitors, hydraulic fluids, adhesives, plasticizers,
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Figure 15.6. Paper Production per Capita in Selected Nations
(Brown et al. 1998)

heat transfer fluids, lubricants, cutting oils, and fire-retardants.
Global production of PCBs to date has been estimated to be 1.68
million tons (AMAP 2000; UNEP/GEF 2003). PCBs enter the
aquatic environment from industrial effluent or urban waste dis-
charges (GESAMP 2001). Dioxins are unintentional products
from combustion sources and manufacturing processes such as
municipal solid waste incineration, energy production, motor ve-
hicles, smelting, bleaching of paper pulp, and the manufacture of
some pesticides and herbicides. Dioxins and the chlorinated furans
are also produced naturally during volcano eruption and forest
fires (Gullett and Touati 2003).

Volatilization is the principal means of wide dissipation of
POPs in the environment. All POPs have a certain vapor pressure
or a tendency for the chemical to become a gas and enter the
atmosphere. Further, some POPs are initially emitted directly into
the atmosphere. POPs may be dispersed over great distances in
the air and can now be found anywhere on the globe. They have
even reached the polar regions in large quantities through a proc-
ess called global distillation, where these substances preferentially
settle out in the colder air of the polar regions (Wania 2003 and
see Chapter 25). POPs also have a strong affinity to associate with
particulate matter. In aquatic systems, POPs partition or bind to
particles and they sink to bottom sediments, which are their main
environmental repository. These legacy POPs can seep back into
the water and atmosphere many years or decades after emissions
themselves have ceased.

15.7.3 Hydrocarbons

Petroleum hydrocarbons remain the dominant energy source in
industrial and most developing countries (UNEP 1994), and yet
they are associated with a range of environmental issues. The dev-
astating effects on marine organisms of large oil spills from ship-
ping, oil exploration, and production, for example, are well
known (NRC 2003). Management of spilled oil in waters has
largely been by attempts to contain and recover oil through use
of booms and mechanical skimming and reprocessing of the oil
recovered. Unfortunately, in large oil spills most is not recover-
able. Unrecovered oil eventually decays in the environment due
to microbial degradation, but different fractions of petroleum hy-
drocarbons are degraded at different rates. The lighter fractions
can be degraded relatively rapidly, typically within days to weeks
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in temperate conditions, except where they are mixed into sedi-
ments or soils where there is no oxygen (as described earlier). The
heavier fractions are very persistent, requiring weeks to months
to be degraded, even under conditions with sufficient oxygen.
Hydrocarbons that get mixed into soils and sediments where there
is little oxygen persist for years to decades.

One sub-group of hydrocarbons that can cause significant
problems are the polycyclic aromatic hydrocarbons. The primary
environmental source of these is a residue of combustion proc-
esses, though they are also found to some extent in petroleum
oils. PAHs—both the parent compounds and alkylated homo-
logues—are carcinogens (and mutagens and teratogens), and
though subject to microbial degradation, they are the most envi-
ronmentally persistent of the hydrocarbons. PAHs emitted into
the atmosphere will deposit on land in dry and wet deposition
and may accumulate in aquatic sediments through scavenging
(GESAMP 2001).

Recent studies have established that land-based sources are the
major input of hydrocarbons into the marine environment (GES-
AMP 2001). The major land-based sources identified are urban
runoff, refinery effluents, municipal wastes, and used lubricating
oils. Used lubricating oils are often contaminated with metals and
high concentrations of PAHs, which makes them particularly haz-
ardous. Pathways through which used oil get into surface water
sources include oil dumped down drains that discharges into sur-
face waters and oil poured on the ground and washed into
groundwater or surface water.

15.7.4 Salinization

Salinization is a process resulting in an increasing concentration
of salts in soils, water, or both. A number of activities can be
linked to increases in the salt concentration of surface waters and
soils. These include soil disturbance by activities that expose the
soil and subsoil to weathering processes and subsequent leaching
of salts the nature of which are determined by the composition of
the parent material; the use of water for flushing human and in-
dustrial wastes; water recycling; water losses due to evaporation
or evapotranspiration, such as in irrigation systems; discharge of
saline groundwater; and changes in land cover, such as the
replacement of trees with grasses, permitting already saline
groundwaters to approach the surface due to a reduction in
evapotranspiration by deep-rooted trees.

An example of the effects of changes in land use is shown in
Figure 15.7, which illustrates increasing conductivity and sulfate
concentrations (measures of salinity) in response to open cast
(strip) mining in one of the principal coal mining areas in South
Africa. The strip mining exposes the soil and subsoil profiles to
weathering processes, resulting in the dissolution of minerals, in
particular pyrite.

Salts do not degrade, and their concentrations can only be
influenced by dilution through the use of sufficient water to move
them to where they have less influence—in the ocean, for exam-
ple. When water with even a low salt content is added con-
tinuously to an ecosystem, and when the water is allowed to
evaporate or be lost through plant evapotranspiration, the salt re-
mains and accumulates. For example, irrigation water with a salt
content of 0.3 grams per liter applied at a rate of 10,000 cubic
meters per hectare per year transfers 3,000 kilograms of salt per
hectare per year into the soil (Oosterbaan 2003; see also Chapter
22).

Salinization of agricultural soils affects plant growth by re-
stricting the uptake of water by the roots through their high os-
motic pressures and by interfering with a balanced absorption of
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Figure 15.7. Salinization in the Olifant River, South Africa, 1993–98. Changes in electrical conductivity and sulphates measured in the
Olifant River showing decreasing quality, attributed largely to coal mining activities. The Ec is a measure of the salt in the water. (S. African
Dept. of Water Affairs and Forestry 1999 gauging station B3H017Q01)

essential nutritional ions by the plants. Different plants have dif-
ferent levels of sensitivity, so salinization can cause a shift in local
plant communities.

These processes can have local economic consequences. A
study on the effects of salinity changes in an irrigation area associ-
ated with the Vaal River in South Africa suggested that income
of a specific group of farmers could be reduced by up to 84% as a
result of crop changes and reductions in yields (Du Preez et al
2000; Viljoen and Armour 2002).

Estimates of the extent of salinization in the world run in the
hundreds of millions of hectares, primarily in the more arid re-
gions (Brinckman 1983; see also Chapter 22). The costs of salini-
zation are high, with an estimate provided by the Australian
Museum of AUS$500 million a year in Victoria alone (AM 2003).

The economic impact of salinization of surface waters runs
beyond agriculture alone; Table 15.6 provides an example of the
costs of increasing salinity on various sectors of society in a South
African case study (Urban Econ 2000). The costs and factors con-
sidered for the identified sectors include:
• in households: maintenance costs (water heaters and plumbing),

accelerated replacement costs, costs of soaps and detergents as
well as the current anticipated salinity level;

• in agriculture: cost of water supply, maintenance costs, plant,
chemicals;

• in mining: evaporative cooling circuits, service water circuits,
metallurgical plant circuits, flotation circuits, electrolytic
processes, irrigation water circuits, probabilistic distribution of
management behavior, cost of water supply, cost of chemicals,
cost of water treatment, cost of discharge, costs of scaling, sa-
linity ratio;

• in industry: cost of water supply, maintenance costs, cost of
chemicals, cost of plant replacement, current anticipated salin-
ity, salinity threshold where expenditure patterns change; and

• in water services: cost of water supply, maintenance costs, chem-
ical costs, plant replacement costs, current or anticipated salin-
ity, salinity threshold where expenditure patterns change.
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The greatest direct cost implications occur at the household
sector, attributed to the fact that this constitutes the largest group
of treated water users in the economy, compared with sectors that
use predominantly untreated water.

With increasing pressure on surface waters, particularly in arid
areas, there is likely to be an increase in the demand for water
recycling and reuse (IWA 2004). This will undoubtedly lead to
an increase in salinization of water, with associated consequences
for downstream users.

15.7.5 Wetlands: Natural Defense Mechanism for
Pollution Abatement

Depending on their type, wetlands can improve water quality,
provide flood control, provide habitat for young of commercially
valuable fish, provide habitat for many types of wildlife, help pre-
vent erosion, and help reduce waterborne disease (see Chapters 7,
14, 19, and 20). Wetlands represent one of the major mechanisms
to treat and detoxify a variety of waste products, and there have
been many efforts to construct artificial wetlands to obtain these
wetland functions.

15.7.5.1 Wetland Processes

One of the key functions that wetlands perform is to reduce con-
centrations of nitrogen in water. The close proximity of aerobic
and anaerobic conditions often found in wetlands create a suitable
environment for denitrification to take place. Denitrification con-
verts nitrate, readily used by plants, to nitrogen gas, generally un-
available to plants, thereby reducing eutrophication (as described
in the next section). Some wetlands have been found to reduce
the concentration of nitrate by 90%, and artificially constructed
wetlands have been developed specifically to treat nitrogen-rich
sewage effluents.

Wetlands also act as a filter or trap for many waterborne
wastes, including metals, organic chemicals, and pathogens. Met-
als and many organic compounds are adsorbed to the sediments
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Table 15.6. Summarized Direct Costs of Salinity Changes on Selected Economic Sectors in South Africa, 1995. Negative values
indicate no additional costs due to salinization. The percentages represent the increase in total operating costs due to salinization. For
example, the net costs of mining were estimated to increase by 3.17% at 600 milligrams per liter. (Urban Econ 2000)

Sector

Salinity (mg/l TDS) Contribution at
600 mg/l200 400 600 800 1,000 1,200

(milligrams per liter) (percent)

Mining –7.309 –2.212 0.844 4.863 10.209 17.816 3.17

Business and services –1.843 0.487 1.211 1.707 2.209 2.697 4.55

Manufacturing 1 –0.145 0.028 0.086 0.123 0.160 0.198 0.32

Manufacturing 2 –2.825 0.294 1.351 1.993 2.635 3.278 5.07

Agriculture 0.000 0.000 0.439 0.439 0.427 0.503 1.65

Households (suburban) –35.12 –11.71 11.70 35.12 58.53 81.95 43.94

Households (townships) –27.93 –9.309 9.309 27.93 46.54 65.16 34.94

Households (informal) –5.081 –1.694 1.694 5.081 8.469 11.85 6.36

Total –80.25 –24.11 26.64 77.25 129.22 183.46 100.00

in the wetlands, and the relatively slow passage of water through
many wetlands provides time for pathogens to lose their viability
or be consumed by other organisms in the ecosystem. For easily
degraded chemicals, their adsorption to sediments and slow pas-
sage through wetlands provides time for their degradation. How-
ever, for metals and persistent organic chemicals, wetlands
become permanent traps, as these wastes either do not degrade
or degrade very slowly. Many metals are held in sediments by
precipitation with sulfides or as surface oxides (Barnes et al 1991).

Although metals and persistent organic chemicals can build up
to high enough concentrations to have detrimental effects on the
wetland functions (for example, the impairment of denitrification
by metals (Slater and Capone 1984)), moderate waste loadings
can generally be tolerated by wetlands without loss of services.
Moderate loadings of plant nutrients lead to enrichment (analo-
gous to fertilization of crops or lawns), while severe loadings will
lead to a major loss in wetland productivity, structure, and func-
tion through eutrophication. Unfortunately, the threshold be-
tween where loadings are tolerated and where they will do
damage to wetlands is not easily determined and depends on the
specific conditions in each wetland.

15.7.5.2 Wetlands and Human Activities

The impact of human activities on wetlands has been drastic, and
it is speculated that some 50% of world wetlands have been lost
(see Chapter 20), with the greatest changes occurring in industrial
countries in the first half of the twentieth century (BEST 2001).
Wetlands have been drained for agricultural purposes or filled to
create lands suitable for construction. Quite often wetlands have
also been used as the end point of wastewater effluent, receiving
large volumes of industrial, municipal, and agricultural waste-
water. The impact of these effluents on the quality, density, and
structure of living communities is substantial, as indicated by di-
versity indices (Patric 1976; Stevenson 1984). Wastewater effluent
can significantly affect phytoplankton species diversity and com-
munity structure (Sullivan 1984; Gab Allah 2001), thereby reduc-
ing the wetland’s capacity to detoxify wastes and to re-oxygenate
water. The impairment of wetlands’ ability to detoxify of wastes
is affecting the quality of groundwater particularly, for example,
in northeastern Egypt (Gab Allah 2001), where elevated levels of
salinity and high concentrations of heavy metals in groundwater
are reported.
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15.7.6 Eutrophication

The addition of nitrogen or phosphorus (both essential, and often
limiting, in plant growth) can have very undesirable effects on
freshwater and marine systems (see Chapters 19 and 20). In fresh-
water systems, phosphorus is usually in shortest supply. Additions
of phosphorus can stimulate large blooms of algal types usually
not found in abundance. In some cases, dense filamentous algal
mats form, altering the environment to the exclusion of other
species and reducing biodiversity. The increased levels of algae
sink to the bottom and are broken down by bacteria and other
organisms. This decay of the plant material takes up oxygen from
the water, and with the decay of enough plant material, the bot-
tom water can become anoxic. The link between phosphorus ad-
ditions and the undesirable effects on lakes and rivers has been
clearly established through both direct experimentation with
whole lakes (Schindler et al. 1971; Schindler 1973) and through
cross-lake comparisons (Vollenweider 1976).

In coastal and marine systems, nitrogen is usually the limiting
nutrient. Additions of any of the various forms of reactive nitro-
gen usually stimulate plant growth. Reactive nitrogen is nitrogen
in the forms of nitrate, nitrite, ammonia, or organic nitrogen that
is readily biologically available. Nitrogen gas (N2 or di-nitrogen),
which constitutes 79% of the atmosphere, cannot be used by most
plant species. Figure 15.8 shows how the rate of plant production
in several coastal marine ecosystems is very strongly influenced by
the input of reactive nitrogen nutrients.

As with lakes, the increase in plant material, when settled to
the bottom of a bay or estuary, can lead to loss of oxygen and the
exclusion of all higher organisms, including the fish, clams, crabs,
shrimp, and other valuable harvestable seafood. Eutrophication of
coastal waters often stimulates microscopic forms of algae (phyto-
plankton), which in turn causes a decrease in light penetration to
areas that would normally support seagrass beds, an environment
that provides a valuable nursery for many desirable species. There
is no simple relationship between N loading rates and effects, be-
cause the effects depend on the depth, circulation, temperatures,
and other characteristics of each system.

Eutrophication in coastal waters has also been linked to the
increased prevalence of large blooms of toxic phytoplankton, or
red tides (see Chapter 19). The toxins in red tide species may be
accumulated in marine organisms and cause significant toxicity to
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Figure 15.8. Marine Plant Production and Nitrogen Loadings.
The increase in phytoplankton production by increased dissolved
inorganic nitrogen inputs. Open circles are data from the MEL Marine
enclosures. Numbered systems are: 1. Scotian Shelf; 2. Sargasso
Sea; 3. North Sea; 4. Baltic Sea; 5. N. Central Pacific; 6. Tomales
Bay; 7. Continental Shelf, New York; 8. Outer-Southeast U.S. Conti-
nental Shelf; 9. Peru Upwelling; 10. Georges Bank. (Nixon and Pilson
1983)

humans. It should also be noted that some nuisance algal species
are not correlated with eutrophication (for examples, see Keller
and Rice 1989; Gobler and Sanudo-Wilhelmy 2001; Gobler et
al. 2002).

The amount of fixed nitrogen and phosphorus cycling
through ecosystems has been greatly increased by human activities
(see Chapter 12). Phosphorus is usually mined from mineral de-
posits. A major source of nitrogen is an industrial process (the
Haber process) that converts nitrogen gas from the atmosphere
into ammonia. The vast majority of nitrogen fertilizers in use
today are from this process. Reactive nitrogen is also generated
during combustion processes in industrial, heating, and automo-
tive combustion. Combustion sources produce enough reactive
nitrogen in areas of high activity, such as Western Europe and the
eastern United States, to elevate atmospheric concentrations of
reactive nitrogen to up to 10 times natural concentrations.

The combination of synthetic nitrogen in agricultural fertiliz-
ers, nitrogen-rich human sewage inputs, and deposition of atmo-
spheric reactive nitrogen to watersheds has raised the global
average river concentrations of nitrogen to five times preindustrial
levels, and rivers in heavily populated areas and industrialized
areas have nitrogen concentrations some 25 times higher than
natural levels (Meybeck 1982). The delivery of this nitrogen to
coastal waters has, on a global average, doubled nitrogen concen-
trations in coastal waters, certainly one of the largest chemical
alterations of Earth’s ecosystems. The relative importance of the
agricultural, combustion, and sewage inputs of nitrogen varies be-
tween different watersheds (Hinga et al. 1991), with all three
sources being important in some systems. Management of nitro-
gen eutrophication may require addressing all three sources.

Low levels of eutrophication probably do not adversely affect
aquatic ecosystems or impair human well-being. Indeed, as in ag-
ricultural systems, fertilization of coastal systems may lead to
greater harvests of seafood (Nixon 2003). However, the very large
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loadings of fertilizers that occur with intense agricultural and in-
dustrial activity and dense human population (especially in the
coastal zone) have pushed many aquatic systems into conditions
that exceed the capability of the system to adsorb the nutrients
without detrimental effects. These systems are marked with an-
oxic conditions and the loss of biodiversity (including coral reefs)
and harvestable species. (See Chapters 19 and 20.)
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Main Messages

Floods and fires are natural processes occurring in the biosphere that
have affected the planet for millennia. As a result of human development
and the growth of public and private wealth, these events are having increasing
impacts in term of costs and benefits for ecological and human systems.

It is clear that extreme events result in differentiated impacts across eco-
logical and human systems, including impacts on human well-being (such
as economic condition, health, happiness, and so on). Different individuals and
groups experience different costs and benefits at various spatial and temporal
scales.

Under certain circumstances, ecosystem conditions may serve to allevi-
ate the impacts of an extreme event on human systems. For example, the
economic impacts of a particular flood event on a community depend largely
on the amount of unoccupied floodplains available for flood waters.

Ecosystem conditions may increase or reduce both costs and benefits at
various temporal and spatial scales. Examples of these services include
sediment and nutrient deposition in floodplains and deltas and natural fire re-
gimes that help to sustain and rejuvenate ecosystems through periodic
burning.

Ecosystem conditions that serve to modulate the impacts of extreme
events on human well-being have experienced various changes as a re-
sult of a variety of drivers that affect ecosystems. The relationships be-
tween drivers and their impacts on ecosystem services and extreme events on
human well-being are varied and highly complex and are not well understood.

Our knowledge of how ecosystems ameliorate or accentuate the impacts
of extreme events on human well-being is limited for a variety of reasons.
First, in many parts of the world understanding of the frequency and magnitude
of extreme events is not well developed. Second, the collection of trend data
on the impacts of extreme events on human well-being has been uneven and
the data are often of poor quality. Third, in those cases where good trend data
exist they are typically focused on first-order economic impacts and ignore
other measures related to human well-being. Fourth, few rigorous quantitative
studies have been performed that properly analyze the various factors that
explain temporal and spatial patterns of extreme events or trends in impacts.
Fifth, very few studies have sought to identify and quantify the services pro-
vided by ecosystems in the context of regulation of extreme events such as
floods and fires.

Available studies on extreme events, their impacts on human well-being,
and the roles of ecosystem services do, however, allow several qualita-
tive assertions to be made:

• Humans are increasingly occupying regions and localities that are exposed
to extreme events, establishing settlements, for example, on coasts and
floodplains, close to fuelwood plantations, and so on. These actions are
exacerbating human vulnerability to extreme events. Many measures of
human vulnerability show a general increase, due to growing poverty,
mainly in developing countries.

• Impacts of natural hazards are increasing in many regions around the
world. Annual economic losses from extreme events increased tenfold
from the 1950s to 1990s. From 1992 to 2001, floods were the most fre-
quent natural disaster (43% of the 2,257 disasters), and floods killed
96,507 people and affected more than 1.2 billion people over the decade.
A large number of damaging floods occurred in Europe in the last decade.
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Material flood damage recorded in Europe in 2002 was higher than in any
previous year.

• Human vulnerability is usually the primary factor that explains trends in
impacts, and, in general, it overwhelms any positive effect on human well-
being.

• Interactions of modern human activities with ecosystems have contributed
to increasing human vulnerability and to the impact of extreme events on
human well-being.

• Appropriate management of ecosystems can be an important tool to re-
duce vulnerability and can contribute to the reduction of negative impacts
of extreme events on human well-being.

16.1 Introduction
The impacts of natural disasters have changed dramatically over
the past 30 years. While the number of people reported affected
by natural disasters increased from just over 700 million in the
1970s to nearly 2 billion in the 1990s, deaths from natural disasters
fell from nearly 2 million in the 1970s to just under 800,000 in
the 1990s. The reasons behind these statistics are complex and
need further analysis. However, the drop in fatalities can be attrib-
uted in part to better disaster preparedness, although most deaths
occur in developing countries, where disaster preparedness mea-
sures are less well developed.

This chapter examines the role of ecosystems in the context
of the impacts of floods and fires on human systems. Floods and
fires are considered natural hazards—that is, natural processes or
phenomena occurring in the biosphere that may become damag-
ing for human as well as for natural systems. The outcome of a
natural hazard becomes a natural disaster as the result of the inter-
action of human or ecosystem vulnerability and the extent and
severity of the damage to the human group or ecosystem receiv-
ing it. Many other natural hazards exist that could have been in-
cluded in the assessment, such as droughts, tropical cyclones,
volcanic eruptions, and earthquakes, for example. Only floods
and fires are considered here, however, because they are most
strongly subject to feedback processes and most directly influ-
enced by human activities such as urbanization and environmental
degradation. Deforestation, for example, has a direct effect on the
incidence and magnitude of flood events.

This chapter focuses on the roles that ecosystems play in mod-
ulating the effects of extreme events, and in particular in protect-
ing human well-being from the impacts of floods and fire.
Protection can be defined as contributing to the prevention of
harm as well as to the receipt of benefits. It is well understood
that extreme events result in differentiated impacts to human
well-being, with resulting costs and benefits to people at different
spatial and temporal scales (Pielke Jr. 2000a, 2000b). For example,
the tropical cyclone that devastates a neighborhood is a disaster to
those who lose their homes but also an opportunity for aquifer
recharge, especially after a long drought period. In the context of
flooding, the impacts of a particular event may be reduced by the
presence of unoccupied floodplains that allow flood waters to pass
through unpopulated areas. Benefits from flooding may occur
through the transport of sediments and nutrients to the coastal
zone, although the consequences of this are often negative.

It is of course important to recognize that natural events do
not always bring benefits to human well-being; some may result
in harms or costs. For example, flood conditions may foster the
spread of disease or disease vectors harmful to humans, such as
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West Nile virus or hantavirus. Thus, understanding valuation of
ecosystem services in the context of extreme events is compli-
cated due to the interacting benefits and costs. Logically, if ecosys-
tems play an intervening role between extreme events and human
well-being, then ecosystem services must also provide differenti-
ated impacts on humans.

Understanding the role of ecosystem services in protecting
human well-being is further complicated by the diverse array of
factors that contribute to protection of and harm to human well-
being in the context of extreme events. Such impacts result from
the effects of the extreme event itself as well as the vulnerability
of human systems. Many of these effects can be considered inde-
pendent of the intervening role of ecosystems, such as when a
powerful tropical cyclone strikes a highly urbanized area. In this
case, the economic losses are unavoidable, although human losses
can be prevented or minimized.

Ecosystem conditions and their services can play a role in
modulating both the event and the human systems that create
conditions of vulnerability. This is also true for natural systems.
As an example, a perennial grass from a Mediterranean ecosystem
might become more vulnerable to extreme wildfires and rainfall
events under severe erosion and land degradation conditions (De
Luis et al. 2004). In the case of flooding, local or regional ecosys-
tem conditions, such as increased deforestation, may contribute
to the magnitude or scope of particular flooding events, setting
the stage for increased vulnerability. Human vulnerability is con-
ditioned by the characteristics of local ecosystems, social systems,
and human modifications to them.

Figure 16.1 depicts in a highly simplified manner the various
inter-relationships of extreme events, human and ecological sys-
tems, and the resulting effects (both benefits and costs) to human
well-being. Highlighted in red is the role of ecosystem services in
contributing to benefits and costs related to human well-being in
the context of extreme events. The arrows represent the differen-
tiated impacts of benefits and costs for both ecosystems and
human systems. These impacts are modulated by the ecosystem
regulating services.

16.1.1 Ecosystem Services in the Context of
Regulation of Extreme Events

This section describes the mechanisms by which ecosystems regu-
late floods and fires, producing benefits to both ecosystems and
humans. Table 16.1 describes the mechanisms by which main
ecosystems regulate natural hazards.

These mechanisms the role of natural hazards in preserving
biodiversity patterns and key biophysical processes in the bio-

Figure 16.1. Inter-relationships between Extreme Events,
Ecosystems, and Social Systems
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sphere (Wohlgemuth et al. 2002). These natural phenomena play
an important role in the natural cycle of matter and energy. Fires,
for example, are part of the natural behavior of the biosphere, and
floods are an efficient mechanism for natural transport of dissolved
or suspended material (Pielke Jr. 2000b).

In the case of humans, ecosystem regulation can provide pro-
tection from the adverse consequences of natural hazards to
human well-being.

16.1.1.1 The Role of Wetlands, Floodplains, and Coastal
Ecosystems in the Regulation of Floods

The preservation of natural areas is important for flood attenua-
tion. For example, some natural soils (not affected by human ac-
tivities) have a large capacity to store water, facilitate transfer of
groundwater, and prevent or reduce flooding. The capacity to
hold water is dependent on soil texture (size of soil particles and
spaces between them) and soil structure (nature and origin of ag-

Table 16.1. Key Role of Ecosystems in Regulating Extreme
Events

Ecosystem Role in Flood Regulation Role in Fire Regulation
Cultivated crop cover provides flood

protection, conditioned on
good management

part of the management of
some cropping systems,
e.g., sugar cane, timber, etc.

Dryland protection through 
vegetation cover; recharge
of aquifers

biodiversity issues:
adaptation mechanisms 
to fire

Forest protection from floods pro-
viding flood attenuation and
soil loss prevention

part of the natural system;
reducing wood fuel accumu-
lation; biodiversity issues

Urban move people away from
flood-prone areas, condi-
tioned on good urban 
planning

move people away from
natural fire-prone areas;
scale benefits from more 
effective fire prevention
and control

Inland Waters provide mechanisms for
flood attenuation potential
(wetlands, lakes, etc.)

wildfires control, e.g., pit
fires control by wetlands

Coastal benefits from sediment
transport to the coastal
zone; flood protection 
provided by coastal ecosys-
tems (barrier beaches, 
mangroves, etc.)

not applicable

Marine benefits from nutrient 
transport to the oceans

not applicable

Polar discharge regulation to
oceans in the Arctic system
(freshwater provision to
Arctic oceans)

not applicable

Mountains regulating flood-related
events (slope stability)

main source of wood fuel

Islands benefits from sediment
transport to oceans through
floods from the mainland;
aquifer recharge as main
source of fresh water

not applicable
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gregates and pores). For instance, clay soils have a larger capacity
to hold water than sandy soils due to pore size.

Other intact areas, such as barrier beaches, offer natural flood
protection. Important inland water components, such as wetlands
and lakes, are key agents of flood attenuation through energy dis-
sipation of runoff peaks. Gosselink et al. (1981) determined that
the forested riparian wetlands adjacent to the Mississippi in the
United States during pre-settlement times had the capacity to
store about 60 days of river discharge. With the subsequent re-
moval of wetlands through canalization, leveeing, and drainage,
the remaining wetlands have a current storage capacity of less than
12 days discharge—an 80% reduction of flood storage capacity.
The extensive loss of these wetlands was an important factor con-
tributing to the severity and damage of the 1993 flood in the
Mississippi Basin, the most severe flooding in recent U.S. history
(Daily et al. 1997). Similarly, the floodplain of the Bassee River
in France performs a natural service by providing an overflow
area when the Seine River floods upstream of Paris. A valuation
analysis that highlights the economic need to conserve this natural
environment is presented by Laurans (2001).

Wetlands, however, should not be viewed as single units;
when examined collectively on a catchment scale, they are all
interlinked. Although an isolated wetland may perform a signifi-
cant flood control function, effective control is more often the
result of the combined effect of a series of wetlands within a par-
ticular catchment area (Verry and Boelter 1978). Thus, when
considered singly, upstream wetlands may appear to have an insig-
nificant effect on flood attenuation. Although upstream wetlands
are often numerous, and their cumulative effect may be consider-
able, most flood control benefits of wetlands are derived from
floodplain wetlands (Bullock and Acreman 2003).

Coastal areas, including coastal barrier islands, coastal wet-
lands, coastal rivers floodplains, and coastal vegetation, all play an
important role in reducing the impacts of floodwaters produced
by coastal storm events and have been characterized by Leather-
man et al. (1995) as a ‘‘movable boundary’’ that continuously re-
sponds to fluvial and deltaic fluxes.

Storm regulation in the coastal zone can be achieved by preserv-
ing natural buffers such as coral reefs, mangrove forests, sandbars,
and so on. When such buffers have been destroyed, management
agencies will sometimes try to restore damaged habitats or con-
struct artificial wetlands.

16.1.1.2 The Role of Ecosystems in Regulating Fires

Fire regulation is defined here as the capacity of ecosystems to
maintain natural fire frequency and intensity. Fires occur due to a
combination of fuel, flammability, ignition, and spread condi-
tions, which are generally related to climate and land cover. For
example, precipitation is closely related to fuel load and flamma-
bility. Persistent high precipitation allows for increases in fuel by
favoring vegetation growth, but leads to conditions that may be
too wet to allow fires. Persistent low precipitation, on the other
hand, limits plant growth and fuel supply. High temperature and
wind speed generally enhance flammability and fire spread. High
flammability combined with high fuel load increase the likelihood
of intense fires. Temperate regions suffer from catastrophic fires
after periods of fuel buildup, whereas tropical forests can store
large amounts of fuel, but humid conditions naturally prevent
flammability.

In addition to climate and land cover, factors related to econ-
omy, education, and technology are also important for fire regula-
tion. For example, economic and educational conditions that
determine the use of agricultural techniques other than fires may
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reduce accidental fires (Nepstad et al. 1999a). Fire regulation can
also benefit from investments in systems for monitoring fire risk
and activity (Prins et al. 1998) and from disaster-relief mechanisms
in cases of catastrophic fires (FEMA 2004). In these cases, one of
the most important tools for regulating fires is the use of satellite
data.

Remote sensing data can provide fire occurrence information,
help improve preparedness, and aid decision-making on fire regu-
lation (Dwyer et al. 2000; Justice et al. 2003; Grégoire et al.
2003). These data are usually reported as ‘‘fire pixels’’ on satellite
maps where active burning is highlighted. Several satellite-based
systems are in use to monitor fire activity (e.g., Setzer and Malin-
greau 1996; Prins et al. 1998; Giglio et al. 2000; Justice et al.
2002). For example, the Moderate Resolution Imaging Spectro-
radiometer (MODIS) Fire Products reports fire activity globally
at spatial resolutions as small as 1 kilometer square and temporal
resolutions of up to four times per day. (See Figure 16.2 in Ap-
pendix A.)

Satellites can also provide information on recent patterns of
the area affected by fires, based on comparisons between repeated
images. For example, GBA2000 (Grégoire et al. 2003) and
GLOBSCAR (Global Burn Scars) (Kempeneers et al. 2002) are
inventories of the area burned worldwide in 2000.

When analyzing fire patterns from remote sensing, it is impor-
tant to consider that some factors can interfere with fire detection.
For example, fires occurring at different times to the detection
times (Ichoku et al. 2003) or under clouds or forest canopies may
not be detected and hence under-recorded (Setzer and Malin-
greau 1996); exposed soils and solar reflections may be misinter-
preted as fires (Giglio et al. 1999); and low spatial resolution can
impair the identification of small burned areas (Simon 2002).

Thus to properly interpret satellite fire patterns and improve
detection algorithms, comparisons between satellite- and field-
based fire data (ground-truthing) are essential. While more studies
are needed, there are indications that satellites tend to report
fewer active fires than actually occur on the ground and that fre-
quent (sub-daily) temporal sampling is as important as high spatial
resolution.

16.1.2 Hazard Regulation and Biodiversity

It is increasingly accepted that a large pool of species is required
to sustain the structure and functioning of ecosystems, especially
in landscapes with intensive land use. In this context, a group of
related hypotheses (Loreau et al. 2001) proposes that biodiversity
may act as an insurance or buffer against changing environmental
conditions. However, the suggestion that biodiversity controls
ecosystem processes, including stability, needs to be analyzed in a
much wider array of conditions, since not all ecosystems respond
equally to environmental disturbance and since some perturba-
tions may be better buffered by biodiversity than others (Roy
2001).

In the face of major natural disturbances such as fire and flood
and an increased probability of their occurrence due to global
change, the buffering capacity attributed to biodiversity may play
a key factor in ecosystem recovery. The existence of a minimum
species richness could help ensure the presence of species or func-
tional groups with dominant roles in biomass production and reg-
ulation of nutrient fluxes. (See also Chapters 11 and 12.) A
number of observations suggest that after a disturbance or when
environmental conditions change, biodiversity richness at larger
spatial scales, such as landscapes and regions, can ensure that ap-
propriate key species for ecosystem functioning are recruited to
local systems. (See also Chapter 4.)
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The importance of natural disturbance processes in the main-
tenance of landscape diversity has been documented for many
protected areas of the world. An example of this is the effect of
fires in Yellowstone National Park. In 1988, fires burned a total
of 45% (400,000 ha) of the park (Christensen et al. 1989). Recon-
structions of the history of fires in Yellowstone suggest that the
last time a fire of this magnitude occurred was in the early 1600s.
Although plant species richness was still increasing at the scale of
sampling plots (less than 10 square meters) five years after the
1988 fires, overall species richness at the landscape level had been
unaffected by fires. However, relative abundance varied among
species (Turner et al. 1997).

Large-scale disturbance are very important in structuring eco-
systems. Changes in this disturbance regime—for example, as a
result of climate change—could have substantial implications
from the ecological point of view (Turner et al. 1997).

The role of biological diversity in providing insurance, flexi-
bility, and risk distribution across various scales within the context
of ecosystem resilience and under conditions of uncertainty is dis-
cussed in Chapter 4.

16.2 Magnitude, Distribution, and Changes in the
Regulation of Natural Hazards
This section presents the ecosystem components and mechanisms
that provide regulating services for floods and fires and their mag-
nitude, distribution, and variability. First we describe key ecosys-
tem components providing regulation of floods and fires at a
global scale. Then we present evidence of the historical changes
that have occurred in the capacity of ecosystems to provide flood
and fire regulation. Changes in the occurrence and magnitude of
these natural hazards and their impacts on human well-being pro-
vide an indirect measure of the ability of ecosystem conditions
to provide regulation services. Unfortunately, data on the direct
relationship between the magnitude (frequency and intensity) of
natural hazards and changes in the ecosystem conditions as a direct
consequence of anthropogenic actions are practically non-existent.
Therefore, incidence and trends in natural hazard impacts on eco-
logical and social systems are used as proxy measures of the regula-
tion capacity of ecosystems.

16.2.1 Ecosystem Conditions That Provide
Regulatory Services

16.2.1.1 Flood Regulation

Wetlands, floodplains, lakes, and reservoirs are the main providers
of flood attenuation potential in the inland water system. Geo-
graphic distribution of wetlands is described in different databases
(such as Matthews from GISS, University of Kassel, and Ramsar).
The University of Kassel in Germany has developed a map of the
global distribution of wetlands, lakes, and reservoirs. (See Figure
20.1 in Chapter 20.) Wetlands cover an estimated 6.6% of the
global land area (excluding Antarctica and Greenland), and lakes
and reservoirs alone cover 2.1% (Lehner and Döll 2004).

Flood attenuation potential can be estimated by the ‘‘resi-
dence time’’ of rivers, reservoirs, and soils. (See Figure 16.3 in
Appendix A.) Residence time is defined as the time taken for
water falling as precipitation to pass through a system. The longer
the residence time, the larger the buffering capacity to attenuate
peak flood events. Larger rivers, such as the Congo and the Ama-
zon, have a greater attenuation capacity than smaller rivers. Data
for populations living in different zones of water residence time
are presented in Figure 16.4. Nearly 2 billion people live in areas
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Figure 16.4. Population by Basin for Different Residence Time
in Lakes, Reservoirs, Rivers, and Soils (WSAG, University of New
Hampshire 2004)

with a residence time of one year or less and are thus located in
areas of high flood risk with low attenuation potential. Most of
these people live in northern South America, highly populated
regions of northern India and South East Asia, Central Europe,
and the Southwest coast of Africa.

16.2.1.2 Fire Regulation

Several ecosystem conditions are related to fire regulation—
principally the amount of vegetation, and therefore fuel, in the
system. Climate, land cover, and land use are important factors
linked to these conditions. Climate variability is a dominant factor
affecting large wildfires in the western United States, although
current fire management practices focus on reducing fuel avail-
ability (McKenzie et al. 2004). Regions with climates that present
distinct dry and wet seasons have potentially more fires. Under
these climates, vegetation growth during the wet season can in-
crease fuel load, and flammable conditions during the dry season
can lead to more frequent and intense fires. In addition to season-
ality in precipitation, temperature and wind speed are important.
Hot conditions and intense winds may promote high fire fre-
quency and intensity by favoring fuel dryness and fire spread.

Land cover and land use are important because they can affect
fuel load, flammability, number of ignition events, and spread
conditions. For example, forests with deep root systems may take
longer to become flammable during dry periods than vegetation
with shallow roots. Soils that have low water-holding capacity
may lead to flammable conditions after short dry periods. Fire
suppression reduces sources of ignition but may favor fuel buildup
and the likelihood of more intense fires when they do occur.
Land use practices such as pasture maintenance can lead to higher
number of trigger events, but the use of firebreaks can help to
lower the spread of fire.

16.2.2 Impacts of Ecosystem Changes on
Underlying Capacity to Provide a Regulating
Service

Direct quantification of the underlying capacity of ecosystems to
regulate floods and fires is difficult, and few studies have sought
to identify and quantify changes in these regulating services. This
section looks at the direct consequences of a reduced capacity to
regulate floods and fires, therefore, and presents evidence for
changes in flood incidence and flood-related damages as well as
changes in fire activity.

................. 11432$ CH16 10-11-05 14:59:37 PS



447Regulation of Natural Hazards: Floods and Fires

16.2.2.1 Evidence for Changes in Flood Incidence and Flood-
related Damages

A damaging flood is defined as a flood in which individuals or
societies suffer losses related to the event. In almost all cases a
damaging flood results from a combination of physical and soci-
etal processes (Pielke Jr. 2000b). All types of floods, such as river-
ine or coastal floods, sudden snow melt floods, or floods after
heavy, intense rainfall, have become more destructive in recent
years (IFRC 2001). Moreover, projections show that this ten-
dency is likely to become even more pronounced in the future.
From 1950 to 1990, annual economic losses from extremes events
increased steadily (Swiss Re 2003), largely due to several indirect
socioeconomic drivers, including population increase and accu-
mulation of wealth in vulnerable areas, and to some extent direct
drivers, such as climate and climate change.

Hydrological variables (precipitation and stream flow, for ex-
ample) show strong spatial and temporal variability. Occasionally,
they take on extremely high values (heavy precipitation occurs,
perhaps), with substantial impacts on ecosystems and human soci-
ety. Thus floods have been a major issue since the beginning of
civilization (floods of the Tigris and Euphrates were documented
in ancient Babylonian and Sumerian texts, for instance) and con-
tinue to be so.

According to data compiled by the International Red Cross
(IFRC 2001), floods account for over two thirds of the average
of 211 million people a year affected by natural disasters. Every
year extreme weather and climate events cause significant mor-
bidity and mortality worldwide. From 1992 to 2001, floods were
the most frequent natural disaster (43% of the 2,257 recorded di-
sasters), killing 96,507 people and affecting more than 1.2 billion
people (OFDA/CRED 2002). In the Americas, floods accounted
for 45% of all deaths from disasters (IFRC 2003). Table 16.2 pre-
sents the total number of deaths due to floods and wild fires, by
continent, during 1990–99. Asia is the most affected continent in
terms of human-related flood losses.

In 2003, flood events did not occur to the same extent as they
had in (northern) summer 2002; rather, heat waves dominated,
especially in Europe. However, a Swiss Reinsurance Company
study found that economic losses from ‘‘catastrophes’’ in 2003
were on the order of $70 billion (Swiss Re 2003). Natural disas-
ters, including floods, accounted for $58 billion. Swiss Re also
estimated that ‘‘natural and human disasters’’ claimed 60,000
human lives in 2003. Another study put economic losses at $60
billion and deaths due to extreme events at 75,000 (Munich Re
2003). Significant floods did occur in Nepal, France, Pakistan,
and China during the (northern) summer of 2003 (Munich Re
2003).

The majority of large floods have occurred in Asia during the
last few decades, but few countries have been free of damaging
floods. In many countries at least one destructive flood (including
storm surges) has occurred since 1990 (Kundzewicz and Schelln-
huber 2004). Pielke and Downton (2000) found an annual in-
crease of 2.93% in the total flood damage in the United States
over the period 1932–97. This increase has been attributed to

Table 16.2. Deaths Due to Floods and Wild Fires, by Continent, 1990–99 (IRFC World Disaster Report 2001)

Phenomenon Oceania
United States
and Canada

Rest of
Americas Europe Africa Asia Total

Floods 30 363 35,235 2,839 9,487 55,916 103,870
Wild Fires 8 41 60 127 79 260 575
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both climate factors, such as increasing precipitation, and socio-
economic factors, such as increasing population and wealth.

Many damaging floods have also occurred in Europe in the
last decade. Material damage in 2002 was higher than in any pre-
vious year. For instance, the floods in Central Europe in August
2002 caused damage totaling nearly 15 billion euros (Kundzewicz
and Schellnhuber 2004). Several destructive floods also occurred
in other parts of the world in 2002, including China, Russia,
and Venezuela. An evaluation of the damages, by affected area, is
presented in Table 16.3.

It is also important to emphasize that damaging floods have
occurred in arid and semiarid regions, such as summer floods in
Arizona (Hirschboeck 1987).

The number of flood events for each continent and decade
since the beginning of last century is shown in Figure 16.5. The
data source for this figure is the EM-DAT global disaster database
from OFDA/CRED International Disaster Database at the Uni-
versity of Louvein in Belgium (OFDA/CRED 2002). Only
events that are classified as disasters are reported in this database.
(An event is declared as a disaster if it meets at least one of the
following criteria: 10 or more people reported killed; 100 or more
people reported affected; international assistance was called; or a
state of emergency was declared (OFDA/CRED 2002).) Figure
16.5 shows a clear increase in the number of floods since the
1940s for every continent and a roughly constant rate of increase
for each decade. However, it should be noted that although the
number has been increasing, the actual reporting and recording
of floods have also increased since 1940, due to the improvements
in telecommunications and improved coverage of global informa-
tion.

Regional changes in the timing of floods have been observed
in many areas. The maximum daily flow of the River Elbe in
Germany (3,000 cubic meters per sec) has been exceeded eight
times in winter (most recently in 1940) and only three times in
summer (last in 2002) (Mudelsee et al. 2003). Thus, severe winter

Table 16.3. Examples of Floods during the Summer of 2002
(Dartmouth Flood Observatory)

Location and
Continent Duration

(days)

Affected
Region
(sq. km.)

Damage
(dollars per sq. km.)

C. Europe,
Europe

18
(August)

252,300 79,270

S. Russia, Asia 12
(June)

224,600 1,945

W. Venezuela,
South America

11
(July)

224,900 13

NW China, Asia 10
(June)

252,000 1,587

NW China, Asia 8
(July)

127,600 287
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Figure 16.5. Number of Recorded Flood Events by Continent
and Decade in Twentieth Century (OFDA/CRED 2002)

floods of the Elbe have not occurred in the last 64 years. Also, as
indicated by Kundzewicz et al. (2004), intense and long duration
summer precipitation occurred in Central Europe in 1997 and
2002 leading to very damaging floods.

Flood processes are controlled by many factors, climate being
one of them. Other nonclimatic factors include changes in terres-
trial systems (that is, hydrological and ecological systems) and so-
cioeconomic systems. In Germany, for instance, flood hazards
have increased (Van der Plog et al. 2002) partly as a result of
changes in engineering practices, agricultural intensification, and
urbanization (direct and indirect drivers).

During the 1960s and 1970s, more than 90% of natural disas-
ters in the United States were the result of climate extremes
(Changnon and Easterling 2000), and it has been estimated that
about 17% of all the urban land in the United States is located
within the 100-year (the return period) flood zone (Pielke and
Downton 2000). Likewise, in Japan, about 50% of the population
and 70% of infrastructure are located on floodplains, which ac-
count for only 10% of the land area. On the other hand, in Ban-
gladesh the percentage of flood-prone areas is much higher, and
inundation of more than half of the country is not uncommon.
For instance, about two thirds of the country was inundated in
the 1998 flood (Mirza 2003).

16.2.2.2 Evidence for Changes in Fire Activity

It is difficult to make a complete assessment of the changes in
global fire activity because of the diverse methodologies em-
ployed and the limited availability of data. At large scales, recent
fire activity patterns (during the last 10 years) based on remote
sensing data from the satellites are relatively well known (Dwyer
et al. 2000; Justice et al. 2002). Data at the local scale are less
common and generally only available for specific regions where
fire occurrence has been documented from ground-based obser-
vations (Schelhaas and Schuck 2002; NIFC 2004). In some cases,
these records cover many years (10 to 100) and extend our
knowledge on fire patterns further into the past. Tree rings have
also been used in the analysis of forest fires for the last few centu-
ries. For longer time scales, fire patterns have been determined
from analyses of plant materials in sediments (Clark 1997), which
can provide evidence of fires that occurred hundreds to millions
of years ago.
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Active fire detections from satellite data made from April 1992
to March 1993 showed that most fire activity occurs from July to
August and from November to January (Dwyer et al. 2000). Sev-
enty percent of the detected fires were located in the tropics, with
50% of all fires in Africa. Globally, fires affected 19% of savanna
areas, 20% of broadleaf forests, 20% of crops and pasture areas, 4%
of shrublands, and 4% of grassland areas (Dwyer et al. 2000).

Information on the global area burned in 2000 is available
from two satellite-based inventories: the GBA2000 (Grégoire et
al. 2003) and the GLOBSCAR (Kempeneers et al. 2002). Based
on GBA2000, fires affected �350 	 106 ha in 2000; 81% of this
area occurred in woodlands and scrublands, 16.5% in grasslands
and croplands, 1.5% in coniferous and mixed forests, and 1.2% in
broadleaf forests (Bartholomé et al. 2003). Most of the fire activity
occurred from July to September and from December to January.
Figure 16.6 (in Appendix A) illustrates the global pattern of
burned areas based on GBA2000.

According to GLOBSCAR, the global burned area in 2000
was �200 	 106 ha (Kempeneers et al. 2002). Of this total, 59%
was located in Africa, 11% in Asia, 9% in Australia, 8% in Europe,
7% in South America, and 6% in North America. Most of the
fires occurred during June-August and November-January.

Despite the potential to provide large-scale information, satellite-
based global fire data sets covering long periods of time are rare
(Lepers 2003). However, for tropical regions data on major fires
from January 1997 to December 2000 are available from the
ATSR World Fire Atlas Project. Based on these data, Lepers
(2003) determined that 36% of exceptional or frequent fire events
occurred in South America, followed by Africa (30%) and Asia
(20%), mostly during El Niño conditions. In Asia and in Central
and South America, these fires appear to be associated with areas
experiencing deforestation and forest degradation (Lepers 2003).
(See Figure 16.7 in Appendix A.)

Independent studies have also shown that high fire activity in
tropical regions can be driven by changes in land use. For exam-
ple, higher fire activity was related to conversion of peat swamp
forests in Indonesia (Page et al. 2002). In Amazonia, large-scale
fire patterns mirror large-scale patterns of deforestation (Skole and
Tucker 1993), road construction (Prins et al. 1998; Laurence et
al. 2001; Cardoso et al. 2003), and logging activities (Cochrane et
al. 1999a; Nepstad et al. 1999). Consequently, increases in fire
activity are likely to occur in response to future development pro-
grams in these regions, if the current relationships between fire
and land use continue to hold (Cardoso et al. 2003).

At the local scale, important data sets on fire patterns include
inventories of areas burned. These data are commonly reported as
aggregated state/country statistics. For example, fires in the
United States burned an average of 4.1 million hectares a year
from 1960 to 2002 (NIFC 2004). In Europe, from 1961 to 1999
forest fires and other woodland burned an average of nearly
450,000 hectares annually (Schelhaas and Schuck 2002). Forest
fires in Australia affected on average 360,000 hectares a year from
1956 to 1971 and 480,000 hectares from 1983 to 1996 (Gill and
Moore 2002). These are annual averages, but there is significant
variability between years.

Differences in methodologies and data availability make it dif-
ficult to compare figures from different regions and time periods.
Yet the trends in these data sets are informative. For example,
records available for extended periods show a general long-term
reduction in the area burned. In the United States, the area
burned has declined by more than 90% since 1930 (Hurtt et al.
2002) and in Sweden, the area burned fell from �12,000 to � 400
hectares a year between 1876 and 1989 (Pyne and Goldammer
1997). In both countries, fires were reduced due to changes in
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land use. In Europe as a whole, however, the total extent and the
interannual variability of the area of burnt forest are higher for the
period 1975–2000 than for the 1960s, due, it is presumed, to
changes in land use and climate (Schelhaas and Schuck 2002).

Data on major fire events from OFDA/CRED indicate a
global increase in the number of major fire events after 1960. (See
Figure 16.8.) According to CRED, changes were greatest in
North America, where the number of major fires increased from
�10 during the 1980s to �45 during the 1990s. CRED data sets
only include data on major disasters (as defined by OFDA/CRED
2002) and are compiled from several sources, including U.N.
agencies, nongovernmental organizations, insurance companies,
research institutes, and press agencies.

Evidence of past fire activity is provided by sediment analyses.
Indicators include materials directly affected by or the products of
fires, such as charcoal (Sanford et al. 1985), or materials such as
pollen that can be used to determine the presence of specific plant
species associated with fire regimes (Camill et al. 2003). Data from
sediment records are especially important in providing long-term
trends in fire activity at large scales. For example, data from sea
sediments show that sub-Saharan Africa had low fire activity until
about 400,000 years ago and indicate that humans had a signifi-
cant influence on the occurrence of fire in the Holocene (Bird
and Cali 1998). Analyzes from lake sediments show that natural
fires have influenced forests in Amazonia for the last 7,000 years,
including impacts on current patterns of forest structure (Turcq et
al 1998). Data from soils also show that fires have disturbed low-
land forests in the Amazonian region for the past 6,000 years (San-
ford et al. 1985). In Minnesota, fires have been shown to result
from shifts in vegetation caused by climate changes during the
Holocene (Camill et al. 2003). An important common result from
these studies is the link between high fire activity, dry climates,
and fuel accumulation.

16.3 Causes of Changes in the Regulation of
Floods and Fires
The complex relationships between direct and indirect drivers are
the main causes of change in the regulation of all natural hazards,

Figure 16.8. Number of Recorded Wild Fires by Continent and
Decade in Twentieth Century (OFDA/CRED)
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including floods and fires. Understanding the patterns of distribu-
tion of such drivers may be partially achieved by describing which
ecosystems are undergoing the most rapid and largest transforma-
tions. Such areas are likely to have the most reduced capacity to
regulate natural hazards.

Increased attention has been paid to extreme weather and cli-
mate events over the past few years due to increasing losses associ-
ated with them. For a more accurate understanding of weather
impacts, however, it is necessary to acknowledge the actual and
potential impacts of changes in both climate and society (Pielke
Jr. et al. 2003). For instance, there are examples where economic
impacts of hurricanes have increased dramatically during pro-
longed periods of rather benign hurricane activity (Pielke and
Landsea 1998), and it is thought that a major factor conditioning
hurricane losses in the United States is the significant increase in
wealth and population in the coastal areas (Landsea et al. 1999).

Human occupancy of the floodplains and the presence of
floodwaters produce losses to individuals and society. Different
pressures have caused increases in population density in flood-
prone areas, especially poverty, which has been responsible for
the growth of informal settlements in susceptible areas around
megacities in many developing countries.

An immediate question that emerges from the increases in
flood damage is the extent to which a rise in flood hazard and
vulnerability can be linked to climate variability and change. This
has been treated extensively in the Third Assessment Report of
the Intergovernmental Panel on Climate Change and recently re-
viewed by Kundzewicz and Schellnhuber (2004). However, cli-
mate change is just one of the many drivers affecting the
regulation of floods. A more detailed discussion about drivers af-
fecting flood regulation is given in the next section.

Changes in fire regulation can affect many other ecosystem
services—supporting, provisioning, regulating, and cultural ser-
vices. Supporting services affected by changes in the fire regula-
tion capacity of ecosystems include nutrient cycling (for example,
through fluxes and changing stocks of carbon and nitrogen) and
primary production (a decrease due to vegetation removal, for
instance, or increase by soil fertilization). Provisioning services
affected include food production (increased by short-term fertil-
ization, decreased through long-term nutrient losses) and avail-
ability of genetic resources (decreased by removal of flora and
fauna). Regulating services affected include climate (changes in
surface albedo and greenhouse gas emissions) and disease regula-
tion (increase in the likelihood of respiratory diseases due to re-
duction of air quality). Finally, cultural services affected include
recreation opportunities and aesthetic experiences (short-term ef-
fects on the landscape in protected areas, for example, or airport
closings due to reduced visibility caused by smoke).

16.3.1 Drivers Affecting the Regulation of Floods

In the MA framework a driver is defined as any natural or human-
induced factor that directly or indirectly causes a change in an
ecosystem, affecting its capacity to provide a service. Evidently,
climate variability, climate change, and natural or anthropogenic
land cover changes constitute physical and biological factors that
directly affect the regulation of floods in terms of both processes
and magnitude through changes in extreme rainfall events and
peak runoff magnitude. If extreme events become more frequent
and intense, the capacity of the system to provide the regulation
could be affected. However, the distribution of the impacts of
extreme events is not uniform across the world; their impact is
greater in poorer and more vulnerable regions.
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Precipitation is a critical factor in causing floods, and its char-
acteristics—such as intensity, location, and frequency—appear to
be changing. During the twentieth century precipitation in-
creased by 0.5–1.0% per decade in many areas in the mid- and
high latitudes of the Northern Hemisphere (IPCC 2001). More-
over, increases in intense precipitation have been reported even
in regions where total precipitation has decreased (Kabat et al.
2002). It is difficult to generalize, however, as some regions have
shown decreases in both total and intensity of precipitation. Al-
though intense rainfall is a sufficient condition to increase flood
hazard, there are a number of other nonclimatic factors that exac-
erbate flood hazard (Kundzewicz and Schellnhuber 2004).

A conceptual framework for understanding the human- and
human-influenced processes contributing to damaging floods is
presented in Figure 16.9. The broad integrative framework pre-
sented by Pielke and Downton (2000) may be used to understand
the role of the drivers (direct or indirect) and policies in determin-
ing actual and potential flood outcomes.

Lepers (2003) presented the most rapidly changing areas in
terms of deforestation and forest degradation, which are predomi-
nately in the tropics. Nearly half of the affected forests are in
South America, with 26% in Asia and 12% in Africa. Concur-
rently, the tropical regions of these three continents have had
higher flood incidence and higher relative vulnerability (people
killed per million exposed per year) (UNDP 2004).

Figure 16.10 (in Appendix A) shows the number of floods
between 1980 and 2000 (OFDA/CRED data set), together with
the area of deforestation and forest degradation during the same
period. Since there were multiple data sets used to describe defor-
ested areas, the map indicates the number of data sets where de-
forestation was effectively identified (see Lepers 2003 for more
details). The number of flood events is reported as total number of

Figure 16.9. Factors Contributing to Damaging Floods (Pielke and Downton 2000)
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floods by country during the period 1980–2000. Tropical regions,
mainly in Asia and South America, have been severely affected by
floods and suffered an important loss in forest area and increasing
forest degradation, as shown in Figure 16.10.

There are also physical, biological, and anthropogenic factors
that influence the regulation of floods, such as land use change
and human encroachment of natural areas, such as wetlands, for-
est, and vegetation in coastal zones. These perturbations of natural
areas with the subsequent reduction of ecosystem functions affect
flood attenuation potential and soil water storage capacity. It is
clear that land conversion, deforestation, and loss of ecosystems
such as wetlands have increased in the last decades (see Chapters
20, 21, and 28), but the impact of these drivers is unevenly dis-
tributed across different regions. Water extraction and diversion
also constitute a direct anthropogenic driver that affects regulation
of floods.

The indirect drivers that strongly influence the regulation of
floods are population growth, the level of economic, scientific,
and technological development, a lack of governance, and popu-
lation settlement preferences. Impacts vary between countries but
are manifest in changes in exposure of human populations to ex-
treme events, in the increase or decrease of GDP (depending on
the region), in the capacity of governments to respond to flood-
related disasters, and in the commercial and recreational activities
developed along major river floodplains. The impacts are more
intensely felt in densely populated areas in poorer countries,
where farming activities, property, and commercial activities are
most at risk.

16.3.2 Drivers Affecting the Regulation of Fires

Direct and indirect drivers can change the capacity of ecosystems
to provide fire regulation. For example, climate change is a natu-
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ral and direct driver that can significantly affect fire regulation.
Changes in precipitation variability may affect fire frequency and
intensity. Low precipitation is associated with low fire frequency
and intensity due to low biomass and fuel conditions. Similarly,
high precipitation is associated with low fire frequency and inten-
sity due to extremely wet conditions (Cardoso and Hurtt 2000).

Regions with climates that present distinct dry and wet sea-
sons have potentially more fires. Under these climates, fuel load
can increase through vegetation growth during the wet season
and the high flammability during the dry season, leading to more
frequent and intense fires. In addition to varying precipitation
patterns, hotter conditions and more intense winds may promote
a higher frequency and intensity of fires by favoring fuel dryness
and fire spread. Climate effects may also depend on the state of
the ecosystem. Forest trees with deep root systems may resist re-
duced precipitation longer before becoming flammable compared
with trees with shallower roots, such as savannas species (Nepstad
et al. 1994). And ecosystems with soils that have low water-holding
capacity may become flammable after even short dry periods.

Unfortunately, it is not easy to predict future climate condi-
tions. Although there is evidence that the global average tempera-
ture is increasing (IPCC 2001), other climatic data, particularly at
a regional, sub-continental scale, are less clear.

Land use and land cover are important direct anthropogenic
drivers of fire regulation. Included here are land management,
land clearance and agriculture, housing development, logging,
harvesting and reforestation, and fire suppression schemes. These
can change fuel load, flammability, number of ignition events, and
spread conditions. For example, fire suppression seeks to reduce
the sources of ignition and short-term fire activity. However,
long-term fire suppression may lead to high fuel loads and in-
crease the likelihood of catastrophic fires, as demonstrated in the
United States. Fire suppression also leads to lower trigger events,
but intentional and accidental fires related to land management
lead to a higher number of trigger events. Firebreaks lower spread,
but actions that provide fire corridors (such as reforestation) may
increase fire spread. Logging and harvesting may reduce fuel loads
if biomass is completely removed or may increase fuel loads when
biomass debris is left. Changes in land use and land cover have
increased in developing regions in the tropics, leading to more
fires (Page et al. 2002). In other regions, such as North America,
however, land management has reduced fire frequency but in-
creased fuel loads and the likelihood of more intense fires (Hurtt
et al. 2002).

Indirect drivers of fire regulation are mainly linked to human
activities. These drivers include demographic, economic, socio-
political, and scientific and technological drivers. (See Chapter 3.)
Demographic factors such as changes in population distribution
may lead to different land use and land cover patterns, which are
direct drivers of fire regulation. Changes in population may also
alter property exposure to fire. Increase of population in fire-
prone areas can potentially lead to higher exposure to fires, to
increased risk of accidental fires, and to economic and human
losses that are generally related to the level of preparedness for
extreme events in the affected region.

The degree of economic development is also important.
Higher levels of economic development generally improve fire
regulation. For example, access to machines and technology, such
as tractors, offers an alternative to the use of fires as a land clear-
ance tool for land management. Educational programs on fire
risks and effects and to alternatives to the use of fire as a land use
management tool also tend to improve fire regulation. In addi-
tion, higher levels of economic development allow for the use of
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fire risk and activity monitoring systems and for the development
of programs for disaster relief in case of extreme events.

Sociopolitical drivers, such as environmental policy, aid in fire
regulation through many processes, including development of
legislation and mechanisms of law enforcement and fire research,
which leads to better knowledge of fires and how to fight them.

Scientific and technological drivers, such as the monitoring of
fire activity, also enhance fire regulation by providing tools that
help forecast and track fire activity. Satellite-based data collection
systems, for example, provide additional information on fire fre-
quency and behavior, as well as fire times and position. These can
help support decisions on fire regulation resources, can improve
law enforcement, and can contribute to fire research.

16.4 Consequences for Human Well-being of
Changes in the Regulation of Natural Hazards
In this section the consequences and impacts of extreme events
on several aspects of human well-being are presented. These im-
pacts result from the reduced capacity of ecosystems to regulate
the magnitude and intensity of these events and from the ability
of ecosystems and human populations to cope with the conse-
quences of such events—their exposure, sensitivity, and resilience.
The latter are all components of ‘‘vulnerability,’’ which is a com-
plex and multidimensional concept, intrinsic to ecological and so-
cial systems. The degree of vulnerability of an ecosystem or
human group will define the impacts of extreme events on society
and ecosystems. Vulnerability is discussed extensively in Chapter
6. In this section the vulnerability concept is treated as a tool to
understand the differentiated impacts of extreme events on differ-
ent societal groups.

16.4.1 Security and the Threat of Floods and Fires

16.4.1.1 Floods

Many factors are likely to contribute to the increase of those af-
fected by disasters. One of these is the vulnerability profile of
the population. As more people move into urban areas and slum
settlements they are increasingly living in susceptible (disaster-
prone) regions. Migrants to big cities are normally at greatest risk,
since they occupy the most hazard-prone locations on unstable
slopes and flood-prone areas. However, urbanization is not neces-
sarily a factor increasing disaster risk if it is managed in an appro-
priate and adequate way. Local authorities and their interactions
with public, private, and civil society may play an important role
in urban risk reduction to bridge the gap between national and
international risk management players and local communities
(UNDP 2004). But this implies a high level of municipal gover-
nance.

Environmental degradation increases the negative effects of
extreme events on society. While disaster preparedness measures
do help save lives, the failure to reduce risks more broadly may
be contributing to the higher numbers of disaster-affected people.
Unfortunately, data are not uniformly collected, but more infor-
mation would likely show an increase in the number of affected
people, although the definition of ‘‘affected’’ varies (IFRC 2003).

16.4.1.2 Fires

The detrimental impacts and consequences of some wildfires on
economies, human health, and safety are comparable in severity
to other major natural hazards. Unlike the majority of the geolog-
ical and hydro-meteorological hazards, however, vegetation fires
represent a natural and human-caused hazard that can be pre-
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dicted, controlled, and, in many cases, prevented through the ap-
plication of appropriate policies. Most countries already have
laws, regulations, and action plans for management of forest fires
and response procedures in place. These are often insufficient,
however, or inadequately implemented.

Loss estimates have been used to quantify the impacts of fires
on society. Globally, such losses are difficult to quantify, but data
do exist from areas where fire occurrence is well documented.
For example, U.S. federal agencies spent an average of $768 mil-
lion a year in fire suppression between 1994 and 2002 (NIFC
2004). From 1995 to 1999, the annual costs of prescribed fires
increased from $20 million to $99 million (NIFC 2004). In 2003,
fires in California burned over 750,000 hectares, caused 24 fatali-
ties, and destroyed over 3,000 residences (FEMA 2004).

An analysis of national fire policies concluded that mitigation
policies were generally weak, rarely based on reliable data of forest
fire extent, causes, or risks, and did not involve landowners most
likely to be affected (ECE/FAO 1998). Furthermore, they were
sometimes the result of ill-conceived forest management policies,
particularly policies aimed at total fire exclusion that led to fuel
accumulation and catastrophic fire outbreaks. Future fire policies
will need to find a balance between the various ecological, ag-
ricultural and energy benefits of biomass burning and environ-
ment and health problems.

16.4.2 The Effects of Natural Hazards on
Economies, Poverty, and Equity

Economic indicators such as GDP are highly affected by natural
disasters, especially in the most vulnerable areas. Thus poorer na-
tions experience lower economic losses but a relatively higher
drop in GDP following a natural disaster, while the opposite trend
is observed in wealthier nations (MunichRe 2001).

In a recent UNDP report on natural disasters, mortality from
floods was inversely correlated with GDP per capita. There was
also a negative correlation between deaths from flooding and local
density of population (UNDP 2004). This fact, although contra-
dictory, might be explained because of the higher expected mor-
tality in rural and remote areas with limited health care and low
disaster preparedness. The most important factors contributing to
high risk from floods were low GDP per capita, low density of
population, and a high number of exposed people.

In the same study, 147 countries with populations exposed to
floods were identified. India, Bangladesh, Pakistan, and China
were at the top of the list of countries with high absolute and
relative populations exposed to floods. This is a consequence of
the large populations living along floodplains and low-lying coasts
in this part of the world. Other countries, such as Bhutan and
Nepal and the Central American and Andean states, also have
large absolute and relative populations exposed to floods because
of their mountainous topography and important population cen-
ters located on river floodplains (UNDP 2004).

Rural areas with low population density and poor health cov-
erage that are prone to flooding are also more vulnerable to flood-
related diseases due to their lower flood evacuation abilities.
Disaster reduction measures for these areas can also offer opportu-
nities for these communities, such as involving women in main-
taining local social networks focused on risk reduction. In Cox’s
Bazar (Bangladesh), women’s involvement in disaster prepared-
ness activities organized through local networks—including edu-
cation, reproductive health, and micro-enterprise groups—has
resulted in a significant reduction in the number of women killed
following tropical cyclones (UNDP 2004).
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16.4.3 Impacts of Flood and Fires on Human Health

Natural hazards adversely affect human health both directly and
indirectly. The direct physical effects that occur during or after
flooding include mortality (mostly from flash floods), injuries
(such as sprains or strains, lacerations, contusions), infectious dis-
eases (respiratory illnesses, for example), poisoning (from carbon
monoxide, say), diseases related to the physical and emotional
stress caused by the flood, and such other effects as hypothermia
from loss of shelter. The number of deaths associated with flood-
ing is closely related to the local characteristics of floods and to
the behavior of victims (Malilay 1997).

Indirect effects of floods can also cause human injury and dis-
ease, such as waterborne infections and vector-borne diseases,
acute or chronic effects of exposure due to chemical pollutants
released into floodwaters, and food shortages. Studies have also
observed increased rates of the most common mental disorders,
such as anxiety and depression, following floods (Hajat et al.
2003). These and other psychological effects may continue for
months or even years. The physical and health impacts of floods
in the United Kingdom have been the subject of longitudinal
studies (Tapsell et al. 2003). Flooding events caused adverse physi-
cal effects in about two thirds of vulnerable people and adverse
mental and physiological effects in more than three quarters. The
physical effects lasted about 12 months on average, while the psy-
chological impacts lasted at least twice as long.

Impacts can also be categorized according to when they oc-
curred relative to the event (during the impact phase, immediate
post-impact phase, or during the recovery phase). For example,
injuries are likely to occur in the aftermath of a flood disaster, as
residents return to dwellings to clean up damage and debris.

Although natural hazards cause a significant number of injuries
and diseases, the available morbidity data are limited, which re-
stricts our understanding of both the impacts and the possible ef-
fective response options.

Campbell-Lendrum et al. (2003) used comparative risk assess-
ment methods to estimate the current and future global mortality
burden from coastal flooding due to sea level rise and from inland
flooding and mass movement caused by an increase in the fre-
quency of extreme precipitation. As quantitative estimates were
not available, longer-term health impacts due to population dis-
placement, economic damage to public health infrastructures, in-
creased risk of infectious disease epidemics, and mental illness
were excluded from their analyses, although these impacts are
likely to be greater than the acute impacts. Despite this, the global
model developed has been shown to be relatively accurate when
tested against more detailed assessments at a national level.

The model has other limitations, however. In the absence of
detailed data on the relationships between intensity of precipita-
tion, the likelihood of a flood or mudslide disaster, and the magni-
tude of health impact variables and their effects, it was assumed
that flood frequency was proportional to the frequency with
which monthly rainfall exceeded the 1-in-10-year limit (that is,
upper 99.2% confidence interval) of the baseline climate. It was
also assumed that determinants of vulnerability were distributed
evenly throughout the population of a region, so that the change
in relative risk of health impacts was proportional to per capita
change in risk of experiencing such an extreme event. Changes
in the frequency of coastal floods were defined using published
models that estimate change in sea level for various climate sce-
narios. These changes were applied to topographical and popula-
tion distribution maps to estimate the regional change in
incidence of exposure to flooding. The regional changes were
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summed to estimate potential worldwide impacts. The model did
not account for changes in the frequency of storm surges.

From the model, it was estimated that the impact of climate
change on flooding in 2000 amounted to192,000 disability-adjusted
life years, with the Eastern Mediterranean, Latin American and
Caribbean, and the Western Pacific regions suffering the largest
burdens of flood-related disease (Campbell-Lendrum et al. 2003).
Potentially large changes in flood-related mortality were esti-
mated under various climate change scenarios. Subgroups vulner-
able to adverse health effects of floods include the elderly, those
with prior health problems, the poor, and those with dependents
(especially children) (Hajat et al. 2003).

Thus, floods and other extreme weather events should be
considered multiple stressors that include the event itself, the dis-
ruptions and problems of the recovery period, and the worries or
anxieties about the risk of recurrence of the event (Penning-
Rowsell and Tapsell 2004). The perceived risk of recurrence can
include a perceived failure on the part of relevant authorities to
alleviate risk or provide adequate warnings. These sources of stress
and anxiety, along with pre-existing health conditions, can have
significant impacts on the overall health and well-being of flood
victims. Medical authorities, social services departments, insur-
ance companies, and other organizations need to provide better
post-event social care for people affected by extreme weather
events.

The population at risk, policy-makers, and emergency work-
ers may undertake activities to reduce health risks before, during,
and after a flood event. Traditionally, the fields of engineering and
urban planning aim to reduce the harmful effects of flooding by
limiting the impact of a flood on human health and economic
infrastructure. Mitigation measures may reduce, but not elimi-
nate, major damage. Early warning of flood risk and appropriate
citizen response has been shown to be effective in reducing disas-
ter-related deaths (Noji 2000). From a public health point of
view, planning for floods during the inter-flood phase aims at
enabling communities to respond effectively to the health conse-
quences of floods and allows the local and central authorities to
organize and effectively coordinate relief activities, including
making the best use of local resources and properly managing
national and international relief assistance. In addition, medium
to long-term interventions may be needed to support populations
affected by flooding.
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Main Messages

Human culture is strongly influenced by ecosystems, and ecosystem
change can have a significant impact on cultural identity and social sta-
bility. Human cultures, knowledge systems, religions, heritage values, social
interactions, and the linked amenity services (such as aesthetic enjoyment,
recreation, artistic and spiritual fulfillment, and intellectual development) have
always been influenced and shaped by the nature of the ecosystem and eco-
system conditions in which culture is based. At the same time, humankind has
always influenced and shaped its environment. Rapid loss of culturally valued
ecosystems and landscapes lead to social disruptions and societal marginali-
zation, now occurring in many parts of the world.

To achieve conservation and sustainable use of ecosystems, ‘‘tradi-
tional’’ and ‘‘formal’’ knowledge systems need to be linked. There is an
emerging need and opportunity for building bridges between these two sys-
tems to improve the quality of human life. The complex relationships that exist
between ecological systems and cultural systems can be understood only by
linking our formal knowledge system, based on a hypothetical-deductive ap-
proach and inductive reasoning to understand ecosystems, with the traditional
knowledge system, derived from societal experiences and perceptions. Our
understanding of the tangible benefits derived from traditional ecological knowl-
edge, such as medicinal plants and local species of food, is relatively well
developed. However, our knowledge of the linkages between ecological proc-
esses and social processes, and their tangible and intangible benefits (such
as spiritual and religious values), and of the influence on sustainable natural
resource management at the landscape level needs to be strengthened.

Loss of traditional knowledge systems has many direct and indirect ef-
fects on ecosystems and human welfare. The loss of traditional knowledge
has a direct effect on the depletion of fauna and flora and the degradation of
the habitats and ecosystems generally. Traditional is knowledge is largely oral,
and there is significant loss every time an old person dies without leaving a
record of what they know. Equally significant is the loss of languages—the
vehicles by which cultures are communicated and reproduced. It is estimated
that more than 5,000 linguistic groups contain the traditional knowledge of
humankind, many of which may disappear by 2020. TK is a key element of
sustainable development, particularly in relation to plant medicine and agricul-
ture, which may offer solutions and cures to pandemics such as AIDS and
cancer as well as to many other health problems that are emerging with global-
ization.

The importance of cultural services and values is not currently recog-
nized in landscape planning and management. These fields could benefit
from a better understanding of the way in which societies manipulate ecosys-
tems and then relate that to cultural, spiritual, and religious belief systems.
This realization is reflected in the emphasis placed by many international orga-
nizations, such as UNEP, UNESCO, FAO, IUCN, and WWF, in recognizing
‘‘cultural landscapes,’’ ‘‘cultural agro-ecosystems,’’ World Heritage Sites, and
Biosphere Reserves. The so-called ecosystem approach implicitly recognizes
the importance of a socioecological system approach, and policy formulations
should empower local people to participate in managing natural resources as
part of a cultural landscape, integrating local knowledge and institutions.

In planning and managing ecosystems, a balance must be found between
cultural and amenity services. Due to changing cultural values and percep-
tions, there is an increasing tendency to create landscapes with high amenity
values (for aesthetic and recreational use, for example) at the expense of
traditional landscapes with high cultural and spiritual values. The remaining
traditional landscapes require urgent protection in order to create diversified
landscape systems that contribute to strengthening buffering mechanisms and
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that reduce the vulnerability of ecosystems and human society to environmen-
tal change.

Better information is needed on the economic importance of cultural and
amenity services. Many cultural and amenity services are not only of direct
and indirect importance to human well-being (in terms of improved physical
and mental health and well-being), they also represent a considerable eco-
nomic resource; for example, tourism generates approximately 11% of global
GDP and employs over 200 million people. Approximately 30% of these reve-
nues are related to cultural and nature-based tourism. In planning ecosystem
use or conversion, these values have not been fully taken into account in the
analysis of trade-offs. The costs of the loss of ecosystem services and the
benefits of their continued availability should be shared more equitably among
all stakeholders.

17.1 Introduction

17.1.1 Nature of the Service

Human cultures have always been influenced and shaped by the
nature of the ecosystem (e.g., Ramakrishnan 1998). At the same
time, humankind has always influenced and shaped its environ-
ment to enhance the availability of certain valued services. While
there are specific cultural ‘‘services’’ that ecosystems provide (such
as aesthetic enjoyment, recreation, spiritual fulfillment, and intel-
lectual development), it is quite artificial to separate these services
or their combined influence on human well-being. For example,
a jogger in Central Park in New York City obtains a recreational
benefit from that ecosystem through aesthetic enjoyment and
physical exercise while simultaneously perhaps gaining spiritual
benefits from watching a swan land in the lake. Similarly, a farmer
in India may have a strong spiritual and religious connection to
the local ecosystem and actively protect sanctuaries of forests. As a
result, sophisticated health care systems associated with traditional
knowledge of herbs often maintained in these forests may de-
velop, and the cultural identity of the local society is maintained
through close association with that local ecosystem.

Recognizing that different types of spiritual, intellectual, and
physical links between human cultures and ecosystems are insepa-
rable, this chapter seeks to explore the dimensions of the human-
ecosystem relationship for the main types of cultural and amenity
services provided by ecosystems and landscapes. Based on various
literature sources (e.g., De Groot 1992; De Groot et al. 2002;
Ramakrishnan et al. 2002; Van Droste et al. 1999) the following
six categories have been distinguished:
• cultural identity (that is, the current cultural linkage between

humans and their environment;
• heritage values (‘‘memories’’ in the landscape from past cul-

tural ties);
• spiritual services (sacred, religious, or other forms of spiritual

inspiration derived from ecosystems);
• inspiration (the use of natural motives or artifacts in arts, folk-

lore, and so on);
• aesthetic appreciation of natural and cultivated landscapes; and
• recreation and tourism.

Although cultural services are one of the four main service
categories identified by the Millennium Ecosystem Assessment,
they cannot be treated independently: cultural and amenity ser-
vices depend especially on supporting and regulating services; at
the same time, the expression of cultural services influences the
way ecosystems are viewed in terms of their other services (for
instance, fish have a food value but may also have a spiritual value,
and fishing may be a traditional way of life).
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Throughout this chapter, care has been taken to give a bal-
anced representation of the main ‘‘worldviews’’ regarding
human-nature relationships, ranging from those of the more tra-
ditional and indigenous societies to those of highly industrialized
ones. There are striking differences in the way cultural and ame-
nity services are perceived, experienced, and valued by different
cultures, which can often be related to differences in the ecosys-
tem conditions in which they originated and the way societies
have changed ecosystem conditions and evolved with their envi-
ronment. The dynamic nature of human-environment interac-
tions leads to continuous changes in the perception and
appreciation of cultural and amenity services and greatly contri-
butes to cultural diversification.

17.1.2 Key Questions and Cross-cutting Issues

This chapter addresses how ecosystem changes affect cultural and
amenity services and thereby human well-being. For each cultural
service considered, three main issues are addressed: current status
and dependence on ecosystem condition; observed changes in the
availability of ecosystem services, causes for change, and future
trends; and the effects on human well-being of changes in the
availability of ecosystem services.

Thus for each service, a brief overview is given of its nature,
its magnitude and distribution, and its dependence on ecosystem
condition, illustrated by means of quantitative data where avail-
able on the ecosystem properties providing the service (such as
landscape and biodiversity features) and with reference to the sys-
tems chapters in this volume (Chapters 18–27). It should be noted
that the availability of cultural and amenity services is partly deter-
mined by the physical and biotic environment (such as the pres-
ence of landscape features with scenic, inspirational, or sacred
values), and partly by culture. Thus similar environmental features
(species, forests, soil, waterfalls, and so on) will be valued differ-
ently by different societies, depending on the cultural background
and the way societies have shaped their environment during the
course of their development.

In addition, changes in ecosystems in the recent past (since
about 1960) and how these have influenced the capacity to pro-
vide cultural and amenity services (either positively or negatively)
are described, along with predicted trends for the next 10 years.
The direct causes for these changes will be briefly described, with
reference to the proximate drivers or indirect causes described in
Chapter 3.

The importance of a service to human well-being can be de-
scribed by many different indicators (improved physical and psy-
chological health, for instance, or income). (See Chapter 5.)
Where available, examples are given of the economic importance
of cultural and amenity services, including monetary data (with
reference to Chapter 2, regarding methods and tools for eco-
nomic valuation of ecosystem services). The consequences of
changes in cultural and amenity services for human welfare are
discussed near the end of the chapter.

17.1.3 Knowledge Systems

Cultural and amenity services are entirely determined by human
perceptions of their environment. Human perceptions, in turn,
are the product of the knowledge system of which the individual
or community is a part. All knowledge systems, whether ‘‘tradi-
tional’’ or ‘‘formal’’ (or however labeled), reflect the history of
ideas as much as some objective body of ‘‘facts.’’ (The neutral
term traditional is used here; other equivalent terms are local or
indigenous, which tend to be much more location-specific. In
contrast, ‘‘formal’’ knowledge is often referred to as ‘‘scientific.’’
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One challenge is to validate the former and integrate it into the
latter, to the extent possible.) Fundamental is the social context in
which the traditional knowledge system of thousands of cultures
has evolved. (See Box 17.1.) Important in this social construction
is the idea of key paradigms (or mythologies), which even if not
scientifically tested in the sense of being based on experiment and
verification, are logical and provide insight in understanding how
systems, including ecosystems, function (Berger and Luckmann
1966).

While formal knowledge in ecology has largely been a prerog-
ative of natural scientists, analyzing natural phenomena through
hypothetico-deductive methods and inductive reasoning, tradi-
tional knowledge evolves locally in different communities
through an experiential approach, with differences in the way
each creates knowledge. Except for some instances involving di-
rect economic values, such as non-timber forest products that may
have food, fiber, or medicinal value, the origin and meaning of
this knowledge has not been properly documented (Berkes 1999),
and there is significant loss every time an old (knowledgeable)
person dies without leaving a record of knowledge and experi-
ence.

The loss of traditional knowledge has a direct effect on the
depletion of fauna and flora and the degradation of the habitats
and ecosystems generally. For example, in the transmigration pro-
gram in Indonesia the traditional knowledge of the transmigrant
is of no value under the changed ecological situation, leading to
adoption of wrong technologies and ending up in land degrada-
tion (Whitten et al. 1987).

Equally significant is the loss of languages, which are the main
vehicles by which cultures are communicated and reproduced (in
addition to the reflection of human-nature relationships in dance,
other art forms, rituals, and architecture, such as in Stonehenge
and the Pyramids). It is estimated that there are more than 5,000
indigenous linguistic groups, representing over 350 million peo-
ple, which contain most of humankind’s traditional knowledge.
Many of these linguistic groups may disappear by 2020 (United
Nations 2004), which is an important obstacle to finding path-
ways for more sustainable ecosystem management (Berkes et al.
2000). It is also true that much of the traditional knowledge that
existed in Europe (such as knowledge on medicinal plants) has
gradually eroded due to rapid industrialization during the past
century (Hughes 1998).

17.2 Distribution, Magnitude, and Trends in
Cultural and Amenity Services

17.2.1 Cultural Identity

Throughout human evolution, human societies have developed
in close interaction with the natural environment, which has
shaped their cultural identity, value systems (Balee 1989), and
economic well-being. However, since the human-nature rela-
tionship is influenced by factors such as ownership, ethics, reli-
gion, and so on (Hanna and Jentoft 1996), it varies widely across
cultures, evolving in both space and time. For instance, for many
traditional forest dwellers in the tropics, shifting agriculture is a
way of life; for those living in the savanna grasslands of tropical
Africa, nomadic pastoralism is a major activity (with limited shift-
ing agriculture), while others living under more extreme climatic
conditions, such as the peoples of the Tibetan and central Asian
highlands, tend to be nomadic pastoralists and those living in
coastal areas and the Arctic regions tend to be depend on fishing.
This variety of lifestyles and livelihoods, which are ‘‘dictated’’ by
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BOX 17.1

Traditional Knowledge Systems

Many traditional societies (including indigenous and tribal) with extended a value system that they understand and appreciate and therefore partici-
association with nature and natural resources have accumulated empirical pate in the process of the quality of life they cherish.
knowledge about the natural resources around them, especially food and The dichotomy between the universality of formal knowledge and the
medicines (National Academy of Sciences 1975; Berlin 1992; Hladik et al. location-specific nature of TEK hides two distinct elements: the difference
1993). Many such societies also have accumulated traditional wisdom between scientific knowledge and common sense (which concerns all soci-
based on the intrinsic realization that humans and nature form part of an eties) and the difference between cultural patterns of thought embedded in
indivisible whole and therefore should live in partnership with each other. the formal knowledge and non-western approaches of the natural and social
This ecocentric view is widely reflected in their reverential attitudes toward world. It should be added, however, that below the considerable location-
plants, animals, rivers, and Earth, often concretized in iconography and specific diversity, TEK often has undeniable universal characteristics.
imagery of the sculptural forms, a way of transmitting the timeless truths In any case, we need to move beyond this perceptional divergence and
of human-nature ethics (Vatsayan 1993). arrive at generalizations across locations, after validation from an eco-

Traditional ecological knowledge, although it may have a strong ele- science perspective where required, in order to integrate the two knowledge
ment of the ‘‘formal,’’ stands apart in that it is largely derived through systems and use them for ecosystem management. For example, traditional
societal experiences and perceptions accumulated through a process of systems of medicine such as Ayurveda, which is well developed throughout
trial and error during interactions with nature and natural resources. This India, are now getting linked with cultural tourism in this part of the world,
implies that while ‘‘formal’’ emphasizes universality of the knowledge cre- which is tending to be of global value. This is in addition to hundreds of
ated by the given methodology, TEK has a certain degree of location- ethnic medical practices spread across the world. Similarly, a whole variety
specificity, but with a strong human element that emphasizes social eman- of lesser-known plants of food value have not been integrated into our food
cipation (Elzinga 1996). Traditional knowledge enables society to relate to production systems (National Academy of Sciences 1975).

different ecosystem conditions, led to different knowledge sys-
tems and to cultural diversification.

17.2.1.1 Current Status and Dependence on Ecosystem
Condition

Language, knowledge, and the environment have been intimately
related throughout human history. Local and indigenous lan-
guages are the repositories of traditional knowledge about the en-
vironment and its systems, its management, and its conservation,
which in the contemporary context needs analysis and validation.
(See Figure 17.1.) (Ramakrishnan 2001; Ramakrishnan et al.
2004).

Approximately two thirds of the world’s languages are linked
to forest-dwellers; indeed, almost 50% of all languages are spoken
in tropical/sub-tropical moist broad-leaved forest biomes (see
www.terralingua.org). Furthermore, nearly 24% of all languages
are spoken in tropical and sub-tropical grassland, savanna, and
shrubland biomes. But just as with species, the world is now un-
dergoing a massive extinction crisis of languages and cultures. At
present, the greatest losses are occurring in high-risk situations,
such as where languages are not officially recognized and people
are marginalized by rapid industrialization, globalization, depopu-
lation, poor health, low literacy, or considerable ecosystem degra-
dation. Especially threatened are the languages of indigenous
peoples, who number 350 million, representing over 5,000 lin-
guistic groups in 70 countries, according to a special UNESCO
meeting in New York in May 2004 (see www.unesco.org/culture/
indigenous).

External forces, especially national and international develop-
ment policies, are dispossessing traditional peoples of their land,
resources, and lifestyles, forcing them to subsist in highly degraded
environments. People who lose their linguistic and cultural iden-
tity may lose an essential element in a social process that com-
monly teaches respect for nature and understanding of the natural
environment (Ramakrishnan et al. 1998). Many traditional socie-
ties view culture and environment as complementary, and efforts
aimed at maintaining cultural identity also often promote envi-
ronmental conservation (Stevens 1997). The concept of ‘‘cultural
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landscapes’’ (described in the following section) is an example of
traditional societies co-evolving with their environment. (See
Box 17.2.)

17.2.1.2 Observed Change, Causes of Change, and Future
Trends

Human societies are not immune to changes in their environ-
ment. The continuing overconsumption of natural resources is
resulting in erosion of time-tested and value-based institutions in
many societies. Among the most powerful forces that influence
both local cultures and ecosystems are various government poli-
cies and the expansion of national, regional, and international
markets that stimulate privatization of land and aim to ‘‘fix’’ pop-
ulations in a particular space, leading to a loss of traditional life-
styles (as with pastoralists and nomadic peoples).

For example, central government policies in Somalia in the
1970s and 1980s sought to ‘‘settle’’ semi-nomadic groups so they
could be better ‘‘controlled’’ and provide taxes to government.
Another example is government policies that are driven by inter-
national market forces determining coffee prices, which in the
Western Ghat region in southern India resulted in the extension
of coffee plantations into dried zones that are ecologically unsuit-
able for production, leading eventually to abandonment of the
plantations and forest degradation (Ramakrishnan et al. 2002).

The rapid decline in traditional value systems and changing
values among the younger generation are linked phenomena that
are widespread. Human societies, traditional or otherwise, always
tend to perceive the landscape around them as a carved-out cul-
tural landscape. Indeed, now there is a renewed interest even
about urban landscapes that could be made self-sustaining to the
extent possible through urban agriculture (sometimes referred to
as ‘‘urbaculture’’), a variety of city-based gardens, ‘‘bioshelters,’’
green corridors or greenways, and so on (Burel and Baudry 2003).

In the mountain regions of both the developing and the in-
dustrial world, there is an increasing realization that the lost cul-
tural landscape should be conserved where they exist or
redeveloped where they are already lost (Ramakrishnan et al.
2003; Maurer and Holl 2003). Particularly in the developing-
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Figure 17.1. Links between Language, Culture, and the Natural Environment: Some Examples (Map produced by Terralingua in partner-
ship with the Conservation Biology Institute; data on the world’s languages made available by SIL International; www.terralingua.org)

BOX 17.2

Some Examples of Evolving Human–Nature Relationships

• To Naskapi Indians of Labrador, ownership means shared identity
(Henriksen 1986). With deep respect for the harsh environment in
which they live, the dependence on nature and natural resources is
reflected in the ethnobiological knowledge they possess.

• For others, like the Bushman of Australia, this linkage is reflected in
the ritual acts used to kill animals (Campbell 1996).

• For the Lake Racken fishing community concerned with crayfish
management, the way in which the formal knowledge system is con-
textualized with traditional knowledge represents a recent adaptation
to combat acidification problems in the lake (Olsson and Folke
2001).

• Combining traditional knowledge with the formal in a complementary
fashion, the livelihood needs of the Inuit and Cree communities in
the Hudson Bay area of Canada were harmonized in the context of
the impact of hydroelectric dams, for effective co-management of
natural resources in the area (Fenge 1997).

• In the Great Fish River Valley in South Africa, local Xhosa people
place great cultural and utilitarian value on key resource patches
such as mountains, forests in various stages of succession, and a
variety of grazing lands. In many cases the diversity of resource
patches is the consequence of people interacting with the land,
where, through a variety of induced disturbances, these resource
patches are created. The different types of resource patches provide
different kinds of resources, thus satisfying villagers’ basic needs.
These include both practical, physical needs as well as cultural and
spiritual needs (see MA Multiscale Assessments, South Africa).
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country context, where rural poor abound, the developmental
paradigm based on high-energy input monoculture of crops is
increasingly debated (Ramakrishnan 2001). Thus, for instance,
are we satisfied with having patches of protected biodiversity in
the form of nature reserves, placed as islands in a vast ocean of
monocultures, or are we looking for more heterogeneity in our
landscapes, so that biodiversity is not merely restricted to nature
reserves? The latter approach will provide greater resilience to
the biosphere by strengthening the internal buffering mechanisms
against uncertainties in the environment (see, e.g., Holling 1995).

17.2.1.3 Consequences of Change for Human Well-being

The observed estrangement of people from their land and tradi-
tional way of life leads to overexploitation and degradation of
ecosystems, which in turn leads to poverty and loss of cultural
identity. (For a more in-depth discussion, see Rutten 1992.) Un-
less ecosystem management is firmly rooted in the local cultural
ethos, it can affect the livelihood concerns of large numbers of
people, particularly marginalized societies in the developing
world, causing social disruptions and ecological degradation.
There is an increasing danger of culture-specific land use systems
being gradually wiped out, without any viable alternatives in
place. If this trend continues, apart from ecological catastrophes,
large-scale social disruptions could occur, as is already evident
among many traditional societies (United Nations 2004).

For a new perspective to emerge, and to ensure that human
well-being and cultural identity remain linked to ecosystem ser-
vices, there needs to be a reconciliation between ecology, eco-
nomics, and ethics. The challenge, therefore, lies in learning
lessons from the past and in developing an adaptive management
strategy that is economically sound and specific to the socioeco-
logical system in question.
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17.2.2 Cultural Heritage

A large part of our cultural heritage is associated with ecosystems
and landscapes with special features that remind us of our historic
roots, both collectively and individually (such as special, usually
old trees, the remains of traditional cultivation systems, or historic
artifacts). These ecosystems and landscape elements give us a sense
of continuity and understanding of our place in our natural and
cultural environment and are increasingly valued as expressed by
the designation of cultural landscapes and sites with special his-
toric interest.

17.2.2.1 Current Status and Dependence on Ecosystem
Condition

Cultural landscapes are complex socioeconomic expressions of
(mainly) terrestrial ecosystems that have co-evolved under the in-
fluence of biophysical factors (such as climate, relief, soil type,
water availability, and so on) as well as of human societies at dif-
ferent levels of their cultural, social, and technological develop-
ment. In many places in the world, long-standing traditions in
agri-, silvi-, viti-, and aqua-cultural ecosystem management have
contributed to the development of a wide range of productive
and characteristic landscapes on cultivated systems. (See also
Chapter 26.)

Often this ecosystem management is based on traditional eco-
logical knowledge, sociocultural practices, or religious beliefs, and
human perception therefore has a strong influence on defining
landscapes. This is echoed by Ellis et al. (2000), whose hierarchi-
cal landscape classification system builds upon ecotopes that are
defined as ‘‘the smallest homogeneous ecosystem units within
landscapes.’’ Thus, both natural and cultural features are taken
into account when proposing the following definition: ‘‘Cultural
landscapes are spatially defined units whose character and func-
tions are defined by the complex and region-specific interaction
of natural processes with human activities that are driven by eco-
nomic, social and environmental forces and values’’ (Wascher
2004)

Hence, sustainable cultural landscapes should offer both high
heritage values and (relatively) stable ecosystem functions. Ideally,
these objectives should be reached on the basis of efficient re-
source management (wise use), seeking synergy between ecosys-
tem processes and cultural interferences (the latter including
economic interests). Table 17.1 illustrates the linkages between
cultural landscapes and associated ecosystem functions.

Table 17.1 and several examples illustrate the large variety
among cultural landscapes and heritage services in terms of scale
and character. In the Netherlands, the historic slagen (long
stretched land parcels) landscape Krimpenerwaard is a specific type
of polder landscape situated in the ‘‘Green Heart’’ of the country.
The Green Heart–polder is located between Amsterdam, Rotter-
dam, and the Hague and is a land reclamation system based on
a systematic drainage process that determines the characteristic
structural and functional landscape patterns of the area. Its charac-
teristic features include long and narrow access roads; straight,
parallel drainage ditches in regular sequences linking up with nat-
urally meandering water courses in right-angle patterns; land seg-
regations; blind alleys; and numerous parallel ditches.

In Portugal and Spain, montado and dehesa landscapes consist
of open evergreen forests of cork and holm oaks Quercus spp., or
open oak savanna, with tree densities ranging from 20 to 60 trees
per hectare in an irregular pattern, with relatively open understory
or partially closed by shrub encroachment. Despite its use for cork
production and multi-functionality with regard to other agricul-
tural management regimes (such as grazing and small-scale crop-
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land), the montado and dehesa landscapes are also valued for their
biological diversity, heterogeneity, and cultural interest due to
their strong identity and recreation potential (Ferreira et al. 2003).

Many cultural landscapes, such as the River Ganges and parts
of the Himalayas, are defined by their religious significance and
are of great importance to a large portion of the world’s popula-
tion, as described later in this chapter.

Thus it is clear that maintenance of cultural heritage is an im-
portant service of especially semi-natural and cultivated ecosys-
tems and landscapes. Many European countries have therefore
developed specific policies and legislation for the conservation of
cultural landscapes, and many private organizations are engaged
in their care. In the United Kingdom, for instance, the National
Trust owns or manages 200 historic houses, 230 gardens, and 25
industrial monuments plus 240,000 hectares of beautiful country-
side and 550 miles of coast. At the global level, initiatives have
also emerged to conserve landscapes directly—through, for exam-
ple, the World Heritage Convention (UNESCO 1972; Rössler
2000). (See Box 17.3.)

Within the European Union, national agricultural legislation
typically set objectives for the protection and restoration of land-
scapes and to provide public access to these landscapes. In addition
to regulations and voluntary agreements, many OECD countries
adopt economic incentives for agricultural landscape conservation
and restoration (see Table 17.2), such as through area payments
and management agreements, which can be interpreted as a rough
approximation of the ‘‘willingness to pay’’ for the maintenance of
cultural and heritage values.

Other initiatives target field-based collaborative management
at the local and regional levels, including transboundary regions.
For instance, the Collaborative Management Working Group
within IUCN’s Commission on Environmental, Economic and
Social Policy promotes and supports field-based co-management
initiatives, draws lessons and methods from experience, and sup-
ports the development of participatory mechanisms for the man-
agement of natural resources through local capacity building
(knowledge, skills, attitudes, and institutions) and the elaboration
of national, regional, and global policies. Projects address a num-
ber of topical areas such as the co-management of protected areas
and agricultural landscapes and the involvement of local commu-
nities in ecosystem conservation, with an emphasis on poor com-
munities in particularly harsh and fragile ecosystems, such as arid
lands, mountains, and coastal areas. (See also MA Policy Responses,
Chapter 14.)

17.2.2.2 Observed Changes, Causes of Change, and Future
Trends

In cultural landscapes, ecosystem processes are mainly driven by
human land use changes. Because these have taken place over the
entire history of human civilization, it is difficult to introduce
objective, widely accepted points of reference. Compared with
early cultivation history, however, modern forms of land manage-
ment and reclamation appear to have more erosive effects on the
character and processes of traditional cultural landscapes. Domi-
nant trends include decreasing landscape diversity, altered hydro-
logical systems (drainage and irrigation), intensification of land
use, and landscape fragmentation, all of which have affected
human social structures, ecosystem functions, and heritage values.
Even protected sites, including many of those designated under
the World Heritage Convention, are at risk of losing their status
due to various internal and external pressures. African, Arab, and
Asian UNESCO sites appear to be at higher risk than those in
Europe or in North and Latin America. (See Figure 17.2.)
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Table 17.1. Examples of Cultural Landscapes, by Biome, with Selected Ecosystem Functions

Biome Cultural Landscapes Some Examples of Ecosystem Functions Ecosystem State and Characteristics
Humid tropical Salina landscape

(Densu Delta, Ghana)
habitat for thousands of wetland species
20 communities with fishing being their 
primary activity
million-dollar salt industry

Ramsar wetland: 6,700 hectares
tidal influences extend upstream for some 10km
heavily populated with urban estate development 

Semiarid tropical Arnhem land/ 
dreamland (Australia)

revitalization of native flora and fauna 
through patch fire management preventing 
disastrous wild fires
tourism main income due to attractivity of
Kakadu and Litchfield National Parks

eucalypt grassy woodlands and open tropical 
savannas
pastoral or Aboriginal land management
major threats are changes in the fire regime, 
feral carnivores, cattle grazing, and mining

Humid temperate hedgerow landscapes 
(e.g., France, United
Kingdom, Germany)

protection against soil erosion
wood production
grassland farming 
habitat/corridors for native species acting 
as natural pest control
recreation

regionally distinctive types, regarding patterns, 
plant compostions, materials, and management 
threats: agricultural intensification and abandonment

Warm
Mediterranean

Dehesa (Spain) and
Montada (Portugal)

cork is key export business
openland pig farming and transhumance 
(local products)
high biodiversity
hunting grounds
micro-climate

characteristic pattern of evergreen forest in variable
densities of native cork oaks 
threats: extensification and abandonment, fires, 
irrigation projects, tree diseases

Semiarid boreal prairie pothole land-
scape (Canada)

farmland
hunting (“duck factory”)
biodiversity

mosaic of 4 million small wetlands; 51 percent of all
North American breeding ducks 
threats: agricultural activities (pesticides, nutrients)

Warm desert farm-based wildlife
landscapes (Namibia)

wildlife-based rural development
biodiversity (including elephant and 
endangered black rhinoceros)
tourism

75 percent of wildlife is found in these landscapes
threats: hunting

Cold desert Ladakh landscape unique architecture makes use of local materials
such as mud, stone, and wood and of indige-
nous construction techniques (Gupta 2000)

cold high-altitude desert
rainshadow region, cut off Himalaya monsoon clouds
chemical reactions in rocks carved fantastic (“lunar”)
landscapes

Four basic driving forces are considered to affect cultural land-
scapes: polarization of land use (intensification, extension, aban-
donment of land, and simplification of land use, which in turn is
driven by national and international policies that stimulate mono-
cultures and cash crops); policy responses (site protection, agri-
environmental measures, planning schemes, and so on); infra-
structure, urbanization, tourism, resource extraction, and energy
facilities; and climate change and its effects on ecological, land
use, and demographic systems.

During recent years there has been increasing public demand
for cultural landscape and associated amenity goods and services
linked to rising disposable incomes, more leisure time, and other
factors. Public and policy-driven shifts toward greater land use
diversification, small-scale developments, and more environmen-
tally friendly land management have also occurred. Increasing
awareness of these issues, especially in Europe and Japan, favors
multifunctional landscapes that provide humans with food and
raw materials, drinking water, space for recreation, a sense of
identity, and heritage values (Wascher 2000).

17.2.2.3 Consequences of Change for Human Well-being

Cultural landscapes include living societies as an integral part of
their landscape units. From a socioecological viewpoint, these in-
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terconnections are significant for ensuring a sustainable livelihood
for traditional societies, such as the shifting agricultural societies
in the tropics (Ramakrishnan 2001) and in many Central and East
European countries, and loss of these cultural landscapes can have
many social and economic consequences. (See Box 17.4.)

A review of the past 30 years of implementation of the World
Heritage Convention reveals a broad interpretation of the heri-
tage concept. The inclusion of cultural landscapes, and in particu-
lar those associated with natural elements rather than material
cultural evidence (which may be insignificant or even absent), has
changed the perception and the practice of the convention. This
evolution in the interpretation of the World Heritage Convention
represents a growing recognition of the wealth and complexity
of numerous values (including intangible ones) associated with
protected areas, and in particular with sites of outstanding ecolog-
ical or cultural value. Experience has shown that an inclusive ap-
proach is crucial for the designation and management of World
Heritage sites, for the benefit of the people living in and around
them, of the conservation community, and of humanity as a
whole (Rössler 2000).

17.2.3 Spiritual Services
Most people feel the need to understand their place in the uni-
verse, and they search for spiritual connections to their environ-
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BOX 17.3

World Heritage Cultural Landscapes

The Convention Concerning the Protection of the World Cultural and
Natural Heritage (known as the World Heritage Convention), adopted
by the General Conference of UNESCO in 1972, established a unique
international instrument that recognizes and protects both the cultural
and natural heritage of outstanding universal value (Rössler 2000).
The World Heritage Convention’s definition of heritage provided an
innovative and powerful opportunity for the protection of cultural land-
scapes as ‘‘works of man or the combined works of nature and man.’’

Although there is still debate about the criteria for selecting World
Heritage Sites and the type of management imposed on them, the im-
pact of the inclusion of cultural landscapes in the implementation of the
World Heritage Convention was considerable in many ways, such as for
the recognition of intangible values and of the heritage of local communi-
ties and indigenous people; for the importance of protecting biological
diversity by maintaining cultural diversity within cultural landscapes; for
the management and traditional protection ensuring the conservation of
the nominated cultural properties or cultural landscapes; and for the
interpretation, presentation, and management of the properties.

Many cultural landscapes have been nominated and inscribed on
the World Heritage List since the 1992 landmark decision to include
them in the list. (See Figure.) Often they are associative cultural land-
scapes, which may be physical entities or mental images embedded in
a people’s spirituality, cultural tradition, and practice.

World Heritage sites generally are cornerstones in national and interna-
tional conservation strategies. This far-reaching concept faces new
challenges in the future, including:

• creating new institutional networks between international instru-
ments, but also protected area agencies, to fully explore the links
between the different categories and protection systems—such a
complementary relationship might be formalized through a close
link between the World Heritage Convention and other interna-
tional agreements such as the European Landscape Convention;

• enhancing new partnerships, as recommended by the Venice
celebration on 30 years of the World Heritage Convention; and

• enlarging the circle in sharing information about protected area
systems and cultural landscapes, in particular on achievements,
success stories, and model cases.

One topic to be explored is how World Heritage sites can serve as
cornerstones for sustainable local and regional development.

PAGE 463

ment both through personal reflection and more organized
experiences (as part of religious rules, rituals, and traditional ta-
boos, for example). Ecosystems provide an important measure for
this orientation in time and space, which is reflected by spiritual
values placed on certain ecosystems (such as ‘‘holy’’ forests), spe-
cies (sacred plants and animals, for instance), and landscape fea-
tures (such as mountains and waterfalls). (See Box 17.5.)

17.2.3.1 Current Status and Dependence on Ecosystem
Condition

The initial impetus among early civilizations and contemporary
traditional societies (those living close to nature and natural re-
sources) for biodiversity conservation seems to have arisen out of
religious belief systems. The most common element of all reli-
gions throughout history has been the inspiration they have
drawn from nature (physis), leading to a belief in non-physical
(usually supernatural) beings (Frazier 1922). The idea of ‘‘unity’’
between humans and nature is present in all major religions and
influences the management of ecosystems and our attitude toward
species. The concept of Sarvabhutadaya in Buddhism implies that
humans are an integral part of the ecosystem, with a sense of
compassion and fellowship—that we give back what we have
taken from the biosphere. In the Bible and the Koran, reference
is made to the importance of nature as a source of life for humans
and their fellow-creatures.

Thus belief systems are a fundamental aspect of people’s cul-
ture that strongly influences their use of natural resources. The
concept of the ‘‘scared grove’’ (ecosystem) that traditionally
served as an area for religious rituals to appease nature-linked dei-
ties (the Wind, Water, Fire, Sun, and so on) as well as a site of
worship for ancestral spirits could be viewed as symbolic of the
spiritual services derived from nature. Traditional societies all over
the world have institutionalized sacred landscapes and ecosystems
in a variety of ways, large and small, as part of their belief systems.
(See, for example, Places of Peace and Power at www.sacredsites.com
and The Sacred Mountains Foundation at www.sacredmountains
.com.) Sacred groves, once strictly protected for cultural and reli-
gious reasons, now often remain as islands of biodiversity in an
otherwise degraded landscape and are widespread across the
globe. (See Box 17.6.)

Perhaps because of their awe-inspiring landscape characteris-
tics, mountains, for instance, have been linked to all major reli-
gions in all continents and are sacred to nearly 1 billion people
(Wijesuriya 2001; Berbaum 1997). Examples include Mount
Kaila (Himalayas), Adams Peak (Sri Lanka), and the Sierra Nevada
de Santa Marta (Colombia). There are also sacred or culturally
valued species that stand out as a class apart. Sometimes these have
restrictions on their usage (see Box 17.7), but in any case such
species have implications for management of natural ecosystems
with community participation, as described at the end of this
chapter.

In addition to the more formalized spiritual ties between hu-
mans and nature, there are many other examples of the spiritual
importance of ecosystems and species, such as the classic work by
Aldo Leopold (1949) on land ethics and the feeling of spiritual
enlightenment that many people experience when viewing wild-
life (whales, for instance) or ‘‘inspiring’’ landscapes.

17.2.3.2 Observed Changes, Causes of Change, and Future
Trends

Changes in geographic religious spheres of interest (such as the
advent of Christianity in Europe), industrialization and urbaniza-
tion, and many other social, political, and institutional changes
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Table 17.2. Landscape Conservation Schemes and Funding for Selected Countries, 1998. The share of total expenditure on biodiversity,
habitats, and landscape as a percentage of the total producer support estimate for 1998 was as follows: Canada: � 1%; Norway: 20%;
Poland: � 1%; Switzerland: 4%; and EU: � 1% (the percentage for EU is higher than this, however, as only 9 member states are included
in this calculation, while the PSE covers 15 member countries). (OECD 2001)

Scheme Objective Area
(thousand hectares)

Share of
agricultural area

(percent)
Funding

(thousand 1998 dollars)

Austria
Mountains and less favored areas landscape 1,214 35 238,301

Finland
Supplementary protection landscape 173 6 37,594

Greece
Maintainance of landscape
elements landscape . . . . 5,594

Japan
Yusuhara village landscape . . . . 31/hectare

Netherlands
Landscape conservation subsidy
Landscape and farmyard planting
Landscape elements (province)

landscape
landscape
landscape

. .
0.15

. .

. .
< 1
. .

623
1,246
2,928

Norway
Area and cultural landscape
Preservation of buildings
Local management of areas

landscape
architecture
landscape

1,050
370

50 15

524,165

1,590

Portugal
Maintaining traditional farming landscape 439 11 46

Sweden
Conserving biodiversity and
cultural heritage

nature and culture 1,583 51 140,242

j g g

Figure 17.2. Regional Distribution of World Heritage Sites in
Danger, 2004
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BOX 17.4

Loss of Ecosystem Functions and Cultural Heritage Values

• Farming in the limestone hills of Southwest Cyprus became econom-
ically less rewarding, resulting in the abandonment (shrub growth)
and destruction of traditional landscape elements (Dower 2000).

• In dehesa landscapes (Spain), the planting of conifers (Pinus pinas-
ter) and exotic broad-leaved trees (Eucalyptus ssp) brought about
the most radical change, entirely replacing major parts of dehesa
landscapes with large single-species plantations.

• Over the last 30 years, Cinque Terre (Liguria, Italy) is dramatically
losing its traditional landscape character: approximately 85% of the
terraces built and maintained over 1,000 years have fallen into disre-
pair and been abandoned (Stovel 2002).

over time (including the education system), spurred by economic
development, led to the decline of many traditional belief systems
in many parts of the world. This had a large impact on the exploi-
tation of natural resources and the way ecosystems have been
managed. The impact of culture-linked change in natural ecosys-
tems is expressed through the rapid changes seen in the perception
of societies toward culturally valued ecosystems and landscapes,
notably ‘‘sacred groves.’’ Destruction of these sacred ecosystems
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BOX 17.5

Spiritual Traditions Linked to Nature and Natural Resources

• Pre-Columbian societies in the Americas held the widespread view
that Earth and all her creatures are sacred and that therefore per-
mission had to be sought before the resources could be used, or
else the spirits of those resources would seek revenge (Hughes
1998).

• For the enlightened sages of the eastern tradition, the forest is a
world of wisdom, peace, and spirituality. The term ‘‘Aaranya,’’ in the
Sanskrit language of antiquity, comes from Aa for ‘‘no’’ and Ranya
for ‘‘war,’’ meaning a place of nonviolence (Saraswati 1998).

• A strong feeling of human participation in the universal order per-
vades the Vedas, the ancient scriptures of the Hindu religion, which
is an oral tradition of wisdom, at least 5,000 years old (Vannucci
1993).

• The concept of the Cosmic Tree (the Tree of Life) represents the
center of the Universe in the eastern culture and is part of many
traditional belief systems.

• The cosmologies of American Indians, Australian aboriginals, New
Zealand Maori, and many others are intimately connected with the
land (Carmichael 1994) and extend to cover all elements of nature
such as mountains, rivers, plants, animal, fish, and even human
beings (Matunga 1994; Wijesuriya 2001).

(for timber, for instance, or through warfare) started in the fifth
century bc during the Persian invasion in Greece. And with the
advent of Christianity, most of the sacred groves and sacred sites
in Mediterranean Europe were eliminated, being considered
‘‘pagan‘‘ (Hughes and Chandran 1988). Similarly, in the north-
eastern hill area of India, only a few scattered sacred groves now
remain where formerly each Khasi village had its own (Ramak-
rishnan 1992).

In more recent times, there has been a growing interest in
protecting the value systems of indigenous communities through
initiatives such as natural heritage and cultural heritage conserva-
tion, human rights, and so on—as in Akwé: Kon Voluntary Guide-
lines for the Conduct of Cultural, Environmental and Social Impact
Assessments Regarding Developments Proposed to Take Place on, or
which are Likely to Impact on, Sacred Sites and on Lands and Waters
Traditionally Occupied or Used by Indigenous and Local Communities
from the Secretariat of the Convention on Biological Diversity
and in the IUCN working group on Cultural Values of Protected
Areas. (See Box 17.8.)

17.2.3.3 Consequences of Change for Human Well-being
The world is passing through an ‘‘emerging systems’’ view of life,
mind, and consciousness and human evolution, which could have
profound consequences for our social and political structures
(Capra 1982). On a spiritual dimension, slow gradual changes in
value systems and cultural values have already started happening.
The traditional wisdom, embedded in the concept of sacred spe-
cies, ecosystems, and landscapes and its revival in the contempo-
rary context of biodiversity conservation (such as World Heritage
Sites) is worth noting. Rather than taking a merely mechanistic
view of Earth processes, where humans are continually struggling
for unlimited material progress through economic growth medi-
ated by technological innovations, a greater appreciation of inter-
connections between ecological and social systems is emerging.

17.2.4 Inspirational Services
Natural and cultivated systems inspire an almost unlimited array
of cultural and artistic expressions, including books, magazines,
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BOX 17.6

Sacred Landscapes and Groves around the World (Hughes
and Chandran 1988)

• In Africa, possibly the original home of humankind, sacred groves
still exist in the sub-Saharan region. For the Kikyus of East Africa,
cutting trees, breaking branches, gathering firewood, burning grass,
and hunting animals are prohibited from groves that have the sacred
Mugumu tree. These are still common in Ghana, Nigeria, Zimbabwe,
and South Africa, often under the control of the local tribal leader. In
Egypt, it was an ancient practice to have a sacred grove along with
a sacred lake. Egyptians conserved many sacred species such as
Palm and Persea (Mimusops laurifolius, M. shcimperi, called ished
in Egyptian).

• Siberians used the groves for the rites of Shamanism. The nomadic
Ostyaks and Voguls of the Ob river basin protected them very
strictly, considering even eagles alighting in a grove as sacred.

• Chinese, Japanese, and Koreans have many groves linked with
Buddhist temples. Shifting agriculture-based hill people of the Yun-
nan province in China have designated sacred woodlands. Balinese
in Indonesia have ‘‘monkey forests,’’ which are fragments of the
ancient rain forest dedicated to the Hindu monkey God, Hanuman.

• Australian aborigines have groves dedicated to ancestral spirits of
the ancient ‘‘Dreamtime,’’ when the landscape was shaped. Maoris
of New Zealand call the sacred sites Waahi Tapu, which include
trees and forests, among many other natural features.

• Europe had thousands of sacred groves in ancient times, such as
Mt. Atlas in Greece, with its sacred forests, and the Celts, Slavs,
and Germans all worshipped in groves and regarded the Oak as the
most divine tree.

• The Maya people cultivated certain trees like Cacao (Theobroma
cacao) for a valuable drink for Mayan priests and royalty, and its
seeds were widely used as currency in Mesoamerica. Tribes such
as the Ojibwas and Utes reserved certain sections of the forest
where hunting was prohibited, except when in great need.

film, photography, paintings, sculptures, folklore, music and
dance, national symbols, fashion, and even architecture and ad-
vertisement. Consciously or subconsciously, representations of
natural (and cultivated) ecosystems in art, writings, and so on re-
mind us of our ties with nature (and our cultural heritage) and
shape our views and appreciation of the represented ecosystems
and species.

17.2.4.1 Current Status and Dependence on Ecosystem
Condition
Five main types of inspirational services are distinguished and
briefly described here: verbal art and writings inspired by nature,
the performing arts, fine arts, design and fashion, and the media
in general.

Many literary and oratory works use nature as a source of
inspiration. Poet-naturalist Henry David Thoreau spent a year liv-
ing in a simple cabin at Walden Pond in Concord, Massachusetts,
in 1845, which resulted in Walden, his eulogy on nature and its
spiritual dimension—long considered a classic of the genre. Natu-
ralist John Muir believed that ‘‘wilderness mirrors divinity, nour-
ishes humanity, and vivifies the spirit,’’ while Ralph Waldo
Emerson, in his first essay ‘‘Nature,’’ published in 1836, claimed
that spirit is present behind and throughout nature (Enger and
Smith 1995). Since then, many writers have had a strong inspira-
tional impact, such as Aldo Leopold’s A Sand County Almanac
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BOX 17.7

Sacred Species (Ramakrishnan et al. 1998)

• The Bodhi (Pipal tree; Bot. Ficus religiosa) is sacred to Buddhists.
The tree that provided shelter for the Buddha to attain enlightenment
is in Bodhgaya in India (recently declared as a World Heritage Site).
Its sapling was sent to Sri Lanka in the third century BC and is still
surviving, thus qualifying as the oldest recorded tree. It is one of the
most sacred places of the Buddhists in Sri Lanka, and the Na tree
(National Tree) is sacred as it is extensively used for temple building
and supports associated bird diversity.

• The Sacred Lotus (Nelumbo nucifera Gaertn), an icon of Buddhism
(associated with Buddhist heaven) and Hinduism (also associated
with the energy centre of the human body) and the national symbol
of India, is revered for its sanctity, for its multipurpose medicinal
properties, and for numerous uses of the whole plant, all over Asia.

• Prevalent in the Mediterranean region, the sacred value is attached
to species like oak, olive, apple, and may even extend right up to
the Central Himalayan region, where oaks (Quercus spp) are cultur-
ally valued keystone species in an ecological sense, acting as a
trigger for ecosystem/landscape rehabilitation.

• Ocimum sanctum (locally known as Tulsi) is an important multipur-
pose medicinal plant, which is not only worshipped as a Goddess
incarnate but also put on an elevated platform in the entrance to
Hindu homes.

(1949) on land ethics, Silent Spring by Rachel Carson (1962), and
the poem by Samuel Taylor Coleridge entitled ‘‘To Nature’’ (Far-
rel 1992).

The performing arts—dance, song, drama, theatre, and so
on—have entertained and delighted people for thousands of years.
For example, Indian classical art forms seek to uplift the human
spirit to a higher level of awareness, an awareness that is both
inward as well as outward. This is expressed by a verse from the
Sanskrit work Abhinaya Dharpana that signals a student’s initiation
into the world’s oldest existing dance forms, Bharathanatyam, a
classical dance style predominant in South India. About 66% of
the 500 hand gestures in Bharathanatyam relate to ecosystems.
Wetlands and water have also inspired music, such as ‘‘Swan
Lake’’ from Tchaikovsky and the ‘‘Water Music Suite’’ from
Handel. (See also Figure 17.3.)

Dance can be a powerful medium to address environmental
and development issues. For instance, dance was one of the prime
movers that instilled nationalism among the masses during the
freedom movement in India in the 1930s and 1940s. Dance and
song through the media of film, photography, and records or CDs
can be used to inspire the needed intergenerational movement for
conservation of ecosystems. Examples include the ‘‘Dance for the
Earth and its People’’ promoted by the IUCN/WCPA Task Force
on Cultural and Spiritual Values of Protected Areas.

The fine arts, expressed through crafts, painting, and sculp-
ture, have always made extensive use of ecosystems as a source of
inspiration. For instance, Vietnamese stone-crafted turtles and
lotus incense holders, block prints narrating the lotus plant’s life-
history, bamboo grove candle holders, and woven scenes of rice
fields on fabric are inspired by the prevailing rice fields, the ponds
and lakes, and the bamboo groves and forests of Viet Nam today.
And the motifs of baby carrier baskets of a Borneo tribe include
tigers, dragons, and human faces that serve to protect the baby
and nourish his or her soul to attain the proper social and spiritual
level (Heidi Munan of Borneo, personal communication). Exam-
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BOX 17.8

Global Concern for Protecting Biodiversity-linked Spiritual
Values

The ILO Convention on Indigenous and Tribal Peoples, 1989, though
signed by only 14 state parties, suggests the need to uphold indige-
nous and tribal peoples’ right to recognition and retention of customary
law and practices, with special reference to control over land and re-
sources, with many more new initiatives.

The World Heritage Convention in 1972 recognized that culture and
nature are complementary and started listing both natural and cultural
products of ‘‘outstanding universal values’’ and developed the concept
of the cultural landscape, thus recognizing the spiritual links maintained
with nature by different cultures. Other conventions, declarations, and
initiatives in this direction are the UNESCO Man and the Biosphere
program, the International Decade of the World’s Indigenous People,
The World Conference on Science for the Twenty-First Century, the
UNESCO Recommendation on the Safeguarding of Traditional Culture
and Folklore, and Agenda 21. The most comprehensive document on
this aspect is the United Nations Draft Declaration on the Rights of
Indigenous Peoples, which was drafted for approval in 2004.

This trend of changing attitudes toward recognizing the culture-
nature link is complemented in the area of cultural heritage conserva-
tion as well. Over the last three decades, increasing interest in indige-
nous cultures brought major changes in recognizing intangible values.
The concept of cultural landscape now encompasses all items, both
natural and human-created artifacts, such as historical and religious
monuments, as items of intangible value (Wijesuriya 2001), with many
national governments adopting legislation to protect interests of tradi-
tional societies—such as the Native American Graves Protection and
Repatriation Act in the United States in 1990, the Archaeological Re-
sources Protection Act in the United States in 1979, the Historical
Place Trust Act of New Zealand, and the Burra Charter of Australia.

ples from the industrial world include the work of the famous
French Impressionist painters Claude Monet and Camille Corot
in the 1800s, who used landscapes as their source of inspiration
(for example, Monet’s Water Lilies and Corot’s Souvenir de Morte-
fontaine).

Designs and fashion have for generations captured the beauty
of the natural world and reproduced them onto items of utilitarian
use—from crockery to home furnishings and clothing, such as the
china of Royal Doulton and Noritake, the daily-worn molas of
the indigenous Kuna women of Panama, the fabrics of Laura Ash-
ley, and the Kanchivaram saris of India. In the latter case, the artist
who sees nature, the weaver who interprets it, and the woman
who wears a sari all become one in their wonder of and homage
to the beauty of nature. In the industrial world, many industrial
and architectural designs and many national symbols—the bald
eagle in the United States, for instance—also use nature as an
example and source of inspiration.

Radio, films, videos, television, the Internet, photography,
and advertising all use nature as a source of inspiration to make
programs and sell products. The National Geographic, Discovery,
and Animal Planet Channels on television in the United States
are examples of this, as is the ARKIVE initiative in the United
Kingdom, which attempts to maintain photographs, videos, and
sound recordings of species so that they may remain available
even if these species become extinct (see www.arkive.org). Over
the past 50 years our emotional and economic dependence on
this service has grown constantly and we are now ‘‘consuming’’
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Figure 17.3. Bavarian State Ballet Performance in Wetland

this inspirational service of nature through media, often without
being aware of it.

17.2.4.2 Observed Changes, Causes of Change, and Future
Trends

Urbanization and the increasing influence of the global market
economy have strongly influenced the inspirational ties between
humans and nature. The continued degradation of cultural land-
scapes and pristine ecosystems have led to changing perceptions
regarding what is considered valuable in terms of providing inspi-
ration to culture and art. Thus, even degraded ecosystems inspire
the creation of songs, drama, dance, films, and photography, al-
though they are not only used to show the beauty of, for example,
eroded sand dunes but are often used as examples to warn of
the dangers of the changes in our environment. The numbers of
products of inspirational services depicting ecosystem degradation
are potential indicators of the effect changes in these ecosystem
services has on human welfare.

On the other hand, positive trends can be observed. For ex-
ample, since about 2001, eco-textiles of banana and pineapple
linen have started to appear in Southeast Asia (at the World Eco-
Fiber and Textile Forum 2001 in Kuching, Malaysia, for instance),
along with craft products such as handbags, rugs, and cushions
made of jute, mengkuang, and pandan (traditional Malaysian and
Southeast Asian natural fibers). And in Panama, there is a growing
interest in the molas (stitched textile designs produced by the
Kuna people).

Consumer and purchasing choices will change through the
changed values placed on the various inspirational services, and it
is expected that the early years of this century will see a marked
increase in the use of natural dyes and cultivated fibers for indige-
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nous crafts and functional items. In many parts of the world,
women will play a vital role in the choice and purchase of con-
sumer products, since they are the primary managers of their
homes and the primary purchasers of a family’s needs.

17.2.4.3 Consequences of Change for Human Well-being

The ability to experience and express inspiration from natural,
semi-natural, and cultivated ecosystems is important for the well-
being of many, if not all, people. As one writer once put it ‘‘with-
out nature, life would be very dull indeed’’ (van Dieren and Wa-
genaar Hummelink 1979). Determining the consequences of the
loss of inspirational services caused by a loss in quality and quan-
tity of valued ecosystems is difficult, however. The gradual change
from direct and participative experience of nature (through all
senses) to its virtual representation through the media and the
impact of this change on human well-being is hard to describe,
let alone quantify.

Various measures of the dependence of human society on in-
spirational services have been suggested. These include the num-
ber of people engaged in various art activities, the number of
people growing and harvesting the raw material used to create
fashion and art, the quality and variety of natural resources used
for art activities, the variety and numbers of art pieces created,
and the price people are prepared to pay for products based on
these services. In principle, these indicators could be used to mea-
sure the effect of changes in inspirational services on human
health (physical and emotionally) and income caused by ecosys-
tem change.

17.2.5 Aesthetic Services

Natural environments are an important source of aesthetic plea-
sure for people all over the world. The high aesthetic value of
nature is reflected in many areas of human behavior, such as the
use of plants and flowers as decorative elements in interiors, the
use of computer screensavers depicting natural environments, and
the demarcation of ‘‘scenic routes.’’

To most people, the fact that nature is beautiful is so obvious
and self-evident that they rarely take time to think about it. Like-
wise, scientists have for a long time neglected this topic because
there was no need to prove that nature is beautiful or to explain
this phenomenon. Scientific interest in this topic was raised only
when it became clear that aesthetic values of nature were being
threatened by the ongoing human demand for expansion and that
these deserved protection in their own right. In the United States,
for example, the National Environmental Policy Act of 1969,
which required federal agencies to take into consideration the
impacts of large-scale interventions on the natural environment,
constituted an important impetus for systematic scientific inquiry
into the aesthetic quality of nature.

17.2.5.1 Current Status and Dependence on Ecosystem
Condition

Three general findings about aesthetic services are worth noting:
people’s preference for natural over built environments, people’s
preference for park-like settings, and the existence of individual
differences in preferences for wild versus cultivated landscapes.
With a few exceptions (e.g., Chokor and Mene 1992; Yu 1995),
nearly all studies have focused on industrial countries, which are
the focus therefore of this section. However, as will be noted,
one of the most remarkable findings of environmental perception
research is the overwhelming similarity in aesthetic preferences
between people from different subgroups and with different back-
grounds (Kaplan and Kaplan 1989). Thus there is no indication
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that the assessment presented here would be highly different for
developing countries.

A great number of studies in environmental aesthetics have
shown that people display, in general, a strong preference for nat-
ural over built environments (see reviews by Ulrich 1983; Kaplan
and Kaplan 1989; Hartig and Evans 1993). In samples of Euro-
pean and North American adults, for example, photographs of
natural scenes consistently receive higher ratings for scenic beauty
than photographs of urban scenes do (e.g., Stamps 1996). (See
Figure 17.4.) In fact, this preference is so strong that even plain
grassland is generally considered equally or more beautiful than
any built environment, including pretty townscapes such as the
monumental buildings along the river Seine in Paris (Ulrich
1983).

People’s preference for natural over built environments can
also be inferred from behavioral indicators, such as the higher
prices paid for real estate surrounded by trees or adjacent to parks
(e.g., Luttik 2000) and the higher number of recreational stays in
natural areas. The latter observation is substantiated by the finding
that aesthetic pleasure has consistently been found to be one of
the most important motivations for outdoor recreation. (See the
section on recreation and ecotourism.)

The preference for natural over built environments has been
observed across all times and cultures. Even very early urban peo-
ple apparently took aesthetic pleasure in nature, as is indicated by
the gardens of the ancient Egyptian nobility, the walled gardens
of Persian settlements in Mesopotamia, and the gardens of mer-
chants in medieval Chinese cities (Ulrich 1993). Consequently,
several researchers have proposed that people’s preference for na-
ture may be the result of an ancient evolutionary history (Ulrich
1983; Kaplan 1987). In particular, they have suggested that mod-
ern humans prefer nature because evolution has made contact
with natural environments an innate source of restoration and
well-being. The promise of restoration stimulates people to seek
out contact with non-threatening natural environments that con-
tain resources and opportunities that are necessary for survival.

In corroboration with this assumption, numerous studies have
demonstrated that contact with nature may enhance restoration
from stress and increase health and well-being (e.g., Hartig et al.
2003; Ulrich 1983; Ulrich et al. 1991; Van den Berg et al. 2003).
For example, Ulrich (1984) has shown that patients who were
recovering from gall bladder surgery had shorter postoperative
hospital stays and required fewer injections of painkillers when
they were given a room with a natural view than when they were

Figure 17.4. Preference for Natural over Built Environments. Numerous studies in environmental esthetics have shown that natural
environments are generally considered more beautiful than urban environments. This ‘‘love for nature,’’ or biophilia, has been explained as
an adaptive genetic mechanism that stimulates people to seek out environments that are beneficial for their health. In line with this assumption,
experimental studies have demonstrated that contact with natural environments is associated with greater health benefits than contact with
urban environments, especially greater and more complete recovery from stress. (Photos from Van den Berg et al. 2003)
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in one looking out at a brick wall. Likewise, Hartig and colleagues
(2003) have shown that fatigued individuals who walked through
natural environments showed more positive changes in mood
state, ability to concentrate, and physiological stress levels than
fatigued individuals who walked through built environments.

Aesthetic preference for different types of natural environ-
ments is strongly dependent on the environment’s ecological con-
dition. In general, people prefer natural settings that are healthy,
lush, and green. Verdant vegetation is preferred over arid land-
scapes (Abello and Bernaldez 1986), and forests with sick trees
receive much lower preference ratings than healthy forests (Ulrich
1986). These findings are often interpreted as evidence that aes-
thetic quality is identical to ecological quality. However, it is
necessary to distinguish aesthetic values and preferences associated
with traditional knowledge systems from those from formal
knowledge systems. Although there are some areas in which aes-
thetic quality and ecological quality may overlap, these two values
may diverge strongly in other areas, and aesthetic (traditional
knowledge) values need to be considered in their own right and
must not be confounded with ecological (formal knowledge)
values.

Although people prefer nearly all natural environments to
urban environments, this does not mean that they find all natural
environments equally beautiful. Certain natural environments are
consistently judged as more beautiful than others. Kellert’s (1993)
review of the environmental perception literature states that Eu-
ropean, North American, and Asian populations consistently pre-
fer park-like settings. Most of these studies used rankings of
photos or slides. Among the characteristics of park-like settings
that people prefer are depth, (half-)openness, uniform grassy cov-
erings, presence of water, absence of threat, and scattering of trees.

Like the general preference for natural over built environ-
ments, the preference for park-like natural landscapes has also
been explained as a genetic disposition that impels modern hu-
mans to seek out the natural settings that, for early humans, were
most likely to offer primary necessities of food, water, security,
and exploration (Heerwagen and Orians 1993;). Thus it appears
that our aesthetic judgments of natural settings are still to a large
extent based on implicit assessments of their survival value, even
though most of us are no longer directly dependent on nature for
our primary supplies.

In addition to the general preference tendencies just de-
scribed, there are important individual differences in aesthetic
preferences for natural landscapes across different times and cul-
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tures. For instance, historical analyses have revealed that the ap-
preciation of wilderness in the western world has changed
dramatically over the centuries. Until late in the seventeenth cen-
tury, wild, uncultivated land was generally regarded with indiffer-
ence and hostility (Nash 1973). But the Romantic Era artists and
intellectualists of the eighteenth century began to describe wild
places in terms of divinely endowed beauty and order (Thacker
1983), and public perceptions began to change. Since then, more
and more people have adopted a positive attitude toward wilder-
ness.

Negative perceptions of wilderness continue to exist in certain
groups and cultures, however, even in modern times. Indeed,
empirical investigations of modern people’s landscape preferences
indicate that differences between groups and cultures can nearly
always be interpreted in terms of differences in the preferred de-
gree of ‘‘wildness’’ in natural landscapes (Kaplan and Kaplan 1989;
Van den Berg 1999). In particular, farmers and low-income
groups have been found to prefer managed natural landscapes
with a high degree of human influence, while urbanites and high-
income groups have been found to prefer wild natural landscapes
with a low degree of human influence.

17.2.5.2 Observed Changes, Causes of Change, and Future
Trends
The general preference for natural over built environments ap-
pears to be relatively stable across different times and cultures. Yet
there are reasons to believe that the strength of this preference
may vary depending on the degree of stress and mental overload.
In particular, Staats et al. (2003) have found that the preference
for nature over the city was twice as strong in individuals who
were asked to imagine that they suffered from stress and atten-
tional fatigue. These findings suggest that nature becomes more
important to people as their levels of stress and mental exhaustion
increase.

Urbanization, industrialization, and globalization mean that
life is becoming more stressful for people all over the world. Par-
ticularly in developing countries, rapid and uncontrolled urban
expanse may lead to increased levels of stress and stress-related
diseases. These higher levels of stress may result from environ-
mental factors, such as noise and air pollution, but also from social
factors, such as unemployment and poverty (World Resources In-
stitute 1996). Thus, it can be expected that people’s preference
for natural over built environments will become stronger with
increasing urbanization. Paradoxically, while the appreciation of
nature can be expected to increase with increasing urbanization,
the supply of nature and access to natural settings tend to decrease
with urban expansion, thereby underlining the importance of
green spaces in and near cities.

While the effects of urbanization on the appreciation of nature
may apply to all types of nature, regardless of its aesthetic or eco-
logical value, it can also be expected that urbanization will spe-
cifically affect the popularity of wilderness settings. As pointed out
earlier, preference for wilderness tends to be higher among urban
residents. These findings suggest that the popularity of wilderness
environments may increase as more and more people start to live
in urban areas. At the same time, a lack of recognition of the
aesthetic value of wilderness can lead to less value being attributed
to wilderness areas in parts of the world where people still live in
or near the wilderness. Taken together, these developments may
eventually lead to a situation in which the majority of the world
population longs for a wilderness that no longer exists.

17.2.5.3 Consequences of Change for Human Well-being
Contact with nature has been related to a large number of health
and economic benefits, including decreased levels of stress, mental
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fatigue, and aggression (restorative effects) (e.g., Hartig et al.
2003); decreased need for health care services and decreased levels
of aggression and criminality due to restorative effects of contact
with nature (Kuo and Sullivan 2001; Ulrich 1984); increased
health due to increased levels of activity stimulated by the pres-
ence of attractive nature in the nearby work and living environ-
ment (Taylor et al. 1998); increased social integration due to the
function of urban natural settings as social meeting places (Kweon
et al. 1998); improved motoric development in children who reg-
ularly engage in outdoor activities (Fjortoft 1997); increased
worker productivity and creativity in offices with plants or views
of nature (Lohr et al. 1996); economic benefits for society due
to enhanced employability, reduced criminal behavior, and lower
substance abuse by disadvantaged youth who participate in wil-
derness programs (Russel et al. 1998); and increased value of real
estate property in natural surroundings (Anderson and Cordell
1988; Luttik 2000).

Most of these benefits apply to all types of nature, including
plants, green spaces, and agricultural areas, and are not necessarily
dependent on the ecological value of an area. Contact with eco-
logically valuable nature, such as wilderness areas, may provide
the individual with additional benefits, such as increased self-
confidence and personal growth, which may be of crucial impor-
tance to certain groups, such as youth-at-risk (teenagers from
disrupted families, for instance) (Fredrickson and Anderson 1999).
However, contact with wilderness may also evoke fears and in-
crease the risk of hazards and diseases (such as Lyme disease or
accidents), in particular for people who are unfamiliar with wil-
derness environments and their potential threats and dangers (Bix-
ler and Floyd 1997).

Based on the benefits just described, it can be expected that a
decline in aesthetic services due to a reduction in the availability
of and access to natural areas for urban residents may have impor-
tant detrimental effects on public health, societal processes, and
economics.

17.2.6 Recreation and Tourism

Many ecosystems have important value as a place where people
can come for rest, relaxation, refreshment, and recreation.
Through the aesthetic qualities and almost limitless variety of
landscapes, natural and cultural environments provide many op-
portunities for nature-based recreational activities, such as walk-
ing, bird-watching, camping, fishing, swimming, and nature
study. With increasing numbers of people, affluence, and leisure
time, the demand for recreation in natural areas and cultivated
landscapes will most likely continue to increase in the future.

17.2.6.1 Current Status and Dependence on Ecosystem
Condition

Travel and tourism have been interrelated throughout human his-
tory via ancient roots related to play, ritual, and pilgrimages.
Tourism has been referred to as both ‘‘a sacred journey and a
profane vision quest’’ (Graburn 1976). Some anthropologists have
even suggested that tourism is preeminently a ‘‘secular ritual,’’ and
that in many contemporary societies it fulfills some of the func-
tions once met by sacred rituals (Graburn 1983). The driving
agents of this host-visitor interaction can be recreation and enjoy-
ment, the search for knowledge, religious pilgrimages, and so on.
The World Tourism Organization, the most comprehensive col-
lector of data on tourism, distinguishes several types of tourism,
including cultural tourism, rural tourism (agri-tourism), and na-
ture tourism (including ecotourism and adventure tourism) and,
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secondarily, ‘‘sun-and-beach tourism’’ and ‘‘fitness, wellness and
health tourism.’’

Cultural tourism is a form of experiential tourism based on
the search for and participation in new and deep cultural experi-
ences of an aesthetic, intellectual, emotional, or psychological na-
ture (Reisinger 1994). Cultural landscapes and heritage services
are important attractions for people wanting to experience other
cultures and religions. The Ganges River–based cultural and sa-
cred landscape system in India, for example, is visited every year
by millions of people, being sacred for close to a billion people of
the Indian subcontinent. Similarly, the Demajong landscape of the
Tibetan Buddhists in the Eastern Himalayan State of Sikkim,
India, and the Koyasan landscape in Japan are equally important
for Buddhists living in that part of the world. More than 1 million
people visit Koyasan annually.

Rural tourism can be interpreted in a number of ways. Over
the last decade, the concept has come to encompass more and
more activities. For instance, Bramwell and Lane (1994) included
activities and interests in farms, adventure, sport, health, educa-
tion, arts and heritage, and even natural sites. Pedford (1996)
added aspects of living history such as rural customs and folklore,
local and family traditions, values, beliefs, and common heritage.
And Turnock (1999) further broadened the view of rural tourism
to embrace all aspects of leisure appropriate in the countryside
(cultural landscapes). The growing overlap of cultural tourism and
rural tourism led MacDonald and Jolliffe (2003) to integrate the
two concepts into ‘‘cultural rural tourism.’’

The World Conservation Union (IUCN) defined ecotourism
in 1996 as tourism that ‘‘is environmentally responsible travel and
visitation to relatively undisturbed natural areas, in order to enjoy
and appreciate nature (and any accompanying cultural features—
both past and present) that promotes conservation, has low nega-
tive visitor impact and provides for beneficially active socio-
economic involvement of local populations.’’ It is estimated that
in 1997 nature tourism, including ecotourism, accounted for ap-
proximately 20% of total international travel (WTO 1998) and
that nature travel is increasing between 10% and 30% a year (WRI
1990).

17.2.6.2 Observed Changes, Causes of Change, and Future
Trends

There is evidence of rapid growth of nature- or ecotourism
(Skayannis 1999), demonstrated in the surging growth of interna-
tional arrivals to the countries with high biodiversity. (See Table
17.3.) Travel and tourism was one of the few industries identified
in Agenda 21 as having the potential to make a positive contribu-
tion to healthier national economies as well as a healthier planet.
Tourism is now the primary economic development strategy for
many developing nations, as demonstrated in 1996 when all the
presidents of Central America at a summit in Nicaragua declared
their intentions to make tourism the primary revenue source for
the region (UN 51/197 1996). Similar sentiments have been ex-
pressed throughout the world.

Research indicates that nature tourism has experienced a surge
in demand that has far exceeded supply (Diamantis 1998). Tour-
ism is a well-recognized agent of change, and the rapid expansion
of recreation and tourism planning in recent years has led to the
need for managing its impacts. Yet the cultural phenomenon of
societies protecting special areas for visitors has been common for
centuries. Indeed, in many cases it was the increasing arrivals of
travelers to special sites that were the impetus for site designation
and protection (Eagles et al. 2001).
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Well-planned and well-managed tourism has proved to be one
of the most effective tools for long-term conservation of biodiver-
sity when the right conditions, such as market feasibility, social
and physical carrying capacity, management capacity at local level,
and clear and monitored links between tourism development and
conservation, are present. For example, a study of nature-based
tourism in southern Africa in 2000 estimated the aggregate value
to be $3.6 billion per year, which represented approximately half
the total income from foreign travel in the region (the other half
was contributed mostly by business travel and visits to family and
friends) (MA Multiscale Assessments, South African Assessment).
(See also Box 17.9.)

Sustainable tourism, in the context of development, has been
defined as ‘‘all forms of tourism development, management and
activity, which maintain the environmental, social and economic
integrity and well being of natural, built and cultural resources in
perpetuity’’ (FNNPE 1993). In the years since the concept of
sustainable tourism was first defined, a consensus has formed on
the basic objectives and targets. Sustainable tourism should con-
tribute to the conservation of biodiversity and cultural diversity;
should contribute to the well-being of local communities, enhan-
cing social equity and respect for the rights and sovereignty of
local communities and indigenous people; should include an in-
terpretation/learning experience; should involve responsible ac-
tion on the part of tourists and the tourism industry; should be
appropriate in scale; should require the lowest possible consump-
tion of nonrenewable resources; should respect physical and social
carrying capacities; should involve minimal repatriation of earned
revenue; and should be locally owned and operated (through local
participation, ownership, and business opportunities, particularly
for rural people).

Now more than ever, the protection of natural and cultural
areas is intimately connected to the tourism industry. High
growth and demand have greatly influenced the management
trends of protected areas, with the interaction between humans
and the environment as one of the main factors. These effects in
the protected-area tourism management industry include linking
sustainable use and conservation, increasing travel to protected
areas, moving toward self-regulation in the tourism industry, ac-
knowledging the important financial aspects of tourism to protected
areas, and acknowledging the importance of the sociocultural as-
pects of sustainable tourism (Eagles et al. 2001).

17.2.6.3 Consequences of Change for Human Well-being

It is important to note that in countries without large mineral
resources, tourism is often the major source of foreign income
(WTTC 1999). (See also Box 17.10.) It is useful to compare in-
come from nature-based tourism to that generated from the other
main sectors based on ecosystem services: agriculture, forestry,
fisheries, and the provision of water. Assuming that nature-based
tourism is half of all tourism, and excluding the manufacturing
sector knock-on effects of agriculture, forestry, and fisheries, the
contribution by nature-based tourism is nearly equal to the other
natural resource sectors combined (WTO 1998; WTTC 1999). It
is important to note that these other sectors are growing slowly
(1–3% a year) while tourism is growing rapidly (5–15% a year).

Thus, the balance of policy drivers in relation to natural re-
sources is likely to shift over the next few decades, from being
strongly influenced by the needs of agriculture, forestry, and fish-
ing to being more influenced by considerations of conservation
and aesthetics. The dominance of industries based on nonrenew-
able resources, such as mining and oil extraction, must in the long
term decline, but it is likely to remain high over the next quarter-
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Table 17.3. Examples of Hotspots of Countries with High Biodiversity and Tourism Growth of More than 200 Percent (Conservation
International 2003, based on data from WTO)

Hotspot/Country

International Arrivals Growth 1990–2000

1990 1995 2000 Number Increase 
(thousand people) (thousand people) (percent)

Indo-Burma
Laos 14 60 300 286 2,043
Myanmar 21 117 208 187 890
Viet Nam 250 1,351 2,140 1,890 756

Succulent Karoo/Cape Floristic Region
South Africa 1,029 4,684 6,001 4,972 483
Caribbean
Cuba 327 742 1,700 1,373 420

Brazilian Cerrado/Atlantic Forest
Brazil 1,091 1,991 5,313 4,222 387

Mesoamerica
Nicaragua 106 281 486 380 358
El Salvador 194 235 795 601 310

Guinean Forests
Nigeria 190 656 813 623 328

Tropical Andes
Peru 317 541 1,027 710 224

Madagascar and Indian Ocean Islands
Madagascar 53 75 160 107 202

Eastern African Mountains and Coastal Forests
Tanzania 153 285 459 306 200

BOX 17.9

Inter-American Development Bank Lessons on Tourism
Development with Conservation (Conservation International
2003)

The Brazilian state of Bahia harbors one of the most threatened con-
servation hotspots, the Atlantic rain forest. The $400-million PRODE-
TUR I project, funded by the IDB from 1994 to 2001, improved and
expanded eight international airports, built and improved over 800
kilometers of highways and access roads, provided water and sewage
infrastructure, and attracted more than $4 billion in private tourism in-
vestment. Its negative impacts on the environment, though, became
clear to IDB officers: uncontrolled settlement of people looking for jobs,
private building in environmentally sensitive areas, encroachment on
rain forests and mangroves, and impacts on coastal reefs and other
coastal ecosystems.

Intense pressure from local and international NGOs and community
groups, supported by bank officials, ultimately overcame the initial re-
sistance from investor groups and development-oriented government
officers to allocate funds for conservation. The result was the conser-
vation of 22 historical heritage sites and the beginning of efforts to
conserve over 70,000 hectares of coastal ecosystems and protected
areas, including the creation of the new Serra do Conduru State Park.
These lessons are being applied to new IDB projects in the region.
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BOX 17.10

Economic Importance of Cultural and Nature-based
Tourism

The economic importance of global travel and tourism is indicated by
a few figures on the sector as a source of jobs and national income;
about 30% of these revenues are related to cultural and ecotourism.
Global travel and tourism:

• generates 11% of global GDP (WTTC), growing at 7.5% per year
(Carsten Loose, personal communication);

• employs 200 million people or 7.6 % of total employment for the
world (WTTC);

• transports nearly 700 million international travelers per year—a
figure that is expected to double by 2020 (WTTC);

• accounts for 36% of trade in commercial services in industrial
economies and 66% in developing economies (WTO);

• accounts for 36% of trade in commercial services in industrial
economies and 66% in developing economies (WTO);

• constitutes 3–10% of GDP in advanced economies and up to
40% in developing economies (WTO);

• generated $464 billion in tourism receipts in 2001 (WTO); and
• is one of the top five exports for 83% of countries and the main

source of foreign currency for at least 38% of countries (WTO).
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century. A key trade-off is between the social benefits that such
sectors offer now and the long-term benefits that may be afforded
by nature-based tourism.

Management is frequently the weak link in the connection
between tourism and the environment (Valentine 1992). Tourism
provides both benefits and hazards, and the monitoring and con-
trolling of impacts is necessary in order to mitigate the negative
impacts from uncontrolled visitation, both ecologically and socio-
culturally (such as prostitution and the spread of diseases); to pre-
pare for the expected rapid increase in visitor arrivals as well as
rapid increase in the value of pristine lands; to move beyond past
relationship failures between host ecosystems, visitors, local cul-
tures, foreign developers, governments, indigenous groups, and
scientists; and to allow crucial economic and natural science con-
tributions to community and indigenous self-determination and
resource conservation within rapidly changing environments.

Responsiveness to the relationships between cultures, biodiver-
sity, and tourism is important to the objectives of the Convention
on Biological Diversity—that is, the conservation of biological
and cultural diversity and the sustainable use of the components
of biodiversity—while intimately linked to issues of equity as
well. The CBD Guidelines (Decision VII/14) on Biodiversity and
Tourism Development are the most recent, comprehensive, and
multilateral effort toward more sustainable tourism development.
Its coordinating framework represents one of the best opportuni-
ties to improve global human well-being by strengthening pro-
tected area management systems (public, private, or indigenous);
by increasing the value of sound ecosystems through generating
income, jobs, and business opportunities in tourism and related
business networks; by sharing information, capacity building, and
public notification; and by allowing people to internalize the ben-
efits of the biodiversity that has been a part of their historical,
natural, and cultural heritage.

17.3 Drivers of Change in Cultural and Amenity
Services
Changes in ecosystem characteristics are determined by direct
and indirect drivers (see also Chapter 3), which in turn can affect
sociocultural, spiritual, and recreational activities. The consensus
now seems to be that complex interactions between the indirect
and direct drivers—including market forces (both national and
international), taxes and subsidies, consumption patterns, popula-
tion migration and resettlement, land ownership, autonomic cul-
tural rights, participation in decision-making, poverty, and the
problem of invasive species (to mention but a few)—lead to land
degradation and loss of ecosystem services (Lambin et al. 2001).

Issues such as population and poverty, which are often assumed
to be ultimate drivers of ecosystem transformation, are now recog-
nized as much more complex, even under diverse socioecological-
economic-political situations as found in India, China, and the
United States (Indian National Science Academy et al. 2001). For
example, conversion of Mediterranean mixed cultivation systems,
such as traditional olive cultivation combined with livestock graz-
ing, into intensive cropping systems is the consequence of agri-
cultural policies and subsidies, which in turn lead to increased
mobility that causes, for example, landscape fragmentation. These
changes may lead to both negative and positive effects in terms
of the real or perceived availability and value of cultural and ame-
nity services. In many parts of the world, for instance, so-called
cultural landscapes are highly valued for aesthetic or historic rea-
sons but from an ecological point of view are highly degraded
(for instance, the heath landscapes in the Netherlands, a succession
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stage that is artificially maintained by preventing natural forest
regrowth).

The problem of invasive species, an important global change
phenomenon, is becoming a major issue in the maintenance of
cultural and amenity services in different parts of the world. A
global synthesis and a recent international initiative on invasive
species (Drake et al. 1989), suggest that invasions by exotic species
have a strong impact on land transformations and land degradation
and affect traditional livelihoods. For the poorer sections of rural
society, particularly in the developing tropics, the adverse impact
of invasions can be critical because these communities depend on
natural ecosystems for socioeconomic as well as cultural and spiri-
tual well-being (Ramakrishnan 1991).

In spite of the disruptions caused to ecosystem characteristics,
humans have both learned to appreciate changes in ecosystems
(such as conversion of natural ecosystems into landscapes that,
over time, have developed cultural-historic values) and intention-
ally transformed natural systems into landscapes with special cul-
tural, spiritual, or amenity values (such as urban parks, sacred
landscapes, and recreational sites). However, changes in value sys-
tems (a loss of religious beliefs, say, or cultural identity) have also
led to the loss of previously valued sacred or historic landscapes.

17.4 Consequences for Human Well-being of
Changes in Cultural and Amenity Services
The importance of a service to human well-being can be de-
scribed by many different indicators, including environmental
safety (low risk of natural disasters, provision of clean water, and
so on), economic security (employment and income), health
(physical and psychological), and social aspects (cultural identity,
traditional knowledge, social networks, and so on). (See Chapter
5 for further details.)

As described in previous sections, natural and cultivated sys-
tems provide many cultural and amenity services that contribute
significantly to the general well-being of humans. Inspirational,
aesthetic, and recreational services of ecosystems are important
not only for their therapeutic value (physically and mentally) and
other human well-being aspects but also for their considerable
economic value. Changes in ecosystem conditions will always
change the availability of ecosystem services and hence affect
human well-being (either positively or negatively). Part of these
changes in well-being can be measured by economic valuation
methods, including monetary data. (See Chapter 2 for methods
and tools for economic valuation of ecosystem services.) It is be-
yond the scope of this chapter to substantially expand on this,
but three types of impacts of changes in ecosystem-based cultural
services on human well-being are briefly discussed.

17.4.1 Cultural Identity and Social Values

As described earlier, population growth and economic develop-
ment in many parts of the world have led to changes in traditional
land use, cultural values, and spiritual ties between human society
and their surrounding ecosystems. In most cases, this has meant
that economic gains, including increased use of amenity services
(such as tourism) has led to the loss of cultural identity and heri-
tage values. Recently, a reverse in the trend has become notice-
able, where cultural identity and heritage values are being
rediscovered and restored while simultaneously bringing eco-
nomic benefits to the region. A good example of this is the long-
standing and evolving interest of UNESCO, as part of its World
Heritage Centre on culturally valued natural landscape systems
(Rossler 2000; UNESCO 2003). Also, the emerging interest of
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FAO on the Globally Important Ingenious Agricultural Heritage
Systems is indicative of this growing interest in conserving and
sustainably developing cultural landscapes with economic benefits
to local communities and society at large (Ramakrishnan 2003).

17.4.2 Human Health

The loss of cultural ties between people and ecosystems often
leads to a loss of cultural identity, causing increased social disrup-
tion and stress that in turn causes a whole array of mental and
physical health effects. Similarly, a loss of opportunities to enjoy
the inspirational, aesthetic, and recreational benefits of natural and
cultural landscapes has negative mental and physical health effects.
And the loss of traditional knowledge systems can have negative
health effects, notably through plant medicine that could help
humankind deal with pandemics like AIDS, cancer, and other
health problems in a globalizing world.

17.4.3 Material Well-being

Many of the changes described in this chapter have considerable
economic and financial consequences. On the one hand, more
modern and large-scale land use systems, increased tourism, and
so on bring higher financial revenues. On the other hand, social
disruption and negative health effects lead to higher costs (to pre-
vent and combat crime, diseases, environmental problems, and so
on). The problem is that the higher revenues usually accrue to a
small number of specific stakeholders (landowners, for instance,
and tourist companies) while the costs in terms of loss of cultural
identity and reduced health and income are felt by society as a
whole (and usually the more vulnerable people), including future
generations. The challenge is to find a balance between the main-
tenance of cultural and amenity services and values and the (sus-
tainable) development of their full economic potential. ‘‘Diversity
in use’’ seems to be the key here: scientific evidence is mounting
that if all services and associated values are properly taken into
account, multifunctional use of ecosystems is not only environ-
mentally and socioculturally more sustainable but also economi-
cally more beneficial than single-function use (e.g., Balmford et
al. 2002).

17.5 Lessons Learned

17.5.1 Landscape Management and Sustainability
Issues: The Ecosystem Approach

Current international conservation initiatives are increasingly
based on the ‘‘ecosystem approach’’ (see CBD Decisions V/6 and
VII/11) and the ‘‘eco-region’’ approach of the World Wide Fund
for Nature, although there have been both older and more recent
attempts to take a more integrative socioecological system ap-
proach to managing natural resources. The cultural and amenity
values of landscape are one important dimension in this integrated
method.

The concept of Biosphere Reserves (in which humans are
viewed as an integral part of the component ecosystems), the con-
cept of UNESCO’s ‘‘cultural’’ World Heritage Sites, and the
recently initiated Globally Important Ingenious Agricultural Heri-
tage Systems of FAO are indicative of the importance attached to
the cultural and spiritual dimensions of the issues. Emphasis is also
being directed toward conservation linked with sustainable use of
these systems, viewing them not merely as ecosystems in a bio-
physical sense but more appropriately as constantly evolving ‘‘soc-
ioecological systems.’’
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17.5.2 Cultural Basis for Landscape Management

Landscape planning and management needs to be based on a bet-
ter understanding of the way in which societies manipulate eco-
systems and to consider cultural, spiritual, and religious belief
systems. Human societies understand and interact with landscapes
through a cultural lens, and traditional knowledge has played an
important role in mediating a sustainable relationship between
biophysical and human systems. (See Box 17.11.) This is an area
of evolving interest, with possible linkages between traditional
and formal knowledge systems to create landscape management
institutions and practices, though this still remains somewhat
problematic.

Traditional beliefs, practices, and knowledge are often embed-
ded in shared territory, common property rights, and lifestyles. In
November 2002, the Convention on Wetlands (Ramsar 1971)
adopted Resolution VIII.19 on ‘Taking into account cultural val-
ues in the management of sites’ and is now working in various
parts of the world for its implementation. The purpose of this
resolution is twofold: to reconnect people with nature, by
strengthening traditional cultural links, and to promote an inte-
grated perception of the natural and cultural heritage of wetland
sites, which can attract visitors and provide benefits to local com-
munities. As the examples in Box 17.12 illustrate, the motivations
for conservation range from spiritual to utilitarian, and in many
situations they could potentially play a significant role in fostering
sustainability.

17.5.3 Traditional Technologies

The term ‘‘technology’’ is taken here to represent the composite
of all protocols, processes, practices, and institutions that are appli-
cable to the management of natural resources, documented or
transmitted through oral tradition. As with TEK, there are many
examples of such technologies underpinning the development of
complex societies that have long-lasting relationships with land-
scapes.

For example, the development of plant cultivars as part of
landscape organization by traditional societies in South America
dates back to at least 10,000 BP (Pearsall 1992). Pre-Hispanic cul-

BOX 17.11

Some Examples of Landscape Management and Traditional
Knowledge

Throughout Africa, natural resource management practices are tradi-
tionally linked to religious sanctions. The rules and regulations are im-
plemented through living authorities, often with pragmatic objectives
that are relevant to conservation issues too. In the Miombo woodlands
in Southern Africa, for instance, it is prohibited to cut fruit trees or trees
growing around ‘‘sacred’’ water springs. Sacred groves, often occurring
on hills or in river valleys, are protected for ceremonial reasons, as an
abode for departed souls, as a source for natural water springs, or as
a source for medicinal plants and other non-timber forest products
(Clarke et al. 1996), but they also perform critical ecological functions.

Buddhist monks are prohibited from doing any harm to trees and
animals by the code of conduct known as Vinaya (the discipline). Loca-
tions related to Buddha, the place of birth, enlightenment, and death,
are recognized and protected as places of worship. Sri Pada (or Adams
Peak) in Sri Lanka, a landscape of rich diversity, is considered by the
Buddhists, Christians, Hindus, and Muslims as a place of worship and
is protected (Wijesuriya 2001).
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tures managed complex ecosystems and conserved biodiversity,
which through an extended historical process of cultural adapta-
tion reached a surprising degree of stability. These included the
grazing systems of native Camelidae in the Punas, complex lacus-
trine agricultural systems of the Mexican Chinapas, Zenu hydrau-
lic society in the Caribbean lowlands of Colombia, and the
shifting agricultural systems that permitted maintenance of diver-
sity in the Amazonian and Mayan forests (Monasterio 1994). Sim-
ilarly, Miombo savanna landscape management practices are typical
of what is found in many parts of tropical Africa (Campbell 1996),
with a long history of connectivity between people and the eco-
system, where the traditional bush-fallow rotational Chitemane
system of agriculture is linked with livestock husbandry.

17.5.4 Adaptive Management Strategies

Adaptive management—an interactive process of ‘‘learning by
doing’’—is founded on the premise that natural systems are
dynamic and complex and that information on which to base
decision-making is inevitably incomplete. Specific management
strategies and actions are therefore approached as experiments that
can be reviewed and adapted based on the information gained
from monitoring systems on the strengths and weaknesses of these
strategies (Holling 1978; Lee 1999; Borrini-Feyerabend et al.
2001). This has been promoted as the approach of choice by a
number of international bodies (IUCN 1999). Tools that enable
local perspectives and voices to be articulated in planning proc-
esses can help bridge this gap, notably methods such as Participa-
tory Rural Appraisal, Participatory Learning and Action, and
Participatory Assessment, Monitoring and Evaluation (Zanetell
and Knuth 2002). An important proviso is that the application of
such methods should not be mechanical or ultimately substitute
for the development of collaborative relationships and ongoing
communication that underpin real knowledge sharing between
stakeholders (Poffenberger 2000).

The integration of social and cultural dimensions of resource
management within an adaptive management framework requires
an integrative approach by practitioners at the level of knowledge,
worldview, and practice. The integration of traditional and formal
knowledge systems through ‘‘knowledge partnerships’’ involves a
creative blending of technical and local perspectives to achieve a
balanced approach to managing landscapes. (Jiggins and Roling
2002; Zanetell and Knuth 2002). An example of successful co-
management is the collaboration between the Inuvialuit and the
government in the Northwest Territories of Canada (Harriet
Kuhnlein, 2003, personal communication).

Combining the reductionistic, formal perspective of knowl-
edge with a more ‘‘traditional’’ and more holistic perspective
toward natural resource management is likely to yield better re-
sults, although the proportionality of these two elements will dif-
fer depending on the socioecological systems being dealt with
(Ramakrishnan 2001). Cases where success has been realized by
combining the two knowledge systems can act as ‘‘field labora-
tories’’ for scientific research and as reference points for monitor-
ing environmental change brought about through appropriately
designed technologies derived from an integration of formal and
traditional knowledge systems.
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Main Messages
All oceans are affected by humans to various degrees, with overfishing
having the most widespread and the dominant direct impact on food
provisioning services, which will affect future generations. Areas beyond
the 50 meters depth are mainly affected directly by fishing and indirectly by
pollution. Fish are also directly affected by coastal pollution and degradation
when their life cycle takes them into coastal habitats. Recent studies have
demonstrated that global fisheries landings peaked in the late 1980s and are
now declining despite increasing fishing effort, with little evidence that this
trend is reversing under current practices. Fishing pressure is so strong in
some marine systems that the biomass of some targeted species, especially
larger high-value fish and those caught incidentally (the ‘‘bycatch’’), has been
reduced to one tenth or less of the level that existed prior to the onset of
industrial fishing. In addition, the average trophic level of global landings is
declining, which implies that we are increasingly relying on fish that originate
from the lower part of marine food webs.

Industrial fleets are fishing with greater efficiency, further offshore, and
in deeper waters to meet the global demand for fish. Until a few decades
ago, depth and distance from coasts protected much of the deep ocean fauna
from the effect of fishing. However, recent large investments in fishing capacity
and navigation aids have led to fleets that now cover the world’s ocean, includ-
ing polar and deep, low-productivity areas, where catches are affecting easily
depleted populations of long-lived species. The biomass of large pelagic fish
in these areas taken by longlines, purse seines, and drift nets has also plum-
meted. Studies on available data have shown that deep-sea fisheries that
collapsed in the 1970s have not recovered.

Overfishing has negative impacts on marine biodiversity. The lowered bio-
masses and fragmented habitats resulting from the impacts of fishing have led
to local extinctions, especially among large, long-lived, slow-growing species
with narrow geographical ranges. In addition, the ability of the component eco-
systems and their embedded species to withstand stresses resulting from cli-
mate change and other human impacts will be reduced, though direct
demonstration of this effect may not be evident in many systems for some
decades.

Destructive fishing practices have long-term impacts on marine habitats.
Destructive practices such as trawling, dynamiting, and dredging change the
structure of marine ecosystems, with consequential changes in their capacity
to provide services, such as food provisioning and income generation. Long-
term losses in species and habitats through destructive fishing ultimately re-
duce the biodiversity of these affected systems, resulting in a further loss of
services such as coastal protection. Some systems may recover and improve
the availability of some services and products fairly quickly; other more vulner-
able systems, such as cold-water corals and seamounts, may take hundreds
of years to recover.

The implementation of no-take marine reserves combined with other in-
terventions, such as controls on fishing capacity, would be a more proac-
tive response to fisheries management than current reactive approaches.
Marine reserves can contribute to better fisheries management—helping to
rebuild stocks through enhanced recruitment and spill-over effects, maintaining
biodiversity, buffering marine systems from human disturbances, and maintain-
ing the ecosystems that fisheries rely on.

Aquaculture is not a solution to the problem of declining wild-capture
fisheries. Good governance and effective management of wild-capture fishing
are likely to be more successful approaches. Farmed species such as salmon
and tuna, which use fishmeal, may in fact contribute to the problem since much
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of the fishmeal and oil currently used in the aquaculture industry is derived
from wild-caught small pelagic fish. In some countries, such as Chile, small
pelagic fish that were once a source of cheap protein for people are now
largely diverted for fishmeal.

The supply of wild marine fish as a cheap source of protein for many
countries is declining. Per capita fish consumption in developing countries
(excluding China) has declined from 9.4 kilograms per person in 1985 to 9.2
kilograms in 1997. In some areas, fish prices for consumers have increased
faster than the cost of living. Fish products are heavily traded, and approxi-
mately 50% of fish exports are from developing countries. Exports from devel-
oping countries and the Southern Hemisphere presently offset much of the
demand shortfall in European, North American, and East Asian markets.

The proposed future uses of marine systems pose significant policy chal-
lenges. Ocean ranching of marine organisms, bioprospecting, seabed mining,
and carbon sequestration in deep ocean waters are foreseeable uses of ma-
rine systems. However, the potential impacts of these activities are not well
known. In some cases no or only limited field studies have been conducted to
test the theoretical basis for the activity. Policies will need to deal with the
uncertainty of potential impacts and the limited understanding of marine biodiv-
ersity. National and regional ocean policies that incorporate zoning for various
uses within an integrated ecosystem-based management framework are likely
to be needed. Such policies might include marine protected areas that can
contribute to the restoration of species and habitats and thus form part of a
precautionary strategy for guarding against management errors.

18.1 Introduction
Most of Earth—70.8%, or 362 million square kilometers—is cov-
ered by oceans and major seas. Marine systems are highly dynamic
and tightly connected through a network of surface and deep-
water currents. The properties of the water generate different
density layers, thermoclines, and gradients of light penetration in
marine systems, which result in productivity varying vertically.
Tides, currents, and upwellings break this stratification and, by
forcing the mixing of water layers, enhance primary production.

One widely accepted classification divides marine systems into
four biomes (Longhurst et al. 1995; Longhurst 1998): the coastal
boundary zone, trade-winds, westerlies, and polar. (See Figure
18.1.) These biomes are subdivided into a total of 57 biogeo-
chemical provinces with distinct seasonal patterns of surface nutri-
ent enrichment, which determine primary production levels and,
ultimately, fisheries yield. The provinces of the coastal boundary
zone biome largely overlap with the large marine ecosystems of
K. Sherman and collaborators (see Watson et al. 2003), and hence
those are implicitly included here. For practical reasons, we also
refer to the U.N. Food and Agriculture Organization’s classifica-
tion that has been used to report on global fisheries statistics since
1950 and that divides the world’s oceans up into 18 FAO statisti-
cal areas (FAO 1981).

The coastal boundary zone that surrounds the continents is
the most productive part of the world ocean, yielding about 90%
of marine fisheries catches. Overall, coastal and marine fisheries
landings averaged 82.4 million tons per year during 1991–2000,
with a declining trend now largely attributed to overfishing. The
other three biomes are less productive, and their deep waters are
exploited mainly for their large pelagic fish. The four biomes are
described in detail in the next section.

In this assessment, the marine system is defined as the marine
waters from the low-water mark to the high seas that support
marine capture fisheries and deepwater (�50 meters) habitats.
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winds

Figure 18.1. Classification of World’s Oceans. Four ‘‘Biomes’’ were identified: Polar, Westerlies, Trade-winds, and Coastal Boundary
(Longhurst et al. 1995; Longhurst 1998). The Coastal Boundary is indicated by a black border around each continent. Each of these Biomes
is subdivided into Biogeochemical Provinces. The BGP of the Coastal Boundary Biome largely overlaps with LMEs identified by K. Sherman
and coworkers (see Watson et al. 2003).

This definition spatially overlaps with coastal systems, which are
bounded inland by land-based influences within 100 kilometers
or 100-meters elevation (whichever is closer to the sea) and sea-
ward by the 50-meter depth contour. Chapter 19 focuses on
coastal habitats and coastal communities, however. It does not
overlap conceptually with this chapter, which focuses on the con-
dition and trends of fisheries resources in marine ecosystems for
the following reasons:
• Living marine resources and their associated ecosystems out-

side of coastal areas (as defined by the MA), which maintain
the food provisioning services of marine systems, have been
affected over the last 50 years mostly by fishing.

• Our level of understanding of fisheries and the availability of
information needed to assess the impact of fisheries are much
better than for other human activities in marine systems.
However, studies on biodiversity changes in marine systems
are lagging behind our understanding of fisheries systems or
terrestrial biodiversity changes. And overall, our understand-
ing of long-term impacts and their interactions with other ac-
tivities (current and future) is very limited.

• Chapter 19 describes the condition and trends of marine habi-
tats and significant marine animals from the high-water mark
to the 50-meter bathymetric line. Thus it discusses in detail
the condition and trends of shallow inshore coastal habitats
such as coral reefs, mangroves, and seagrasses, as well as im-
portant fauna such as seabirds, turtles, and marine mammals.
Since most human uses of marine systems (tourism, gas and oil
extractions, and so on) occur in the coast, they are discussed in
detail there. On the other hand, the impact of human use,
especially fishing, on deeper-water systems such as shelves,
slopes, seamounts, and so on are discussed in this chapter.

• Chapter 4, on biodiversity, includes many non-fisheries as-
pects of marine biodiversity not covered here. Chapter 12, on

PAGE 480

nutrient cycling, discusses the cycling of carbon, nitrogen, and
phosphorus and the changes in these cycles in marine systems.
And Chapter 13, on air quality and climate, highlights possible
changes, including acidification, carbon sequestration, and
fluxes in marine systems, over the short term.
Nevertheless, this chapter touches on various aspects of ma-

rine ecosystems such as marine biodiversity as they relate to fish-
eries and deepwater habitats, and some activities such as tourism
and transportation are also mentioned. But there is currently in-
sufficient information available to assess which activities have rela-
tively more impact than others in marine systems.

Marine ecosystems are diverse—some are highly productive,
and all are important ecologically at the global scale and highly
valuable to humankind. The major ecosystem services (as de-
scribed in Chapter 1) derived from marine ecosystems are sum-
marized in Table 18.1.

Marine systems play significant roles in climate regulation, the
freshwater cycle, food provisioning, biodiversity maintenance,
energy, and cultural services, including recreation and tourism.
They are also an important source of economic benefits, with
capture fisheries alone worth approximately $81 billion in 2000
(FAO 2002); aquaculture worth $57 billion in 2000 (FAO 2002);
offshore gas and oil, $132 billion in 1995; marine tourism, much
of it in the coast, $161 billion in 1995; and trade and shipping,
$155 billion in 1995 (McGinn 1999). There are approximately
15 million fishers employed aboard decked and undecked fishing
vessels in the marine capture fisheries sector. About 90% of these
fishers work on vessels less than 24 meters in length (FAO n.d.).

More than a billion people rely on fish as their main or sole
source of animal protein, especially in developing countries. (See
Table 18.2.) Demand for food fish and various other products
from the sea is driven by population growth, human migration
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Table 18.1. Percentage of Animal Protein from Fish Products,
2000 (FAO 2003)

Region

Share of Animal
Protein from Fish

Products
(percent)

Asia (excluding Middle East) 27.7

Oceania 24.2

Sub-Saharan Africa 23.3

Central America and Caribbean 14.4

North America 11.5

South America 10.9

Europe 10.6

Middle East and North Africa 9.0

Table 18.2. Summary of Ecosystem Services Provided by Different Marine System Subtypes

Direct and Indirect Services Inner Shelf
Outer Shelves,
Edges, Slopes

Seamounts and 
Mid-ocean Ridges

Deep Sea and 
Central Gyres

Food — human ** ** ** **

Food — animal ** **

Fiber, timber, fuel * * *

Medicines, other services *

Biodiversity ** ** * *

Biological regulation

Nutrient cycling and fertility * * * *

Atmospheric and climate regulation * * *

Human disease control

Waste processing

Flood/storm protection

Employment ** ** * *

Cultural and amenity **

Key: * some importance     ** very important

toward coastal areas, and rising incomes that increase demand for
luxury seafood.

Detailed data on fisheries catches—that is, food provisioning,
the major ecosystem service considered here—are available since
1950 for (groups of ) species for all FAO areas and maritime coun-
tries of the world. (See www.fao.org for tabular statistics and
www.seaaroundus.org for spatially disaggregated statistics.) These
show that catches increased more rapidly than the human popula-
tion through the 1950s and 1960s, leading to an increase in avail-
able seafood. (See Figure 18.2.) This period also saw the depletion
of many local stocks, but this was masked by the global increase
of landings. The first fisheries collapse with global impact on
prices of fishmeal and its substitutes was the Peruvian anchoveta,
in 1971/72, which fell from an official catch of 12 million tons
annually in the 1972–73 season (in reality, probably 16 million
tons annually; see Castillo and Mendo 1987) to 2 million tons in
1973 (Tsukayama and Palomares 1987), ushering in two decades
of slow growth and then stagnation in global fish catches. (See
Figure 18.3.)
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Figure 18.2. Average Domestic Marine Fish Supply, Lesser-
Income Food-Deficit Countries, 1961–99 (FAO 2002)

18.2 Condition and Trends of Marine Fisheries
Systems

18.2.1 Global Trends

The mid-twentieth century saw the rapid expansion of fishing
fleets throughout the world and an increase in the volume of
fish landed. These trends continued until the 1980s, when global
marine landings reached slightly over 80 million tons per year;
then they either stagnated (China included; FAO 2002) or began
to slowly decline (Watson and Pauly 2001). However, regional
landings peaked at different times throughout the world, which
in part masked the decline of many fisheries.

Indeed, the world’s demand for food and animal feed over the
last 50 years has resulted in such strong fishing pressure that the
biomass of some targeted species, such as the larger, higher-valued
species and those caught incidentally (the ‘‘bycatch’’), has been
reduced over much of the world by a factor of 10 relative to levels
prior to the onset of industrial fishing (Christensen et al. 2003;
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Figure 18.3. Estimated Global Fish Catches, 1950–2001, by
Target Group and Biome, with Adjustment for Over-reporting
from China. Note: bottom graph is the total landings, adjusted and
not adjusted for China. (Watson and Pauly 2001)

Myers and Worm 2003). In addition, with fleets now targeting
the more abundant fish at lower trophic levels (see Figure 18.4),
it would be expected that global catches should be increasing
rather than stagnating or decreasing, as is actually occurring. In-
deed, this by itself indicates the extent that fishing has affected
marine ecosystems.

Changes in trophic levels of global and regional catches are
considered a better reflection of trends in fisheries than the pro-
portion of fish stocks that are reported as depleted, overexploited,
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fully exploited, and moderately exploited (FAO 2002). The FAO
analysis lists the status of commercially important stocks where
there is sufficient information. While the information presented
is simple and many people use it to reflect the state of fisheries
globally, they have the potential to provide an overoptimistic esti-
mate of the state of fisheries. First, the figures presented only con-
sider stocks currently exploited and exclude those that were fished
either to extinction or abandoned over the last 50–100 years. Sec-
ond, the reporting is based on over 1,500 stocks, with an assessed
‘‘stock’’ actually representing species distributed over large
areas—that is, the aggregate of many stocks that are at varying
states of exploitation. Moreover, the ‘‘stocks’’ presented do not
represent the thousands of stocks that are fished by small-scale
fishers that are not assessed or included in official statistics. For
example, there are thousands of coral reef fish stocks that are
fished by small-scale fishers in areas such as Indonesia and the
Philippines, which are severely overfished but not a part of the
FAO global analysis.

Until a few decades ago, depth and distance from coasts pro-
tected much of the deep-ocean fauna from the effect of fishing
(Figure 18.5). However, fleets now fish further offshore and in
deeper water with greater precision and efficiency, compromising
areas that acted as refuges for the spawning of many species of
commercial interest to both industrial and artisanal fleets (Kulka
et al. 1995; Pauly et al. 2003). (See Figure 18.6.) Investments in
the development of fishing capacity have led to fleets that cover
the entire world’s oceans, including polar and deep-sea areas and
the low-productivity central gyres of the oceans. Trawl catches
particularly target easily depleted accumulations of long-lived
species, and the biomass of large pelagic fish has also plummeted
(Worm and Myers 2003).

Not only are once inaccessible areas of the ocean increasingly
being fished, they are also increasingly exploited for other ecosys-
tem services. The marine realm is seen by many as the next fron-
tier for economic development, especially for gas and oil and
other energy sources (wind, gas hydrates, and currents), seabed
mining (such as polymetallic nodules), bioprospecting, ocean
dumping, aquaculture, and carbon sequestration. Worm et al.
(2003) have identified pelagic ‘‘hotspots’’ of biodiversity (see Fig-
ure 18.7 in Appendix A), while Bryant et al. (1998) identified key
coral reef areas. These and other hotspots, which may play a key
role in supporting ecosystem services such as biodiversity, will be
negatively affected by these developments unless they are appro-
priately managed.

The gas and oil industry is worth more than $132 billion an-
nually, and the potential for further development is considered
high (McGinn 1999). Current levels of development in the
deeper ocean environments are low, but future rises in the price
of carbon-based fuels could make the extraction of crude oil and
gas further offshore financially feasible.

Mining in shallow offshore coastal areas for gold, diamonds,
and tin is already under way and there is little doubt that the
technology can be developed for deeper mining for a range of
minerals, including manganese nodules, cobalt, and polymetallic
sulfides, given appropriate economic incentives (Wiltshire 2001).
It is assumed that institutional constraints in the future may ensure
that activities in these deep-sea environments are conducted in a
sustainable way and with minimal impact. This raises a number of
questions regarding the nature and scale of the impacts on the
little-known deep-ocean habitats. Mineral extraction may include
ship- or platform-based processing of the extracted product,
which has the potential to pollute the adjacent ecosystems. While
bioprospecting does not have the magnitude of physical impacts
that oil and mineral extraction does, there is nevertheless the po-
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Figure 18.4. Trophic Level Change, 1950–2000

Figure 18.5. Mean Depth of Catch and Mean Distance of Catch from Shore since 1950. Both panels show that fisheries catches
increasingly originate from deep, offshore areas, especially in the Southern Hemisphere.

tential for overexploitation (see Chapter 10), resulting in impacts
similar to those described for overfishing.

Ocean biomes are also strongly affected by humans. While the
coastal biome is heavily affected by coastal development and land-
based pollution sources (see Chapter 19), the three other biomes
have been affected by a variety of actions such as oil spills, over-
hunting of marine mammals, seabird mortalities, and ocean
dumping of waste. (See Tables 18.3 and 18.4.) For instance, the
estimated 313,000 containers of low-intermediate emission radio-
active waste dumped in the Atlantic and Pacific Oceans since the
1970s pose a significant threat to deep-sea ecosystems should the
containers leak (Glover and Smith 2003), which seems likely over
the long term. Other examples include seabird populations that
have been seriously affected by fishing and oil pollution, such as
the estimated 14,000 seabirds killed each year by the Alaskan
longline groundfish fishery between 1993 and 1997 (Stehn et al.
2001) and the chronic pollution along the coast of Chubut (Ar-
gentina) that has significantly increased Magellanic penguin
(Spheniscus megellanicus) mortality (Gandini et al. 1994).

Knowledge of the effects of persistent organic and inorganic
pollutants on marine fauna, including reproductive effects, is lim-
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ited, and we know even less about how these pollutants interact
with fisheries impacts. Similarly, non-fishery factors and their im-
pacts on habitats, primary productivity, and other ecosystem fea-
tures are often described in the literature. However, their joint
and cumulative effect on ecosystems is usually not assessed, limit-
ing comparative analyses. Other human activities, as well as cli-
mate (due to natural variation and anthropogenic sources),
influence marine systems, but their effects cannot usually be
clearly separated from the impact of fishing. However, this should
not detract from the urgent need to implement sustainable fisher-
ies practices.

18.2.2 Coastal Boundary Zone Biome

The coastal boundary zone biome (10.5% of the world ocean)
consists of the continental shelves (0–200 meters) and the adjacent
slopes—this is, from the coastlines to the oceanographic front
usually found along the shelf edges (Longhurst 1998). The 64
large marine ecosystems listed in Sherman and Duda (1999),
which serves as a conceptual framework for an increasing number
of multisectoral projects, largely match the biogeochemical prov-

.................11432$ CH18 10-12-05 09:50:00 PS



484 Ecosystems and Human Well-being: Current State and Trends

Figure 18.6. Year of Maximum Catch, 1965, 1980, and 1995. Solid
lines indicate the current year and shading indicates that the maxi-
mum catch has already been reached. (SAUP 2005)

inces of Longhurst’s coastal boundary biome and hence are im-
plicitly considered here.

This biome fully includes the coastal systems (0–50 meters)
covered in Chapter 19, the outer shelves (50–200 meters), and
most of the continental slopes (200–1,000 meters). The coastal
component of this biome is the first to have been accessed by
fisheries, and it provides the bulk (53% in 2001; R. Watson, Sea
Around Us Project, unpublished data) of the world’s marine
fisheries catches. The major processes that lead to ecosystem ser-
vices such as food provisioning and biodiversity from this biome
are described here.

Marine food webs are based largely on primary production by
microscopic algae, the phytoplankton. This production occurs in
the lighted, upper layers of the ocean, especially in the coastal
zone, and is intensified by processes that lift nutrient-laden water
from deeper layers. Most of this production is then either grazed
by herbivorous zooplankton (mainly copepods) or falls to the sea
bottom in form of detritus aggregates known as marine snow,
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which is formed of decomposed phytoplankton and zooplankton
as well as the feces of the zooplankton attacked by bacteria while
on the way down and consumed by benthic organisms upon
reaching the sea floor. Little marine snow reaches the bottom of
tropical seas due to, among other things, the higher metabolic
rates of bacteria in warm waters. Hence, there is less benthos and
fewer ground fish to catch in the deeper reaches of tropical seas
than in otherwise comparable temperate or polar seas and upwell-
ing systems. This creates a limit to the expansion of deep-sea ben-
thic fisheries in tropical areas (Longhurst and Pauly 1987).

The coastal boundary biome is the most significant source of
marine fish landed globally, and it also bears many of the impacts
of fishing on ecosystems and of other human activities. Most de-
pleted stocks are in this biome. In the North Atlantic, this has
resulted in substantial marine biomass declines over the last 100
years (see Figure 18.8 in Appendix A) as well as the mean trophic
level of the catch (see Figure 18.9) over the last 50 years. The
majority of bottom-trawling fleets operate in this zone, affecting
large areas of the seabed on a continual basis while catching both
target and nontarget species. Holmes (1997) suggested that trawl-
ing destroyed seabed habitat and this contributed to fish declines
in heavily trawled areas. A century of trawling in the North Sea
has reshaped part of the seabed and changed the structure of the
ecosystem (Malakoff 1998). Areas of the greatest decline in land-
ings are in the coastal boundary biome.

Fishing pressure in this biome is not just attributed to exces-
sively large industrial fleets but also to small-scale or recreational
fishers, whose landings have a minor impact when viewed indi-
vidually but who collectively can significantly deplete local re-
sources, as described later. Coastal habitats such as coral reefs and
similar biogenic bottom structures (for example, soft corals and
sponge beds) are degraded where destructive fishing methods
such as explosives, poisoning, and trawling are used by small-scale
fishers (Cesar et al. 2003). Such fishing practices have particular
impacts on coral reef habitats and the ability of damaged reefs to
recover.

Coral reef fisheries are overexploited in many reef systems
around the world (Christensen and Pauly 2001; Jameson et al.
1998). Although many fisheries have become unsustainable due
to the scale of high-technology improvements to boats and fishing
gear, even small changes of technology can shift the balance
toward unsustainability. In Pacific Islands, for instance, spearfish-
ers’ catch of large humphead wrasse (Cheilinus undulates) used to
be limited due to their reliance on snorkeling gear. However,
scuba diving equipment has recently given fishers access to wider
areas of reef and let them use other methods such as cyanide and
dynamite both day and night, decimating humphead wrasse as
well as populations of other large fish that are sold to the live fish
market (Birkeland and Friedlander 2002).

The trading of fish sourced in the coastal boundary biome has
undermined food security in coastal communities of the develop-
ing world. The demand for fish in local, regional, or international
markets can, though increased prices, promote overfishing when
demand from a luxury market largely exceeds the supply and
fisheries management is ineffective. Eight of the top 40 food-
deficient countries are also major fish producers and exporters
(Kurien 1998). Much of the fish from the coastal boundary biome
is exported to industrial countries, often to service the national
debt of developing nations. The export of captured marine fish
from developing countries has removed a cheap source of protein
from their people in some cases. Senegal, for instance, which is a
significant exporter of marine products, also has a protein deficit
among its rural population because the growth of export-oriented
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Table 18.3. Summary of Human Disturbances at the Deep-sea Floor, in Pelagic Waters, and on Continental Slopes (Deep-sea floor
from Glover and Smith 2003)

Human Use Temporal Scale
Knowledge of
Impacts/Severity/Spatial Scale

Estimated Importance in
2025

Past impacts 
Deep-sea floor

Dumping of oil/gas structures isolated incidents (now banned) good/low/regional low 

Radioactive waste disposal 1950s–90s good/low/local low 

Lost nuclear reactors 1960s onwards good/low/local low 

Dumping of munitions 1945–76 (now banned) poor/low/local low 

Pelagic waters and continental slopes

Dumping of wastes until 1980s (now regulated) low/low/low moderate

Present impacts 
Deep-sea floor

Deep-sea fisheries 1950s onward good/high/regional high (overfished) 

Collateral damage by trawling 1950s onward good/high/regional high 

Deep-sea oil and gas drilling 1990s onward poor/moderate/basin moderate 

Dumping of bycatch causing food falls 1990s onward poor/moderate/basin moderate 

Research and bioprospecting at vents 1960s onward good/low/local very low

Underwater noise 1960s onward poor/low?/local probably low for benthos

Pelagic waters and continental slopes

Fishing until 1950s very limited; steadily
increasing, especially since 1960s

good/good/global high (some unsustainable
or highly variable)

Transportation — oil spills increasing accidental oil spills until
1990s; decreasing

good/low/isolated moderate

Transportation — other pollution 
(oil from bilges, litter, ballast)

despite regulations, still occurring low/low/basin moderate

Sewage discharge 1990s good/good/local high

Mining — minerals, gas and oil (slopes only) 1980s onward good/good/local high

Future impacts 
Deep-sea floor

Polymetallic nodule mining 10–20 year time scale poor/very high/regional-basin high 

CO2 sequestration 10–30 year time scale poor/very high/local-regional high 

Dumping of sewage sludge 5–10 year time scale good/moderate/local-regional moderate 

Dumping of dredge spoil 5–10 year time scale poor/low/local moderate 

Climate change 50–100 year time scale poor/very high/basin-global low 

Manganese crust mining unknown poor/high/local low 

Polymetallic sulphide mining unknown poor/high/local low 

Methane hydrate extraction unknown poor/moderate/regional low 

Pelagic waters and continental slopes

Dumping of dredge spoils < 5 years good/poor/local high

Aquaculture 5–10 years low/low/local moderate-high

Tourism — mega cruise liners or offshore
structures

unknown low/low/low low

fisheries disrupted domestic supplies of cheap, small pelagic fish
(UNEP 2002a).

In contemporary literature on fisheries economics, it is ac-
cepted that once fisheries cease to be open access (by instituting
some form of property rights), they can be managed sustainably
to ensure the holder of quotas the maximum discounted eco-
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nomic rent, which is the highest present value of the sum of all
future flows of resource rent from a given fishery (Hannesson
2000; Arnason and Gissurarson 1999). However, many authors
have challenged this view because whether the stock is managed
sustainably will also depend on a number of other factors, includ-
ing the price-cost ratio of landing a unit weight of fish and the
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Table 18.4. Summary of Specific Deep-sea Habitats (Based on Baker et al. 2001)

Deep-sea Habitat Current Condition/Threats Potential Threats
Hydrothermal vents limited disturbances – currently due to limited research undertaken on vents; low

number of species but high endemism and high abundance
high potential for biotechnology,
mining, energy, and tourism

Seamounts few of the more than 10,000 seamounts have been studied; high endemism on stud-
ied seamounts; some seamounts are heavily exploited for fisheries resources, trawl-
ing damages benthic habitats

mining of ferromanganese oxide
and polymetallic sulfides

Deep-sea trenches highly unique “hadal” fauna, much of it associated with soft sediments and holothuri-
ans; high endemism; supports diverse and abundant bacterial community; no known
disturbances

research, biotechnology, and
waste disposal

Deep-water corals limited knowledge, speculation that they are more widespread than currently known;
high diversity except for fish and mollusks compared with tropical reefs; colonies
growing on gas and oil platforms; damaged by trawling but spatial extent unknown;
gas and oil platforms can damage corals

biotechnology

Polymetallic nodules primarily inhabited by hard substrate epifauna with foraminifera dominating by abun-
dance and coverage; diverse fauna; limited disturbance resulting from current
research and feasibility studies

high for mineral exploration includ-
ing spoils disposal, especially if
prices increase; mining also has
potential to have an impact on
pelagic communities

Cold seep and pockmarks limited knowledge; high endemism; limited disturbances except for Gulf of Mexico
(trawling and oil exploitation) or areas of research

biotechnology and mineral
exploitation

Gas hydrates limited knowledge and disturbance but scientific studies emerging in Gulf of Mexico,
offshore India, and Japan; important bacterial diversity

source of methane gas for energy,
but potential to exacerbate climate
change

Submarine canyons high diverse flora and fauna including commercially important species such as lob-
sters; important nursery areas for marine species; some areas affected by fishing
and oil exploitation

gas and oil developments

Figure 18.9. Changes in Trophic Level in North Atlantic and
Coastal Areas at Less Than 200 Meters Depth, and Total Marine
Landings, 1950–2000 (SAUP 2005)
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discount rate applied to calculate the discounted rent. If both this
ratio and the discount rate are very high, it may well be economi-
cally rational for the quota holder to deplete the fish stocks. In
fact, it will be optimal in a strictly economic sense, as doing so
may provide the maximum economic rent from a resource (Clark
1973; Heal 1998; Sumaila 2001; Sumaila and Walters 2004). Cur-
rent economic models for fisheries, including those based on
property rights, need to better accommodate underlying biologi-
cal constraints.

18.2.3 Trade-winds Biome

The trade-winds biome (covering 38.5% of the world ocean) lies
between the northern and southern sub-tropical convergences,
where a strong water density gradient hinders nutrient recycling
between deep layers and upper surface layers. The resulting low
levels of new primary production make these zones the marine
equivalent of deserts. Therefore, fisheries in this biome rely
mainly on large pelagic fish, especially tunas, capable of migrating
over the long distances that separate isolated food patches. In the
eastern tropical Pacific, a major portion of the tuna purse-seine
catch results from exploitation of a close association with pelagic
dolphins, which suffered severe depletion in the 1970s due to
incidental kills in the tuna purse seines (Gerrodette 2002). Be-
tween 1990 and 2000, 1.5 to 3.5 million Northeastern spotted
dolphins (Stenella attenuata) were incidentally captured annually in
tuna seine nets (Archer et al. 2002).

One exception to the general low productivity of the trade-
winds biome is around islands and seamounts, where physical
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processes such as localized upwelling allow for localized enrich-
ment of the surface layer. Above seamounts, these processes also
lead to the retention of local production and the trapping of ad-
vected plankton, thus turning seamounts into oases characterized
by endemism and, when pristine, high fish biomass.

Exploitation of the demersal resources of seamounts usually
occurs in the form of intense trawling pulses, mainly by distant
water fleets, which reduce biomass to extremely low levels, re-
duce diversity in the associated pelagic systems, and destroy bio-
genic bottom structures and their associated benthic diversity.
Similar exploitation occurs along ocean ridges, such as in the
North Atlantic and the Central Indian Ocean, where poorly doc-
umented bottom trawl fisheries developed in the 1990s outside of
any regulatory regimes.

Overall, the trade-winds biome contributed 15% of the
world’s marine fisheries catch in 2001. Of this, 34% consisted of
large pelagic fish and the rest were largely deep demersal species.

18.2.4 Westerlies Biome

In the westerlies biome (35.7% of the world’s oceans), seasonal
differences in the depth of the mixed layer result from seasonality
in surface irradiation and wind stress, inducing strong seasonality
of biological processes, including a spring bloom of phytoplank-
ton. The fisheries of this biome, mainly targeting tuna and other
large pelagic species, are similar to those of the trade-winds
biome.

The westerlies and trade-winds biomes are also inhabited by
an enormous number of small mesopelagic fish that aggregate
during the day at depths of 500–1,000 meters, forming a dense
layer of fish and invertebrates, especially squid, and that migrate
upward every night to feed on zooplankton at the surface layer
(vertical migration). Their aggregate biomass, almost 1 billion
tons (Gjøsaeter and Kawaguchi 1984), has often been described as
a potential resource enabling further fisheries development. How-
ever, mesopelagic fish rarely occur in fishable concentrations, and
their bodies tend to contain large amounts of wax esthers, which
render their flesh unpalatable to humans.

Overall, the westerlies biome contributed 15% of the world’s
marine fisheries catch in 2001. Of these, 9% were large pelagic
fish with the rest consisting of small pelagic fish (40%), demersal
fish (23%), and squid (11%). The marine environment in this
biome is relatively unaffected by human use other than fishing.
However, the large pelagic fish, such as tuna and shark, are
strongly exploited.

18.2.5 Polar Biome

The polar biome covers only 15% of the world ocean and ac-
counts for 15% of global marine fish landings. Its vertical density
structure is determined by low-salinity waters from spring melting
of ice. The bulk of annual primary production occurs in ice-free
waters during a short intense summer burst. However, primary
production under lighted ice occurs over longer periods, espe-
cially in Antarctica.

The Arctic fisheries along the north coast of Siberia, Alaska,
and Canada (FAO Area 18) are poorly documented, and the few
thousand tons of landings reported for this area by FAO are likely
to be underestimates. The Arctic marine system is important for
the well-being of indigenous people living in the area. For in-
stance, marine mammals, such as whales and seals, are an impor-
tant source of food and are of significant cultural value. However,
high levels of persistent organic pollutants in their blubber pose a
health concern. (See also Chapter 25.) Climate change has the
potential to have a significant impact on the people of this area,
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since the ice forms a fundamental part of subsistence, shelter,
travel, safety, and culture in the region. Oil and gas exploitation
pose another set of issues for inhabitants of the Arctic (through
social changes, for instance) and the ecosystem (through impacts
on marine mammals, habitat damage or changes, oils spills and
contamination).

The Antarctic krill, Euphausia superba, consumes the primary
production from both open waters and under the ice and then
serves as a food source for a vast number of predators, notably
finfish, birds (including penguins), and marine mammals. As in
the Arctic, the marine mammal populations of Antarctica were
largely decimated before the middle of the twentieth Century.
There is also a relatively small direct fishery for krill (about
150,000 tons per year) in Antarctica, which may expand if krill
proves a suitable feed for salmon or other forms of farming.

The development of fisheries in the southern polar biome
demonstrates the fragility of fish stocks, marine mammals, and
seabirds in terms of the impacts of exploitation by humans in just
over 30 years. The distant water fleet of the former Soviet Union
began exploiting this biome in the mid-1960s when ships began
to deplete stocks of Marbled notothenia (Notothenia rossii), Mack-
erel icefish (Champsocephalus gunnari), and Gray notothenia (Lepi-
donotothen squamifrons) in different areas of the South Indian,
South Atlantic, and South Pacific Oceans. (See Figure 18.10.) In
all these areas, the same catch trends emerged: within a few years
of opening fisheries, catches would peak and then rapidly decline
to a small fraction of their original biomass. This operating mode
of distant water fleets, including those of Russia, Chile, Argen-
tina, France, and the United Kingdom, continued until the begin-
ning of the 1990s.

The formation of the Commission for the Conservation of
Antarctic Marine Living Resources in 1982 brought the first con-
servation measures for stocks of Marbled notothenia (in 1985).
Other stocks remained unmanaged until the 1990s, when dra-

Figure 18.10. Growth of Fishing for Icefish and Toothfish in the
Southern Polar Biome, 1900 to Present (Sabourenkov and Miller
2004; Kock 1991, 2001)
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matic declines in stocks of Mackerel icefish at South Georgia and
Kerguelen were recognized. Assessment, management, and con-
trol of the fisheries became much more stringent (Constable et
al. 2000), and Mackerel icefish around South Georgia recovered
sufficiently to allow limited commercial catches from the mid-
1990s onward (CCAMLR 2002). However, Kerguelen stocks
have remained at a very low level (Duhamel and Claudet 2002).

In the second half of the 1980s, the Soviet Union developed
a longline fishery on Patagonian toothfish Dissostichus eleginoides
(Kock 1991, 1992). The same declining catch trend for these
long-lived, slow-growing species emerged for the stock around
the Prince Edward Islands, which was reduced to very low levels
within a few seasons. As a side effect, a large numbers of seabirds
(such as albatrosses) became hooked on lines during the process
of setting and hauling (Kock 2001). The situation became more
aggravated when longline fishing was extended to virtually all
grounds in the northern part of the southern polar biome from
1996/97 onward, and concern over the sustainability of stocks
grew. Nevertheless, illegal, unregulated, and unreported fishing
on the highly prized Patagonian toothfish increased dramatically
from 1997 onward, and it is estimated that 80–90% of the current
catch is taken illegally (CAMLR 2002).

While it was possible to reduce IUU fishing around South
Georgia to low levels, fishing pressure by IUU vessels remained
high on other fishing grounds, notably in the Southern ocean, in
FAO Area 58, despite considerable efforts by France and Australia
to improve surveillance around the territories under their control.
Commission members are working in closer cooperation with
countries to assist with the apprehension of IUU vessels (as, for
example, in the Viarsa incident; see www.intrafish.com).

New fisheries are still being developed in the southern polar
biome despite the lessons learned about the vulnerability of the
local fish (including the Patagonian toothfish) to high levels of
exploitation. Thus, New Zealand started an exploratory fishery
on Antarctic toothfish (Dissostichus mawsoni) in the Ross Sea in
the 1998/99 season (CCAMLR 2002) and has increased catches
every year since.

18.2.6 Marine Biodiversity

18.2.6.1 Global Trends

This section provides a brief overview of marine biodiversity in
the context of fishing. Chapter 4 gives a broader view of marine
biodiversity trends.

Assessing the biodiversity of the oceans has not been com-
pleted, both in general terms and with respect to specific system
types, such as rocky grounds on continental slopes (Carlton et al.
1999). The factors influencing species distributions and patterns
of species richness are only just emerging for widespread habitats
such as soft sediments (MacPherson 2002; Gray 2002). Similarly,
methods for measuring diversity and its patterns are evolving rap-
idly, so that in the future, if such methods are put into practice
and applied in research and monitoring activities, our understand-
ing of the condition and trends of marine biodiversity will im-
prove significantly (Price 2002; MacPherson 2002; Warwick and
Clarke 2001; Warwick and Turk 2002).

Information on commercially important or threatened species
required for management purposes is quite limited. New non-fish
species are frequently discovered and described in association with
fisheries surveys or, more recently, environmental impact assess-
ments. However, recent initiatives, such as the Census of Marine
Life, are increasing the rate at which new knowledge on marine
life is becoming available, although understanding of most taxa
other than fish is very limited and reflects a failure to seek any
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systematic understanding of fisheries systems. For some groups
important in fisheries catches, notably finfish and cephalopods,
online databases that provide information on all species described
so far do exist (see www.fishbase.org and www.cephbase.org).
Also, a fair understanding of the factors influencing the distribu-
tion (depth, temperature, and so on) and population dynamics of
major commercial species is available.

It is widely assumed that marine fish and invertebrates are
somewhat less susceptible to extinction than most other marine
as well as terrestrial and freshwater organisms. However, recent
advances in methodology allowed studies that have questioned
this assumption (Dulvey et al. 2003; Hutchings 2000). Although
few marine species are known to have become globally extinct in
the last century, there are numerous instances of extirpations of
marine fish species—for example, the European sturgeon (Aci-
penser sturio) in the North Sea and the Green wrasse (Anampses
viridis) in Mauritius.

Recent analyses suggest that marine extinctions may have
been underestimated because of low detection abilities and a gen-
erally poor understanding of the conservation status of species that
live in the marine realm (Dulvey et al. 2003; Carlton et al. 1999).
Moreover, given that a major cause of declines or local extinctions
in marine populations is overexploitation and that exploitation is
rapidly increasing in scope and volume, there is a real likelihood
that extirpations will increase (Dulvey et al. 2003). Other factors
such as environmental degradation and climate change, alone or
in combination with exploitation, can also play a role in local
extinctions. As the first step toward global extinction, extirpations
(local extinctions) cannot be dismissed as unimportant or irrele-
vant to a species’ status and have significant impacts on the provi-
sion of ecosystem services. (See Chapters 4 and 11.)

The now rapidly fading notion that marine fish and inverte-
brates are inherently more resilient to impacts on their popula-
tions than other wildlife was based on a number of unfounded
assumptions about their biology, particularly in the case of species
that release large numbers of eggs into the open water. The key
assumption was that high fecundity combined with a seemingly
high dispersal capacity of the eggs or larvae, high recruitment
variability, and wide-ranging distributions minimizes the risk of
extirpations or extinctions even under heavy fishery exploitation.
However, scientific support for this assumption is lacking or poor.
Indeed, there is now an emerging consensus that marine fish are
no more resilient to extirpations or extinctions than any other
wildlife species of similar size (Roberts and Hawkins 1999; Hut-
chings 2000; Sadovy 2001).

18.2.6.2 Ecosystem and Habitat Diversity

The number of species present and their relative abundance is an
important aspect of biodiversity and is threatened in marine sys-
tems. Overfishing and destructive fishing methods have an impact
on marine ecosystems by changing community structure and al-
tering trophic and other interactions between ecosystem compo-
nents and by directly modifying habitats, notably when trawlers
erode biogenic bottom structures (Pandolfi et al. 2003). By re-
moving important components of the ecosystem, such as algal
feeding fish in coral reef systems, overfishing results in altered
ecological states that may be impossible to restore to former con-
ditions. (See Chapter 19.)

A number of generalities can be drawn from the literature
on biodiversity. One is that biological production declines with
increasing ‘‘trophic level’’ (the number of feeding levels that or-
ganisms are removed from phytoplankton and other primary pro-
ducers; see Chapter 8 for an explanation of the trophic level
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concept). In fisheries, most catches occur at around trophic level
3, which consists of small fish (such as sardines and herrings) feed-
ing on herbivorous zooplankton (zooplanktivorous fish), and
around trophic level 4, which consists of fish that prey on the
zooplanktivorous fish (such as cods and tunas). Many fish, how-
ever, have intermediate trophic levels, as they tend to feed on a
wide range of food items, often feeding on zooplankton as juve-
niles and other fish when adults. (See www.fishbase.org for diet
composition data and trophic level estimates on thousands of fish
species and the corresponding references.)

Biomass energy is transferred up the food web, with transfer
efficiencies between trophic levels ranging, in marine ecosystems,
from about 5% to 20%, with 10% a widely accepted mean. Thus
the productivity of the large, high trophic–level fish that are tradi-
tionally targeted will always be lower than that of lower trophic–
level fish. This has led to suggestions that fisheries yields should
be increased by deliberately ‘‘fishing down the food chain’’
(Sprague and Arnold 1972)—that is, by exploiting species located
at lower trophic levels more intensively. But this is already occur-
ring throughout the world’s oceans as a result of the decline in
catches of the large, slow-growing high trophic–level fish, which
are gradually being replaced, in global landings, by smaller,
shorter-lived fish, at lower trophic levels (Pauly et al. 1998). Un-
fortunately, fishing down marine food webs does not necessarily
lead to increased catches (see earlier Figures 18.3 and 18.9). In-
deed, globally both the landings and their mean trophic levels are
currently falling under the pressure of fisheries (Pauly et al. 1998;
Watson and Pauly 2001); what seems to be increasing worldwide
is the abundance of jellyfish, which are increasingly exploited
throughout the world and exported to East Asia.

The deep ocean bottom contains some of the least explored
areas of the world, with only 0.0001% of the deep seabed subject
to biological investigations thus far (WWF/IUCN, 2001; Gray
2002). Nevertheless, studies have revealed a wealth of diverse
habitats in the deep sea, which include seamounts, cold-water
coral reefs, hydrothermal vents, deep-sea trenches, submarine
canyons, cold seeps and pockmarks, and gas hydrates and poly-
metallic nodules. Of those, seamount ecosystems and cold-water
coral reef communities are particularly threatened by high-impact
fishing methods, such as bottom trawling (Thiel and Koslow
2001; Freiwald et al. 2004).

Scientific exploration of seamounts is minimal, with only ap-
proximately 300 of them sampled biologically, out of what is be-
lieved to be tens of thousands worldwide (ICES, 2003; see also
seamounts.sdsc.edu). As mentioned previously, seamounts in-
crease the biological productivity of waters surrounding them.
The tops and upper flanks of seamounts also tend to be biological
hotspots, with potentially high species diversity and endemism.
Marine mammals, sharks, tuna, and cephalopods all congregate
over seamounts to feed, and even seabirds have been shown to
be more abundant. Suspension feeders, such as corals, dominate
seamount benthic fauna. Seamounts may also act as ‘‘stepping
stones’’ for transoceanic species dispersal (WWF/IUCN, 2001).

Our knowledge of cold-water coral diversity is also limited,
and new reefs are still being discovered. For example, the largest
known cold-water reef—35 kilometers long and 3 kilometers
wide—was discovered off the Norwegian coast in June 2002
(Freiwald et al. 2004). There are few quantitative studies of fauna
associated with cold-water corals, but it is known that they pro-
vide habitat for high diversity of associated species. More than 800
species have been recorded in the Lophelia pertusa reefs in the
northeast Atlantic, and 3,000 species of fish and mollusks have
been identified on deepwater reefs in the Indo-West Pacific re-
gion (WWF/IUCN, 2001).
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The biggest threat to deep-sea coral reefs comes from trawling
activities. WWF (2002) suggest that 30–50% of the deep-water
corals along the Norwegian coast have already been lost due to
bottom trawling, marine pollution, and oil and gas exploration.

Inconsistent and opportunistic sampling in deep and isolated
areas, where cold waters and deep-sea corals are located, hampers
efforts to study these habitats, and it is likely that global assess-
ments will underestimate the biodiversity of these areas. More is
known about local habitats and local extinctions in warm waters,
such as the loss of the sawfish (Pristis pectinata) in Mauritania
(UNEP 2002b) and the Chinese bahaba (Bahaba taipingensis) in
Hong Kong (Sadovy and Cheung 2003).

18.2.6.3 Species Diversity

The lowered biomass and fragmented habitats resulting from
overexploitation of marine resources is likely to lead to numerous
extinctions, especially among large, long-lived, late-maturing spe-
cies (Sadovy and Cheung 2003; Sadovy et al. 2003a; Denney et
al. 2002).

Fishing is thus one of the major direct anthropogenic forces
that has an impact on the structure, function, and biodiversity
of the oceans today. Climate change will also have impacts on
biodiversity through changes in marine species distributions and
abundances. In the coastal biome, other factors, including water
quality, pollution, river and estuarine inputs, have large impacts
on coastal and marine systems. (See Chapter 19.) Historical over-
fishing and other disturbances have caused dramatic decreases in
the abundance of large predatory species, resulting in structural
and functional changes in coastal and marine ecosystems and the
collapse of many marine ecosystems (Jackson et al. 2001).

One well-documented example is that of the historic fishing
grounds ranging from New England to Newfoundland and Labra-
dor, which once supported immense cod fisheries but which have
now been almost completely replaced by fisheries targeting inver-
tebrates, the former prey of these fish (providing a classic example
of fishing down marine food webs). The system that once sup-
ported cod has almost completely disappeared, fueling fears that
this species will not rebuild its local populations, even though
fishing pressure has been much reduced (Hutchings and Ferguson
2000; Hutchings 2004; Lilly et al. 2000). However, some col-
lapsed stocks have been able to recover once fishing pressure is
removed: the North Sea herring fishery collapsed due to over-
harvest in the late 1970s but recovered after a four-year closure
(Bjørndal 1988). On a much smaller scale, but nevertheless wide-
spread throughout the tropics, coral reef areas have been degraded
by a combination of overfishing, pollution, and climate variabil-
ity. (See Chapter 19.)

18.2.6.4 Genetic Diversity

An important component of biodiversity is genetic diversity
(FSBI 2004). Even for those marine groups that are taxonomically
well documented, relatively little is known about the subdivision
of species into populations with distinct genetic (and sometimes
morphological) features, which are of evolutionary importance
and of potential human use. Lack of knowledge about appropriate
conservation units can lead to inadvertent overexploitation of
distinct populations and to their extirpations (Taylor 1997; Taylor
and Dizon 1999); where recovery is possible, it may take decades
or centuries, as in the case of some populations of large species
of whale (Clapham et al. 1999). In some cases, genetic diversity
may be irretrievably lost due to a ‘‘bottleneck’’ effect caused by
overexploitation, as with the northern elephant seal (Mirounga an-
gustirostris) population, which was nearly exterminated by early
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commercial sealing (Bonnell and Selander 1974; Stewart et al.
1994).

18.3 Drivers of Change in Marine Fisheries
Systems
There are two direct drivers and several indirect drivers of
changes in marine ecosystems. The climate, due to its natural vari-
ability and increasingly because of greenhouse gas emissions,
drives a number of changes affecting marine ecosystems, while
government policy primarily drives change through the effect on
investment in fisheries, with direct drivers such as overfishing re-
sulting from government subsidies. Economic factors, including
an increase in demand reflected in an increase in price and food
preferences, also affect fisheries, with population growth ex-
acerbating most of these.

18.3.1 Climate Change

Climate change is a direct driver in marine systems (McLean et al.
2001) and its potential impacts are described later, in the section
on choices and trade-offs. Changing wind patterns and sea tem-
peratures have an impact on various oceanographic processes, in-
cluding upwellings (for example, Benguela) and surface currents
(as in the Gulf Stream) (McLean and Tsyban 2001). (See also
Chapters 12 and 13.) These currents may slow down, shift spa-
tially or disappear altogether, resulting in changes in population
abundance and distribution for many marine species.

There may be local extirpations, but global extinctions in the
oceans are unlikely to result from climate change alone. Recent
results from monitoring sea temperatures in the North Atlantic
suggest that the Gulf Stream may be slowing down and affecting
abundance and seasonality of plankton that are food for larval fish
(Richardson and Schoeman 2004). Declining larval fish popula-
tions and ultimately lower adult stocks of fish will affect the ability
of overexploited stocks to recover (Beaugrand et al. 2003).

Climate-induced changes in their physical characteristics (such
as currents and circulation patterns) and their chemical character-
istics (such as nutrient availability) will affect marine ecosystems
directly. These impacts include sea surface temperature–induced
shifts in the spatial distribution of some species and compositional
changes in biodiversity, particularly at high latitudes. A poleward
shift of marine production due mainly to a longer growing season
at high latitudes is anticipated. While a complete shutdown of the
North Atlantic circulation is unlikely, it cannot be ruled out, even
in the foreseeable future (IPCC 2003).

A poleward shift of marine production due mainly to a longer
growing season at high latitudes is anticipated (IPCC 2003). Re-
cent findings show that warming in the Northern Hemisphere
will cause a northern shift of distribution limits for various species
through improved growth and fecundity in the north and lower
growth or even extinctions in the south of this range. Such shifts
may seriously affect fishing activities in the North Sea (Portner et
al. 2001) and other productive areas of the world’s oceans. How-
ever, current knowledge of the impacts of climate change in ma-
rine ecosystems is still poor, and literature on the subject is scarce.

Current scenarios of global climate change include projections
of increased upwelling and consequent cooling in temperate and
sub-tropical upwelling zones. Such cooling could disrupt trophic
relationships and favor less complex community structures in
these areas (Aronson and Blake 2001; Barret 2003). Marine export
production may be reduced (estimated at �6%), although re-
gional changes may be either negative or positive (from �15%
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zonal average in the tropics to �10% in the southern polar
biome) (Bopp et al. 2001).

18.3.2 Subsidies

There are two forms of subsidies: direct financial support in in-
dustrial countries (price supports, for instance) and indirect sup-
port, notably in the form of open access policies that allow
resource rents to be spent on excess capacity. The latter happens
when the surplus of funds from a fishery after all costs have been
paid are spent on purchasing additional capacity.

Financial subsidies are considered to be one of the most sig-
nificant drivers of overfishing and thus indirect drivers of change
in marine ecosystems. In most cases, government subsidies have
resulted in an initial increase of overall effort (number of fishers
and size of fleet), which translates into increased fishing pressure
and overexploitation of a number of species. While it appears that
the number of fishing vessels (see Figure 18.11) and fishers stabi-
lized in the late 1990s, other subsidies, e.g. cheap fuel subsidies,
can keep fleets operating even when fish are scarce. Without such
subsidies, many of these fisheries would cease to be economically
viable (Munro and Sumaila 2002).

Subsidies also play a role in fisheries expansion. Globally, the
provision of subsidies to the fisheries industry has been variously
quantified at $20 billion to over $50 billion annually, the latter
roughly equivalent to the landed value of the catch (Christy
1997). More conservative estimates are provided by Milazzo
(1998) and by an OECD (2000) study, recently reanalyzed and
scaled to the North Atlantic by Munro and Sumaila (2002). The
latter suggested an annual subsidy of $2.5 billion for a part of the
world ocean that contributes about one sixth of the world catch.

The subsidies given to fisheries vary between countries and
range from unemployment benefits in Canada to tax exemption
in the United States and payment of fees to gain access to foreign
fishing grounds by the European Union (Kaczynski and Fluharty
2002). For instance, in 1997 Canada provided over $198 million
in unemployment benefits to its fishing sector; the United States
gave $66 million in tax exemptions, and the European Union
provided subsidies of $155 million to obtain access to other coun-
tries fishing grounds. Each of these have the effect of either reduc-
ing the cost of fishing or increasing the net revenues fishers
obtain, and hence they lead to more fishing than would have been
the case without the subsidies.

Over half the subsidies in the North Atlantic have negative
effects on fleet development (Munro and Sumaila 2002). This,
perhaps surprisingly, includes decommissioning subsidies, which

Figure 18.11. Trend in Fishing Vessels, 1976–2000 (FAO 2003)
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have been shown under most circumstances to have the effect of
helping to modernize fleets, thereby bringing about an increase in
their catching powers.

18.3.3 Demand and Fish Prices

Overfishing drives ecosystem change, including changes in bio-
diversity, as described earlier. The growing demand and corre-
spondingly increase in prices has contributed to overfishing.
Marine products are in demand as a luxury food as well as for
subsistence in many coastal communities, and as feed for aquacul-
ture and livestock. It is the relatively high prices for these products
combined with subsidies (plus the use of coastal systems as disposal
sites for their waste products) that makes aquaculture a feasible
industry.

It has been reported that bluefin tuna (Thunnus thynnus) have
sold on the Tokyo market for as much as 20 million yen for a
single fish (Japan Times 2001). Other fishery products such as eel
larvae (Anguilla spp) and large prawns are also extremely high
priced commodities. Such very high prices generate extreme
pressures for overexploitation that are sometimes nearly impossi-
ble to counter through local management measures. As such items
become increasingly scarce, they increasingly assume the status of
luxury foods. The result is that increasing scarcity, rather than
causing a relaxation of pressure on the remaining remnants of the
resource populations, may act to increase the incentives to harvest
the remaining individuals. For example, the Chinese bahaba (Ba-
haba taipingensis) is highly sought after for its swimbladders used
in traditional medicine. Consequently, this fish—which fetches
$20,000–64,000 per kilogram (see Figure 18.12)—has been ex-
ploited to critically low levels (Sadovy Cheung 2003).

18.3.4 Shifting Food Preferences and Consumption

It could be argued that human population growth and the result-
ing need for inexpensive food have been driving fisheries expan-
sion. However, human population growth did not drive excess
fleet capacity from Northern Europe and Japan into the southern
oceans. Human population growth did not stimulate people in
countries not accustomed to eating fish to shift toward a heavy
consumption of seafood, as seen in China where income growth
and urbanization has fueled fish consumption (Delgado et al.
2003). In industrial countries, such as the United States, fish is no
longer a cheap source of protein compared with other sources.
The price of fish has increased in real terms while the price of red
meat has lost half its value over the last 20 years (Delgado et al.
1999).

Factors driving overfishing other than human population
growth are also at work. One of these is increase in incomes and
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Figure 18.12. Estimated Annual Landings of Bahaba
Taipingensis (Giant Yellow Croaker) and Swimbladder Market
Price in Hong Kong, 1940–2000 (in constant 2000 US Dollars)
(Sadovy and Cheung 2003)
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therefore fish consumption in various countries that previously
did not appear in international markets, such as China (Ahmed et
al. 1999). Another factor is the consumption of fish promoted as
part of a ‘‘healthy’’ diet and changing food preferences in many
industrial countries.

18.3.5 Technological Change

Historically, the global expansion of fisheries has been driven by
successive waves of technological innovation, much of it devel-
oped for naval warfare following the Industrial Revolution, two
World Wars, and the cold war. These innovations included the
invention of steam and diesel engines, the onboard manufacturing
of ice, and blast freezing, all of which expanded the range of in-
dustrial fishing vessels. This expansion was followed by the incor-
poration of an enormous array of electronic devices facilitating
fish detection, including radar and acoustic fish finders on fishing
vessels, culminating in the introduction of GPS technology and
detailed seabed mapping at the end of the cold war. These tech-
nologies, while improving the safety of people working at sea,
also allowed fishers to aim for specific places with high fish abun-
dances, places that once were protected by the depths and vastness
of the oceans.

18.3.6 Illegal Fishing

The profits of fisheries that choose to operate outside of national
and international laws and conventions can be very high. In some
areas there is a lack of surveillance, enforcement, and monitoring
due to high operational costs. In other areas corruption and cheat-
ing are tolerated due to the economic conditions or social obliga-
tions within a country. Managers recognize illegal, unreported,
and unregulated fishing as a global problem, and recent initiatives,
such as FAO’s International Plan of Action, will help formulate
strategies to deal with the problem. Regional fishery management
organizations, such as the International Commission for the Con-
servation of Atlantic Tunas, are dealing with nonmembers and
members who do not comply with management measures through
the use of economic sanctions. ‘‘Name and shame’’ strategies are
being used by NGOs to force companies and governments to
comply with international management measures (for example,
the Coalition of Legal Toothfish Operators, see www.colto.org/
vessels.htm).

Large-scale cheating in some fisheries that were supposedly
regulated internationally has led to extreme depletion of some
living marine resources. An especially egregious example is the
misreporting of Soviet whale catches to the International Whaling
Commission (Brownell and Yablokov 2002). Between 1947 and
1972, some 90,000 more whales were taken in the Southern
Hemisphere than was reported, including more than 3,000 en-
dangered southern right whales that were supposedly fully pro-
tected at the time. Similar violations occurred in the North Pacific
and Indian Oceans, and it was only with the introduction of inter-
national on-board observers that these practices ceased. It is now
widely agreed that independent surveillance is an essential part of
any fishery management and enforcement plan.

18.3.7 Globalization

Fish represent the fastest-growing food commodity entering in-
ternational trade (Preston 1997). Accordingly, fish and fish prod-
ucts are an extremely valuable source of foreign exchange to
many countries, in some cases providing as much as half of their
total available foreign exchange income. For example, in Guinea-
Bissau fishing agreements with the EU finance more than 45% of
the government’s annual fisheries operations budget, though this
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country only receives a very small fraction of the value (�10%) of
the fish taken by European fleets (Kaczynski and Fluharty 2002).

Stocks of bluefin and other large tuna species around the
world are being strained by fishing pressure driven by the ex-
tremely high prices such fish fetch in the Japanese luxury fish
markets. Traditional local fish foods are, in many cases, no longer
available to local consumers due to their inability to match the
prices available by shipping the products elsewhere. An example
is Senegal, where exports have disrupted local supplies of fish
(UNEP 2002a). Consequently, highly nutritious fish foods pro-
duced in poorer regions of the world are increasingly being eaten
by more economically advantaged populations in distant areas of
North America, Europe, and East Asia. Of particular concern is
the East and Southeast Asian market for shark fins that is threaten-
ing many shark species around the world, which are already under
pressure from being a significant part of the bycatch of many pe-
lagic fisheries.

One benefit of globalization is the improved quality of fish,
because most importing countries demand that exporting facilities
meet Hazard Analysis and Critical Control Point standards, which
require exporting countries to follow safe food processing and
handling standards. The associated benefits have been mainly to
industrial countries, however. In developing countries, benefits
have been limited to companies that can afford the required in-
vestment (Atta-Mills et al. 2004) or to the few local fishers able
to participate in ‘‘boutique’’ fisheries for live fish, seahorses, and
aquarium fish, which are low volume but a high-price export
product (Erdmann and Pet-Soede 1996; Tomey 1997; Sadovy
and Vincent 2002; Alder and Watson in press).

Export fisheries have also influenced the aquaculture industry,
especially for salmon and shrimp, which are bred to meet the
demand from industrial countries for luxury high-value seafood.
For example, salmon (much of it farmed) was the leading fish
export commodity of the EU in 1998 (Smith and Taal 2001).
Countries such as Thailand that are the leading producers of
shrimp (much of it from aquaculture) are often the leading ex-
porters.

Increasing exports have contributed to the expansion of fish-
ing fleets (facilitated by subsidies) leading to overcapacity and
overexploitation as seen in the development of the pollock industry
in the 1980s in Alaska (St Clair 1997). Depending on the fishery,
this can lead to habitat destruction through trawling and biodiver-
sity loss through, for example, turtles caught in shrimp trawls,
albatross and sharks caught by longlines, and other bycatch in var-
ious fisheries (Hall et al. 2000).

Globalization clearly has the benefit of supplying foreign ex-
change to developing countries and potentially decreasing na-
tional debt. But this benefit has been at the cost of domestic
supplies of fish resources, resulting in increasing domestic prices;
in India, for example, the cost of fish has increased faster than
the cost-of-living index and other meats (Kurien 1998) and has
decreased food security.

18.3.8 Other Drivers

Habitat changes in coastal systems are a major driver of fisheries
declines. (See Chapter 19.) Other factors of lesser apparent impor-
tance are invasive species, pollution, and disease. Human impacts,
especially exploitation, are increasing. Moreover, persistent and
widespread misconceptions about the ability of marine fish popu-
lations to withstand and recover from fishing continue to under-
mine initiatives to address the root causes of these problems
(Roberts and Hawkins 1999; Hutchings 2004). Habitat loss or
damage is caused by a range of fishing practices (from bottom
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trawling to the use of dynamite), by pollution, or possibly by
global warming, as in the case of extensive bleaching of coral
reefs. Even well-intended attempts to remediate declines in fish-
eries through stocking can be problematic as hatchery operations
have an impact on the genetic structure of wild stocks.

Two additional processes have effects similar to subsidies. One
is the rapid increase in the demand for fish, reflected in increased
prices of fish products, which in the last 50 years have increased
three to four times faster than the consumer price index (Dela-
gado and Courbois 1999). The other is the low price of fuel,
which keeps numerous, otherwise bankrupt fisheries afloat in
many countries. Moreover, due to the decline in stock abun-
dance, the catch and edible protein per amount of fuel burned
has decreased over time (Tydemers 2004). Indeed, fisheries are
probably the only sector of the economy that has decreasing fuel
efficiency (compared with, say, trucking, aviation, or manufactur-
ing). Obviously, this growing dependence of the fishing industry
on cheap fuel makes it highly vulnerable to fuel price increases,
as well as to implementation of the Kyoto protocol or similar
agreements that would tax industries for their energy intensity
(Pauly et al. 2003).

18.4 Choices, Trade-offs, and Synergies within
the System
Marine systems are still considered a new frontier for develop-
ment by some people (McNutt 2002), and therefore a number of
choices and trade-offs over fisheries will need to be made in the
future. History has shown that once humans exhaust resources on
land they look to the sea for alternatives. In repeating history,
coastal environments are becoming degraded (for loss of coral
reefs, see Chapter 19) and biodiversity is declining, beginning
with the loss of large predators at high trophic levels (Pauly et al.
1998; Myers and Worm 2003). Now areas deeper and further
offshore are increasingly exploited for fisheries and other re-
sources such as oil and gas.

Marine fish resources often have value and benefits beyond
that of food security. Some species are of considerable cultural
importance (salmon are an important part of aboriginal culture in
the Northeast Pacific, for instance), while others generate sub-
stantial income from tourism (especially dive tourism) and recre-
ation (Rudd and Tupper 2002). Yet others may be important
keystone species within their community, with a loss even at local
levels cascading throughout the ecosystem. (See Chapter 11.)
These trade-offs need to be considered when allocating resource
access. Nevertheless, there are some uses of marine systems that
have minimal impacts and that can be developed in tandem with
other uses such as tourism, well-managed recreational fisheries,
and bioprospecting. (See Table 18.5.)

18.4.1 Environmental Impacts of Capture Fishing
versus Other Uses

Contrary to the coastal systems, where many uses are mutually
incompatible, few other economic activities in the marine realm
directly preclude fishing. In fact, the major problem for fishers is
other fishers. Thus, for example, by modifying habitats, trawlers
affect the yield of other fishers who do not use such destructive
gear.

Three different classes of multiple uses and synergies can be
identified:
• relationships between fisheries and other sectors, such as aqua-

culture and coastal development;
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Table 18.5. Trade-offs and Synergies in Marine Ecosystems

Extraction Conservation Aquaculture Other 

Fishing Bioprospecting
Mining, Gas
and Oil Tourism Biodiversity Growout Farm Shipping

Fishing minor trade-offs
if the levels of
bioprospecting
not excessive
and fishing sus-
tainable—howev-
er, if aquaculture
has genetic
impact then the
story changes;
the need for bio-
logically active
products may
force managers
to improve the
management of
exploited fish-
eries 

few trade-offs as
seen except in
the immediate
vicinity; some gas
and oil facilities
have provided
refuges for fish
stocks and there-
fore a hedge
against overex-
ploitation

major trade-offs
since people
enjoy seeing
wildlife, especially
diving, and lobby
for their protec-
tion (e.g., sea-
horses), but can
have social con-
sequences if not
managed proper-
ly; may protect
some species if
they are valued
by the tourism
industry

major and varied trade-
offs, if destructive fish-
ing such as trawling
takes place, then food
provisioning is traded
off against biodiversity,
forgoing biodiversity
over a range of
ecosystems whereas
longlining forgoes
seabird biodiversity;
few synergies but
could provide a niche
for new species that
are bioactive or
species to move into
the niche

minor trade-offs
since argument is
that fish would have
been caught anyway
and therefore just
ensures the eco-
nomic value is real-
ized, but this could
affect fisheries since
it takes away the
potential for wild-
capture fisheries;
possibility to improve
coastal communities
economically since
they do not have to
spend so much time
fishing

major trade-offs espe-
cially if genetic dilution
takes place or diseases
introduced; while it may
provide more high-quali-
ty fish it does not neces-
sarily provide same total
fish tonnage; can reduce
the price of wild capture
fish, making fishing
financially difficult; in
developing countries,
often export-oriented
and therefore risks the
food security of the
country; possibility of
maintaining some
species that are at risk
of overexploitation

few trade-
offs or
synergies

Bio-
prospecting

few trade-offs
except in the
immediate vicinity
unless areas of
mineral, gas, and
oil exploitation
also contain
organisms of high
bioactivity, then
trade-offs are
needed; may pro-
vide refuges, as
noted above

few trade-offs if
the bioprospect-
ing is done with
minimal impact or
small footprint;
strong synergism
in that the bio-
prospecting could
form the basis of
ecotourism 

few trade-offs (see
tourism); strong syner-
gism since maintaining
biodiversity will main-
tain bioactivity

minor trade-offs
unless aquaculture
introduces diseases
that threaten the
populations of bioac-
tive species; farms
could be used to
grow out biologically
active species

major trade-offs if genet-
ic dilution occurs as well
as the introduction of
diseases; if produced on
large scale, could threat-
en the livelihood of
small-scale collectors;
provides the facilities for
mass production

few trade-
offs or
synergies

(continues over)

• relationships between fisheries and top predators or charis-
matic fauna (marine mammals, seabirds, turtles); and

• competition within the fisheries sector.
Generally, fisheries do not appear to be affected to a large

extent by other extractive activities, such as oil or seabed mining,
at least relative to the wide impact of the fisheries themselves.

The issue of competition with humans does not arise with
marine turtles, which along with marine mammals and seabirds
are key indicator species for problems and changes in the marine
environment. (See Chapter 19 for more on marine wildlife.)

It has been proposed that marine mammals directly or indi-
rectly compete with fisheries (commercial and artisanal) for re-
sources targeted by fisheries. This perceived competition has been
used to justify annual sustainable harvests of marine mammals dur-
ing the last decade (Lavigne 2002) and also to justify the resump-
tion of whaling in many international fora (Holt 2004). Though
competition may occur at small local scales, this issue warrants
much further investigation. A recent analysis of global trophic
overlap between marine mammals and fisheries indicated that
there is limited competition in the Northern Hemisphere on a
large scale, while competition between the two is low in most
other areas of the world (Kaschner 2004; Kaschner and Pauly
2004). Moreover, the analysis suggested that, overall, fisheries are
more likely to adversely affect marine mammal species, particu-
larly those with restricted ranges, than vice versa (Kaschner 2004).

Examples of marine mammals adversely affecting humans do
exist. However, such impacts are far less severe and mostly fisheries-
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related, such as when killer whales take fish from the catch of
longline fisheries in Alaska. Reducing the competition between
higher vertebrates and fisheries is likely to involve both techno-
logical changes in the way fishing gears are deployed and the cre-
ation of suitably large marine reserves (as described later).

The third group of interactions occurs between fishers and
fleets. Essentially, these interactions are shaped by the fact that
each fisher looks for exclusive access to the resource. In fact, the
technological improvements that characterize modern fisheries,
and that enable access to resources deeper and further offshore,
are a response to competition between fishers. This competition,
which drives the technological development of fisheries, has over
time eliminated the refuges, such as depth and distance offshore,
that naturally protected fisheries resources (Pauly et al. 2002).

The case study in Box 18.1 documents an example of how
European Union subsidies for technological development and
fleet improvements gave Mediterranean trawlers access to fish
populations in previously out-of-reach areas of the deep sea.

A significant proportion of world fish stocks and catches is
overexploited or depleted (Watson and Pauly 2001; FAO 2002)
and the marine habitats that many of the world’s fish stocks rely
on at some stage of their life cycle are being degraded. (See Chap-
ter 19.) The combination of overfishing and degradation or con-
version of habitats, which contribute to the loss of biodiversity
and food provisioning, occurs almost everywhere. In developing
countries this is aggravated by export-driven fisheries that overex-
ploit their resource base and that divert food away from the do-
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Table 18.5. continued

Extraction Conservation Aquaculture Other 

Bioprospecting
Mining, Gas and
Oil Tourism Biodiversity Growout Farm Shipping

Mining, Gas
and Oil

major trade-offs
since most tourists
seeking natural
experience, not
high infrastructure
and possible pollu-
tion; onshore
infrastructure could
facilitate offshore
tourism (e.g., NW
of W. Australia)

major local impacts if
spill takes place, minor if
footprint small and pollu-
tion contained; platform
provides a niche for new
species or species to
move into the area

major trade-offs—
while the risk of spills
on the farms is low, if
it does happen, finan-
cial and ecological
impacts extremely
high, therefore gener-
ally they do not coex-
ist; possibly onshore
infrastructure syner-
gies 

see growout few trade-
offs or syn-
ergies

Tourism minor trade-offs, tourism
can have an impact on
biodiversity at the local
scale from overfishing,
collecting, etc. (e.g., Red
Sea overfishing to meet
restaurant trade);
tourism provides an
incentive to maintain bio-
diversity since that is
one of the attractions to
the area

the offshore infras-
tructure and the con-
cept of penned fish
may not appeal to
many tourists; the
associated pollution
with aquaculture facili-
ties as well as with
tourism facilities (e.g.,
human diseases in
shellfish); limited

see growout

Biodiversity trade-off in terms of the
introduction of diseases
into wild populations; alter-
ations to population struc-
ture; localized habitat
changes; declining food
supply for other species
that consume small pelag-
ics/krill; possibly mainte-
nance of species at risk

genetic
dilution;
same as
growout

mestic market. (See Figure 18.13.) As a result, the fishing sector
has declined as a source of employment in many industrial coun-
tries.

18.4.1.1 Food and Protein
Overfishing affects human well-being through declining food
availability in the long term, since fewer fish are available for con-
sumption and the price of fish increases (Alder and Sumaila 2004).
Due to declines in coastal habitats, fishers are forced to go further
offshore and for longer periods of time, resulting in reduced food
security (Alder and Christanty 1998). In Canada, the collapse of
the cod fishery resulted in severe unemployment (see Figure
18.14), compounded by restrictions on subsistence fishing (Neis
et al. 2000).

While fish is a healthy, luxury food in high demand by the
industrial world, it is still a significant and cheap source of protein
for many countries in the developing world. However, per capita
consumption of fish in the latter is much lower than in the indus-
trial world. (See Figure 18.15.) Therefore declines in the avail-
ability of cheap fish protein either through overfishing, habitat
changes, or shifting trade practices contribute to reduced food
security in countries such as Ghana, Senegal, and Chile (Atta-
Mills et al. 2004; Alder and Sumaila 2004).

The developing world produces just over 50% of the value of
fish that is traded globally, and much of the fish caught in the
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developing world is exported to industrial countries (FAO 2002).
Fishing to meet export demands should, theoretically, provide
funds to allow the import of cheaper fish and protein products,
reduce the government debt, and supply cheap protein to the
local population. However, the benefits to developing countries
from trade in fish will not be realized if the funds generated are
not reinvested in the economy. That this is not always the case
may contribute to the fact that some of the major fish-exporting
countries are also the least developed. (See Table 18.6.)

The industrial world, in particular the United States, the EU,
and Japan, have been able to buffer against declines in fish avail-
ability and increases in prices because they have been able to pur-
chase or otherwise get access to high-quality fish. Indeed, the
per capita consumption of fish by industrial countries was 21.7
kilograms in 1997, compared with 9.2 kilograms in the develop-
ing world (excluding China, although if China is included, the
per capita consumption for the developing world rises to 14 kilo-
grams due to China’s massive consumption of locally produced
farmed freshwater fish) (Delgado et al 2003).

18.4.1.2 Livelihoods

Fisheries and fish products provide direct employment to nearly
27 million people (FAO 2002). Globally, the bulk of people em-
ployed in fisheries are poor, and many are without alternative
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BOX 18.1

Subsidy-driven Removal of a Natural Reserve

The Mediterranean Sea has a long history of fisheries exploitation with
a variety of gears. Yet the landings of many species, including highly
valued demersals, have increased in the last decades (Anonymous
2002; Fiorentini et al. 1997). A large part of the landings consist of the
juvenile of demersal species (Stergiou et al. 1997; Lleonart 1999; Lloret
et al. 2001), such as hake, Merluccius merluccius—one of the six most
important species, in terms of both landings and landed value, in the
Mediterranean Sea (Fiorentini et al. 1997). Hake landings rose from
about 5,000 tons in the late 1940s in the eastern and western Mediter-
ranean to about 15,000 and 40,000 tons in the mid-1990s in two areas
of the Mediterranean (Fiorentini et al. 1997).

The increase in landings is not only the result of increasing fishing
mortality (that is, increasing effort and technological developments),
but also due to recent development of new fisheries and expansion of
fishing grounds (mainly by fishing in deep waters). Increasing landings
are also related to the increase in phytoplankton production due to
eutrophication of Mediterranean waters (e.g., Caddy et al. 1995;
Fiorentini et al. 1997; Tserpes and Peristeraki 2002). For some demer-
sal species, increasing landings might have been mitigated by the fact
that a large part of the spawning population was not available to fishing
gears because of:

• life history—with the onset of maturation, many demersal fish
species (e.g., M. merluccius (Abello et al. 1997), Pagrus pagrus
(Labropoulou et al. 1999), and Pagellus erythrinus (Somarakis
and Machias 2002)) migrate to deep bottom areas that were not
accessible to trawlers—and

• the geomorphology of the Mediterranean Sea deep areas pro-
vides natural refuges (low-take zones), allowing mature individu-
als to contribute to recruitment and stock size maintenance
(Caddy 1990, 1993, 1998; Abella et al. 1997).

In the last several years, however, the modernization of trawlers and
small-scale vessels, driven mainly by EU subsidies, allowed fishing to
expand in deeper waters and to operate during harsh weather condi-
tions. As a result, deepwater fisheries, practiced for instance with bot-
tom or vertical longlines, were developed, heavily exploiting the large
mature hake as well as of other species (e.g., Pagellus bogaraveo).
Given the absence of appropriate management procedures (Lleonert
1999; Stergiou et al. 1997), this will lead to recruitment overfishing and
the fisheries will eventually collapse, adding another data point to the
records on the negative effect of subsidies.

sources of work and sustenance. In addition, fish and fishing are
enormously important to the cultural life of many coastal com-
munities, and often define the ‘‘quality of life’’ of people with a
cultural tradition of harvesting the sea (Johannes 1981).

The global consequences of exploiting marine resources are
numerous and significant. Overcapacity in the global fleet implies
that both labor and physical capital are wasted (Mace 1997) and
could be used more beneficially in other sectors of the economy,
where they are most needed. The huge deficits detract from
human well-being in sectors such as education and health care.
The Common Fisheries Policy of the European Community, for
example, allows for vessels to be decommissioned to reduce effort
in some countries while simultaneously subsidizing others to in-
crease their fishing capacity (Alder and Lugten 2003).
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18.4.1.3 Habitats

Some coastal habitats have been converted to other uses, such as
mangroves for coastal aquaculture ponds or cage culture of high-
valued species such as penaeid shrimp, salmon, or tuna. This con-
version can affect wild-capture fisheries, which use these coastal
habitats for part of their life cycle. It also has sometimes caused
displacement of fishers, loss of revenues, and social unrest. Coastal
residents often no longer have access to cheap protein or sources
of income. (See Figure 18.16) In addition growing juvenile fish
taken from wild populations, in the case of tuna, in pens or cages
can also be a significant source of pollution for the area in which
they are located.

Area closures and the halt of destructive fishing have im-
proved fisheries, especially in coral reefs (Roberts et al. 2002).
Overall, however, overfishing and habitat destruction continue
throughout the world (Jackson et al. 2001; Jennings et al. 2001).

Ultimately, overfishing has a significant impact on most ma-
rine systems. Habitat degradation due to pollution, infrastructure
development, and so on contributes to the further degradation of
the ecosystem and declining human well-being (mercury and
PCBs in Baltic Sea fish, for example) or impedes recovery of the
marine or coastal system (as when the conversion of mangroves
affects important nursery habitat for some species of fish). Consid-
ering the serious nature of many non-fisheries impacts, attention
should be given to addressing these impacts and within the con-
text of integrated coastal management. (See Chapter 15 of the
MA Policy Responses volume).

Offshore areas, especially the deep sea, vents, and seamounts,
are at risk of being exploited beyond recovery. It is difficult to say
how much direct impact the crossing of such thresholds will have
on human well-being. Nevertheless, it will ultimately affect eco-
system services. The lack of good information on these systems,
past experiences regarding the impact of fishing, and lack of good
international management frameworks add to the uncertainty of
the impacts on these systems.

Climate change, El Niño/Southern Oscillation, and hydro-
logical conditions will have a significant impact on some marine
habitats, especially coastal areas (Chapter 19) and in polar marine
and coastal systems (Chapter 25) (Chavez et al. 1999). Climate
change will affect marine systems but may not have as severe an
impact on open-ocean and deep-water systems (McLean et al.
2001).

18.4.1.4 National Economies and Foreign Exchange

Many areas where overfishing is a concern are also low-income,
food-deficit countries. For example, the exclusive economic
zones of Mauritania, Senegal, Gambia, Guinea Bissau, and Sierra
Leone in West Africa all accommodate large distant water fleets,
which catch significant quantities of fish. (See Figure 18.17 in
Appendix A.) Much of it is exported or shipped directly to Eu-
rope, while compensation for access is often low compared with
the value of the product landed. These countries do not necessar-
ily benefit through increased fish supplies or increased govern-
ment revenue when foreign distant water fleets access their
waters. In some countries, such as Côte d’Ivoire, the landings of
distant water fleets can lower the price of fish, which affects local
small-scale fishers.

Although Ecuador, China, India, Indonesia, and the Philip-
pines, for example, do not provide access to large distant water
fleets, these low-income, food-deficit countries are major export-
ers of high-value fish products such as shrimp and demersal fish.
As shown in the West African example, several countries in the
region export high-value fish, which should provide a significant
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Figure 18.13. Trend in Imports and Exports from Fisheries in Western Africa, 1960s to 1990s. All graphs are in million tons. Dashed
lines are imports and solid lines are exports. (Alder and Sumaila 2004)
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Figure 18.14. Unemployment in the Newfoundland Fishing
Sector, 1987–2002 (Stats Canada 2003)

Figure 18.15. Trend in Per Capita Fish Consumption, 1973–97
(Delgado et al. 2003)

national economic gain so that cheaper forms of protein can be
imported. In countries such as Ghana, however, the value of ex-
ports is often less than the value of imported fish, and the volume
of imported fish does not meet the domestic demand for fish
(Atta-Mills et al 2004).

Fish products are heavily traded, and exports from developing
countries and the Southern Hemisphere presently offset much of
the demand shortfall in European, North American, and North-
east Asian markets (Ahmed et al. 1999). Given the global extent of
overfishing, however, it is likely that the global decline in marine
fisheries landings, which already affects the poorer consumers in
developing countries, will also catch up with consumers in indus-
trial countries (Garcia and Newton 1997).

18.4.2 Unintentional Trade-offs

There are many unintended consequences of policies. However,
it is worth noting that the economics of natural resources, includ-
ing fisheries, usually only consider market forces and not the
underlying biological constraints or environmental costs. For ex-
ample, building an access road to a fishing village with the inten-
tion of connecting it to various cultural, social, and economic
amenities (markets) has been shown in many cases to lead to mas-
sive increase in fishing effort and a collapse of local resources, the
exploitation of which was previously regulated by the absorptive
capacity of the local market.
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Table 18.6. Major Exporters of Marine Products, 2000. Those
shown in bold are lower-income food-deficit countries. (FAO 2003)

Country/Area Export Value Country/Area Export Value
(billion dollars) (billion dollars)

Thailand 4.4 Australia 1.0

China 3.7 Morocco 1.0
Norway 3.6 Japan 0.8

United States 3.1 Argentina 0.7

Canada 2.8 Mexico 0.7

Denmark 2.8 New Zealand 0.7

Chile 1.8 Ecuador 0.6
Taiwan 1.8 Sweden 0.5

Spain 1.6 Belgium 0.5

Indonesia 1.6 Singapore 0.5

South Korea 1.5 Faeroe Islands 0.4

Viet Nam 1.5 Philippines 0.4
India 1.4 Italy 0.4

Russian Federation 1.4 Ireland 0.3

Netherlands 1.4 Bangladesh 0.3
United Kingdom 1.3 Portugal 0.3

Iceland 1.2 South Africa 0.3

Peru 1.1 Panama 0.3

Germany 1.1 Greenland 0.3

France 1.1 Senegal 0.3

Figure 18.16. Available Fish-Based Protein of Selected Lesser-
Income Food-Deficit Countries, by Decade since 1960 (FAO 2003)

Fish aggregating devices, which are large floating structures,
are constructed and use materials so that fish, especially pelagic
fish, are attracted to them. They were seen as a cost-effective
means to increase fish catches without affecting other aspects of
the marine ecosystem or juvenile tuna stocks. However, monitor-
ing of catches by these devices has shown that juvenile tunas are
also attracted, which may, by increasing the effort on tuna juve-
niles and other ‘‘by-catch’’ species, have an impact on tuna stocks.
Indeed, the mean size of caught fish is diminishing in both yel-
lowfin tuna (T. albacares) and bigeye tuna (T. obesus) (Bromhead
et al. 2003).

Perverse incentives in fisheries are well studied by economists.
They include size limits for landed fish, which encourage under-

................. 11432$ CH18 10-11-05 15:05:03 PS



498 Ecosystems and Human Well-being: Current State and Trends

sized bycatch to be discarded at sea, and decommissioning
schemes that lead to fleet modernization and ‘‘technology
stuffing.’’ Alder and Lugten (2002) discuss this in the context of
the EU Common Fisheries Policy.

18.5 Choices, Trade-offs, and Synergies with
Other Systems
The ocean is the ultimate receptacle for discharges from the land
and coast. While land use has significant and frequently obvious
impacts on terrestrial and coastal systems, impacts on deeper ma-
rine systems are not as evident. However, indirect impacts such as
air pollution deposition and water pollution are being detected in
marine systems (such as the POPs found in high Arctic marine
mammals). Marine systems play an important role in climate regu-
lation, the water cycle, and coastal processes, especially in the re-
cycling of nutrients. El Niño events highlight the widespread
geographic and ecosystem impact of perturbations of marine sys-
tems on pelagic fish stocks, coastal areas, and land systems.

18.5.1 Climate Change

Climate change is affecting the global distribution of heating and
cooling of the ocean surface, which is a major factor in determin-
ing the large-scale patterns of ocean current flow and will have an
impact on the marine ecosystem, including fisheries, in a number
of ways (Mclean and Tsyban 2001).

Most marine fish and many other marine organisms have
complex life cycles, featuring at least one planktonic early life
stage. Consequently, reproductive habits and behaviors may be
specifically adapted to current conditions, which will transport
passively drifting larvae to appropriate nursery grounds. Bakun
(1996) has shown that for the Brazilian sardine (Sardinella brasilien-
sis), enrichment of nearshore waters, the presence of a retention
mechanism, and concentration of small fish in nearshore waters
must all occur at the right place and time for successful recruit-
ment. Climate change, acting through changes in sea temperature
and especially wind patterns, will disturb and displace fisheries.
Disruptions in current flow patterns in marine and estuarine sys-
tems, including changes to freshwater inputs as predicted under
climate change, may cause great variations in reproductive success
(Welch et al. 1998; Francis and Mantua 2003).

Research in the Northeast Pacific indicates that alternating cli-
mate ‘‘regimes’’ can affect marine ecosystem structure. Haigh et
al. (2001) coupled a planktonic ecosystem model to a general
ocean circulation model for the Pacific Ocean (18� S to the
Bering Strait) to study the 1976 ‘‘regime shift.’’ The results
showed clear geographical patterns in primary production and sig-
nificant changes in the levels of primary production and standing
stocks of phytoplankton and zooplankton before and after 1976.
This implies that fish and other marine species will establish new
geographic distributions as they seek new areas with the optimal
temperature and food supplies. For example, it can be expected
that North Pacific cold temperate species will move northward
and will be replaced, along the coast of British Columbia, by
warm temperate species (Welch et al. 1998). A similar set of re-
placements has been occurring in the last two decades in Europe,
notably herring and pilchards in the Bay of Biscay, the English
Channel, and the North Sea.

The capacity of fish species to adapt rapidly in reaction to such
environmental changes is not clear at the present time. There are
some hypothetical mechanisms available that might conceivably
facilitate quite rapid adaptive adjustments (e.g., Bakun 2001).
However, these adjustments imply high populations (biomass) ca-
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pable of producing numerous and varied offspring, some of which
will be adapted to the newly opened niches. Also, oceanographic
conditions may be changing too rapidly. Given the low biomasses
for most exploited stocks, the prospect of rapid environmental
change is doubly problematic for marine fisheries and marine bio-
diversity preservation.

Finally, it should be noted that the changes in physical features
predicted by various global and regional simulation models under
likely CO2 emission scenarios fall well outside the parameter
range so far observed under natural marine regimes (IPCC 2003).

18.5.2 Interactions with Coastal Systems

One of the major interactions between marine fisheries and
coastal systems is through the life history of the large number of
marine species that use coastal areas, especially estuaries, man-
groves, and seagrasses, as nurseries. (See Chapter 19.) Thus,
coastal habitat modifications and coastal pollution, as well as in-
shore fishing, can adversely affect offshore fisheries by reducing
the supply of recruits to the offshore adult stocks. The scale of this
problem varies between continents, however. For example, a
large fraction of the fish species occurring along the continental
shelf of eastern North America produce juveniles that are depen-
dent on estuarine habitats, while fish along the coasts of western
Australia, northwestern Africa, or southwestern South America
appear to depend less on coastal systems.

The presence of juveniles in coastal systems and of adults fur-
ther offshore means that small-scale inshore and industrial offshore
fisheries effectively compete for the same resources, even though
they are apparently geographically separated.

18.5.3 Interactions with Island Systems

Small islands throughout the Pacific, Indian, and Atlantic Oceans
have coastal and shelf areas whose physical and biological features
differ from those typical of the biogeochemical province in which
the islands are located. In many cases, these islands, whose near-
shore fisheries have often reduced the limited coastal resources,
are attempting to get access to pelagic offshore resources (see
Chapter 23) (Petersen 2003). This has led to a new set of conflicts
between island states and industrial countries with distant water
fleets.

From the perspective of island states, the oceanic resource—
even in its present depressed state—far exceeds the coastal fish
population they initially relied on. The United Nations Conven-
tion on the Law of the Sea and various other treaties discussed
later in this chapter have begun to provide mechanisms to address
some of these issues of perception and equity.

18.6 User Rights and Protection Status of Marine
Ecosystems
Marine systems are often described as ‘‘commons’’ (for everyone’s
use) and their overexploitation as a tragedy (Hardin 1976). While
this may hold true for the open ocean, complex property rights
exist in many coastal areas. The property rights in question can be
traditional (aboriginal), historical or local, and commercial (that
is, the government sells the right to gain access to resources). The
boundaries between these rights are frequently unclear and in
some cases generate conflicts.

Some of the major groups of fishers involved in exploiting
marine resources are described briefly in this section, along with
major issues, outlooks, and prospects.
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The introduction of UNCLOS and other jurisdictional re-
strictions has had minimal impact on countries or companies that
can afford to ‘‘buy’’ access to fishing grounds. Other countries
find themselves having to fish further offshore or purchase cheap,
low-quality fish. This situation is clearly demonstrated in West
Africa, where Europe has extended its fishing grounds from
Northwest Africa to the whole of the West coast. Countries such
as Nigeria and Ghana have seen a reduction in their traditional
fishing grounds, intensification of small-scale fishing in coastal
waters since they can not afford to gain access to foreign EEZs,
and increases in imports of cheap, low-quality fish (Atta-Mills et
al. 2004).

The term ‘‘aboriginal’’ refers to the descendents of the original
inhabitants of countries whose population now largely consists of
recent immigrants (such as in the Americas, Australia, and New
Zealand). Aboriginal peoples are often marginalized, especially
with regard to access to natural resources. In some areas, their
existence is not even legally recognized. Other areas recognize
aboriginal rights based on the original occupancy of the territory.
Such rights are now recognized in Canada’s Constitution and Su-
preme Court decisions, for instance (Haggan and Brown 2002).
Similar rights were granted to New Zealand Maoris, who now
own one third of the country’s fishing quotas. Examples of ab-
original groups with strong fishing traditions are the First Nations
along the Pacific coast of Canada and the United States, the
Maoris of New Zealand, and the Torres Strait Islanders of North-
ern Australia. In some situations, their rights can be a source of
conflict with non-aboriginal fishers, whose behaviors and activi-
ties are governed by additional or different laws and regulations
(Tomlinson 2003).

Aboriginal fishing methods tend to be used only in the coastal
zone, but their impact can extend much farther, as the target spe-
cies often have broad offshore distributions. Aboriginal fisheries
are often subsistence fisheries, though not necessarily so. Indeed,
the term ‘‘subsistence fisheries’’ is frequently a misnomer, since
much of what is caught by subsistence fisheries is actually sold.
True subsistence fisheries without subsequent sale of harvested
products are now rare (an example is shellfish gathering in Kwa-
zulu Natal, South Africa; see Branch et al. 2002).

Small-scale or artisanal fishers exist both in industrial and de-
veloping countries, and consequently their definition varies.
However, competition between small-scale and large-scale fish-
eries is a common issue in all countries. Competition can be either
direct (such as fixed gears versus trawlers targeting shrimps in
tropical waters, as described in the next section) or indirect (such
as coastal traps versus trawlers targeting different age classes of the
same cod stock off Newfoundland). There is also competition for
political and financial support as well as markets. The resulting
conflicts, often couched as ‘‘equity’’ issues and aggravated by
large-scale fleets, have tended to paralyze regulatory agencies in
both industrial and developing countries. Community-based
property rights may be one way of dealing with this issue, as seen
in the Philippines, where local communities have jurisdiction
over inshore waters within 15 kilometers of the coast (Rolden
and Sievert 1993). However, synergies can also emerge with new
markets, infrastructure improvements (processing and transport),
and technology transfers occurring. Figure 18.18 illustrates the
respective role and impacts of small-scale versus large-scale fish-
eries in one case study.

In most of the industrial world, such as the European Union
and United States, the large-scale sector receives the bulk of gov-
ernment subsidies. Consequently, the economic efficiency of
these fisheries is questionable. Another characteristic of large-scale
fleets is that once local waters are depleted, they lead the expan-
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sion further abroad, often requesting subsidies to gain access to
the resources of other countries, as with EU fleets off West Africa
(Kaczynski and Fluharty 2002). However, the industrial fishing
sector is declining as a source of employment in the industrial
world. EU member countries and Japan, for example, are finding
it difficult to recruit young workers into the industry and are
turning to developing countries in Africa and Asia to crew their
vessels (FAO 2002; Morales 1993).

Recreational fishing was considered relatively benign until re-
cently, mainly because information about its impact has been lim-
ited. FAO’s first estimate of global recreational catches was put at
only 0.5 million tons (Coates 1995), but recent estimates of over
1 million tons are probably more accurate (Coleman et al. 2004).
Indeed, recent studies in British Columbia have shown that for
inshore fisheries, the catch from the recreational sector can exceed
the commercial sector (Forrest 2002). Recreational fishing is an
important economic activity in some countries; in the United
States it is worth approximately $21 billion a year; in Canada,
$5.2 billion a year (Department of Fisheries and Oceans 2003);
and in Australia, $1.3 billion a year (Henry and Lyle 2003). Al-
though recreational fisheries often promote catch and release
practices, the mortality associated with these practices is not well
known and may be high (Wilde and Pope 2003).

There are major conflicts between commercial fishers, espe-
cially small-scale or artisanal ones, and recreational rod-and-line
and underwater spear fishers in many countries (in Portugal, for
instance). Large numbers of so-called recreational fishers in fact
fish for a living and are not licensed or regulated in any way. In
southern Europe, there is evidence that spear fishing has had a
significant impact on inshore fish communities (to depths of
30–40 meters), with a decrease in abundance and mean size of many
species, such as groupers and large sea breams. In addition, pres-
sure on fish populations may have contributed to the disappear-
ance of some small-scale fishing gear (such as small-hook longlines)
due to the decline in catch rates and profitability (K. Erzini, Uni-
versidade do Algarve, personal communication 2004).

Marine tourism is a growing industry, principally in the ma-
rine wildlife tours sector. Similarly, coral reef tourism has in-
creased in visitation levels and value, with a current net present
value estimated at $9 billion (Cesar et al. 2004). The Great Barrier
Reef attracts 1.6 million visitors each year and generates over $1
billion annually in direct revenue (Harriott 2002).

18.6.1 Competition between User Groups—Equity
and Access Rights

Given the involvement of a number of user groups, management
of fisheries and marine natural resource allocation requires the
consideration of rights and equity among stakeholders. There is a
strong tendency among fisheries economists to view individual
transferable quotas and another form of ‘‘rights-based fishing’’ as
the solution to mismanagement of fisheries (Hannesson 2000; Ar-
nason and Gissurarson 1999). Others argue that the citizens of
each country in question are the implicit owners of coastal and
shelf fishery resources and that exploiting these resources can only
be granted as a privilege for which payment is due, for example,
through annual auctions (Macinko and Bromley 2002). The solu-
tion to these access and equity issues lies within the sociopolitical
situation of each country rather than within the realm of science.

Shallow waters of tropical continental-shelf ecosystems are
characterized by relatively high fish densities and the presence of
high-value species, such as penaeid shrimps (Longhurst and Pauly
1987). The incursion of trawlers, which target shrimps for export,
into shallow shelf ecosystems (10–100 meters) where artisanal

................. 11432$ CH18 10-11-05 15:05:05 PS



500 Ecosystems and Human Well-being: Current State and Trends

Figure 18.18. Comparison of Small-scale and Large-scale Sub-sectors in Norwegian Fisheries, 1998. Schematic illustration of the
duality of fisheries prevailing in most countries of the world. This largely reflects the misplaced priorities of fisheries ‘‘development’’ but also
offers opportunity for reducing fishing mortality on depleted resources while maintaining social benefits. The solution here is to reduce mainly
the large-scale fisheries. (David Thompson in Alverson et al. 1994)

fisheries operate results in open competition between the two
fisheries for the same resource (Pauly 1997).

Catching and discarding undersized fish is another source of
conflict between the two fisheries. Shrimp trawl fisheries, particu-
larly for tropical species, have been found to generate more dis-
cards than any other fishery type while accounting for small
fraction of global marine fish landings (Kelleher 2004). Since
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many discarded species are of commercial value to small-scale
fisheries, bitter conflicts between the two fisheries often ensue,
leading to conflicts between fishers using different gear and politi-
cal infighting over resource allocation and bycatch removal quotas
(Alverson et al. 1994; Kelleher 2004; Pauly 1997).

Artisanal and industrial fisheries also experience conflicts in
markets where they use the same inputs such as fuel and gear or
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they catch the same or similar species of fish (Panayotou 1982).
Industrial fisheries may bid up the prices of fishing inputs or their
massive landings may depress fish prices, making small-scale fish-
ers increasingly uncompetitive. Industrial fisheries have access to
low-interest institutional credit and loans and government subsid-
ies, whereas small-scale fishers usually only have access to informal
credit at interest rates many times higher than the institutional
rates (Panayotou 1982).

Institutional support is often skewed in favor of the large-scale
fishers because of their apparently higher efficiency and greater
contribution to economic growth; their use of fewer landing
areas, which allows economies of scale in the provision of infra-
structure and the delivery of assistance programs; their political
and economic power; and a general bias in favor of large-scale
fisheries under an open-access regime. In contrast, small-scale
fishers are geographically dispersed and lack political and eco-
nomic power and hence do not generally benefit from institu-
tional support (Bennett et al. 2001).

Several management interventions and conflict mitigation
processes can minimize conflicts. These range from outright ban-
ning of certain gears—as occurred in western Indonesia in 1980,
for example, when trawling was banned (Sardjono 1980)—to
clarifying property rights and gear and area restrictions. In some
cases, the role and recognition of traditional and local ecological
knowledge are increasing as management responsibilities are
transferred to local communities and stakeholders. For example,
traditional and local knowledge is used to manage a bait fishery in
the Solomon Islands (Johannes et al. 2000). Protection of the
rights of small-scale fishers is also recognized explicitly in the
Convention on Biological Diversity decision VII/5 and the FAO
Code of Conduct for Responsible Fisheries.

18.6.2 Effectiveness of International Instruments in
Managing Shared Stocks

While there are more than 100 fisheries access agreements (multi-
lateral and bilateral) currently used to manage access to marine
resources, few are monitored or evaluated for their effectiveness,
equitable access, and sharing of economic benefits. The European
Union has initiated a monitoring program for the EU’s Common
Fisheries Policy, and other regional fisheries bodies are consider-
ing monitoring programs, but none have been developed to date
(FAO 2001a).

A recent study of international fisheries instruments for the
North Atlantic suggested that global and regional treaties covering
the area are of limited effectiveness; the treaties themselves are not
found to be weak, but many governments appear unwilling to act
on commitments made under them (Alder and Lugten 2002).
The study showed that the 14 relevant instruments have a strong
North-South gradient of decreasing implementation, as measured
by adherence to reporting requirements, issuance of reports, and
other formal requirements. On the other hand, there was no such
gradient in the state of the stocks, and it could therefore be argued
that these instruments are of limited effectiveness even when
completely implemented. Consequently, reinforcing international
agreements and ensuring they are implemented is likely to con-
tribute significantly to solutions to the present problem of over-
fishing. This will require that these bodies free themselves from
the influence (dominant participation) of the very industry they
are intended to regulate, as documented in a detailed study of the
U.S. Fisheries Management Councils (Okey 2003).

Various legal instruments, such as the Marine Mammal Pro-
tection Act in the United States, explicitly require protection of
the food and habitat of charismatic marine fauna. International

PAGE 501

instruments such as the International Whaling Commission and
the Convention on International Trade in Endangered Species
of Wild Fauna and Flora restrict harvesting of species or limit
bycatch.

A recent joint study between the CBD and the UNCLOS
found that whereas the provisions of these two conventions are
complementary and mutually supportive regarding the conserva-
tion and sustainable use of marine and coastal biodiversity, an im-
portant legal gap exists with respect to commercially oriented
activities relating to marine genetic resources in areas beyond na-
tional jurisdiction. (Each country’s national legislation could ad-
dress the issues within its EEZ.) The gap is yet to be addressed
by the international community, and it would seem particularly
important given the increasing importance of genetic resources in
these areas and the threat posed to them by various activities, such
as bio-prospecting by multinational pharmaceutical companies,
that may be carried out without due regard to conservation and
equity principles.

The implementation of North Atlantic agreements is among
the best funded and supported administratively, and yet fisheries
in the North Atlantic continue to decline (Alder and Lugten
2002). The refusal of EU-member governments to set sustainable
harvest levels or to take a precautionary approach to the Common
Fisheries Policy is a clear example of a well-funded management
system supported by sound science with overfished stocks. Agree-
ments in the South Atlantic, and for the most part in the rest of
the world, are largely similar in nature to North Atlantic legal
instruments. However, there are substantially fewer agreements
elsewhere, and the level of support for them is much less, al-
though some of the instruments of the southern polar biome are
exceptions in terms of support. Globally, there is potential for
instruments to assist in finding solutions to fisheries sustainability
problems, but the lack of political commitment to their use to
effect change prevents significant progress toward such solutions.

18.6.3 Effectiveness of Marine Protected Areas

Marine protected areas with no-take reserves at their core can
reestablish the natural structures that have enabled earlier fisheries
to maintain themselves. (See also Chapter 4.) MPAs are not a
recent concept. Historically, many fisheries were sustained be-
cause a portion of the target population was not accessible. Most
targeted fisheries were offshore or in areas adjacent to lands with
low human populations and therefore subject to relatively low
threat. However, modern fishing technology for mapping the sea-
bed and for finding and preserving fish (artificial ice and blast
freezing) expanded the reach of fishing fleets.

A number of recent studies have demonstrated that MPAs can
help in managing fisheries (Roberts et al. 2002). Most of these
studies have covered spatially small areas and primarily in tropical
shelf systems, although emerging studies from temperate areas,
such as New Zealand and Chile, have also demonstrated MPA
effectiveness. However, other studies have found that MPAs have
not delivered the expected benefits of protecting species and their
habitats (Hilborn et al. 2004; Edgar and Barrett 1999; Willis et al.
2003). In many cases failure was due to either not including MPAs
as part of a broader coastal management system or a lack of man-
agement effectiveness, funding, or enforcement. In the Gulf of
Mexico, for example, the establishment of MPAs merely shifted
fishing effort to other areas and increased the vulnerability of
other stocks and endangered species (Coleman et al. 2004).
Knowledge on the size and location of MPAs that can act as effec-
tive buffers against the impacts of fishing requires further research.

................. 11432$ CH18 10-11-05 15:06:12 PS



502 Ecosystems and Human Well-being: Current State and Trends

It has been widely and repeatedly demonstrated that marine
protected areas, particularly no-take marine reserves, are essential
to maintain and restore biodiversity in coastal and marine areas
(COMPASS and NCEAS 2001). Their wide-scale adoption is in-
hibited by the perception that biodiversity is unimportant relative
to fishers’ access to exploitable resources. Therefore, the propo-
nents of marine reserves have been saddled with the additional
task of demonstrating that setting up no-take reserves will increase
fisheries yields in the surrounding areas, as well as determining
the appropriate size and siting of marine reserves that are needed
to at least sufficiently offset the loss of fishing grounds. This re-
quirement, combined with initiatives by recreational fishers as-
serting rights to fish, has effectively blocked the creation of marine
reserves in many parts of the world.

Thus while the cumulative area of marine protected areas is
now about 1% of the world’s oceans, only about one tenth of
that—0.1% of the world’s oceans—is effectively a no-take area.
This gives an air of unreality to suggestions that 20% and an opti-
mum of 30–50% of the world’s ocean should be protected from
fishing to prevent the loss of some species now threatened with
extinction and to maintain and rebuild some currently depleted
commercial stocks (National Research Council 2001; Roberts et
al. 2002; Airame et al. 2003; Agardy et al. 2003). Even the more
modest CBD target of 10% MPA coverage by 2012 will be hard
to reach.

One approach to resolving this dilemma is to take an adaptive
management approach so that the use of MPAs within a suite of
fisheries management options can be assessed and modified as new
information emerges and lessons learned are shared (Hilborn et
al. 2004). This avoids unrealistic expectations on the improved
performance of MPAs. Any approach to the use of MPAs in man-
aging marine ecosystems would also benefit enormously from in-
cluding performance monitoring and enforcement programs to
address some of the management problems that have traditionally
hindered effectiveness (Coleman et al. 2004).

If properly located and within a context of controlled fishing
capacity, no-take marine reserves enhance conventional fisheries
management outcomes. They may, in some cases, reduce catches
in the short term, but they should contribute significantly to im-
proving fishers’ livelihoods as well as biodiversity over the mid to
long term. Marine reserves generally perform this way in inshore
shelf systems (such as reefs); many case studies, as shown in Saba
Marine Park (Netherlands Antilles), Leigh Marine Reserve (New
Zealand), and Sumilon Island Reserve (Philippines), are described
in detail in Roberts and Hawkins (2000) to support this. How-
ever, understanding of the effectiveness of marine reserves in
managing fisheries in deeper oceanic areas is more limited. Fur-
ther, the protection and monitoring of these deep-sea areas and
other undamaged areas may, in line with the precautionary princi-
ple, avoid the need for mitigation or restoration of the systems
later, when costs are likely to be higher (and in some cases restora-
tion may not be viable).

Already, the demand for fish resources has pushed fishing
fleets into international waters, and as other resources become
scarcer in national waters (such as gas, oil, minerals, and carbon
sinks), conflicts over the best use of these common resources and
spaces will increase. Hence the growing call for ocean zoning,
including the creation of no-take zones that would reestablish the
reserves that were once in place due to vessels lacking the tech-
nology to gain access to deeper, offshore areas, which in the past
has protected exploited species.

18.6.4 Effectiveness of Fisher Mobilization

Recently, small-scale and artisanal fishers, with the assistance of
organizations such as the International Collective in Support of

PAGE 502

Fishworkers, have established local groups to lobby government
and industry. The mobilization of these groups is taking place
globally in industrial and developing countries alike. In India
(Mishra 1997), Chile (Phyne and Mansilla 2003), the Philippines,
and Japan (Kurien 2004), for instance, fisher unions and collec-
tives have used their numbers to lobby government and industry
for improved resources access, better working conditions, and so-
cial benefits. In addition, these groups have provided mechanisms
to enable women, who play a number of roles within the fishing
sector (including sometimes also fish capture), to participate more
in fisheries management. However, considerable resources and
the legal basis to demand change are required, and in some coun-
tries mobilization of fishers is discouraged or hindered by govern-
ments or cultural norms (Alauddin and Hamid 1999).

18.7 Sustainability and Vulnerability of Marine
Fisheries
Fishing has grown to become a much larger business than it was
in the 1950s. Modern, highly capitalized fleets now range the
oceans of the world, in some cases competing for a limited com-
mon resource with small-scale fishers and local communities.
Overcapitalization of the global fishing industry is, in fact, an
enormous problem. FAO estimated that on a global basis world
fisheries operated at an annual deficit of up to $20 billion in the
1990s (Milazzo 1998). Thus, present-day commercial fisheries ac-
tually represent a large net burden on other economic sectors.
This unfortunate situation is at least to some degree due to the
lack of a sound scientific basis to correctly gauge the productivity
of the resources and to effectively manage impacts in the face of
large-amplitude variability in both physical and biological aspects
of ocean ecosystems.

In ecological terms, many marine fish appear to be vulnerable
to anything above low levels of fishing pressure because of their
biological characteristics, including their late age of sexual matu-
ration, association with specialized or limited habitats that might
also be vulnerable or widely damaged by fishing activities (such as
trawling), and vulnerable life-history strategies such as aggregation
spawning (Ehrhardt and Deleveaux 2001). Distinct genetic units
may be susceptible to irrecoverable declines if they are self-recruiting
or exhibit Allee-type effects (effects of birth rate declines at low
population densities), whereby they cannot recover below some
lower threshold of population numbers or density (Stephens and
Sutherland 1999).

18.7.1 Natural Population Variability and
Sustainability

Analysis of multidecadal time series fishery data has shown that
many important fish populations are highly variable (e.g., Csirke
and Sharp 1984; Schwartzlose et al. 1999). This is often in re-
sponse to changes in ocean climate and ecosystem structure. This
variability greatly compounds the difficulties in properly manag-
ing fisheries exploitation (Bakun and Broad 2002). For example,
a level of fishing pressure calculated to be sustainable may cause
unexpected collapse of a population whose productivity has de-
creased naturally. Moreover, even when evidence of declining
numbers is available, the fishing industry may cite natural variabil-
ity to argue against the results and question the need for action
and may continue with unsustainable levels of exploitation.

Sustainability in fisheries, as evidenced by long-term data se-
ries showing no downward trend in catches, is generally a matter
of fishers lacking either the technical means to catch more fish or
the outlets (the large markets) to sell more than a small fraction of
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the fished population (Pauly et al. 2002). Increasing demand rela-
tive to the productivity of local resources and the technology to
gain access to the entire distributional range of a species will tend
to deplete the resource.

In a number of case studies, responses to fisheries management
problems have mitigated or reversed the impact of fisheries. For
instance, the introduction of community-based management of
reef areas in the Philippines has resulted in increased fish landings
that ultimately improved the well-being of those communities
(Russ and Alcala 1994). Also, more effective enforcement mea-
sures for Namibian fisheries and the nationalization of the fishery
sector contributed to better socioeconomic conditions for many
coastal communities (Erastus 2002). In general, relatively small
and often single-species fisheries can be restored, as has occurred
in the Peruvian hake (Merluccius gayi peruanus) fishery (Instituto de
Mar del Peru 2004).

However, there are also a number of spectacular failures—cod
(Gadus morhua) in Newfoundland and orange roughy (Hoplostethus
atlanticus) in New Zealand are two often-cited examples. A com-
bination of increasing fishing efficiency through technology,
expansion by Canadian fishers into fishing grounds previously
used by foreign fleets, and an apparent but misleading increase in
stock density as the overall biomass collapsed in the 1980s partly
account for the repeated underestimation of the problem facing
cod (Walters and Maguire 1996). Similarly, early in the develop-
ment of orange roughy fisheries, there were management failures
as the stocks were harvested at much higher rates than considered
sustainable (Francis et al. 1995 in Clark 2001). Also, responses or
interventions that mitigate or reverse negative effects of the large-
scale, multispecies fisheries, such as the demersal fisheries within
EU waters, managed by the EU Common Fishery Policy have
been implemented since the early 1970s. But these were ineffec-
tive due to lack of political will to decrease effort, poor data qual-
ity for specific fisheries and countries, and limited enforcement
(Alder and Lugten 2002).

Some fisheries have been certified as sustainable by the Marine
Stewardship Council and the Marine Aquarium Council. Only
seven fisheries, including for Thames (U.K.) herring (Clupea har-
engus) and Western Australian rock lobster (Panulirus cygnus), have
been MSC-certified since the program began in 1997, however,
and most are small-scale with no impact at regional or global
scales. Nevertheless, such schemes are important in communicat-
ing to consumers the need to manage fisheries sustainably and in
educating them about the source and harvest techniques of the
seafood products they purchase. Similarly, the Marine Aquarium
Council’s certification scheme has had a positive impact on the
aquarium trade (GEF 2004).

Conventions that have been effective in sustainably managing
fisheries, such as the Pacific Salmon Treaty and the North Pacific
Anadromous Fish Convention, have had small-scale impacts since
they are focused on a particular species or set of species. Broader
bodies, such as the International Commission for the Conserva-
tion of Atlantic Tunas, face greater challenges in managing the
fisheries in their charge sustainably. Some fisheries, such as those
under the EU’s Common Fisheries Policy and those in Canada
and the United States (cod and Atlantic salmon (Salmo salar), for
instance), have not been managed sustainably despite sound scien-
tific evidence being available suggesting that reduced fishing effort
would significantly assist the situation.

18.7.2 Thresholds

It has not so far been possible to predict the critical thresholds
beyond which a fish stock will collapse, and the major stock col-
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lapses of the last few decades have been a surprise, even to those
involved in monitoring and managing these stocks. One well-
known example is Newfoundland’s northern cod (G. morhua).
Almost the same scenario was reenacted 10 years later, in 2001, in
Iceland, which very nearly lost its cod stock (Marine Research
Institute Reykjavik 2002), in spite of the Icelandic government’s
commitment to sound fisheries management. Because of the un-
predictability of these thresholds, precautionary approaches such
as those involving marine protected areas and reductions in fish-
ing effort (and in fishing mortality) are likely to safeguard against
such thresholds being reached.

18.7.3 Areas of Rapid Change

Within 10–15 years of their arrival at a new fishing ground, new
industrial fisheries usually reduce the biomass of the resources
they exploit by an order of magnitude, (Myers and Worm 2003).
This is well illustrated by the Gulf of Thailand demersal fisheries
(Eiamsa-Ard and Amornchairojkul 1997), by orange roughy
fisheries around various seamounts around New Zealand (Koslow
et al. 2000), by the Antarctic fisheries discussed in Chapter 25, by
the live reef fish trade (Sadovy et al. 2003b), and by a multitude of
others. This process is often accelerated by encouragement from
governments to ‘‘diversify’’ fisheries, often resulting in fleet over-
capacity and a drive to exploit new or ‘‘unconventional’’ species.
This level of biomass reduction renders the species in question
extremely vulnerable to subsequent exploitation and other per-
turbations, notably those likely to result from climate change.

Many areas of the coastal zone have undergone rapid changes
directly due to coastal use and indirectly through upstream
changes and land use. The consequences of this have been sig-
nificant habitat loss, declining coastal environments, and reduced
fish landings, as discussed in Chapter 19.

18.8 Management Interventions in Marine
Systems
Any management initiative aiming to reduce the impacts of ma-
rine resource use or to strengthen sustainable use and conservation
of biodiversity need to be addressed at different levels and by vari-
ous means, and to involve local communities, including indige-
nous peoples. In the case of industrial fisheries, industry needs to
be included as well. There are numerous examples from around
the world of local involvement resulting in recovery of ecosys-
tems and social benefits—the Philippines (Alcala and Russ 1994),
Chile (Castilla 2000), and Brazil (Ferreira and Maida 2001), for
example. There are also regional initiatives, as shown by the Re-
gional Fishery Management Councils in the United States, that
develop management plans to rebuild stocks. All sectors of society
can be a part of the solution—governments by enforcing man-
dates and ensuring compliance with appropriate environmental
codes, industry by operating responsibly, NGOs by providing ca-
pacity and training where needed, and consumers by demanding
goods and services that are provided at minimal impact on marine
ecosystems.

A number of international instruments can also be used to
manage fishing and its impacts on the marine environment, do-
mestically and internationally. Various fishing instruments have
been discussed throughout this chapter. FAO’s Code of Conduct
for Responsible Fisheries includes approaches for avoiding or mit-
igating the impacts of fishing on other components of ecosystems
and is one of the few fisheries-specific instruments that includes
fishing impacts on other species.
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Other instruments, such as the Convention on International
Trade in Endangered Species of Wild Fauna and Flora, can be
used indirectly to manage the impact of fishing on threatened
species through the development of species management strate-
gies. CITES is an international agreement among 167 countries
to cooperatively manage international trade in species of conser-
vation concern, to ensure that trade does not threaten their sur-
vival in the wild.

The recent listing of seahorses and two other species of shark
on CITES Appendix II now requires countries to determine that
proposed exports will not be detrimental to the survival of the
species in the wild (known as a nondetriment finding) as a pre-
condition to permitting export. From a practical perspective, this
means that countries that are parties to CITES need to implement
management strategies to ensure that the export of seahorses and
listed shark species (and therefore catch levels and methods) does
not threaten the sustainability of their fisheries and wild popula-
tions. The Convention on the Conservation of Migratory Species
of Wild Animals (known as the Bonn Convention) and its Agree-
ment on the Convention of Albatrosses and Petrels, as well as
FAO’s International Plan of Action for Seabirds, are other exam-
ples of international management interventions in marine systems.

The continuation of present fisheries trends, including the
buildup of fishing capacities, suggests a serious risk of losing more
fisheries. Interventions such as the halting of destructive fishing
practices by developing alternative technologies or financial in-
centives, reducing fishing effort, and establishing MPAs are
needed to reverse the current trends. There is likely to be no
single most suitable intervention; rather, a mix of interventions is
likely to be the most effective approach. The composition of that
mix will require an adaptive approach to management of marine
ecosystems.

18.8.1 Integrating Management of Sectors in
Marine Areas

No global or regional framework for integrated management of
the oceans exists. Internationally, some activities on or in the high
seas are managed through a range of organizations. For example,
the International Seabed Authority manages seabed mining
through UNCLOS, and the International Maritime Organization
and the conventions it administers (such as the International Con-
vention for the Prevention of Pollution from Ships, known as
MARPOL) manages marine transportation and pollution, includ-
ing dumping of waste at sea. These organizations have worked
with industry on measures to reduce the impact of hazardous and
damaging activities. Such measures have included, for example,
the introduction of double-hulled oil tankers to lower the risk of
oil spills. However, there is no integrated approach to managing
ocean use, which has resulted in concern over some issues, such as
bioprospecting, high-seas MPAs, and the management of marine
biodiversity. Not all issues can be addressed within UNCLOS and
changes to the convention or the introduction of a new legislative
framework (including zoning plans) may be needed to overcome
current impediments to making and managing the needed trade-
offs for equitable and sustainable use of ocean space and deep-sea
resources.

National ocean policies based on sustainable development
principles have been successful frameworks for integrating the
management of the various marine sectors. Despite countries de-
claring their exclusive economic zones over the last 25 years, few
countries have actually formulated or implemented comprehen-
sive ocean policies. It is only in the last five years that we have
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seen the introduction of such policies in Australia, Canada, the
United States, and the Netherlands (Alder and Ward 2001), along
with, most recently, the Pacific Islands Regional Ocean Policy
(South Pacific Regional Environment Program 2003).

UNEP has a comprehensive Regional Seas Programme that
includes 13 regions and 140 countries with a focus on tackling
the sources of degradation of marine and coastal systems. The
program has a broad mandate and can integrate various sectors,
including transportation and oil development, and initiatives at
the regional scale to address pollution problems. It can also play a
key role in establishing MPAs crossing multiple borders, as seen
in the successful Mediterranean network of specially protected
areas that conserve critical areas through MPAs, reserves, and ref-
uges.

The European Community’s marine strategy is an example of
the challenges in managing marine ecosystems on a regional basis
(EC 2002). Other regional programs, such as OSPAR for the
North-East Atlantic and HELCOM for the Baltic, also integrate
various marine sectors to address a range of marine issues.

18.8.2 Integrating Coastal Management and Ocean
Policy

Oceanic and coastal ecosystems are tightly linked. While inte-
grated coastal management is now well entrenched in many
countries (see Chapter 19), the development of ocean policies lags
behind. Where ocean policies are in place, there is recognition of
the need to take an ecosystem-based approach and to ensure that
coastal management plans and ocean policies are harmonized. De-
pending on the legislative basis and jurisdictional issues, coastal
management may be embedded within ocean policy, as demon-
strated in Canada’s Oceans Act.

18.8.3 Marine Protected Areas

Attempting to maintain fisheries for depleted or collapsed fish
populations (through subsidies, for example) is economically and
ecologically damaging. As provided for in the 1982 Law of the
Sea Convention, the 1995 UN Fish Stock Agreement, and the
1995 FAO Code of Conduct, declining populations must be re-
built and marine ecosystem productivity must be restored as far as
possible. No-take marine reserves can make an important contri-
bution when they are part of an overall policy to maintain fisher-
ies. No-take marine reserves are important for providing places
where critical life stages, such as adult spawners and juveniles,
can find refuge and for providing additional insurance to more
conventional fisheries management while safeguarding against
local extinctions.

Extinction is a gradual process, but many species of commer-
cial fish species already have severely depleted populations. Avoid-
ing the loss of threatened species must involve not only allowing
their biomass to rebuild, but also rebuilding the ecosystems in
which they live. MPAs may also contribute to reducing the im-
pacts of global climate change by increasing biomass and widening
age structure so that the population of fish stands a greater chance
of withstanding wider fluctuations in the environment.

Moreover, the implementation of no-take marine reserves
combined with other interventions, such as controls on fishing
capacity, would be a more proactive response to fisheries manage-
ment than current reactive approaches. Small reserves may be ef-
fective in protecting sedentary organisms, since they do not move
or only move small distances. But marine reserves intended for
the conservation or sustainable use of fish, marine mammals, sea-
birds, and large species need to be larger and particularly appropri-
ately located to take into account the life characteristics of such
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species. Some species can spend various parts of their life cycle in
different habitats (larval stages in estuaries, juvenile stages in
coastal seagrass meadows, and adult stages in the open ocean, for
instance), and marine reserves need to be strategically located to
account for these differences. In areas left open for fishing, how-
ever, explicit consideration needs to be given to the food required
to maintain recovered populations, and the scientific tools (such
as ecosystem models) exist to perform the required accounting for
biomass. Populations of small fish and invertebrates presently not
exploited should not be viewed as a latent resource that should be
developed. They are the remaining food basis for marine mam-
mals, seabirds, and large fish that need to be sustained and rebuilt
(as described in the next section).

The immediate and urgent need to manage risks to the marine
biodiversity of seamounts and cold-water coral reefs through
measures such as the elimination of destructive fishing practices,
such as bottom trawling, has been highlighted in a number of
recent international fora. These include the fourth meeting of the
United Nations Open-ended Informal Consultative Process on
Oceans and the Law of the Sea (2003), the 2003 World Parks
Congress (recommendation 5.2.3 and the Congress document on
emerging issues), the Eighth Meeting of the Convention on Bio-
logical Diversity Subsidiary Body on Scientific, Technical and
Technological Advice (SBSTTA recommendation VII/5) (2003),
the 2003 Defying Ocean’s End conference, the 10th Deep-Sea
Biology Symposium (2003), and the 2nd International Sympo-
sium on Deep-Sea Corals (2003). These meetings have resulted
in initiatives to protect cold-water reefs, as through a marine pro-
tected area established by Norway to conserve the Tisler Reef
along the Norwegian-Swedish border.

18.8.4 Iron Enrichment of Ocean Waters for
Carbon Sequestration and Increased Fish Yields

There is growing interest in experiments wherein large areas of
low productivity oceanic waters are fertilized using micronutri-
ents, principally iron (Boyd et al. 2000). One major reason for
these experiments is to investigate the potential for sequestration
of atmospheric carbon, whereby carbon is taken up by the cells
of primary producers (the growth of marine phytoplankton popu-
lations is often limited by the availability of iron in the water),
which would then sink to the bottom as marine snow (Cole
2001). The net effect of this process on carbon sequestration is
not clear, however, because localized algal outbursts can also lead
to anoxia and the production of methane, a powerful greenhouse
gas.

It has been suggested that the enhanced primary production
resulting from fertilization could also lead to increased fish yields
and could even help alleviate dietary iron deficiencies in some
parts of the world (Jones 2001). However, the success of such
schemes is extremely doubtful, given the wide range of evolved
adaptations that are required for planktivorous species such as an-
chovies to thrive in a highly productive variable environment,
such as the Peruvian upwelling system (Bakun 1996).

18.8.5 Selected Examples of Human Responses to
the Sustainability Challenge

While the problem of overfishing has been globally identified at
high policy level as a key fisheries issue since the mid-1940s, the
broad-scale recognition that it is also an important component of
the global environment issue only emerged in the early 1990s in
the wake of the U.N. Conference on Environment and Develop-
ment (Garcia 1992). Even though the word ‘‘overfishing’’ was in

PAGE 505

common usage long before then (applying to ‘‘isolated’’ in-
stances), there was still a general belief that the oceans had a an
enormous capacity to provide fish and invertebrates for direct
human consumption and for reduction products such as fishmeal
and fish oils used in intensive food production systems (see, e.g.,
Idyll 1978; Pike and Spilhaus 1962).

In theory, the 1982 United Nations Convention on the Law
of the Sea should have been an international instrument for wise
use of the oceans: it espouses the right and need for coastal nations
to monitor and manage their fish stocks. In retrospect, however,
UNCLOS exacerbated overfishing problems in at least two im-
portant ways. First, as it gave coastal nations the ability to declare
a 200-mile EEZ, many national governments saw this as an op-
portunity to greatly augment their fishing industries as sources of
more secure employment and export earnings. While a few in-
dustrial countries managed to achieve some of the expected bene-
fits by testing and adopting new management measures (such as
limited entry and fishing rights), most others simply failed to real-
ize them because of uncontrolled, anarchic, and subsidized devel-
opment of chronic overcapacity (FAO 1993).

The subsidies injected into the industry in the 1980s and
1990s resulted in immense global overcapacity of fishing fleets,
perhaps the most important problem—and apparently the hardest
one to resolve—faced today in marine resource management
(Mace 1997). For example, the EU’s subsidies for the construc-
tion of fishing vessels in the late 1980s and early 1990s resulted in
overcapacity, and until recently attempts to reduce this capacity
were not very effective (Alder and Lugten 2002). Subsidies in the
form of employment insurance to Newfoundland fishers were
one of the factors that contributed to overcapacity in the industry
and the ultimate collapse of the cod fishery (Brubaker 2000).

Second, the UNCLOS requirement that coastal nations with-
out sufficient fishing capacity to exploit the resources within their
respective EEZs should make these resources available to other
nations has ultimately proved detrimental to many developing na-
tions. Although these countries do receive some form of reim-
bursement from other nations acquiring access, this has frequently
resulted in payments that are significantly less than the value of
the resource (particularly the long-term value; see Kaczynski and
Fluharty 2002), in underreporting of foreign catches, in depletion
of developing nations’ deep-sea resources, and in depletion of the
coastal resources that supported local fishing communities.

The change in the perception that there was considerable po-
tential to increase the exploitation levels of marine resources, in-
cluding fisheries, which began in the early 1990s, was influenced
by several factors: the globalization of information (making it
more rapidly and more widely available), the awareness-raising
work of the World Commission on Environment and Develop-
ment and UNCED, and the active mobilization of the media by
the NGO environmental movement. Fishing capacity was widely
perceived to be getting out of hand. Opportunities for further
expansion of fisheries were diminishing as an increasing portion
of the globe was being surveyed and assessed, albeit yielding few
new areas for fishing or new fisheries. Deepwater species were
mostly found to have very low productivity. Many environmental
organizations such as the World Wide Fund for Nature that had
previously focused mainly activities on terrestrial systems and ma-
rine mammals began to expand into fisheries. Legislation was
tightened in many nations, and work began on several binding
and nonbinding international instruments, some related to ecosys-
tems in general and others specifically on marine systems and
fisheries.

Subsequently, there has been a marked increase in national
and international instruments that are gradually changing people’s
perceptions of the sustainability of current practices. For marine
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systems, the most important such instruments range from the
1992 Rio Declarations formulated at UNCED to several FAO
International Plans of Action, including the International Plan of
Action for the Management of Fishing Capacity (FAO 2001b)
and the International Plan of Action to Deter, Prevent and Elimi-
nate Illegal, Unreported and Unregulated Fishing (FAO 2001b).
(See also MA, Policy Responses, Chapter 6.) All of these embody
some facet of the ‘‘precautionary approach,’’ which has been in-
strumental in shifting attention to the benefits of conservative har-
vest strategies rather than risk-prone management (Mace 2001).

Concerted efforts to implement these agreements have been
launched in many regions, with results ranging from unantici-
pated levels of success, to moderate success, and to failure. In
terms of successes, the most notable accomplishments appear to
have been those where national legislations have been modified
to better accomplish the spirit and intent of the international in-
struments.

For example, the most recent amendment to the Magnuson-
Stevens Fisheries Conservation and Management Act in the
United States (popularly known as the Sustainable Fisheries Act)
embodied the precautionary approach (without mentioning it by
name) as exemplified in Annex 2 on the implementation of
UNCLOS (UN 1995), in which the fishing mortality associated
with maximum sustainable yield is suggested as a limit reference
point to be avoided rather than a target that is routinely exceeded.
This has resulted in considerable reductions in fishing mortality
for some previously overfished U.S. fisheries, and several have
rebuilt to levels not recorded in three or more decades.

One of the most dramatic examples is the density of Georges
Bank scallops, which increased eighteenfold in the seven years
following exceptional recruitment and implementation of man-
agement measures for bottom fishing that resulted in substantial
reductions in fishing mortality during the fishing closure. Other
U.S. examples include mid-Atlantic scallops (Haliotis spp),
Georges Bank haddock (Melanogrammus aeglefinus), Georges Bank
yellowtail flounder (Limanda ferruginea), Atlantic stripped bass
(Morone saxatilis), Atlantic Acadian redfish (Sebastes fascicatus), Pa-
cific chub mackerel (Scomber japonicus), and Pacific sardine (Sardi-
nops sagax) (Murawski et al. 2000; NEFSC 2002). Yet while these
and many other stocks in the United States and elsewhere are
slowly but steadily rebuilding (NMFS 2004), the biomass of most
of them is generally still well below historic levels. Closures of
seamount fisheries on the Chatam Rise in New Zealand have also
resulted in the slow rebuilding of orange roughy biomass (Clark
2001). Globally, however, these success stories represent a small
proportion of the many overfished stocks.

Other examples of successful national initiatives include Aus-
tralia’s implementation of the Environment Protection and Bio-
diversity Act in 1999, which requires several fisheries to be
assessed for their ecological sustainability. Regionally, the ICCAT
has been able to work toward compliance of management mea-
sures for nonmember countries through tuna import and export
restrictions by member countries.

Notable failures in fisheries management are exemplified by
attempts to reduce harvest overcapacity while maintaining that
exploitation of natural resources is a human right. This ‘‘birth-
right’’ is hard to dispute: all humans ought to have the ‘‘right’’ to
a healthy life with adequate nutrition. And for some people, fish
are one of the few available sources of protein. Solutions to this
dilemma lie in assistance that improves the health, education, and
non-fisheries-related employment opportunities of coastal com-
munities as well as empowering coastal communities to manage
resources sustainably.
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Even relatively rich industrial nations that routinely pay their
farmers not to produce crops seem unable to resolve the fish har-
vesting overcapacity problem, however. The European Union,
for example, appears to have been largely unsuccessful with the
capacity reduction plan in its Common Fisheries Policy, which
has been in place for more than 15 years. With a few exceptions,
substantial overcapacity reductions have been recorded in cases
where individual transferable quotas, which allocated a quota of
the catch to license holders as well as allowing those individuals
to sell part or all of their quota, have been implemented (for in-
stance, ITQs in New Zealand, Iceland, and some U.S. fisheries,
such as Atlantic surf clams (Spisula solidissima) and ocean quahogs
(Arctica islandica), South Atlantic wreckfish (Polyprion americanus),
and Pacific halibut (Hippoglossus stenolepis) and sablefish (Anoplo-
poma fimbria)).

Although the emphasis in recent years has been on unsustaina-
ble fishing practices, fisheries represent only one of many human
influences on marine ecosystems. In coastal marine systems in par-
ticular, coastal development—with concomitant problems of local
pollution and habitat destruction—is very important. (See Chap-
ter 19.) Non-fisheries human influences such as marine debris and
oil slicks are also important on the high seas. As a result, as de-
scribed earlier, several nations are attempting to develop legisla-
tion and policies to facilitate integrated management of marine
systems—that is, coordinated management of all alternative uses
of the ocean. Such uses include harvesting marine species for food
and other purposes, aquaculture, research, oil and gas exploration,
ocean mining, dredging, ocean dumping, energy generation, eco-
tourism, marine transportation, and defense. To date, it has
proved difficult to integrate the management of all these activities
because the authorities regulating these activities are usually inde-
pendent of one another (Sissenwine and Mace 2003).

In Australia, the Environment Protection and Biodiversity Act
requires management agencies to demonstrate that the fishery or
fisheries are ecologically sustainable, with defined benchmarks to
quantitatively assess sustainability. Since the introduction of this
Act in 1999, more than 35 fisheries have been assessed (www.ea
.gov.au/coasts/fisheries/assessment/index.html). The private sec-
tor has responded similarly to the introduction of the Marine
Stewardship Council’s accreditation scheme for fisheries, which
is supported by major fish buyers, such as Unilever, and conserva-
tion organizations, such as WWF.

With increased public awareness of the limits of marine sys-
tems, binding and nonbinding international instruments in place,
tightened national legislations, and a few success stories that em-
phasize the positive benefits of conservation, the future of the
oceans may appear brighter than it did a decade ago. However,
this is not the time for complacency, particularly considering the
likely increase in pressure on natural resources that will result
from the world’s growing human population and rising incomes.
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Main Messages

Coastal ecosystems—coastal lands, areas where fresh water and salt
water mix, and nearshore marine areas—are among the most productive
yet highly threatened systems in the world. These ecosystems produce
disproportionately more services relating to human well-being than most other
systems, even those covering larger total areas. At the same time, these eco-
systems are experiencing some of the most rapid environmental change: ap-
proximately 35% of mangrove area has been lost or converted (in those
countries for which sufficient data exist, which encompass about half of the
area of mangroves) and approximately 20% of coral reefs have been destroyed
globally in the last few decades, with more than a further 20% being degraded.
Coastal wetland loss in some places has reached 20% annually (high certainty).

Coastal systems are experiencing growing population and exploitation
pressures; nearly 40% of the people in the world live within 100 kilome-
ters of the coast. Demographic trends suggest coastal populations are in-
creasing rapidly, mostly through migration, increased fertility, and tourist
visitation to these areas (high certainty). Population densities on the coasts
are nearly three times that of inland areas. Communities and industries in-
creasingly exploit fisheries, timber, fuelwood, construction materials, oil, natural
gas, sand and strategic minerals, and genetic resources. In addition, demand
on coastal areas for shipping, waste disposal, military and security uses, recre-
ation, aquaculture, and even habitation are increasing.

Coastal communities aggregate near the types of coastal systems that
provide the most ecosystem services; these coastal subtypes are also
the most vulnerable. Within the coastal population, 71% live within 50 kilome-
ters of estuaries; in tropical regions, settlements are concentrated near man-
groves and coral reefs. These habitats provide protein to a large proportion of
the human coastal populations in some countries; coastal capture fisheries
yields are estimated to be worth a minimum of $34 billion annually. However,
many of these habitats are unprotected or marginally protected; as a result,
ecosystems services in many areas are at risk (medium certainty).

Human pressures on coastal resources are compromising many of the
ecosystem services crucial to the well-being of coastal economies and
peoples. Coastal fisheries have depleted stocks of finfish, crustaceans, and
mollusks in all regions (high certainty). Illegal and destructive fisheries often
cause habitat damage as well as overexploitation. Large-scale coastal fisheries
deprive coastal communities of subsistence and are causing increasing con-
flicts, especially in Asia and Africa. Demands for coastal aquaculture have
been on the rise, partly in response to declining capture fisheries, but the
doubling of aquaculture production in the last 10 years has also driven habitat
loss, overexploitation of fisheries for fishmeal and fish oil, and pollution. Over-
exploitation of other resources such as mangroves for fuelwood, sand for con-
struction material, seaweeds for consumption, and so on also often undermine
the ecological functioning of these systems.

The greatest threat to coastal systems is development-related loss of
habitats and services. Many areas of the coast are degraded or altered,
such that humans are facing increasing coastal erosion and flooding,
declining water quality, and increasing health risks. Port development, ur-
banization, resort development, aquaculture, and industrialization often involve
destruction of coastal forests, wetlands, coral reefs, and other habitats. Historic
settlement patterns have resulted in centers of urbanization near ecologically
important coastal habitats: 58% of the world’s major reefs occur within 50
kilometers of major urban centers of 100,000 people or more, while 64% of all
mangrove forests and 62% of all major estuaries occur near such centers.
Dredging, reclamation, engineering works (beach armoring, causeways, brid-
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ges, and so on) and some fishing practices also account for widespread, usu-
ally irreversible, destruction of coastal habitats (medium certainty).

Degradation is also a severe problem, because pressures within coastal
zones are growing and because such zones are the downstream recipi-
ents of negative impacts of land use. Worldwide, human activities have
increased sediment flows in rivers by about 20%, but reservoirs and water
diversions prevent about 30% of sediments from reaching the oceans, resulting
in a net reduction of sediment delivery to coasts of roughly 10% (high cer-
tainty). The global average for nitrogen loading has doubled within the last
century, making coastal areas the most highly chemically altered ecosystems
in the world, with resulting eutrophication that drives coral reef regime shifts
and other irreversible changes to coastal ecosystems. Nearly half the people
living along coasts have no access to sanitation and thus face decreasing
ecosystem services and increasing risks of disease. Mining and other indus-
tries cause heavy metal and other toxic pollution. Harmful algal blooms and
other pathogens, which affect the health of both humans and marine organ-
isms, are on the rise, in part because of decreased water quality. Invasions of
alien species have already altered marine and coastal ecosystems, threatening
ecosystem services.

The health of coastal systems and their ability to provide highly valued
services is intimately linked to that of adjacent marine, freshwater, and
terrestrial systems, and vice versa. Land-based sources of pollutants are
delivered by rivers, from runoff, and through atmospheric deposition, and these
indirect sources account for the large majority (77%) of pollutants (high cer-
tainty). In some areas, especially drylands, pollution in coastal zones contami-
nates groundwater. Another linkage occurs between expanding desertification
and pollution of coral reef ecosystems caused by airborne dust. Destruction of
coastal wetlands has similarly been implicated in crop failures due to de-
creased coastal buffering leading to freezing in inland areas (medium cer-
tainty).

Sub-national sociological data suggest that people living in coastal areas
experience higher well-being than those living in inland areas, but the
acute vulnerability of coastal ecosystems to degradation puts coastal
inhabitants at greater relative risk. The world’s wealthiest populations occur
primarily in coastal areas (per capita income being four times higher in coastal
areas than inland), and life expectancy is thought to be higher in coastal re-
gions, while infant mortality is thought to be lower (medium certainty). How-
ever, many coastal communities are politically and economically marginalized
and do not derive the economic benefits from coastal areas. Wealth disparity
has denied many coastal communities access to resources. Access issues
have in turn led to increased conflict, such as between small-scale artisanal
fishers and large-scale commercial fishing enterprises. Regime shifts and habi-
tat loss have led to irreversible changes in many coastal ecosystems and
losses in some ecosystem services. Finally, given the fact that many degraded
coastal systems are near thresholds for healthy functioning (medium certainty),
and that coastal systems are simultaneously vulnerable to major impacts from
sea level rise, erosion, and storm events, coastal populations are at risk of
having their relatively high levels of human well-being severely compromised.

Trade-offs occur not only within coastal ecosystems, but also between
the different uses of coastal systems and inland areas. In general, the
choice to exploit coastal resources results in a reduction of other services; in
some cases, overexploitation leads to loss of most other services (medium
certainty). Within the coastal system, choices that result in irreversible
changes, such as conversion of coastal habitat for industrial use, urbanization,
or other coastal development, often bring short-term economic benefits but
exact longer-term costs, as regulating and provisioning services are perma-
nently lost. Choices made outside coastal areas, such as the decision to divert
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water for agriculture and thus reduce the flow of fresh water to estuaries, are
cause for particular concern because virtually none of the benefits accrue to
the coastal sector. Estuaries and coral reefs are the most threatened of all
coastal ecosystems, precisely because impacts are both direct (originating
from activity within the ecosystem), and indirect (originating in watersheds and
inland areas).

Management of coastal systems to maximize the supply of services has
been inadequate, but some negative trends are slowing and degradation
can be halted with policy reform and by scaling up small successes to
broader-scale initiatives. Effective coastal area management requires the
integration of management across many sectors that have traditionally been
separated. Because coastal systems are strongly affected by activities both in
and outside of coastal regions, watershed management is a necessary ele-
ment of effective coastal management. Integrated coastal management, ma-
rine protected area networks that effectively protect the most ecologically
important habitats, and comprehensive ocean zoning all hold great promise.
Restoration of some coastal habitats such as marshlands and mangrove is
being undertaken. Other success stories do exist, but such successes have
generally been small-scale, and scaling up has proved difficult. Business as
usual will not avert continued degradation, associated loss of services, and
declining human well-being in certain portions of society, such as coastal com-
munities in developing countries and much of the low- to middle-income popu-
lace of industrial countries (high certainty).

19.1 Introduction
Coastal and marine ecosystems are among the most productive,
yet threatened, ecosystems in the world; included in this category
are terrestrial ecosystems, areas where fresh water and salt water
mix, and nearshore coastal areas and open ocean marine areas. For
the purpose of this assessment, the ocean and coastal realm has
been divided into two major sets of systems: ‘‘coastal systems’’
inshore and ‘‘marine fisheries systems.’’

Coastal systems are places where people live and where a spate
of human activity affects the delivery of ecosystem services de-
rived from marine habitats; marine fisheries systems are places that
humans relate to and affect mainly through fisheries extraction.
Continental shelf areas or large marine ecosystems span both
coastal and marine systems and provide many key ecosystem ser-
vices: shelves account for at least 25% of global primary produc-
tivity, 90–95% of the world’s marine fish catch, 80% of global
carbonate production, 50% of global denitrification, and 90% of
global sedimentary mineralization (UNEP 1992).

These shelf areas contain many different types of coastal sys-
tems, including freshwater and brackish water wetlands, man-
grove forests, estuaries, marshes, lagoons and salt ponds, rocky or
muddy intertidal areas, beaches and dunes, coral reef systems, sea-
grass meadows, kelp forests, nearshore islands, semi-enclosed seas,
and nearshore coastal waters of the continental shelves. Many of
these coastal systems are highly productive; Table 19.1 illustrates
the relative productivity of some of these coastal ecosystems com-
pared with selected terrestrial ecosystems.

In this assessment, the inland extent of coastal ecosystems is
defined as the line where land-based influences dominate up to a
maximum of 100 kilometers from the coastline or 50-meter ele-
vation (whichever is closer to the sea, as per Small and Nicholls
2003) and with the outward extent as the 50-meter depth con-
tour. Marine ecosystems begin at the low water mark and encom-
pass the high seas and deepwater habitats. (See Figure 19.1.)

The resulting definition of coastal systems is geographically
constrained and departs from many earlier assessments. The nar-
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Table 19.1. Relative Productivity Estimates for Select Coastal
and Terrestrial Ecosystems (based on Odum and Barrett in press)

Ecosystem Type
Mean Net Primary

Productivity
Mean Biomass per

Unit Area
(kilograms per 

sq. meter per year)
(kilograms per 

sq. meter)

Swamp and marsh 2.0 15

Continental shelf 0.36 0.01

Coral reefs and kelp 2.5 2

Estuaries 1.5 1

Tropical rain forest 2.2 45

rower band of coastal zone is a terrestrial area dominated by ocean
influences of tides and marine aerosols, and a marine area where
light penetrates throughout. This narrow definition was chosen
for two reasons, relating to inshore and offshore boundaries: first,
it focuses on areas that truly rely on and affect coastal ecosystems
and it omits areas that may be near the coast but have little con-
nection to those ecosystems (such as areas in valleys behind coastal
mountain ranges); second, the ‘‘watery’’ portion of the coastal
zone to 50 meters depth captures shallow water ecosystem like
coral reefs but avoids deeper portions of the continental shelves
in which fisheries impacts are paramount above all others (which
are treated extensively in Chapter 18).

The heterogeneous ecosystems embodied in these coastal sys-
tems are dynamic, and in many cases are now undergoing more
rapid change than at any time in their history, despite the fact that
nearshore marine areas have been transformed throughout the last
few centuries (Vitousek et al. 1997). These transformations have
been physical, as in the dredging of waterways, infilling of wet-
lands, and construction of ports, resorts, and housing develop-
ments, and they have been biological, as has occurred with
declines in abundances of marine organisms such as sea turtles,
marine mammals, seabirds, fish, and marine invertebrates (Jackson
et al. 2001; Myers and Worm 2003). The dynamics of sediment
transport and erosion deposition have been altered by land and
freshwater use in watersheds; the resulting changes in hydrology
have greatly altered coastal dynamics. These impacts, together
with chronic degradation resulting from land-based and marine
pollution, have caused significant ecological changes and an over-
all decline in many ecosystem services. (Known rates of change
and degradation in coastal subtypes are described later in this
chapter.)

Dependence on coastal zones is increasing around the world,
even as costs of rehabilitation and restoration of degraded coastal
ecosystems is on the rise. In part, this is because population
growth overall is coupled with increased degradation of terrestrial
areas (fallow agricultural lands, reduced availability of fresh water,
desertification, and armed conflict all contributing to decreased
suitability of inland areas for human use). Resident populations of
humans in coastal areas are rising, but so are immigrant and tourist
populations (Burke et al. 2001). At the same time, wealth inequi-
ties that result in part from the tourism industry decrease access to
coastal regions and resources for a growing number of people
(Creel 2003). Nonetheless, local communities and industries con-
tinue to exploit coastal resources of all kinds, including fisheries
resources; timber, fuelwood, and construction materials; oil, natu-
ral gas, strategic minerals, sand, and other nonliving natural re-
sources; and genetic resources. In addition, people increasingly
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Figure 19.1. Coastal and Marine Systems Delimitation

use ocean areas for shipping, security zones, recreation, aquacul-
ture, and even habitation. Coastal zones provide far-reaching and
diverse job opportunities, and income generation and human
well-being are currently higher on the coasts than inland.

Despite their value to humans, coastal systems and the services
they provide are becoming increasingly vulnerable (high certainty).
Coastal systems are experiencing growing population and exploi-
tation pressures in most parts of the world. Though the thin strip
of coastal land at the continental margins and within islands ac-
counts for less than 5% of Earth’s land area, 17% of the global
population lives within the coastal systems as defined in this chap-
ter, and 39% of global population lives within the full land area
that is within 100 kilometers of a coast (CIESIN 2000). Popula-
tion density in coastal areas is close to 100 people per square kilome-
ter compared with inland densities of 38 people per square
kilometer in 2000. Though many earlier estimates of coastal pop-
ulations have presented higher figures (in some cases, near 70% of
the world population was cited as living within the coastal zone),
previous estimates used much more generous geographic defini-
tions of the coastal area and may be misleading (Cohen 1995;
Tibbetts 2002). That we have used a narrower definition and re-
fined the coastal population numbers downwards in no way im-
plies that coastal systems have lesser importance to humans—on
the contrary, this assessment underlines the central extent to
which human well-being is linked to the health and productivity
of coastal systems.

Human pressures on coastal resources compromise the deliv-
ery of many ecosystem services crucial to the well-being of coastal
peoples and national economies. Coastal fisheries, like many more
offshore fisheries, have severely depleted stocks. (See Chapter 18.)
These depletions not only cause scarcity in resource availability,
they also change the viability of coastal and marine food webs,
affecting the delivery of other services such as coastal protection
(Dayton et al. 1995, 2002).

Biological transformations are also coupled to physical trans-
formations of the coastal zone. Habitat alteration is pervasive in
the coastal zone, and degradation of habitats both inside and out-
side these systems contributes to impaired functioning. Similarly,
human activities far inland, such as agriculture and forestry, affect
coastal ecosystems when fresh water is diverted from estuaries or
when land-based pollutants enter coastal waters (nearly 80% of the
pollutant load reaching the oceans comes from terrestrial sources).
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These chemical transformations affect the functioning of coastal
systems and their ability to deliver services. Thus, changes to eco-
systems and services occur as a function of land use, freshwater
use, and activities at sea, even though these land-freshwater-
marine linkages are often overlooked.

Larger forces are also at play. Coastal areas are physically vul-
nerable: many areas are now experiencing increasing flooding,
accelerated erosion, and seawater intrusion into fresh water; these
changes are expected to be exacerbated by climate change in the
future (IPCC 2003). Such vulnerabilities are currently acute in
low-lying mid-latitude areas, but both low-latitude areas and
polar coastlines are increasingly vulnerable to climate change im-
pacts. Coral reefs and atolls, salt marshes, mangrove forests, and
seagrasses will continue to be affected by future sea level rise,
warming oceans, and changes in storm frequency and intensity
(high certainty) (IPCC 2003). The ecosystems at greatest risk also
support large numbers of people; thus human well-being is at risk
from degradation of coastal systems.

In general, management of coastal resources and human im-
pacts on these areas is insufficient or ineffective, leading to con-
flict, decreases in services, and decreased resilience of natural
systems to changing environmental conditions. Inadequate fish-
eries management persists, often because decision-makers are un-
aware of marine resource management being ineffective, while
coastal zone management rarely addresses problems of land-based
sources of pollution and degradation (Agardy 1999; Kay and
Alder in press). Funds are rarely available to support management
interventions over the long term.

At the same time, the incidence of disease and emergence of
new pathogens is on the rise, and in many cases coastal degrada-
tion has human health consequences as well (NRC 2000; Rose
et al. 2001). Episodes of harmful algal blooms are increasing in
frequency and intensity, affecting both the resource base and peo-
ple living in coastal areas more directly (Burke et al. 2001; Epstein
and Jenkinson 1993).

Effective measures to address declines in the condition of
coastal systems remain few and far between and are often too
little, too late. Restoration of coastal habitats, although practiced,
is generally so expensive that it remains a possibility only on the
small scale or in the most industrialized countries. Education
about these issues is lacking. The assessment in this chapter aims
to contribute to a better understanding of the condition of coastal
ecosystems and the consequence of changes in them, and thereby
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to help decision-makers develop more appropriate responses for
the coastal environment.

19.2 Coastal Systems and Subtypes, Marine
Wildlife, and Interlinkages
Total global coastlines exceed 1.6 million kilometers and coastal
ecosystems occur in 123 countries around the world (Burke et al.
2001). The MA coastal system includes almost 5% of the terres-
trial surface area of Earth. Coastal systems are a complex patch-
work of habitats—aquatic and terrestrial. Figure 19.2 illustrates
the heterogeneity of the habitats, human communities, and inter-
connected systems commonly referred to as the coastal zone. The
diversity of habitat types and biological communities is significant,
and the linkages between habitats are extremely strong (IOC
1993).

Scaling is a very important consideration in deciding how to
treat the varied set of habitats in coastal systems, since investiga-
tions at fine scales will not reveal the global situation, and investi-
gations at coarse scales will inevitably exclude important detail
(O’Neill 1988; Woodmansee 1988). Thus, for the purposes of this
discussion, the coastal system is divided into eight subtypes, rely-
ing in part on former classification systems (e.g., Allee et al. 2000)

Figure 19.2. Schematic of Coastal System (Pauly et al. 1998)
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and in part on the model set forth in other chapters of the MA.
Each subtype is described separately, including discussions of the
services each provides, and is then assessed in terms of current
condition and trends in the short-term future. In subsequent sec-
tions in which we discuss drivers of change, trade-offs, manage-
ment interventions, and implications for human well-being, the
coastal system is treated as a single unit.

19.2.1 Coastal Subtypes: Condition and Trends,
Services and Value

19.2.1.1 Estuaries, Marshes, Salt Ponds, and Lagoons

Estuaries—areas where the fresh water of rivers meets the salt
water of oceans—are highly productive, dynamic, ecologically
critical to other marine systems, and valuable to people. World-
wide, some 1,200 major estuaries have been identified and
mapped, yielding a total digitized area of approximately 500,000
square kilometers. (See Figure 19.3.)

There are various definitions of an estuary. One commonly
accepted one is ‘‘a partially enclosed coastal body of water which
is either permanently or periodically open to the sea and within
which there is a measurable variation of salinity due to the mix-
ture of sea water with freshwater derived from land drainage’’
(Hobbie 2000). Other definitions accommodate the fact that the

................. 11432$ CH19 10-11-05 15:01:20 PS



519Coastal Systems

Figure 19.3. Distribution of World’s Major Estuaries (UNEP-WCMC 2003b)

range of estuarine organisms is often larger than suggested by a
‘‘biophysical’’ definition. Coastal marshes and lagoons are essen-
tially extensions of true estuaries and are included in estuarine
analysis and assessment. Mangroves are also often found in estuar-
ies, but their importance to coastal communities warrants a sepa-
rate detailed discussion, which is given in the next section.

Regardless of location or latitude, estuaries, marshes, and la-
goons play a key role in maintaining hydrological balance, filter-
ing water of pollutants, and providing habitat for birds, fish,
mollusks, crustaceans, and other kinds of ecologically and com-
mercially important organisms (high certainty) (Beck et al. 2001;
Levin et al. 2001). The 1,200 largest estuaries, including lagoons
and fiords, account for approximately 80% of the world’s fresh-
water discharge (Alder 2003).

Of all coastal subtypes, estuaries and marshes support the wid-
est range of services and may be the most important areas for
ecosystems services. One of the most important processes is the
mixing of nutrients from upstream as well as from tidal sources,
making estuaries one of the most fertile coastal environments
(Simenstad et al. 2000). There are many more estuarine-dependent
species than estuarine-resident species, and estuaries provide a
range of habitats to sustain diverse flora and fauna (Dayton 2003).
Estuaries are particularly important as nursery areas for fisheries
and other species, and form one of the strongest linkages between
coastal, marine, and freshwater systems and the ecosystem services
they provide (Beck et al. 2001).

Freshwater wetlands close to the coast form a salinity gradient
and play a key role in maintaining freshwater flows. These areas
are also under pressure for conversion to other uses, as well as for
fish production. Many of these freshwater wetlands have been
lost, and those that remain are under threat from coastal develop-
ment, with pollution exacerbating threats. The European Union
Habitats Directive has declared the conservation of coastal fresh-
water wetlands a priority (Ledoux et al. 2003).

An array of anthropogenic impacts has degraded, altered, or
eliminated these ecosystems in many areas. The main threats in-
clude the loss or destruction of large areas of an estuary’s water-
shed; eutrophication; effects of non-nutrient pollutants such as
pesticides, herbicides, and bacteria; overfishing; invasions of ex-
otic species; and, most important, habitat conversion within estu-
aries themselves. There has been a substantial loss of estuaries and
associated wetlands globally (Levin et al. 2001). In California, for
example, less than 10% of natural coastal wetlands remain, while
in the United States more generally, over half of original estuarine
and wetland areas have been substantially altered (Dayton 2003).
In Australia, 50% of estuaries remain undamaged, although these
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are away from current population centers (Dayton 2003). Of the
world’s major estuaries, 62% occur within 25 kilometers of urban
centers having 100,000 or more people.

Estuaries, especially those in proximity to urban centers, are
often subjected directly and indirectly to trade-offs between de-
velopment and conservation. Alterations such as infilling, dredg-
ing, channeling, installation of harbor works including seawalls
and groins affect estuaries directly. Altering soft bottom habitat to
hard bottom in the process often affects estuaries indirectly by
creating conditions for new assemblages of species, and facilitating
range expansions of invasive species (Ruiz and Crooks 2001). The
resulting ecosystems may have losses in some ecosystem services
and biodiversity. In New Zealand, invasive species have displaced
commercially important mussel beds, causing significant eco-
nomic losses for many mussel farmers (NOAA News Online
2003).

Figure 19.4 shows the interplay among urbanization, port de-
velopment, and estuary loss worldwide. (See also Box 19.1.)
Changes to freshwater flows through river impoundment and di-
version are indirect trade-offs—worldwide, human activities have
increased sediment flows in rivers by about 20% but reservoirs
and water diversions prevent about 30% of sediments from reach-
ing the oceans, resulting in a net reduction of sediment delivery
to coasts of roughly 10% (high certainty) (Syvitski et al. 2005; Vörö-
smarty et al. 2003). Delivery of ecologically important nutrients is
also impeded by freshwater diversion in watersheds, affecting not
only coastal ecology but also marine fisheries yields. In the Nile
Delta region of the Mediterranean, fish yields dropped signifi-
cantly following the construction of the Aswan Dam (Nixon
2003). Although biomass levels rebounded from increasing nutri-
ent input through human sewage, species composition was al-
tered, and fish caught from the polluted waters of the Nile estuary
continue to have human health impacts.

Poor management of watersheds often leads to degradation of
estuaries. Agricultural and grazing practices that destroy natural
riparian habitats have resulted in floods and burial of the natural
estuarine habitats under silt and enriched sediment (Teal and Teal
1969). Urbanization of watersheds interrupts natural flows of both
fresh water and nutrients, and it increases pollution. Agricultural
inputs often result in excessive nutrient loading, which in turn
causes large coastal areas to become eutrophied, hypoxic, or even
anoxic (Boesch et al. 2001; D’Avanzo et al. 1996). An extreme
example is the massive dead zone (up to 15,000 square kilometers)
in the Gulf of Mexico (Turner and Rabalais 1994). Eutrophica-
tion is pervasive close to most of the world’s large estuaries and
all centers of human population, and the resulting ecosystem
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Figure 19.4. Distribution of Major Ports and Estuaries (UNEP-WCMC 2003b; GDAIS 2004)

BOX 19.1

Case Study of the Paracas National Reserve

The Paracas National Reserve (335,000 hectares) is located along the
Peruvian Pacific Coast, 250 kilometers south of the capital city, Lima.
The reserve represents the best example of Pacific sub-tropical coastal
desert on the South American continent (Rodriguez 1996). It includes
relicts of the coastal desert plant communities (lomas). Paracas is one
of the most biologically productive marine areas in the world, serving
as a home for nearly 300 fish species, over 200 migratory bird species
(60 of which migrate between Peru and the United States), and marine
mammals and reptiles. The reserve also provides food for human pop-
ulations in local communities and numerous coastal cities, providing
about 60% of the seafood consumed by the people of Lima, which is
home to 8 million people.

Historically, the arid coasts near Paracas gave rise to numerous
pre-Colombian cultures, including the Paracas culture, and their vil-
lages built up ‘‘a life of unexpected richness in the arid dunes’’ (Stone-
Miller 1995). The allochthonous subsidies from the sea may explain
the apparent contrast between the aridity of the habitat (Paracas is a
Quechuan word meaning ‘‘sand falling like rain’’) and the richness of
the Paracas culture. Today the industrial effluents from fish meal and
fish oil factories reaching the Paracas Bay cause massive deaths of
fish and marine invertebrates. Overfishing and overcollecting of inver-
tebrates has reduced the food source of numerous seabirds and ma-
rine mammals, whose populations have been declining continuously
since the middle of the last century. Currently, a fractionation plant to
process natural gas is being built in the buffer zone of the protected
area within the Paracas Bay, adding another source of environmental
risk to an already vulnerable and degraded marine ecosystem.

The Paracas National Reserve is an important source of income for
local fishers. Overfishing and overcollecting might have serious social
and economic consequences in the town bordering the reserve, where
most of the economy is centered on sea products. An economic valua-
tion of Independencia Bay (Cuadros Dulanto 2001), a 25-by-9 kilometer
bay in the southern part of the reserve, calculated its direct use value
as $17.42 million. Fish and seafood accounted for 98% of this, whereas
guano accounted for 1.4% and algae 0.4%. The value of indirect use,
calculated through a model accounting for carbon sequestration by
phytoplankton, was of $181,124 per year. Potential, existence, and
biodiversity values were estimated to be $9.5 million, $2.7 million, and
$29.8 million, respectively.
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changes are difficult (though perhaps not impossible) to reverse
once algae take over benthic habitats or cause shifts in trophic
structure.

Estuarine systems are among the most invaded ecosystems in
the world, with exotic introduced species causing major ecologi-
cal changes (Carlton 1989 and 1996). Often introduced organisms
change the structure of coastal habitat by physically displacing na-
tive vegetation (Grosholz 2002; Harris and Tyrrell 2001; Murray
et al. 2004). For example, San Francisco Bay in California has
over 210 invasive species, with one new species established every
14 weeks between 1961 and 1995 (Cohen and Carlton 1995,
1998). Most of these bioinvaders were bought in by ballast water
of large ships or occur as a result of fishing activities (Carlton
2001). The ecological consequences of the invasions include hab-
itat loss and alteration, altered water flow and food webs, the cre-
ation of novel and unnatural habitats subsequently colonized by
other exotic species, abnormally effective filtration of the water
column, hybridization with native species, highly destructive
predators, and introductions of pathogens and disease (Bax et al.
2003; Ruiz et al. 1997).

Salt ponds and salinas are formed when evaporation causes
constrained marine waters to become hypersaline. Some are natu-
rally formed and others are artificial, such as salt pans and shrimp
ponds. In effect, these subtypes are the biophysical opposites of
estuaries, yet these coastal features provide key feeding areas for
coastal birds and have their own unique biological communities.
In the Red Sea region, these salt flats contribute nitrogen to adja-
cent mangroves (Potts 1980; Saifullah 1997b). Many of these fea-
tures are seasonal or ephemeral and provide certain services only
during certain times of year. Salt ponds and salt flats are often
converted for other uses.

Salt marshes and coastal peat swamps (see Chapter 20) have
also undergone massive change and destruction, whether they are
within estuarine systems or along the coast. Salt marsh subsidence
has occurred in part due to restricted sediment delivery from
watersheds. Peat swamps in Southeast Asia have declined from
46–100% in countries monitoring changes (MacKinnon 1997).
Coastal birds using estuaries and salt marshes both are indicators of
ecosystem condition and provide many of the aesthetic ecological
services of coastal systems (Benoit and Askins 2002); shorebird
diversity and abundance has declined dramatically in the last few
decades (International Wader Study Group 2003). Changes in rel-
ative sea level have affected and continue to affect salt marsh pro-
ductivity and functioning, especially the ability of marshes to
accumulate and retain sediments (Adam 2002). Relative sea level
is a function of absolute sea level, changes in land level due to
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plate tectonics, and sediment delivery levels. Since sea level is
rising due to climate change and land subsidence, and since fresh-
water diversion impedes delivery of sediments to estuarine sys-
tems (Vörösmarty and Meyback 1999), salt marshes will continue
to be degraded and lost (Cahoon et al. 1999). The greatest threat
may be to salt marshes in the tropics, which are relatively poorly
studied (Adam 2002).

In many parts of the world, freshwater wetlands occur inland
along the gradient of coastal ecosystems that begins offshore and
moves inland through estuaries and salt marshes. Such coastal
freshwater wetlands include herbaceous wetlands (marshes) and
arboreal wetlands (swamps). Freshwater wetlands are discussed in
detail elsewhere in this volume (Chapters 7 and 20), but it should
be noted that the provision of ecosystem services by coastal sys-
tems can be highly dependent on the condition of these fresh-
water wetlands, and many have been and continue to be degraded
by coastal development, changes to hydrology, and pollution.

19.2.1.2 Mangroves

Mangroves are trees and shrubs found in intertidal zones and estu-
arine margins that have adapted to living in saline water, either
continually or during high tides (Duke 1992). Mangrove forests
are found in both tropical and sub-tropical areas (see Figure 19.5
in Appendix A), and global mangrove forest cover currently is
estimated as between 16 million and 18 million hectares (Valiela
et al. 2001; Spalding et al. 1997). The majority of mangroves are
found in Asia.

Mangroves grow under a wide amplitude of salinities, from
almost fresh water to 2.5 times seawater strength; they may be
classified into three major zones (Ewel et al. 1998) based on dom-
inant physical processes and geomorphological characters: tide-
dominated fringing mangroves, river-dominated riverine man-
groves, and interior basin mangroves. The importance and quality
of the various goods and services provided by mangroves varies
among these zones (Ewel et al. 1998). Fringe forests provide pro-
tection from typhoons, flooding, and soil erosion; organic matter
export; animal habitat; and a nursery function. Riverine man-
groves also provide protection from flooding and erosion, as well
as sediment trapping, a nursery function, animal habitat, and the
harvest of plant products (due to highest productivity). Basin for-
ests provide a nutrient sink, improve water quality, and allow the
harvest of plant products (due to accessibility).

These forests thus provide many ecosystem services, playing a
key role in stabilizing land in the face of changing sea level by
trapping sediments, cycling nutrients, processing pollutants, sup-
porting nursery habitats for marine organisms, and providing fuel-
wood, timber, fisheries resources. They also buffer land from
storms and provide safe havens for humans in the 118 coastal
countries in which they occur (Spalding et al. 1997). Mangroves
have a great capacity to absorb and adsorb heavy metals and other
toxic substances in effluents (Lacerda and Abrao 1984). They can
also exhibit high species diversity. Those in Southeast Asia, South
Asia, and Africa are particularly species-rich, and those in associa-
tion with coral reefs provide food and temporary living space to a
large number of reef species. In some places mangroves provide
not only nursery areas for reef organisms but also a necessary nurs-
ery ground linking seagrass beds with associated coral reefs
(Mumby et al. 2004). Removal of mangrove can thus interrupt
these linkages and cause biodiversity loss and lower productivity
in reef and seagrass biomes.

Mangroves are highly valued by coastal communities, which
use them for shelter, securing food and fuelwood, and even as
sites for agricultural production, especially rice production. Due
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to their function as nurseries for many species, fisheries in waters
adjacent to mangroves tend to have high yields; annual net values
of $600 per hectare per year for this fishery benefit have been
suggested (Giesen et al. 1991). In addition, an annual net benefit
of $15 per hectare was calculated for medicinal plants coming
from mangrove forests, and up to $61 per hectare for medicinal
values (Bann 1997). Similarly large economic benefits are calcu-
lated for shoreline stabilization and erosion control functions of
mangroves (Ruitenbeek 1992).

Many mangrove areas have become degraded worldwide, and
habitat conversion of mangrove is widespread (Farnsworth and
Ellison 1997). Much of the coastal population of the tropics and
sub-tropics resides near mangroves; 64% of all the world’s man-
groves are currently within 25 kilometers of major urban centers
having 100,000 people or more. Mangroves have been converted
to allow for aquaculture and for agriculture, including grazing and
stall feeding of cattle and camels (which in Pakistan, for instance,
is the second most serious threat to mangrove ecosystems (Saiful-
lah 1997a)). Mangrove forests are also affected by removal of trees
for fuelwood and construction material, removal of invertebrates
for use as bait, changes to hydrology in both catchment basins or
nearshore coastal areas, excessive pollution, and rising relative sea
levels (Semesi 1992, 1998).

Along with conversion to agriculture, salt pans, and urban and
industrial development, an important cause of loss is the aquacul-
ture industry, typically through conversion of mangrove wetlands
to shrimp or prawn farms. This destruction is particularly wasteful
and costly in the long term, since shrimp ponds created out of
mangrove forest lose their productivity over time and tend to
become fallow in 2–10 years (Stevenson 1997). Historically, aban-
doned shrimp ponds are rarely restored, but new policy directives
and a shift in the aquaculture industry is helping to make aquacul-
ture less destructive and more prone to supporting restoration or
regrowth in some parts of the world.

Estimates of the loss of mangroves from countries with avail-
able multiyear data (representing 54% of total mangrove area at
present) show that 35% of mangrove forests have disappeared in
the last two decades—at the rate of 2.1%, or 2,834 square kilome-
ters, per year (Valiela et al. 2001). In some countries, more than
80% of original mangrove cover has been lost due to deforestation
(Spalding et al. 1997). In summary, the current extent of man-
groves has been dramatically reduced from the original extent in
nearly every country in which data on mangrove distribution
have been compiled (Burke et al. 2001). The leading human ac-
tivities that contribute to mangrove loss are 52% aquaculture (38%
shrimp plus 14% fish), 26% forest use, and 11% freshwater diver-
sion (Valiela et al. 2001). Restoration has been successfully at-
tempted in some places, but this has not kept pace with wholesale
destruction in most areas.

19.2.1.3 Intertidal Habitats, Deltas, Beaches, and Dunes

Rocky intertidal, nearshore mudflats, deltas, beaches, and dunes
also provide ecosystem services such as food, shoreline stabiliza-
tion, maintenance of biodiversity (especially for migratory birds),
and recreation.

Rocky intertidal habitats display interesting patterns of biolog-
ical regulation and have been the location of much of the research
that provided the foundation for our knowledge of predator-prey
interactions, keystone species, and other biological regulation
(Foster et al. 1988; Paine 2002; Sebens 1986). (See Chapter 11
for more on biological regulation in coastal systems.) The rocky
intertidal habitats of temperate areas are highly productive and, in
some cases, an important source of food for humans (Murray et
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al. 1999b). Food and bait collection (including mollusks and sea-
weeds) and human trampling have substantially depleted many of
the organisms in these habitats. In the United States, the rocky
intertidal zone has undergone major transformation in the last few
decades: the California mussel Mytelus californianus has become
very rare, the seastar Pisaster sp. is now almost never seen, and the
once abundant black abalone (Haliotis cracherodii) can no longer be
found in southern California (Dayton 2003). In addition, dozens
of formally abundant nudibranch species are now rare (Tegner
and Dayton 2000). Similar trends have been observed elsewhere
in the world (Dayton 2003). Along the Yellow Sea coast, China
has lost around 37% of habitat in intertidal areas since 1950, and
South Korea has lost �43% since 1918 (Birdlife International
2004a).

Intertidal mudflats and other soft-bottom coastal habitats play
pivotal roles in ocean ecology, even though research and public
interest have not historically focused on these habitats. Soft-
bottom coastal habitats are highly productive and can be extraor-
dinarily diverse (Levin et al. 2001), with a species diversity that
may rival that of tropical forests (Gray 1997). Mudflats are critical
habitat for migrating shorebirds and many marine organisms, in-
cluding commercially important species like the horseshoe crab
(Limulus polyphemus) and a variety of clam species. Unfortunately,
mudflats are commonly destroyed during port development or
maintenance dredging (Rogers et al. 1998), and coastal muds in
many areas are highly contaminated by heavy metals, PCBs, and
other persistent organic pollutants, leading to mortality and mor-
bidity in marine species and to human health impacts.

Coastal deltas are extremely important microcosms where
many dynamic processes and human activity converge. The
IPCC has identified ‘‘deltas, estuaries, and small islands’’ as the
coastal systems most vulnerable to climate change and sea level
rise (IPCC 2003). Deltas are high population and human land
use areas and are dynamic and highly vulnerable. They are also
experiencing significant global changes as a class in themselves,
aside from their overlap with the categories of mangrove, marshes,
and wetlands (discussions of which do not capture all the dynamic
influences in deltas).

Beaches and sandy shores also provide ecological services and
are being altered worldwide. Sandy shores have undergone mas-
sive alteration due to coastal development, pollution, erosion,
storms, alteration to freshwater hydrology, sand mining, ground-
water use, and harvesting of organisms (Brown and McLachlan
2002). Disruptions to the sand balance in many locations is caus-
ing the total disappearance of beaches and with it the loss of eco-
logical services, such as the provision of food to migratory birds,
provision of nesting habitat, delivery of land-based nutrients to
the nearshore coastal system, and provision of both food and rec-
reational space to humans. Removal of beach wrack (seaweeds
cast up on beaches) near urban centers and tourism resorts also
alters habitat and services.

Dune systems occur inland of the intertidal zone but are com-
monly found in conjunction with beaches and sandy shores.
These habitats are often highly dynamic and mobile, changing
their form in both the short and long term. Although dune sys-
tems are not as productive exporters of nutrients as many other
coastal systems, they act as sediment reserves, stabilize coastlines,
provide areas for recreation, and provide breeding and feeding
sites for seabirds and other coastal species. Dunes support high
species diversity in certain taxonomic groups, including endan-
gered bird, plant, and invertebrate species. Encroachment in dune
areas often results in shoreline destabilization, resulting in expen-
sive and ongoing public works projects such as the building of
breakwaters or seawalls and sand renourishment. In the United
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States alone, coastal erosion of dunes and beaches costs $500 mil-
lion in property losses annually (The Heinz Center 2000). Not
only are such projects costly, they also have cascading impacts
throughout the coast and nearshore areas.

19.2.1.4 Coral Reefs and Atolls

Coral reefs exhibit high species diversity and endemism and are
valued for their provisioning, regulating, and cultural services
(McKinney 1998). Reef-building corals occur in tropical coastal
areas with suitable light conditions and high salinity and are par-
ticularly abundant where sediment loading and freshwater input
is minimal. The distribution of the world’s major coral reef eco-
systems is shown in Figure 19.6 (in Appendix A). Reef formations
occur as barrier reefs, atolls, fringing reefs, or patch reefs, and
many islands in the Pacific Ocean, Indian Ocean, and Caribbean
Sea have extensive reef systems occurring in a combination of
these types. Coral reefs occur mainly in relatively nutrient-poor
waters of the tropics, yet because nutrient cycling is very efficient
on reefs and complex predator-prey interactions maintain diver-
sity, productivity is high. However, with a high number of tro-
phic levels the amount of primary productivity converted to
higher levels is relatively low, and reef organisms are prone to
overexploitation.

Reefs provide many of the services that other coastal ecosys-
tems do, as well as additional services: they are a major source of
fisheries products for coastal residents, tourists, and export mar-
kets; they support high diversity that in turn supports a thriving
and valuable dive tourism industry; they contribute to the forma-
tion of beaches; they buffer land from waves and storms and pre-
vent beach erosion; they provide pharmaceutical compounds and
opportunities for bioprospecting; they provide curios and orna-
mentals for the aquarium trade; and they provide coastal commu-
nities with materials for construction and so on (Ahmed et al.
2004).

The fine-tuned, complex nature of reefs makes them highly
vulnerable to negative impacts from overuse and habitat degrada-
tion—when particular elements of this interconnected ecosystem
are removed, negative feedbacks and cascading effects occur
(Nystrom et al. 2000). Birkeland (2004) describes ecological
ratcheting effects through which coral reefs are transformed from
productive, diverse biological communities into depauperate
ones, along with similar cascading effects caused by technological,
economic, and cultural phenomena. Coral reefs are one of the
few marine environments displaying disturbance-induced phase
shifts: a phenomenon in which diverse reef ecosystems dominated
by stony corals dramatically turn into biologically impoverished
wastelands overgrown with algae (Bellwood et al. 2004).

Most tropical reefs occur in developing countries, and this is
where the most intensive degradation is occurring (Burke et al.
2002). Of all the world’s known tropical reef systems, 58% occur
within 25 kilometers of major urban centers having populations
of 100,000 or more. Coral reefs are at high risk from many kinds
of human activity, including coastal construction that causes loss
of habitat as well as changes in coastal processes that maintain reef
life; coastal constructions that change physical processes; destruc-
tive fishing and collecting for the marine ornamental trade; over-
fishing for both local consumption and export (Chapter 18);
inadequate sanitation and poor control of run-off leading to eu-
trophication; dumping of debris and toxic waste; land use prac-
tices leading to siltation; oil spills; and degradation of linked
habitats such as seagrass, mangrove, and other coastal ecosystems
(Wilkinson 2000, 2002). In 1999, it was estimated that approxi-
mately 27% of the world’s known reefs had been badly degraded
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or destroyed in the last few decades (Wilkinson 2000), although
the latest estimates are of 20% of reefs destroyed (Wilkinson 2004)
and more than a further 20% badly degraded or under imminent
risk of collapse.

Of all the world’s ecosystems, coral reefs may be the most
vulnerable to the effects of climate change (Hughes et al. 2003).
Although the mechanisms are not clear, warming seawater trig-
gers coral bleaching, which sometimes causes coral mortality.
Corals bleach when the symbiotic zooxanthellae that live in the
tissue of the coral polyps and catalyze the reactions that lead to
calcium carbonate deposition are changed or expelled. Bleaching
does not automatically kill corals, but successive bleaching events
in close proximity, or prolonged bleaching events, often do lead
to mass mortality (Pandolfi et al. 2003). However, it has been
estimated that approximately 40% of the reefs that were seriously
damaged in the 1998 coral bleaching events are either recovering
well or have fully recovered (Wilkinson 2004).

Climate change also has other detrimental impacts on coral.
For example, rising carbon dioxide levels change the pH of water,
reducing calcium carbonate deposition (reef-building) by corals.
Climate change also facilitates the spread of pathogens leading to
the spread of coral diseases. It has been suggested that climate
change will reduce the world’s major coral reefs in exceedingly
short time frames—one estimate suggests that all current coral
reefs will disappear by 2040 due to warming sea temperatures
(Hughes et al. 2003), and it is not known whether the reefs that
take their place will be able to provide the same level of services
to humans and the biosphere.

Coral reefs are highly degraded throughout the world, and
there are likely to be no pristine reefs remaining (Hughes et al.
2003; Pandolfi et al. 2003; Gardner et al. 2003). Historical analysis
of conditions suggests that reef degradation, involving the decline
of large animals, then smaller animals and reef-building species,
precedes the emergence of bleaching and disease (Pandolfi et al.
2003). This suggests that overfishing, combined with pollution
from land-based sources, predisposes reefs to be less resilient to
disease and the effects of climate change. Such pollution includes
increases in turbidity resulting from sediments washing into near-
shore waters or from release during dredging, which results in
significantly lower light levels reach corals, disrupting photosyn-
thesis in algal symbionts and reducing calcification rates (Yentsch
2002). The coral reefs of the Caribbean Sea and portions of
Southeast Asia have suffered the greatest rates of degradation and
are expected to continue to be the most threatened (Gardner et
al. 2003).

19.2.1.5 Seagrass Beds or Meadows

Seagrass is a generic term for the flowering plants that usually
colonize soft-bottom areas of the oceans from the tropics to the
temperate zones (some seagrass can be found on hard-bottom
areas but the ones occupied are usually small). In estuarine and
other nearshore areas of the higher latitudes, eelgrass (Zostera spp.)
forms dense meadows (Deegan et al. 2001). Further toward the
tropics, manatee and turtle grass (Thalassia testudinum and Syrin-
godium filiforme) cover wide areas. Along with mangroves, seagrass
is thought to be a particularly important in providing nursery areas
in the tropics, where it provides crucial habitat for coral reef fishes
and invertebrates (Gray et al. 1996; Heck et al. 1997). Seagrass is
highly productive and an important source of food for many
species of coastal and marine organisms in both tropical and tem-
perate regions (Gray et al. 1996). It also plays a notable role in
trapping sediments and stabilizing shorelines.

PAGE 523

Seagrass continues to play an important ecological role even
once the blades of grass are cut and carried by the water column.
Drift beds, composed of mats of seagrass floating at or near the
surface, provide important food and shelter for young fishes (Kul-
czycki et al. 1981), and the deposit of seagrass castings and macro-
algae remnants on beaches is thought to be a key pathway for
nutrient provisioning to many coastal invertebrates, shorebirds,
and other organisms. For instance, nearly 20% of the annual pro-
duction of nearby seagrass (over 6 million kilograms dry weight
of beach cast) is deposited each year on the 9.5-kilometer beach
of Mombasa Marine Park in Kenya, supporting a wide variety of
infauna and shorebirds (Ochieng and Erftemeijer 2003).

Tropical seagrass beds or meadows occur both in association
with coral reefs and removed from them, particularly in shallow,
protected coastal areas such as Florida Bay in the United States,
Shark Bay and the Gulf of Carpentaria in Australia, and other
geomorphologically similar locations. Seagrass is also pervasive
(and ecologically important) in temperate coastal areas such as the
Baltic Seas (Fonseca et al. 1992; Green and Short 2003; Isakkson
et al. 1994). The distribution of these major seagrass beds is shown
in Figure 19.7 (in Appendix A).

Human impacts, including dredging and anchoring in seagrass
meadows, coastal development, eutrophication, hypersalinization
resulting from changes to inflows, siltation, habitat conversion for
the purposes of algae farming, and climate change, are all causing
widespread damage to seagrasses globally (Duarte 2002). Increased
nutrient inflows into shallow water coastal areas with limited
flushing (prime areas for seagrass growth) can cause algal and epi-
faunal encrustation of seagrass blades (Duarte 1995), limiting their
ability to photosynthesize and in extreme cases smothering the
meadows altogether (Deegan et al. 2001; Short and Wyllie-
Echeverria 1996). Major losses of seagrass habitat have been re-
ported from the Mediterranean, Florida Bay, and Australia (Du-
arte 2002). Present losses are expected to accelerate, especially in
Southeast Asia and the Caribbean (Burke et al. 2001; Duarte
2002), as eutrophication increases, algal grazers are overfished,
and coastal development increases.

19.2.1.6 Kelp Forests

The productivity of kelp forests rivals that of the most productive
land systems (Dayton 2003). These temperate ecosystems have a
complex biological structure organized around large brown algae,
supporting a high diversity of species and species interactions.
Kelp support fisheries of a variety of invertebrate and finfish, and
the kelp itself is harvested for food and additives. Kelp forests are
remarkably resilient to natural disturbances such as wave impacts,
storm surges, and other extreme oceanographic events (Dayton
2003).

Kelp forests and other macroalgae provide specialized nursery
habitats for some species. For instance, the upper layers of kelp
provide nursery habitat for young rockfish and other organisms.
Kelp communities consist of several distinct canopy types sup-
porting many herbivores. Most important among these are sea
urchins, which are capable of destroying nearly all fleshy algae in
most kelp systems, and the spines of the red sea urchin (Strongylo-
centrotus franciscanus) provide crucial nursery habitat for other sea
urchin species (Tegner and Dayton 1977). Factors affecting the
abundance of sea urchins are thus important to the integrity of
kelp ecosystems (Dayton 2003).

Unfortunately, the biological communities of many kelp for-
ests have been so destabilized by fishing that they retain only a
fraction of their former diversity (Tegner and Dayton 2000). It is
likely that no kelp systems exist in their natural condition (Dayton
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2003), and there have been enormous system responses to human
impact. Fishing impacts (see Chapter 18) can cause cascading ef-
fects, reducing diverse kelp forests to much simplified sea urchin–
dominated barren grounds. Such ‘‘urchin barrens’’ are exactly as
the name implies: devoid of many normal forms of life and domi-
nated by urchins. Urchin barrens are or were prevalent in the
northwest Atlantic (Labrador to Massachusetts), the Aleutian
Islands, southern California, the Chilean coast, Japan, New
Zealand, and Australia.

Removal of predators plays a key role in these regime shifts,
some of which regularly oscillate between states, while others re-
main in the barren state for long periods of time. For example, in
the Atlantic Ocean large fish such as halibut (Hippoglossus hippo-
glossus), wolfish (Anarichus latifrons), and cod (Gadus spp.), which
are the key predators of sea urchins, have been largely removed
from the system, causing sea urchin populations to explode (Teg-
ner and Dayton 1977; Dayton et al. 1998). Following this, di-
rected exploitation and disease led to a collapse of the urchin
populations, but kelp forests have not fully recovered and con-
tinue to be vulnerable to waves of exotic species (Dayton 2003).

In other places, kelp communities are tied to sea otter popula-
tions. When sea otters were decimated in the Aleutian Islands
through hunting, kelp forests were destroyed by booming popu-
lations of sea urchins. Following protection of sea otters, the kelp
forests temporarily recovered, but the barrens returned in the
1990s when the otters began declining again (Estes et al. 1998).
The health of kelp forests is thus strongly related to the health of
the predator populations.

19.2.1.7 Other Benthic Communities: Rock and Shell Reefs,
Mud Flats, Coastal Seamounts, and Rises

Although public interest in coastal biodiversity has tended to
focus on coral reefs, many other coastal systems harbor vast
amounts of species (Gray 1997; Gray et al. 1997). Within estuar-
ies, for instance, oyster reefs are considered important nursery
areas, not just for oysters but also for a wide range of fish species,
other mollusks, crabs, and other fauna. Rock reefs, for example,
provide rich nursery habitat for fisheries, such as those that occur
in the extensive banks inshore from the upwelling areas of the
northern Gulf of Guinea in West Africa (Binet and Marchal
1993), as well as in temperate areas such as in the Mediterranean
Sea. Mud flats in the intertidal area and on banks are also produc-
tive habitats that exhibit surprising species diversity.

Hard-bottom habitats below the photic zone tend to be domi-
nated by sponges, corals, bryozoans, and compound ascidians.
Most of these temperate, non-reef-building corals are found in
deeper waters beyond the coastal limit, although their ecosystem
dynamics and the threats facing them are similar to many coastal
systems. Human-induced disturbances can cause major ecological
damage and compromise biodiversity, regardless of whether these
communities occur more inshore or offshore. Bottom trawling
and other fishing methods that rake the benthos have destroyed
many of these communities already (Dayton 2003; Jennings and
Kaiser 1998). These impacts on biodiversity sometimes result in
permanent losses when endemic or restricted species are wiped
out. (See the section on biodiversity in Chapter 18.)

About 70% of Earth’s seafloor, including that located within
the MA coastal system, is composed of soft sediment (Dayton
2003). Although soft-sediment habitats do not always appear as
highly structured as some terrestrial or marine reef habitats, they
are characterized by extremely high species diversity. There is
now strong evidence of fishing effects on seafloor communities
that have important ramifications for ecosystem function and re-

PAGE 524

silience (Dayton 2003; Rogers et al. 1998). Given the magnitude
of disturbance by trawling and dredging and the extension of
fishing effort into more vulnerable benthic communities (Chapter
18), this type of human disturbance is one of the most significant
threats to marine biodiversity (Dayton 2003). Sponge gardens in
soft substrates face particular threat from bottom trawling, since
the soft substrate is easily raked by heavy trawling gear.

In places, the ocean floor’s soft sediment is interrupted by
highly structured seamounts with highly diverse communities of
organisms (Dayton 1994). These underwater mountains or volca-
noes are usually found far offshore and are thought to be crucial
for many pelagic fish species, not just as sites for breeding and
spawning, but also as safe havens for juvenile fishes seeking refuge
from open ocean predators (Johannes et al. 1999). Since the vast
majority of large seamounts occur in deeper marine waters, they
are discussed in detail in Chapter 18. However, smaller seamounts
occur in conjunction with coral reefs and elsewhere in the coastal
zone, and they contribute significantly to coastal fisheries produc-
tion and biodiversity maintenance. Because their high species di-
versity is concentrated into a relatively small, localized area, and
because of their occasionally high endemism, seamounts are ex-
tremely vulnerable to fishing impacts. (See Chapter 18.)

Other benthic habitats that might be expected to fall into this
subtype are not discussed in this assessment, such as the fjords of
Norway and non-kelp-dominated rocky slopes and banks. Cold
water corals of the temperate deeper waters are discussed in Chap-
ter 18. Some of these habitats provide ecosystem services impor-
tant to humankind, and some are also being degraded, but these
habitats are either so specialized as to make generalizations impos-
sible, or assessment information is lacking at the global scale.

19.2.1.8 Semi-enclosed Seas

A semi-enclosed sea is legally defined as ‘‘a gulf, basin or sea sur-
rounded by two or more States and connected to another sea or
the ocean by a narrow outlet or consisting entirely or primarily of
the territorial seas and exclusive economic zones of two or more
coastal States’’ (Convention on Law of the Sea, Article 122). Al-
though this is a geopolitical, not an ecological, definition, and
despite the fact that large portions of semi-enclosed seas thus de-
fined fall outside the MA category of ‘‘coastal,’’ these areas are
described here as another coastal subtype. (Chapter 18 mentions
these systems in regard to fisheries as well.)

Notable examples of semi-enclosed seas include the Mediter-
ranean, Black, Baltic, and Red Seas and the Gulf of Aden. Semi-
enclosed seas can be intercontinental (such as the Mediterranean
Sea), intracontinental (such as the Black and Baltic Seas), or mar-
ginal (such as the North and Bering Seas). Gulfs with restricted
openings such as the Gulf of California in Mexico and the Gulf
of Thailand could also be considered ‘‘semi-enclosed.’’ These sys-
tems all share similar attributes: they tend to be highly productive
(primarily due to exogenous inputs from lands nearby), often have
high species diversity and endemism, are heavily used by the
countries and communities that border them, and are often at
high risk from pollution.

Perhaps more than open ocean systems, semi-enclosed seas are
directly linked to human well-being. Many of the world’s great
civilizations sprung up along the shorelines of semi-enclosed seas,
which have historically provided food, trade routes, and waste
processing services to burgeoning human populations. Today
most semi-enclosed seas of the world are highly valued as tourism
and recreational venues, adding to their value in continuing to
provide food and other services (Sheppard 2000). Yet they are
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becoming highly degraded due to demands placed on them and
their physical configuration.

Freshwater inflows to semi-enclosed seas have been severely
curtailed in most areas, robbing them of recharging waters and
nutrients. A particularly acute case of this degradation has oc-
curred in the Gulf of California, which now receives only a trickle
of water through the now dry, but once very fertile, delta of the
Colorado River (GIWA 2003). At the same time, water reaching
these basins is often of poor water quality due to land-based
sources of pollution such as agricultural and industrial waste
(GESAMP 2001). Such degradation is highly prevalent in semi-
enclosed seas with major river drainages, such as the Black Sea
(Bakan and Büyükgüngör 2000), Baltic Sea (Falandysz et al. 2000;
Kautsky and Kautsky 2000), and even large parts of the Mediter-
ranean Sea (Cognetti et al. 2000). The limited flushing and long
recharge times in semi-enclosed seas means that pollutants are not
as quickly diluted as in the open sea, and eutrophication and tox-
ics loading are often the result.

Virtually all semi-enclosed seas have undergone dramatic
transformation as the consequence of coastal development, ever-
increasing fishing pressures, declines in freshwater input, and pol-
lutant loading. The pollution that enters semi-enclosed seas from
drainage basins is a significant source of degradation in these phys-
ically constrained coastal areas, especially in regions with major
river basins and high rainfalls (for instance, see Cognetti et al.
2000 on the Adriatic Sea and Bakan and Büyükgüngör 2000 on
the Black Sea). In the Bosporus region of Turkey, sewage pollu-
tion has been implicated in the decline of many fish species.
However, land-based sources of pollution can also be a problem
in arid and semiarid regions, as evidenced by the extensive local
degradation of coral reefs in the Red Sea caused by seepage and
runoff of untreated sewage into nearshore waters (Sheppard
2000).

Negative synergies often act together to bring about cataclys-
mic change in ecosystem condition in relatively short amounts of
time. The Black Sea, which once supplied much of Europe with
fisheries products, has undergone a slow but chronic environ-
mental degradation in the last century as industrial pollution from
major rivers, including the Danube, Dniester, and Dnieper, as
well as more coastally based pollution, contaminated the waters.
Overfishing and wetlands destruction occurred during roughly
the same period, but intensified even as the health of the sea
began to falter. When an Atlantic ctenophore, Mnemiopsis leidyi,
was introduced through ship ballast water sometime in the 1980s,
the voracious predator eagerly preyed on the struggling biota,
causing the loss of over two dozen major fisheries (Zaitsev and
Mamaev 1997). In recent years, the anoxic layer of this basin has
expanded and moved upwards, making restoration of the sea to
its once-vibrant state difficult.

19.2.2 Marine Wildlife

The world’s oceans and coasts are home to many hundreds of
species of marine mammals, turtles, crocodiles, and seabirds—
some common, others rare; some with global distributions, others
with narrow coastal distributions. Those with wide-ranging dis-
tributions demonstrate the connectivity of ecosystems and the
need for holistic approaches to management of coastal and marine
systems. Several species are threatened, either because they have
not recovered from earlier exploitation (such as the Northern
right whale, Eubalaena glacialis) or because they continue to suffer
excessive mortality, mainly through incidental catches or as by-
catch of fishing (such as the vaquita, Phocoena sinus, a dolphin
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endemic to the northern Gulf of California (D’Agrosa et al. 2000)
and albatrosses (Stehn et al. 2001)).

Other human activities also threaten marine wildlife. Recent
studies have found strong correlations between mass strandings of
some marine mammals, such as beaked whales (family Ziphiidae),
and military low frequency sonar exercises (Piantadosi and Thal-
mann 2004). More widespread is the threat of incidental catch in
fisheries. Bycatch is currently recognized as a significant threat to
conservation of small cetaceans (Dawson et al. 1998) and seabirds
(Tasker et al. 2000).

19.2.2.1 Turtles and Crocodiles

None of the 23 known crocodile species have gone extinct de-
spite local extirpations and multiple threats to their habitats as well
as interactions with humans (Webb 1999). Although some species
of crocodile are still threatened with extinction, others have in-
creased in number and through appropriate management plans are
being harvested sustainably (Ross 1998).

Marine turtles, along with marine mammals and seabirds, are
key indicator species for problems and changes in the marine en-
vironment. The overall situation of the seven marine turtle spe-
cies found worldwide is no better than that of most marine
mammals. Human-related impacts—particularly habitat destruc-
tion, direct harvest of adults and eggs, international trade, bycatch,
and pollution—are seriously threatening the survival of marine
turtles. All seven species of turtles are listed under the Convention
on International Trade in Endangered Species of Wild Fauna and
Flora Appendix I, thereby restricting international trade in turtles
or turtle-derived products between parties to the convention. Ac-
cording to the IUCN Red List, three of the seven species are
critically endangered with extinction, three are endangered, and
the status of the Australian flatback (Chelonia depressa) remains un-
known due to insufficient information.

Although survival of marine turtles is threatened on a global
scale, at the regional scale different turtle subpopulations show
different growth trajectories. However, this may be a reflection of
data availability. For example, information about turtle popula-
tions in Africa has been lacking until recently (Fretey 2001) and
is still largely incomplete.

Green turtle (C. mydas) populations are particularly at risk in
the Indo-Pacific, primarily due to high levels of directed take of
adults, juveniles, and eggs. Leatherback turtle populations (Dermo-
chelys coriacea) are especially at risk in the Eastern Pacific. It has
been estimated that the number of leatherback turtles in that re-
gion has decreased from just under 100,000 adult females in 1980
to fewer than 3,000 adult females in 2000 (Spotila et al. 2000).
Conservative estimates are that longline and gill-net fisheries were
responsible for the mortality of at least 1,500 female leatherbacks
per year in the Pacific during the 1990s (Spotila et al. 1996).

Similarly, leatherbacks and loggerhead turtles (Caretta caretta)
at sea suffer from high rates of mortality due to unsustainable lev-
els of bycatch in various fisheries (notably longline fisheries).
Should these levels be sustained, Eastern Pacific leatherback tur-
tles are anticipated to become extinct in the next few decades
(Crowder 2000). In many parts of the world, however, direct
harvest (as occurs for the hawksbill, Eretmochelys imbricata) and in-
cidental capture of marine turtles in inshore fisheries represent a
greater source of mortality than bycatch in longline fisheries
(Seminoff 2002; Kaplan 2001).

In addition to mortalities experienced at sea, habitat loss and
destruction of nesting beaches and important foraging grounds
have contributed to marine turtle population declines (WWF
2003). Turtle products, such as jewelry made from hawksbill
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shells, also threaten marine turtles. Thousands of turtles die from
eating or becoming entangled in nondegradable debris each year.
Trash, particularly plastic bags, causes mortality for species like the
leatherback, which cannot distinguish between floating bags and
jellyfish prey. Pollution has also been linked to increased inci-
dence of fibropapilloma disease, which kills hundreds of turtles
annually (Herbst et al. 2004). However, the greatest recent histor-
ical losses in turtle populations occurred as a result of early Euro-
pean colonization of the Americas, when trade in turtle products
helped finance further exploration and settlement, as occurred in
the Caribbean (Carr 1979; Jackson et al. 2001).

19.2.2.2 Marine Mammals

Marine mammals are affected and frequently threatened by fish-
eries and other human activities (Northridge 2002). In the past,
the main threats were large-scale whaling and sealing operations
focused initially on the waters of northern Europe and Asia. Op-
erations soon extended to Antarctica and reduced populations to
small fractions of their former abundances (Perry et al. 1999) or
extirpated them completely, as with the now extinct Atlantic grey
whale (Mitchell and Mead 1977) or the Caribbean monk seal
(Kenyon 1977; Gilmartin and Forcada 2002). While many of the
pinniped (seals, sea lions, and walrus) species appear to have re-
covered quite successfully from former exploitation levels, recov-
ery of some of the heavily depleted whale species has been slow,
making them more susceptible to other emerging threats, such as
bycatch in commercial fisheries or climate change (Clapham et al.
1999).

In recent decades, incidental entanglement in fishing gear,
chemical and acoustical pollution, habitat degradation, climate
change, and ship strikes are regarded as the most serious human-
related threats for marine mammals, although impacts of these are
highly variable for different species.

Small cetaceans such as dolphins are probably most threatened
by bycatch (Northridge 2002; Kaschner 2003)—in some cases, to
the verge of extinction, such as the vaquita (D’Agrosa et al. 2000).
And worldwide estimated mortalities across all species add up to
several hundred thousands every year (Read et al. 2003). Al-
though entanglement in fishing gear is generally not fatal for the
larger baleen whales, it may seriously affect the ability of an animal
to feed and may potentially result in starvation (Clapham et al.
1999).

Increasing levels of chemical pollution and marine debris in
the marine environment are likely having impacts on most marine
mammal species through ingestion of pollution and floating plas-
tic debris or entanglement (Merrick et al. 1987). Various health
problems in marine mammals have been associated with high lev-
els of accumulated pollutants that have been found in many spe-
cies of predatory marine mammals (Aguilar and Borrell 1994).

Pinniped species combined represent the most abundant
group of marine mammals in terms of population size. However,
a high proportion of pinniped species are restricted to polar wa-
ters, and this group is most likely to be negatively affected by
climate change (Harwood 2001). Currently, almost a quarter of
all pinniped species are listed as endangered or vulnerable in the
IUCN Red List.

19.2.2.3 Waterbirds

Many waterbirds are dependent on coastal systems (see Chapter
20 for a more detailed assessment of waterbird status and trends),
and waterbirds themselves are important in the delivery of a num-
ber of coastal ecosystem services, including nutrient cycling, rec-
reation, food provisioning, and cultural values. Coastal systems
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are vital for both shorebirds and seabirds, which use coastal areas
for breeding, foraging and resting. There are 336 species of sea-
birds (Schreiber and Burger 2002). Some species, notably gulls,
have increased because of widespread discarding of bycatch. Oth-
ers have strongly declined in recent decades, both due to the re-
duction of their food base by fisheries and because they are caught
as bycatch of pelagic fisheries.

Shorebirds are declining worldwide: of populations with a
known trend, 48% are declining in contrast to just 16% increasing
(International Wader Study Group 2003). For shorebirds in Africa
and Western Eurasia, three times as many populations are decreas-
ing as are increasing, although the trend status of the majority of
populations seems not to have changed significantly over the last
10–20 years. Overall, 45 (34%) of African-Eurasian migratory
shorebird populations are regarded as of conservation concern due
to their decreasing or small populations (Stroud et al. 2004). Simi-
larly, 54% of shorebird populations occurring in North America
are in a significant or persistent decline, with only 3% increasing
significantly and as many as 80% of populations in this region
showing evidence of declines (Morrison et al. 2001). However,
shorebird trend status in other regions is poorly known and has
not been reassessed since the 1980s.

Information on trends in shorebirds and seabirds is highly vari-
able geographically. For shorebird (wader) flyways in Africa-
Eurasia, trend information is available for 93% of populations
using the coastal East Atlantic flyway and 76% using the Black
Sea/Mediterranean flyway. Only 35% of populations on the West
Asia/East Africa flyway have good trend information, and the
status of resident African populations is particularly poorly known
(only 30%) (Stroud et al. 2004). While fewer seabirds than inland
waters species have become extinct, a much larger proportion
(41.8%) of extant seabirds are globally threatened. (See Chapter
20.) The decline in seabirds is occurring in all parts of the world
and across major habitat types. The most threatened families are
albatrosses (90.5% of species globally threatened), penguins
(58.8%), petrels and shearwaters (42.9%), and frigate birds (40%).

Land use change and habitat loss and degradation seem to con-
tinue to be drivers of shorebird declines. For example, the decline
of certain long-distance East Atlantic flyway populations (while
other populations on the same flyway are stable or increasing) has
been attributed to their high dependency on deteriorating criti-
cally important spring staging areas, notably the international
Wadden Sea, that are being affected by commercial shellfisheries.
Similar situations are reported from other flyways and key spring
staging areas such as Delaware Bay in the United States and the
Yellow Sea coast. Maintaining the ecological character of such
staging areas is increasingly recognized as vital for the survival of
Arctic-breeding species, yet many remain under threat (Baker et
al. 2004; Davidson 2003).

For seabirds, direct drivers of declines are likely to be different
from those of coastal and freshwater waterbirds. For example, for
albatrosses—the seabirds showing the most dramatic current pop-
ulation declines—it is highly certain that the main driver is adult
mortality caused by pelagic (longline) fisheries in southern oceans
(BirdLife International 2004b).

For sea- and shorebirds, climate change is considered to be
additional to the drivers of land use change and habitat loss and
degradation. For example, changes in the non-breeding distribu-
tion of coastal wintering shorebirds in western Europe have been
attributed to rising mid-winter temperatures (Austin et al. 2000),
and seabird breeding failures in the North Sea in 2004 have been
linked to a northward shift in plankton distribution driven by
rising sea temperatures (Edwards and Richardson 2004).

................. 11432$ CH19 10-11-05 15:01:44 PS



527Coastal Systems

Any effects of climate change on waterbirds are generally con-
sidered to be additive to the impacts of direct drivers such as habi-
tat degradation. However, it is predicted that reduction in areas
of Arctic tundra breeding habitat will contribute to population
declines in high-Arctic breeding species (medium certainty). Similar
shifts in distribution in several other parts of the world are well
known and occur in relation to El Niño events (medium certainty).

19.2.3 Summary and Linkages with Other Systems

Coastal ecosystems are diverse, highly productive, ecologically
important on the global scale, and highly valuable for the services
they supply. (See Table 19.2.) Dividing the coastal system into
separate subtypes and discussing each one independently obscures
the fact that these habitats and the ecological processes within
them are highly linked, with water mediating many of these link-
ages. While it is true that all habitats are ultimately connected
in the marine environment, some habitats are more intimately
connected than others.

Coral reefs provide a good example of this interconnectedness
(Hatcher et al. 1989). The internal interconnectedness of coral
reefs has historically been emphasized, giving the impression of
self-contained entities: very productive ecosystems with nutrients
essentially locked up in the complex biological community of the
reef itself. Many of the most ecologically crucial habitats for reef
organisms are actually not on the coral reef itself, however, but
rather in seagrass beds, mangrove forests, and seamounts some-
times far from the reef (Birkeland and Frielander 2002; Mumby et
al. 2004). Thus the coral reef ecosystem depends on these essential
linked habitats as well. Currents and the mobile organisms them-
selves provide the linkages among the reefs, nursery habitats, and
places where organisms move to feed or breed.

One of the strongest links between coastal subsystems is that
between areas that act as nursery grounds for fish species. The

Table 19.2. Summary of Ecosystem Services and Their Relative Magnitude Provided by Different Coastal System Subtypes. The
larger circles represent higher relative magnitude.

Direct and Indirect
Services

Estuaries
and Marshes Mangroves

Lagoons and
Salt Ponds Intertidal Kelp

Rock and
Shell Reefs Seagrass Coral Reefs

Food ● ● ● ● ● ● ● ●

Fiber, timber, fuel ● ● ●

Medicines, other ● ● ● ● ●

Biodiversity ● ● ● ● ● ● ● ●
Biological regulation ● ● ● ● ● ●

Freshwater storage and 
retention

● ●

Biochemical ● ● ● ●

Nutrient cycling and fertility ● ● ● ● ● ● ●
Hydrological ● ●

Atmospheric and climate 
regulation ● ● ● ● ● ● ●

Human disease control ● ● ● ● ● ● ●

Waste processing ● ● ● ● ● ●

Flood/storm protection ● ● ● ● ● ● ● ●
Erosion control ● ● ● ● ●

Cultural and amenity ● ● ● ● ● ● ● ●
Recreational ● ● ● ● ● ●
Aesthetics ● ● ● ● ●
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majority of the world’s marine fishery species are caught or reared
in continental shelf waters, and many of these species spend at
least some part of their life histories in the nearshore coastal habi-
tats (Sherman 1993, cited in Burke et al. 2001). When nursery
areas are lost due to habitat conversion, freshwater diversion from
estuaries, or degradation, fisheries even outside the nursery area
can be significantly affected (Deegan and Buchsbaum 2001; Len-
anton and Potter 1987). Loss of nursery areas has been implicated
in the collapse of some fisheries in North America, North Africa,
and elsewhere (Chambers 1992; Deegan 1993).

Nursery areas and other habitats crucial for fisheries produc-
tion can also be ecologically ‘‘lost’’ when degraded by seemingly
natural (or, in any case, biotic) events. Harmful algal blooms, for
instance, can be devastating to eggs and larvae of fish and can thus
cause loss of nursery services. Often the population growth of
such harmful algae is spurred by eutrophic conditions—the result
of agricultural, sewage, aquacultural, or fish processing wastes
overcoming the assimilative capacity of the coastal environment.

The ocean and coastal habitats are not only connected to each
other, they are also inextricably linked to land. (See Table 19.3.)
Fresh water is one specific mediator here: rivers and streams bring
nutrients as well as pollutants to the ocean, groundwater flows to
coastal systems, and the ocean gives some of these materials back
to land via the atmosphere, tides and seiches, and other pathways,
such as the deposition of anadromous fish (salmon carcasses, for
instance) after spawning. The salinization of aquifers from marine
intrusion, usually due to excessive freshwater extraction) is an-
other factor. Seawater to freshwater linkages also occur; in experi-
mental settings, polluted coastal water has been shown to
contaminate freshwater aquifers (Jones 2003). But the atmosphere
also provides a linkage, and land-sea-air interactions sometimes
create complex feedback mechanisms between impacts on one
habitat type and consequent impacts on another. For example, in
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Table 19.3. Fluxes from Land to Sea and from Sea to Land,
Differentiating between Natural and Anthropogenic Factors
(Modified from Kjerfve et al. 2002)

Factor Land to Sea Sea to Land
Natural river discharge

groundwater
sediment
nutrients and minerals
humics and organics
storm debris
earthquake debris
volcanic debris

energy and debris from
hurricanes

cold water and nutrients
from upwelling

wave action
salt and salt aerosols
sand
nutrients through 

carcasses, guano

Anthropogenic sediment (increase from
land use and decrease
from dams)

nutrients and organic matter
from agriculture and
sewage

coliform bacteria
herbicides and pesticides
heavy metals
oil and chemicals

oil and chemical spills
chronic input of oil and

chemicals
sewage from ships
ballast water with exotic

organisms
debris from ships
brackish infiltrations of

groundwater reservoirs
by water extraction

pharmaceuticals

Florida in the United States, the loss of coastal wetlands and their
buffering capability may have caused severe freezes affecting in-
land agricultural lands in recent winters, costing millions of dollars
in failed crops (Marshall et al. 2003).

Coastal systems serve as a major sink for sediments and are
major sites of nutrient-sediment biogeochemical processes. Water
quality in river systems plays a crucial role in the sustainability of
coastal aquatic habitats, food webs, and commercial fisheries that
serve as a major protein source for humans (Burke et al. 2001).
The transport of sediment and biotically active materials (nutrients
and toxic substances) to the coastal zone through long-distance
river transport ultimately links the continental landmass to the
oceans (Vörösmarty and Meybeck 1999). (See Box 19.2.) Thus
coastal issues need to be addressed from a system perspective in-
volving the whole catchment scale and the coupling of human
and natural systems.

The cross-habitat movement of nutrients, detritus, prey, and
consumers exerts major effects on populations and food webs in
practically all habitats and can sustain communities of abundant
consumers even in places with little or no primary productivity
(Polis et al. 1997). This relationship is particularly strong in the
coastal system, especially where highly productive oceanic waters
meet relatively unproductive, dryland habitats (Polis and Hurd
1996).

The Pacific coast of Peru is one of the best examples of this,
where high- and low-productivity systems are juxtaposed: highly
productive marine waters associated with upwelling of the Hum-
boldt current are next to one of the world’s most arid areas, the
Atacama desert. The system of the Humboldt current has a pri-
mary productivity rate that makes it one the world’s richest ma-
rine areas (Arntz and Fahrbach 1996), whereas the desert it faces
receives less than 5 millimeters of rainfall a year. Other examples
are the Namib Desert facing the Benguela upwelling system, the
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Banc d’Arguin region of Mauritania, and the coasts and islands of
the Gulf of California in Mexico.

The movement of nutrients from the ocean to land can occur
in two different pathways. The first is the guano pathway, which
includes the accumulation of seabird excrement. This pathway is
likely to be significant only for islands and rocky shores where sea
birds congregate in large numbers. The second is the detritus/
scavenger pathway, with a significant amount of biomass entering
the terrestrial system through algal or seagrass mats and through
animal carcasses washing ashore. Fish or mammals may also be-
come vectors of marine-derived energy and nutrients by migrat-
ing over large distances. River otters and sea lions have been
shown to enrich terrestrial vegetation with marine-derived nitro-
gen in coastal environments.

Perhaps the best-known example is anadromous Pacific
salmon (Oncorhynchus kisutch, O tshawytscha, O. nerka), the car-
casses of which fertilize forests (Helfield and Naiman 2003) and
provide a valuable source of nutrients for scavengers in the sites
where they congregate to spawn (Ben-David et al. 1998b). In
regions these salmon carcasses seem to be a keystone nutrient re-
source for scavengers, populations of such scavengers are greatly
affected by reductions in anadromous fish stocks (Willson and
Halupka 1995).

The idea that marine resources are also a key resource to
human populations is verified archeologically. Moseley (1975)
proposed a ‘‘marine hypothesis’’ to demonstrate that the paradigm
of agricultural economy as being the foundation of civilizations
does not hold for ancient populations in coastal Peru. He pro-
posed instead that the enormous productivity of the upwelling
system caused the rise of Andean civilizations. Numerous archeol-
ogists have challenged this hypothesis, noting that other sources
of food had to be available for populations exposed to high vari-
ability in marine productivity. However, there is no doubt that
marine productivity accounted for a large part of the diet in sev-
eral major coastal civilizations.

In the Atlantic, for example, cod was said to fuel the immigra-
tion and growth of New England and Canadian maritime popula-
tion centers, and in Europe herring is thought to have underpinned
the mercantile expansion. The declining availability of marine re-
sources has affected large portions of these populations even
today. More recently, it has been surmised that declining availabil-
ity of coastal and freshwater fish for subsistence fishers in West
Africa has driven the increase in the illegal bush meat trade. This
trade, in turn, has imperiled many endangered species in the re-
gion and is thought to contribute to outbreaks of primate-borne
and other viruses in human populations (Brashares et al. 2004).

Ocean climate in one region may affect land and coastal sys-
tems in another, and in complex ways. For instance, it is now
surmised that the warming of the Indian Ocean has caused the
recent droughts of the Sahel, directly affecting millions of people
through increased crop failure and decreased health (Giannini
2003), while the increased desertification of the Sahel region may
have caused mortality of corals half a world away through the
transport and subsequent deposition of Saharan dust. (See MA
Caribbean Sub-global Assessment.)

Thus, negative impacts on coastal ecosystems, whether on
land, in areas of fresh or brackish water, or in the sea itself, have
enormous ramifications for the health and productivity of other
terrestrial and marine systems, in addition to affecting coastal sys-
tems and their provisioning of ecosystem services. As human pop-
ulation pressures continue to grow, these declines in coastal
ecosystem services will increase the strain on coastal communities
and have negative impacts on human well-being in coastal sys-
tems.
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BOX 19.2

Trends in Sediment Loads into Coastal Zones

Fluvial systems evolve along with the landscape, and the sediment load Dramatic and virtually instantaneous changes are recorded in water
observed today is influenced by the geologic history of these paleo-systems. fluxes measured at river discharge monitoring stations before and after
Therefore it remains difficult to determine the sediment flux of unaffected impoundment. The Nile River has experienced, as many river systems
rivers, given the natural variability within fluvial systems. While there is no worldwide, reduced flows and distortion of runoff due to water use for
accepted estimation for the paleo-flux of sediment to the coastal zones irrigation (Nixon 2003). (See Figure.)
(Syvitski 2001, 2003), Milliman and Syvitski (1992) argued that the mod-
ern 20 gigatons a year global flux value may have been 50% smaller
about 2,000 years ago, before human impact was great.

A recent study of the annual sediment load records for the world’s
rivers shows many examples of nonstationary behavior (Walling and Fang
2003). Simple trend analysis of this database indicates that about 50% of
the sediment load records showed evidence of statistically significant up-
ward or downward trends, with the majority evidencing declining loads. In
about 50% of rivers, the sediment load records showed no evidence of
significant trends. In some rivers, loads are declining as a result of dam
construction and the implementation of soil and water conservation and
sediment control programs. In other systems, loads are increasing due to
land clearance and land use change and intensification, along with other Compared with the past five decades, both river discharge and sediment
forms of catchment disturbance and increased runoff as a result of in- load will probably decrease for some large fluvial systems 30–40% in the
creased precipitation and runoff. The results suggest that the dominant next 50 years (Vörösmarty et al. 1997; Vörösmarty and Meybeck 1999)
trends in sediment flux to the global coastal zone are either stability or a and decrease to 50% in the next 100 years as a result of human activities
decrease. This analysis has not included rivers from other areas of the and dam construction (Yang et al. 1998). Thus general erosion in the
world, such as Africa, Southeast Asia, and South America. coastal zone, including estuaries, deltas, and associated beach systems,

Under this picture of the world’s decreasing sediment load, less river seems to be inevitable.
sediment discharge alters the sedimentation-erosion equilibrium within the The future discharge of sediment to the coastal oceans will continue
coastal zone. Coarse-grained bed load is normally taken to represent 10% to be controlled by humans and climate change. Determining the balance
or less of the total sediment discharge delivered to the coast. Hence, it has between increasing sediment loads (from land use, engineering, climate
been assumed that a decrease of approximately 5% of the total sediment change, and climate variability) and decreasing sediment loads from res-
flux represents the critical threshold, beyond which the coastal system is ervoirs, engineering, climate change, and climate variability is of utmost
likely to show evidence of significant deterioration (such as coastal erosion). importance for sound coastal zone and resource management (Syvitski
This level of change results in mangrove siltation and severe erosion of 2003).
coastal ecosystems and beaches (Lacerda et al. 2002). Thus river sediment
flux plays an important role in the sediment budget of the coast.

19.3 Coastal Systems and Human Communities

19.3.1 Humans in the Coastal System:
Demographics and Use of Services

Humans are a natural element within coastal systems and have
been so for thousands of years. However, the balance of nature in
these systems has become altered. While human dependence on
coastal systems has greatly increased in the last centuries, the im-
pacts on the ecology of these habitats have become so severe that
their productivity and functioning have been altered, mostly in
the last few decades. It is increasingly difficult for coastal systems
to accommodate the increased collective demands of growing
populations and markets.

Coastal populations are not spread evenly throughout the
coastal zone. Using night light analysis, Small and Nicholls (2003)
graphically demonstrated the concentration of habitation on the
world’s coasts. Quantitative analysis of newer population data has
shown that there has been a decrease in the rate at which interior
populations are increasing relative to coastal populations. Coastal
population densities are nearly three times that of inland areas: in
2000, population density in coastal areas was 99.6 people per
square kilometer, while in inland areas density was 37.9 people
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per square kilometer (Kay and Alder in press). At the turn of the
millennium, half of the world’s major cities (those with more than
500,000 people) were found within 50 kilometers of a coast.
Growth in these cities since 1960 was significantly higher than in
inland cities of the same size (Kjerfve et al. 2002).

Not only are population pressures high relative to those in
many other ecosystems worldwide, but the bulk of those pressures
stress many of the most ecologically important and valuable eco-
systems within coastal zones. Some 71% of the world’s coastal
people live within 50 kilometers of an estuary, 31% live within 50
kilometers of a coral reef system, 45% live within 50 kilometers of
mangrove wetlands, and 49% live within 50 kilometers of seagrass
ecosystems (See Table 19.4.) This is not accidental, of course—
these habitats and the ecosystem services they provide present
many of the ‘‘pull’’ factors that resulted in initial settlement along
a coast as well as subsequent migration to it. Historically, settle-
ments first inhabited the sheltered areas near estuarine bays (many
with associated mangrove and seagrass) and reef-protected coasts
and only later expanded to other coastal areas.

Conversely, 58% of the world’s major coral reef systems occur
within 25 kilometers of urban centers with more than 100,000
people; 62% of major estuaries occur near such urban centers, and
64% of major mangrove forests are found near major centers. This
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Table 19.4. Share of World and Coastal Populations Living
within 50 Kilometers of Estuaries, Coral Reefs, Mangroves, and
Seagrass. Based on spatially referenced population data;
due to overlap of some habitat types, figures do not add up to 100
percent. (CIESN 1995)

Subtypes Population
Share of World

Population

Share of
Coastal

Population
(million) (percent)

Estuaries 27 71

Coral Reefs 12 31

Mangroves 18 45

Seagrass 19 49

Total

1,599

711

1,030

1,146

5,596

means that pressures from urbanization, including habitat conver-
sion as cities and their areas of influence grow, are affecting the
majority of these key coastal habitats. In fact, analysis of areas of
recent rapid land cover change shows that all but three of the
world’s cities showing greatest rates of change and highest popula-
tion occur in coastal areas, in both the tropics as well as higher
latitudes. (See Chapter 28 for more on this work.)

By all commonly used measures, the human well-being of
coastal inhabitants is on average much higher than that of people
in inland communities. Of the world’s total GNP of approxi-
mately $44 trillion, 61% comes from coastal areas within 100 ki-
lometers of a coastline. Whereas per capita GNP in 1999 averaged
only $4,018 across all inland areas, in the 100-kilometer coastal
area it was nearly four times as much—at $16,035. Figure 19.8
shows that the concentration of global wealth as measured by
GNP occurs primarily in coastal regions, although concentrations
of wealth also occur in some inland areas (especially in the United
States and Europe). Infant mortality and life expectancy indices
are also thought to be relatively better in coastal areas. This situa-
tion partly explains why rates of population increase are highest
in coastal areas.

Nonetheless, many coastal communities are at risk. There are
considerable physical risks associated with living in some coastal
areas; low-lying atolls, for example, are at risk of catastrophic
events such as hurricanes, cyclones, tsunamis, and storm surge

Figure 19.8. Population Density by Distance from Coast (CIESIN
2003)
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flooding, as well as losses incurred from both sudden and chronic
shoreline erosion. Figure 19.9 illustrates potential global vulnera-
bility to erosion by highlighting areas where soil types and slope
make shorelines prone to erosion and inundation from storm
events. Many of these risks are increasing with climate change–
driven changes to meteorology. And some countries, such as the
United Kingdom, are developing contingency plans to cope with
such changes (see www.foresight.gov.uk/fed.html). Some areas
are prone to flooding because of relative changes in sea level—the
average global sea level rise is projected at 1–2 millimeters per
year over the next century (Church et al. 2001). This is an espe-
cially acute problem in small island nations, atoll communities,
and low-lying flood-prone areas like much of Bangladesh.

Coastal communities are also at risk because the coastal eco-
systems they exploit and rely on are stressed—and many are near-
ing ecological breaking point or thresholds (Birkeland 2004;
Dayton 2003). Technological advances that allow greater access
to resources, including boat design, navigation, fishing gear, and
oil exploration methods and equipment, have pushed the use of
many coastal resources beyond sustainable limits. Such advances
have also increased the conflicts between large-scale industries and
small-scale local users, such as subsistence fishers (Curran and
Agardy 2002). Poorly planned or executed development has al-
ready compromised the ability of many coastal ecosystems to pro-
vide regulating services such as maintenance of hydrological
balance, nutrient fluxes, and shoreline stabilization (Kay and Alder
in press). Thus the relatively high levels of human well-being ex-
perienced by many coastal communities are at risk of declining as
ecosystems continue to be degraded, lost, or rendered unproduc-
tive.

Human communities are also at risk from the health implica-
tions of these degraded ecosystems. Cholera and other waterborne
diseases are on the rise in coastal countries (Anderson et al. 2001)
and may be related to eutrophication-driven algal blooms (Col-
well and Spira 1992; Islam et al. 1990). Cholera affects human
well-being directly by increasing human morbidity and mortality
rates, but it also has severe economic impacts in coastal countries
(Rose et al. 2001). For instance, tuna coming from countries hav-
ing incidences of cholera must be quarantined; this restriction af-
fects many of the major tuna-producing and -exporting countries.

Algal blooms (including red tides) have caused neurological
damage and death in humans through consumption of affected
seafood (Rose et al. 2001). There are significant health impacts
from swimming and bathing in water contaminated by fecal coli-
form and other pathogens; approximately half the people living in
coastal areas have no access to sanitation, and even where sewage
treatment exists it is often inadequate, with the result that coastal
areas become polluted (UNEP 2002). In a particularly severe out-
break in Italy in 1989, harmful algal blooms cost the coastal aqua-
culture industry $10 million and the Italian tourism industry $11.4
million (UNEP 1992). Ciguatera, a tropical fish disease causing
severe illness and sometimes mortality in humans who consume
affected fish, is on the rise, both in terms of the number of cases
and number of affected areas.

Human health effects are also caused by pollution of nearshore
waters, whereby humans eat fish or other marine products that
contain heavy metals, PCBs, and other toxins that have bioaccu-
mulated in the food chain (Verlaan 1997). UNEP and the Water
Supply and Sanitation Council estimate the global economic costs
related to pollution of coastal waters is $16 billion annually
(www.wsscc.org), much of which is due to human health im-
pacts.

Changes in coastal systems also affect the well-being of those
living there and elsewhere in more subtle ways. The destruction
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Figure 19.9. Relative Levels of GDP (CIESIN 2003; World Bank 2004)

of places that create opportunities for recreation, that are spiritu-
ally or culturally important, or that could potentially increase our
knowledge and respect for the natural world entail costs that are
more difficult to quantify. Surveys everywhere show that humans
maintain strong spiritual connections to the sea and care about its
condition, even if they live far inland with no direct reliance on
coastal areas for obtaining food or employment, for example.

19.3.2 The Value of Coastal System Services

Coastal ecosystems provide a wide range of services to human
beings (Wilson et al. 2004). These include regulation and sup-
porting services such as shoreline stabilization, nutrient regula-
tion, carbon sequestration, detoxification of polluted waters, and
waste disposal; provisioning services such as supply of food, fuel-
wood, energy resources, and natural products; and amenity ser-
vices such as tourism and recreation. These services are of high
value not only to local communities living in a coastal zone (espe-
cially in developing countries), but also to national economies and
global trade (Peterson and Lubchenco 1997).

In addition to the production of marketable goods and ser-
vices, such as commercial fisheries and tourism, coastal systems
provide services such as nutrient recycling, support for terrestrial
and estuarine ecosystems, habitat for plant and animal life, and the
satisfaction people derive from simply knowing that a beach or
coral reef exists (Wilson et al. 2004). While estimating exchange-
based values of marketed services in this case is relatively straight-
forward, as observable trades exist from which to measure value
(Freeman 1993), estimating the economic value of coastal services
not traded in the marketplace is more difficult (Freeman 1993;
Bingham et al. 1995). However, such analysis often reveals social
costs or benefits associated with coastal ecosystem services that
otherwise would remain hidden or unappreciated. Market values
and nonmarket values are discussed separately in this section.

Studies of specific regions and biomes give us some idea of
the enormous economic value of coastal habitats (Balmford et al.
2002). The Wadden Sea in northern Europe, for instance, has
provided up to one quarter of the North Sea catch of plaice, sole,
shrimp, dab, and herring (De Groot 1992). Coral reef–based
fisheries are also valuable: those in Southeast Asia generate $2.4
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billion per year (Burke et al. 2001). Although it is widely cited
that coral reefs contribute about one quarter of the annual total
fish catch in developing countries, providing food to about 1 bil-
lion people in Asia alone, the empirical evidence to support such
statements is not strong. However, the value of reef fisheries in
this region is undeniably significant: Cesar et al. (2003) estimated
net benefit streams of reef-dependent fisheries in Asia at over $2
billion.

In principle, a global picture of the potential economic value
associated with the coastal zone can be built up via the aggrega-
tion of a number of existing valuation studies. For example, in a
preliminary estimate of the total economic value of ecosystem
services provided by global systems, Costanza et al. (1997) showed
that while the coastal zone covers only 8% of the world’s surface,
the goods and services provided by it are responsible for approxi-
mately 43% of the estimated total value of global ecosystem ser-
vices: $12.6 trillion (in 1997 dollars). While controversial (Pimm
1997; Pearce 1998), this preliminary study made it abundantly
clear that coastal ecosystem services do make significant contribu-
tions to human well-being at a global scale. Furthermore, it dem-
onstrated the need for additional research and indicated that
coastal areas are among the ecosystems most in need of additional
study (Costanza 2000).

19.3.2.1 Market Coastal Values

Coastal ecosystems are among the most productive in the world
today, rivaling even tropical rainforests in terms of their overall
productivity of raw materials and goods used by humans (Prima-
vera 1991; Spurgeon 1992; Barbier 1993). As the following ex-
amples show, many coastal regions are valued through market
activities that directly support humans—such as fishing, hunting,
fuelwood and woodchip extraction, harvesting ornamental mate-
rials, and the extraction of medical resources.

Coastal systems generate a variety of seafood products such as
fish, mussels, crustaceans, sea cucumbers, and seaweeds (Moberg
and Folke 1999; Ronnback 1999). Many commercially important
marine species, like salmon, shad, grouper, snapper, bluefish,
striped bass, and invertebrates (such as shrimp, lobster, crabs,
oysters, clams, mussels), use coastal nursery habitats. Capture
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fisheries in coastal waters alone account for $34 billion in yields
annually. (See Chapter 18.) Given this level of economic produc-
tivity, it is perhaps not surprising that overfishing and intensive
aquaculture have caused serious ecological and social problems in
coastal regions throughout the world (Primavera 1991; Primavera
1997; Jackson et al. 2001).

Valuation studies of food directly or indirectly supplied by
coastal systems have predominantly focused on the economic
value of fishery products (Batie and Wilson 1978; Lynne et al.
1981; Farber and Costanza 1987; Buerger and Kahn 1989; Rivas
and Cendrero 1991; Bennett and Reynolds 1993; Ruitenbeek
1994; Kaoru et al. 1995; Deb 1998; Gilbert and Janssen 1998;
Ronnback 1999; Barbier 2000; Sathirathai and Barbier 2001).
Most often, the market price of seafood products is used as a proxy
when calculating the value of ecosystem goods provided by
coastal systems. For example, the annual market value of seafood
supported by mangroves has been calculated to range from $750
to $16,750 (in 1999 dollars) per hectare (Ronnback 1999). High-
value species are harvested from coral reefs to meet live fish de-
mand in restaurants, mainly in Asia. (See Chapter 18.)

Coastal areas also provide the foundation for the mariculture
(marine aquaculture) industry, which uses coastal space or relies
on wild stock to produce valuable fisheries products, from tiger
prawns to bluefin tuna. Human reliance on farmed fish and shell-
fish is significant and growing. Global annual per capita consump-
tion of seafood averages 16 kilograms, and one third of that supply
currently comes from aquaculture (Lubchenco 2003). Globally,
aquaculture is the fastest-growing food-producing sector, with
production rates doubling in weight and value from 1989 to 1998
(Goldburg et al. 2001). Much of that growth has occurred in the
shrimp and salmon farming industries.

Besides food and raw materials, at least three other types of
marketable goods are provided by coastal systems: genetic, medi-
cal, and ornamental resources. For example, coral reefs have been
shown to be an exceptional reservoir of natural bioactive prod-
ucts, many of which exhibit structural features not found in
terrestrial natural products (Carte 1996). The pharmaceutical in-
dustry has discovered several potentially useful substances among
the seaweeds, sponges, mollusks, corals, sea cucumbers, and sea
anemones of reefs (Carte 1996; Moberg and Folke 1999). (See
Chapter 10 for more on bioprospecting in coastal systems.) Fur-
thermore, many coastal products are collected not only as food
but also to sell as jewelry and souvenirs. Mother-of-pearl shells,
giant clams, and red coral are collected and distributed as part of a
worldwide curio trade (Craik et al. 1990). The marine aquarium
market is now a multimillion-dollar industry trading in live reef-
dwelling fishes that are collected and shipped live from coral reef
communities (Moberg and Folke 1999; Wabnitz et al. 2003).

19.3.2.2 Nonmarket Coastal Values

In addition to marketable goods and products, landscape features
and ecological processes within the coastal zone also provide criti-
cal natural services that contribute to human well-being and have
significant economic value (Farber and Costanza 1987). As the
data just cited suggest, much of what people value in the coastal
zone—natural amenities (open spaces, attractive views), good
beaches for recreation, high levels of water quality, protection
from storm surges, and waste assimilation/nutrient cycling—is
provided by key habitats within coastal systems. In Thailand, the
conversion of mangroves to shrimp aquaculture ponds reduced
the total economic value of the intact mangroves by 70% in less
than a decade (Balmford et al. 2002).
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Open space, proximity to clean water, and scenic vistas are
often cited as a primary attractor of residents who own property
and live within the coastal fringe (Beach 2002). Hedonic pricing
techniques have been used to show that the price of coastal hous-
ing units varies with respect to characteristics such as ambient
environmental quality (proximity to shoreline, for example, or
water quality) (Johnston et al. 2001). For example, Leggett and
Bockstael (2000) use hedonic techniques to show that water qual-
ity has a significant effect on property values along the Chesa-
peake Bay in the United States. They use a measure of water
quality—fecal coliform bacteria counts—that has serious human
health implications and for which detailed, spatially explicit infor-
mation from monitoring is available. The data used in this analysis
consist of sales of waterfront property on the western shore of the
Chesapeake Bay between 1993 and 1997 (Leggett and Bockstael
2000). The authors consider the effect of a hypothetical localized
improvement in observed fecal coliform counts on a set of 41
properties. The projected increase in property values due to the
hypothetical reduction in coliform bacteria totaled approximately
$230,000. Extending the analysis to calculate an upper limit bene-
fit for 494 properties, it is estimated that the benefits of improving
water quality at all sites would be around $12.145 million (Leggett
and Bockstael 2000).

Stretches of beach, rocky cliffs, estuarine and coastal marine
waterways, and coral reefs provide numerous recreational and
scenic opportunities. Boating, fishing, swimming, walking,
beachcombing, scuba diving, and sunbathing are among the lei-
sure activities that people enjoy worldwide and thus represent
significant economic value (Farber 1988; King 1995; Kawabe and
Oka 1996; Ofiara and Brown 1999; Morgan and Owens 2001).
Both travel cost and contingent valuation methods are commonly
used to estimate this value. (See Chapter 2 for more on these
valuation techniques.) For example, the Chesapeake Bay estuary
has also been the focus of considerable research on nonmarket
recreational values associated with coastal systems. When at-
tempting to estimate the monetary worth of water quality im-
provements in Chesapeake Bay, Bockstael et al. (1989) focused
on recreational benefits because it was assumed that most of the
increase in well-being associated with such improvements would
accrue to recreational users. The authors estimated the average
increases in economic value for beach use, boating, swimming,
and fishing with a 20% reduction in total nitrogen and phospho-
rus being introduced into the estuary. Using a combination of the
two valuation methods, the annual aggregate willingness to pay
for a moderate improvement in the Chesapeake Bay’s water qual-
ity was estimated to be in the range of $10–100 million (in 1984
dollars) (Bockstael et al. 1989).

Global tourism has been deemed the world’s most profitable
industry, and coastal tourism is one of its fastest-growing sectors.
Much of this tourism centers on aesthetically pleasing landscapes
and seascapes, intact healthy coastal ecosystems with good air and
water quality, opportunities to see diverse wildlife, and so on. For
instance, much of the economic values of coral reefs—with net
benefits estimated at nearly $30 billion each year—is generated
from nature-based and dive tourism (Cesar et al. 2003). The de-
mand for biologically rich sites to visit increases the value of
intrinsically linked habitats such as mangroves and seagrass beds.
Temperate bays and estuaries can similarly generate tourism reve-
nues of similar orders of magnitude.

The link between tourist visits and the revenues from and
condition of the coastal system has not been analyzed at the global
level, but local case studies point to a strong correlation between
value and condition. In the United States alone, reef ecosystems
with their nursery habitats support millions of jobs and billions
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of dollars in tourism each year. For example, reef-based tourism
generated over $1.2 billion in the Florida Keys alone, while in
Hawaii, reefs generate some $360 million per year, with annual
gross revenues generated from just one half-square-mile coral reef
reserve exceeding $8.6 million (Birkeland 2004).

As these reefs decline in biodiversity and ecosystem health,
these nature-based tourism industries stand at risk (Cesar and
Chong 2004). In Jamaica and Barbados, for instance, destruction
of coral reefs resulted in dramatic declines in visitation; loss of
revenue streams subsequently led to social unrest and even further
tourism declines (MA Sub-global Assessment on Caribbean Sea).
Similarly, ‘‘willingness to pay’’ studies in the Indian Ocean suggest
that the health of coral reefs is an important factor for tourists:
they were willing to pay, on average, $59–98 extra per holiday to
experience high-quality reefs (Linden et al. 2002). And in Florida,
reef degradation is rapidly changing the structure of the tourism
market, from high-value, low-volume tourism toward larger
numbers of budget travelers (Agardy 2004).

Recreational fishing is also a major industry in many parts of
the world, and it primarily targets marine or anadromous fishes
in coastal ecosystems. The estimated revenue generated by coral
reef–based recreational fisheries reaches several hundred million
dollars annually (Cesar et al. 2003). The coastal zone also supplies
nonmarket values associated with both recreational and commer-
cial fisheries by providing some of the most productive habitat
refugia in the world (Gosselink et al. 1974; Turner et al. 1996).
Eelgrass, salt marsh, and intertidal mud flats all provide a variety
of services associated with their nursery functions (Gosselink et al.
1974; Turner et al. 1996).

As already noted, improvements in the condition of these
habitats may ultimately lead to measurable increases in the pro-
duction of market goods such as fish, birds, and wood products.
In other cases, however, ecological productivity itself can repre-
sent a unique class of values not captured by traditional market-
based valuation methods. (See Box 19.3.) Instead, these values
represent an increase in the production of higher trophic levels
brought about by the increased availability of habitat, though
analysis must be careful not to risk double counting some aspects
of value or measuring the same benefits in different ways.

The seas and coasts are also of great spiritual importance to
many people around the world, and such values are difficult to
quantify. While the depth and breadth of these values are as di-
verse as the cultures that are found worldwide, there is the com-
mon theme of a cultural or spiritual connection. For example, the
Baju peoples of Indonesia (Sather 1997) and the aboriginal people
of the Torres Strait in Australia have a culture intimately con-
nected to oceans, while many of the native peoples of North
America have similar strong ties to coastal systems. Even systems
on which we place low economic value today may be of impor-
tance and value tomorrow because they support species that may
turn out to have pharmaceutical value or because they support
species or habitat types that may become rare and endangered in
the future. This gives them high option value associated with an
individual’s willingness to pay to safeguard the option to use a
natural resource in the future, when such use is not currently
planned. Non-use values are representative of the value that hu-
mans bestow upon an environmental resource, despite the fact
they may never use or even see it.

In summary, ecosystem services are critical to the functioning
of coastal systems and also contribute significantly to human well-
being, representing a significant portion of the total economic
value of the coastal environment. The best available market and
nonmarket data suggest that substantial positive economic values
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BOX 19.3

Examples of Productivity Analyses

In an example of coastal wetland productivity analysis, Johnston et
al. (2002) used a simulation model based on biological functions that
contribute to the overall productivity of the food web in the Peconic
Estuary System in Suffolk County, New York, in the United States.
Based on habitat values for fin and shellfish, birds, and waterfowl, an
average annual abundance per unit area of wetland habitat in the estu-
ary system was estimated by summing all relevant food web values
and habitat values for a year (Johnston et al. 2002). The value of fish
and shellfish was based on commercial harvest values. The marginal
value of bird species usage of the habitat was based on the benefits
human receive from viewing or hunting waterfowl. Using these values
as input data, the simulation model resulted in annual marginal asset
values for three wetland types: eelgrass ($1,065 per acre per year);
salt marsh ($338 per acre per year); and intertidal mud flat ($67 per
acre per year).

Farber and Costanza (1987) estimated the marginal productivity of
a coastal system in Terrebonne Parrish, Louisiana, in the United States
by attributing commercial values for several species to the net biomass,
habitat, and waste treatment of the wetland ecosystem. Arguing that
the annual harvest from an ecosystem is a function of the level of
environmental quality, the authors chose to focus on the commercial
harvest data for five different native species—shrimp, blue crab, oyster,
menhaden, and muskrat—to estimate the marginal productivity of wet-
lands. The annual economic value (marginal product) of each species
was estimated (in 1983 dollars) as shrimp, $10.86 per acre; blue crab,
$0.67 per acre; oyster, $8.04 per acre; menhaden, $5.80 per acre; and
muskrat pelts, $12.09 per acre. Taken together, the total value of mar-
ginal productivity of wetlands in Terrebonne Parrish was estimated at
$37.46 per acre.

can be attached to many of the marketed and nonmarketed ser-
vices provided by coastal systems.

19.4 Projections of Trends, Areas of Rapid
Change, and Drivers of Change

19.4.1 Projections of Trends and Areas of Rapid
Change

Coastal habitat loss is likely to continue and possibly accelerate as
increasing and sometimes conflicting demands for coastal space
and resources rise (high certainty). Coastal systems and the habitats
within them are rapidly becoming degraded around the globe;
many have been lost altogether. Sometimes the changes are natu-
ral (such as hurricanes and naturally occurring climate variation),
but more often than not the impacts are human-induced. These
anthropogenic impacts are direct, such as the filling in of wet-
lands, or indirect, such as the diversion of fresh water from estuar-
ies or land-based sources of pollution. Habitat is lost, usually
permanently, when coastal development and marine resource use
is destructive or unsustainable.

The greatest factor leading to loss of coastal habitats is conver-
sion of wetlands, including marshes, seagrass beds, mangrove
forests, beaches, and even mudflats to make way for coastal devel-
opment. In the Philippines, for instance, 210,500 hectares of
mangrove—40% of the country’s total mangrove cover—were
lost to aquaculture from 1918 to 1988 (UNESCO 1993). By
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1993, only 123,000 hectares of mangroves were left—equivalent
to a loss of 70% in roughly 70 years (Nickerson 1999; Primavera
2000). Transportation infrastructure claims much coastal land and
will continue to do so as roads are widened, ports and airports are
expanded, and so on. Climate change–induced sea level rise will
likely exacerbate rates of habitat loss due to development, espe-
cially in vulnerable areas such as atolls, deltas, and floodplains
(Nicholls 2004). Habitat conversion and loss is thus expected to
continue, at least until all available natural habitat is used up or
until policy reform stems the tide of habitat loss.

Exploitation beyond sustainable levels is likely to continue and
even increase in rate for many resources (high certainty). Coastal
ecosystems will likely continue to be used for both commercial
and artisanal fisheries, and if current trends continue many of
these stocks will be depleted to commercial and ecological extinc-
tion. The drivers behind coastal resource overexploitation may be
direct, such as consumption, or they may be indirect, such as
marginalization, perverse subsidization, political corruption, and
socioeconomic condition (Myers and Kent 2001). (See Chapter
18.)

Some members of the biological community in coastal habi-
tats have special roles to play in maintaining ecological interac-
tions; the removal of keystone species, for example, can cause
large-scale ecological havoc (Kaufman and Dayton 1997). The
removal of fish and invertebrates that graze algae living on sea-
grasses can destroy seagrass beds when heavy algal mats subsume
the seagrass meadows. Human activities also affect coastal ecology
indirectly by causing the alteration and degradation of distant hab-
itat and by causing mortality of species within the habitat (Keough
and Quinn 1998). This threat is often unseen, noticed only once
the cumulative effects of degradation has altered or destroyed
these ecosystems.

One of the most severe anthropogenic impacts on coastal areas
in the near future will likely be through continued interference
with hydrology and water flows to the coast (Pringle 2000) (me-
dium certainty). Diversion of fresh water from estuaries and riparian-
zone conversion of land for agriculture, human use, and hydro-
electric generation causes the hypersalinization of estuarine areas
and renders them unable to fulfill these important ecological func-
tions and services (Diop et al. 1985; Weinstein and Kreeger 2000).
Reduced water delivery to coasts also lowers sediment delivery
and greatly accelerates rates of deltaic loss and coastal erosion.
For instance, the damming of the Nile caused severe erosion and
exacted high costs due to the need for shoreline protection, as
well as loss of fertility of agricultural lands in the floodplain. Fish-
eries in the Nile Delta region of the Mediterranean have also been
altered and yields decreased, at least in part due to silicate deple-
tion and changes in phytoplankton communities away from dia-
toms.

Although there are many specific, often quantified benefits
derived from the use and diversion of water in river basins, such
hydrological changes are expected to cause rapid change to many
estuaries, deltas, and semi-enclosed seas worldwide in coming
years, with largely unknown consequences. (See Box 19.4.)

The next few decades will see large increases in rates of eutro-
phication and prevalence of hypoxic or dead zones as levels of
nutrient inputs and wastes rise and as ocean waters warm (high
certainty). Some 77% of the pollutant load reaching the coastal
ecosystems currently originates on land, and 44% of this comes
from improperly treated wastes and runoff (Cicin-Sain et al.
2002). These figures are expected to rise if population growth
continues to outpace proper sanitation and if agricultural and
other runoff remains unregulated. The result will be increased
rates of eutrophication through the addition of large quantities of
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fertilizers, sewage, and other non-natural nutrients, which will
change the processes occurring in these ecosystems (NRC 2000).
Eutrophied conditions are evident in virtually all coastal waters
near areas of human habitation, being especially acute in areas
where coastal wetlands and their filtering function have been de-
stroyed. High nutrient concentrations are expected to have par-
ticularly large impacts on the ecology of semi-enclosed and other
seas in arid areas (Beman et al 2005).

Since nutrient production through agricultural waste and
human sewage are expected to increase in the future, and since
wetland loss will likely occur at current or higher rates, eutrophi-
cation will undoubtedly increase worldwide (medium certainty).
Numerous river basin and coastal zone studies (in the Baltic re-
gion, for instance, the Mississippi River and Gulf of Mexico, the
North Sea, the Northern Adriatic, and the Black Sea) have shown
that elevated levels of nutrients, coastal eutrophication, toxic phy-
toplankton blooms, and bottom-water hypoxia are a consequence
of human settlement and industrialization. It has been estimated
that fluvial fluxes of inorganic N and P to the world oceans have
increased severalfold over the last 150–200 years. In certain re-
gions, such as in Western Europe, N and P levels are ten- to
twentyfold over pre-industrial levels (Meybeck and Ragu 1997;
Vörösmarty and Meybeck 1999).

With high certainty, pollutant levels are expected to increase in
the near future, despite effective controls on some substances in
some areas. River loadings of biotically active elements, metals,
hormones, antibiotics, and pesticides are known to have increased
severalfold since the beginning of the industrial era, and levels of
these toxins are expected to continue to increase. Pollutants not
only affect water quality, and with it many provisioning and
amenity services, but are also implicated in large-scale failures of
fish farming operations. These failures are extremely costly (white
spot syndrome in shrimp cost India $200 million over three years,
and it nearly caused the collapse of the shrimp farming industry in
Ecuador in 1999), and they can affect both ecosystem health at
the farming site and human health where the product is con-
sumed. Human health effects from all forms of pollutants have
not been comprehensively quantified, but coastal pollutant–
related human mortality and morbidity are undoubtedly on the
rise (Verlaan 1997).

The geographically largest impacts to coastal systems will be
caused by global climate change, and since rates of warming are
generally expected to increase in the near future, projected cli-
mate change–related impacts are also expected to rise (IPCC
2003). Warming of the world’s seas degrades coastal ecosystems
and affects species in many ways: by changing relative sea level
faster than most biomes can adapt; by stressing temperature-sensitive
organisms such as corals and causing their death or morbidity (in
corals, this is most often evidenced by coral bleaching); by chang-
ing current patterns and thus interfering with important physio-
biotic processes; and by causing increased incidence of pathogen
transmission. Coral reefs may be the most vulnerable, having al-
ready evidenced rapid change, and some projections predict the
loss of all reef ecosystems during this century (Hughes et al. 2003).
Climate change also alters the temperature and salinity of estuary
and nearshore habitats, making them inhospitable to species with
narrow temperature tolerances. Warming can also exacerbate the
problem of eutrophication, leading to algal overgrowth, fish kills,
and dead zones (WRI 2000). (See Figure 19.10 for the location
of major hypoxic areas in coastal systems.) Finally, warming is
expected to further increase the transmission rates of pathogens
and hasten the spread of many forms of human and nonhuman
disease.
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BOX 19.4

Water Diversion in Watersheds versus Water and Sediment Delivery to Coasts

The degree to which river water and sediment reach the coastal zone year, then the combined impact of all large dams will be on the order of
depends on other human activities, such as the construction of structures 4–5 gigatons per year. Therefore, modern dam construction reduces the
for water diversion, flood control, power generation, and recreation. Reser- global sediment flux to the world’s coastal zones by 25–30%.
voirs and irrigation channels can retain a large proportion of the fluvial According to Syvitski (2003), by decreasing sediment loads to the river
sediment discharge (Farnsworth and Milliman 2003). According to Vörösm- through damming, coastal erosion is increased, and coastal marine eco-
arty et al. (1997, 2003), the 663 dams with large reservoirs (greater than systems frequently deteriorate. Many dramatic examples of river control
0.5 cubic kilometers maximum storage capacity) globally store about and utilization and their impacts on coastal systems have been recog-
5,000 cubic kilometers of water (approximately 15% of the global river nized. After the Aswan Dam was completed in 1964, for example, the
water discharge). Also, global large reservoirs intercept more than 40% of productive fishery collapsed and was reduced by 95%, and the delta sub-
global water discharge, and approximately 70% of this discharge main- sided rapidly. The fishery remained unproductive for 15 years. It began a
tains a sediment trapping efficiency of more than 50%. dramatic recovery during the 1980s, coincident with increasing fertilizer

Further analysis of the recent history of anthropogenic sediment reten- use and thus a flux of nutrients, expanded agricultural drainage, and in-
tion by large dams (Vörösmarty et al. 2003) indicates that between 1950 creasing human population and sewage collection systems (see Nixon
and 1968, there was an increase from 5% to 15% in global sediment 2003). Similarly, after the Colorado River in the United States was
trapping, another increasing trend to 30% by 1985, and stabilization there- dammed, sediment and nutrient discharge decreased dramatically and the
after. As much as 25% of the current sediment load from the land to the shrimp catch in Baja California collapsed. After completion of the Kotri
coastal zones is trapped behind reservoirs. The trapping effect of fresh Barrage on the Indus River in Pakistan in 1956, fish catch decreased by
water discharge and suspended sediment by 45,000 dams analyzed in a factor of three. And in China’s Sea of Bohai, when the sediment dis-
this study has dramatic impacts on water and sediment destined for the charge of the Yellow River was reduced the shrimp fishery decreased
global coastal zone and inland seas. (See Figure.) Assuming that the by 85% and the percentage of high-quality fish dropped by an order of
global natural sediment discharge is between 18 and 20 gigatons per magnitude.

Climate change–related sea level rise will cause continued in-
undation of low-lying areas, especially where natural buffers have
been removed (Church et al. 2001). Sea level rise is due to ther-
mal expansion of ocean waters and melting of land based–ice, and
both expansion and ice melts are expected to increase (IPCC
2003). In most if not all cases, global climate change impacts act
in negative synergy with other threats to marine organisms and
can be the factor sending ecosystems over the threshold levels of
stability and productivity. In limited cases, new habitats may be
created. Changes in weather patterns modeled in some extreme
scenarios of climate change—including increased precipitation in
some areas, abrupt warming at the poles, and increased frequency
and intensity of storm events—would affect oceanic circulation
(perhaps even leading to the collapse of thermohaline circulation)
and currents as well as the ability of organisms to live or repro-
duce.

Different coastal subtypes, habitats, and even taxonomic
groups will be affected by these direct and indirect impacts to
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greater or lesser degrees. Coral reefs may be the most vulnerable
of all coastal subtypes (medium certainty), since multiple threats af-
fect systems and since tolerances for corals and related reef species
are generally of a narrow range. Estuaries are also vulnerable be-
cause these systems are directly subject to impacts from land
(Gosselink et al. 1974; Turner et al. 1996) and water. Semi-enclosed
seas are more vulnerable to degradation than open ocean basins—
and because more isolated coastal waters have higher endemism,
biodiversity is at greater risk in these areas.

Looking ahead 10–50 years suggests that some geographic
areas of the world are expected to show particularly high rates of
change and loss of certain ecosystem services. Southeast Asia, with
its burgeoning population growth, limited land area, and largely
ineffective controls on fisheries, pollution, and coastal develop-
ment, is expected to continue to be an area of extremely rapid
coastal change with losses in food provisioning, biodiversity, nu-
trient cycling, and storm protection services (high certainty). Small
islands will continue to suffer dramatic alterations to their coastal
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Figure 19.10. Hypoxic Zones in Gulf of Mexico and Baltic Sea (UNEP 2004)

environments, especially in the Pacific Ocean, Indian Ocean, and
Caribbean Sea, where archipelagos of small islands support large
numbers of residents and tourists but where monitoring and en-
forcement of regulations is difficult due to the distances between
islands and limited resources. The areas of greatest change in land
use that are situated in the coastal zone, such as those in the Mid-
dle East region, will also suffer rapid coastal change in the coming
years.

The continued degradation of coastal ecosystems is paradoxi-
cal. Despite the value of coastal areas in supporting the tourism
industry, for instance, coastal tourism development often uses
habitats such as estuaries, mangroves, marshes, and atoll lagoons
for waste disposal, degrading these areas and reducing their capac-
ity to provide ecosystem services such as waste processing and
coastal protection. Tourism development also results in conver-
sion of habitat to accommodate infrastructure, resulting in loss of
dune systems, wetlands, and even coral reefs. Damming damages
estuaries and reduces fisheries yields, even if there are benefits
of freshwater diversion for increasing food supply in terrestrial
systems.

The costs of such trade-offs are significant, especially since the
economic value of coastal developments that are put at risk by
loss of protective and regulating services are high. A relatively
new and rapidly growing form of coastal development that se-
verely affects coastal ecosystems is uncontrolled building of
shrimp ponds and other aquaculture sites (Lubchenco 2003).
Dredging of waterways, as well as sand and coral mining, also
cause habitat loss. Urbanization has enormous impact on the
coasts, both in developing countries where displaced landless peo-
ple often take up residence in urban shanties and in industrial
countries where urban and suburban sprawl threaten natural habi-
tats and ecosystem services. Finally, humans increasingly cause the
loss of coastal habitats through destructive fishing practices such
as blast fishing (the use of underwater explosives) and trawling
(dragging of weighted nets along the sea floor).
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For some degraded coastal habitats, such as mangroves, marshes,
and areas of seagrass, it may be possible to regain ecosystem ser-
vices through restoration, but the prohibitively high costs prevent
restoration being an effective policy for other habitat types. Some
ecosystems under the right conditions may recover or regenerate
without intervention, but in most ecosystems active and expen-
sive restoration may be necessary. Toxin loadings, pathogens, and
alien species invasions will further stress coastal ecosystems and
may impede natural recovery and managed restoration; human
well-being will suffer as a consequence unless significant im-
provements to coastal management are systematically made across
wide regions of the globe (high certainty).

19.4.2 Drivers of Change in the Coastal System

As noted previously, population growth is highest in coastal coun-
tries, and population densities within the coastal system are high.
Urban areas are often concentrated on the coast: half of all major
cities (with populations above 500,000 inhabitants) are located in
coastal systems. Population doubling rates are highest in coastal
areas.

However, the link between sheer population number and en-
vironmental quality is not clear-cut. Some authors argue that a
direct link exists between the number of people and the quality
of the environment or loss of diversity, regardless of consumption
patterns (McKee et al. 2004). Others argue that the number of
households is better correlated to the environmental impact or
ecological footprint left by humans (Liu et al. 2003). In the coastal
zone, however, neither population numbers nor household num-
bers tell the full story. Patterns of consumption and other human
behaviors greatly influence the ecological footprint left by com-
munities, and migration and its effects often spell the difference
between sustainable and unsustainable use (Creel 2003; Curran
and Agardy 2002). Local resource use and migration patterns are
also affected by local and international markets.

In many industrial countries, urban sprawl is a major driver
behind coastal ecosystem impacts and habitat loss. In the United
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States, for example, it is the pattern of growth, which includes
runaway land consumption, dysfunctional suburban development
patterns, and exponential growth in automobile use, rather than
population growth itself in the coastal zone that has affected eco-
systems and their services (Beach 2002).

National and local economies influence the ability of countries
to manage resource use and lessen impacts on ecosystem services.
Industrial countries with strong economies have the ability to put
resource management programs in place, undertake pollution
mitigation and ecological restoration, and support surveillance
and enforcement. However, wealthy countries also tend to be
proportionately greater consumers, and their large-scale industries
often threaten the environment (Creel 2003). Agribusiness and
other large-scale industries often have a disproportionately large
voice in democratic governments, since they can underwrite ex-
tensive lobbying on their behalf (Speth 2004), and subsidization
can also steer such industries away from sustainability (Myers and
Kent 2001).

Even individual wealth can have a negative impact on the
environment. Expensive chemicals are generally available only to
industry or the wealthy (such as tributyltin, used to prevent foul-
ing of ship hulls, which has harmed marine species and caused
changes in sex in exposed organisms), while in the industrial
world, improved access to drugs threatens coastal systems, since
antibiotics and hormones (especially ethinyloestradiol, a synthetic
estrogen used in birth control pills) find their way into streams
and rivers and eventually into coastal systems (Colburn et al.
1996). Since the magnitude of the impact of these chemicals on
coastal ecology and on human health is not fully understood,
there has been little impetus to implement mitigation measures
to prevent pollutants from entering streams, rivers, sewers, and
estuaries.

Foreign markets and globalization have been major drivers be-
hind degradation of coastal ecosystems and diminishing services.
Globalization causes greater mobilization of fishers and other
users, greater flow of information and access to resources, in-
creased fishery or other trade-related pollution and habitat loss,
and loss of rights and representation of local peoples, leading to
marginalization (Alder and Watson 2004). Access to markets and
growing consumer demand (for both legal and illegal goods) in-
crease pressures on resources and can lead to overexploitation and
habitat loss.

For instance, conversion of habitat for aquaculture drives
much of the loss of habitat and services in coastal South America
and Southeast Asia. Although in Latin America, habitat conver-
sion is undertaken primarily by large international corporations,
in Thailand and Viet Nam there is a more balanced mixture of
small- and large-scale farms. Production is geared completely
toward export markets. The growth in this industry has little or
nothing to do with population growth or local demands for
sources of food. In Ecuador, more than 50,000 hectares of man-
grove forest has been cleared to make shrimp ponds since 1969,
representing a 27% decline in mangrove cover. During the same
period, shrimp ponds have gone from zero to over 175,000 hect-
ares. While there has been some recent reforestation in Ecuador
(representing approximately 1% increase in a four-year period),
this may be more to do with increasing market competition with
Southeast Asian producers.

In Thailand, both primary conversion of mangroves and wet-
lands and secondary conversion of rice, rubber, and other agricul-
tural crops to shrimp farms has occurred. Ten years of observations
of shrimp farm production in Thailand (Lebel et al. 2002) suggests
that once shrimp farms are established, the resulting sedimenta-
tion, salinization, and changed tidal influences may seriously im-
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pede natural or planned regeneration of coastal forests or tidal
basin species and may alter animal communities in waterways and
wetlands. An analysis of shrimp farm production also demon-
strates the multitude of linkages via the vital flow of water be-
tween human-based, land-based, coast-based, and marine-based
systems. (See Box 19.5.)

The aquaculture-driven conversion of coastal habitat in Asia
presents lessons about understanding drivers of ecosystem change
in all coastal habitats. While it is necessary to separate threats to
ecosystems in order to assess their impact, it is equally important
to note that most coastal areas are facing multiple threats simulta-
neously, and many have experienced chronic impacts over long
periods of time. Table 19.5 presents a typology of drivers of
change in coastal systems and ecosystem services.

In a set of systems as complex and diverse as coastal systems,
however, it is more germane to discuss drivers behind certain
classes of impacts separately, rather than speaking of coastal eco-
system degradation more generally. Arguably, the greatest impacts
on coastal systems worldwide are caused by the conversion of
habitat for the purposes of coastal development (wetlands infill-
ing, dredging of bays and harbors for port development, and so
on) and through certain kinds of resource use (mangrove harvest,
destructive fishing, and the like). These changes cause major if
not total losses in ecosystem services and are largely irreversible.

For this reason, much attention has been paid to population
growth in the coastal zone and the ways in which population
drives habitat loss. Certainly this is true in poorly developed areas,
where mangrove remains an important source of fuelwood and
competition for increasingly scarce fisheries forces fishers to use
unsustainable techniques. However, population is not the only
driver behind habitat loss, and a confluence of chronic negative
impacts may eventually lead to as debilitating a loss of ecosystem
services as the more visible loss of habitat caused by growing pop-
ulations.

19.5 Trade-offs, Synergies, and Management
Interventions

19.5.1 Trade-offs, Choices, and Synergies

A central concern in coastal management is one of making trade-
offs between ecosystem services in allocating increasingly scarce
resources among society’s members. Decision-makers face ques-
tions such as, Should this shoreline be cleared and stabilized to
provide new land for development, or should it be maintained in
its current state to serve as wildlife habitat? Should that wetland
be drained and converted to agriculture, or should more wetland
area be created to provide nutrient filtration services? Should this
coral reef be mined for building materials and the production of
lime, mortar, and cement, or should it be sustained to provide
renewable seafood products and recreational opportunities?

To choose from among competing options, it is often neces-
sary to compare the value that various groups in society receive
from any improvement in a given coastal ecosystem with the
value these groups give up to degrade the same system. Given
this, a key question comes down to, What gets counted and how?
Unfortunately, there are usually very few (if any) studies that can
provide decision-makers with information on the full range of
values provided by coastal ecosystem services, which is needed to
evaluate specific trade-offs.

The wide variety of habitats, resources, and ecosystem services
provided by coastal systems, and the strong interlinkages between
these various components and processes suggest that complicated
choices and difficult trade-offs exist whenever any form of coastal
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BOX 19.5

Four Pathways to Coastal Ecosystem Degradation and Poverty through Shrimp Production in Thailand (Lebel et al. 2002 and
references therein)

Shrimp production and sales are one of the fastest-growing food commodity sources are too fresh. The impacts appear to be most serious in areas
markets in the world. Farmed shrimp production in the world market went without immediate access to coastal inlets or the ocean. Here, wastewater
from 815,250 tons in 1999 to 1.6 million tons in 2002. The industry has been effluent from ponds is dumped into canals and waterways previously for
growing at the rate of 10–20% a year over the last five years. The increase irrigation of rice, orchards, and rice-sugar palms systems. Productivity
in production results from the spread of shrimp farm production along coastal declines and some tree species die, making it hard for non-shrimp farming
ecosystems and tidal plains around the world. The area farmed for shrimp is land uses to persist in an area. These ‘‘off-site’’ or landscape effects have
approximately 1.2 million hectares. This number does not include the esti- often been a source of sharp conflict between shrimp farmers and other
mated 250,000 hectares of abandoned shrimp farms around the globe. farmers. Over the past couple of years, techniques for rearing shrimp

In 2000, the vast majority of shrimp farms were located in Pacific rim under freshwater conditions have greatly improved and spread.
countries, along the coasts of South, East, and Southeast Asia. Approxi- Although the building of shrimp farms typically takes place on private
mately 89% of shrimp farmland is located in Asia. Thailand is the leading land, the residual creeks, wetlands, and shoreline are frequently under-
exporter of shrimp, with 25% of the world market, and the growth in Thai stood to be public lands, so public accessibility can be the third pathway
shrimp farms has been dramatic. In 1995, there were 19,700 farms cover- of degradation. Because of the value of shrimp, however, shrimp farm
ing about 65,000 hectares; by 2003 there were 35,000 farms encompass- producers limit access to once-public natural resources that are near
ing 80,000 hectares. ponds. Guards actively dissuade local fishers, farmers, and hunters from

Shrimp farm production has garnered attention from environmentalists using these public goods. Those who need access to these public re-
because the building of shrimp farms is often linked to mangrove forest sources are those in most need of the livelihood income generated from
clearing. But extensive work by Lebel and colleagues in Thailand over the gathering freshwater clams, plants and greens, and small fish.
last decade suggests that the relationship between shrimp farm production Impoverization is the fourth pathway identified by Lebel et al. The
and coastal ecosystem degradation is much more complex than popular establishment of shrimp farms improves wage-based employment oppor-
science would predict. Lebel describes four pathways through which tunities for many local residents, and the presence of shrimp farms in an
shrimp farm production there degrades coastal ecosystems and affects area provides opportunities for short-term work in sorting, pond cleaning,
coastal communities’ livelihoods. The complex interaction between shrimp equipment maintenance, and reselling of inputs. Where factories are pres-
farm production for global markets, coastal ecosystems, farmer/fisher live- ent, there can also be substantial wage-earning opportunities, primarily
lihoods, and unsustainable and short-lived capacity of individual shrimp for young women. As a result, the poorest members of coastal villages,
ponds spurred both a dramatic deterioration of coastal ecosystems over who used to define their livelihoods as coastal fishers, now work as low-
the last decade and recent, aggressive exploration of inland freshwater wage earners in shrimp farm production. In addition, during the early to
systems as a substitute. middle years of the growth in shrimp production, many small fishers and

The first pathway is sedimentation. Artificial shrimp ponds must be farmers established their own farms, despite the high cost of entry. Many
dredged and cleaned regularly. Typically, farmers empty the sludge into of these smaller producers quickly lost their ponds, however, as the econ-
nearby coastal creeks or river basins. The resulting sedimentation has omies of scale, the high incidence of disease outbreaks, and the fluctua-
several effects. The filling of creeks and river tidal basins deters small tion in prices precluded success for those with few assets in reserve.
fisher navigation through the creeks and tidal basins, disrupts nesting and Currently many owners of coastal land rent their property to large corpo-
breeding grounds of coastal dependent marine and shore species, and rate shrimp farm producers. Rental contracts typically include clauses that
diminishes coastal fisheries. The buildup of sediment also diminishes the abrogate a renter’s responsibility for payment if the shrimp harvest fails.
flushing and nutrient cycling role of tidal surges, further depleting the In both cases, coastal residents—whether low-wage workers on
quality of coastal creeks and tidal basins. Sedimentation results from the shrimp farms or owners of land rented to shrimp farm producers—are
building of fish ponds, which are usually bulldozed, the regular dredging increasingly vulnerable to global market price fluctuations that affect the
of the ponds, and the more frequent pumping of pond water into coastal profitability of local shrimp ponds, as well as the rapidly deteriorating qual-
creeks. Although regulations stipulate that all larger farms must operate ity of the coastal ecosystem. The latter not only increases the likelihood
post-production water treatment ponds, many do not. of disease outbreaks and shrimp pond abandonment, it also precludes

Salinization, the second pathway, is the result of three processes. possible alternative coastal-based resource livelihoods once the shrimp
First, the standing water in ponds and the resulting evaporation yields a farm economy collapses or moves elsewhere. Recently, as a result of the
buildup of salt in the pond water. Second, because tidal surges are mini- deterioration of coastal sites and limited new sites for expansion along the
mized, the salt buildup is not naturally flushed out to sea. Third, in some coast, corporate research and development has focused on shifting
locations saline water is pumped or trucked inland because local water shrimp production into freshwater systems.

development or protection takes place. For example, the choice
to cut down mangrove forest to build a seaside resort will not
only involve opportunity costs in reducing mangrove availability
to local people, it will also have an impact on other uses of the
coastal zone, such as fishing, and will dramatically reduce ecologi-
cal services such as storm buffering, maintaining water and sedi-
ment balances, water purification, nutrient delivery, biodiversity
maintenance, and provisioning of nursery areas for coastal fishery
species. Similarly, the decision to protect a key habitat via estab-
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lishment of a marine protected area will mean that access to re-
sources will be restricted, and it may incur additional costs such as
overexploitation of resources outside the protected area, as well
as the costs of protected area management. Thus decisions over
the management of coastal systems need to consider the various
trade-offs inherent in alternative management practices (Brown et
al. 2001).

Often the trade-offs are related to who has access to resources
or who benefits from coastal development (Creel 2003). For ex-
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Table 19.5. Drivers of Change in Coastal Ecosystems

Direct Drivers Indirect Drivers

Habitat Loss or Conversion
Coastal development (ports, urbanization, 

tourism-related development, industrial sites)
population growth, poor siting due to undervaluation, poorly developed industrial policy, tourism

demand, environmental refugees and internal migration

Destructive fisheries (dynamite, cyanide, 
bottom trawling)

shift to market economies, demand for aquaria fish and live food fish, increasing competition in light
of diminishing resources

Coastal deforestation (especially mangrove 
deforestation)

lack of alternative materials, increased competition, poor national policies

Mining (coral, sand, minerals, dredging) lack of alternative materials,  global commons perceptions

Civil engineering works transport and energy demands, poor public policy, lack of knowledge about impacts and their costs

Environmental change brought about by war 
and conflict

increased competition for scarce resources, political instability, inequality in wealth distribution

Aquaculture-related habitat conversion international demand for luxury items (including new markets), regional demand for food, demand for
fishmeal in aquaculture and agriculture, decline in wild stocks or decreased access to fisheries (or
inability to compete with larger-scale fisheries)

Habitat Degradation
Eutrophication from land-based sources 

(agricultural waste, sewage, fertilizers)
urbanization, lack of sewage treatment or use of combined storm and sewer systems, unregulated

agricultural development, loss of wetlands and other natural controls

Pollution: toxics and pathogens from land- 
based sources

lack of awareness, increasing pesticide and fertilizer use (especially as soil quality diminishes),
unregulated industry

Pollution: dumping and dredge spoils lack of alternative disposal methods, increased enforcement and stiffer penalties for land disposal,
belief in unlimited assimilative capacities, waste as a commodity

Pollution: shipping-related substandard shipping regulations, no investment in safety, policies promoting flags of convenience,
increases in ship-based trade

Salinization of estuaries due to decreased 
freshwater inflow

demand for electricity and water, territorial disputes

Alien species invasions lack of regulations on ballast discharge, increased aquaculture-related escapes, lack of international
agreements on deliberate introductions

Climate change and sea level rise insufficient controls on emissions, poorly planned development (vulnerable development), stressed
ecosystems less able to cope

Overexploitation
Directed take of low-value species at high 

volumes exceeding sustainable levels
population growth, demand for subsistence and market goods (food and medicinal), industrialization

of fisheries, improved fish-finding technology, poor regional agreements, lack of enforcement,
breakdown of traditional regulation systems, subsidies

Directed take for luxury markets (high value, 
low volume) exceeding sustainable levels

demand for specialty foods and medicines, aquarium fish, and curios; lack of awareness or concern
about impacts; technological advances; commodification

Incidental take or bycatch subsidies, bycatch has no cost

Directed take at commercial scales decreasing
availability of resources for subsistence and 
artisanal use

marginalization of local peoples, breakdown of traditional social institutions

ample, conflicts frequently occur between large-scale commercial
fisheries and small-scale (local) artisanal or subsistence fishing (see
Chapter 18), or between tourism resort development and local
communities who frequently receive little if any of the derived
profits (nor even national economies in some instances). Zoning
areas can reduce trade-offs and allow a suite of benefits to be
derived from the same ecosystem, whether this occurs through
smaller-scale marine protected areas (Brown et al. 2001; Villa et
al. 2001) or through other coastal planning efforts such as those
being installed throughout the Great Barrier Reef in Australia
(Day 2002). Ocean zoning is also slowly becoming accepted as a
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problem-solving tool in much the same way that land use zoning
evolved slowly (and simultaneously) in many regions of the world
decades ago. Zoning plans and permitting procedures for devel-
opment that is potentially environmentally harmful are most ef-
fective when taking into account the costs of losing the ecosystem
processes and services that these areas provide (U.S. Oceans
Commission 2004).

Environmental impact studies that take into account the full
value of the most important coastal areas where ecological proc-
esses are concentrated help decision-makers understand and
quantify the trade-offs to be made when coastal development,
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environmental degradation through waste discharge, or exploita-
tion of coastal areas occurs (Bocksteal et al. 1989; Brown et al.
2001). However, such studies require the kind of detailed assess-
ment information that is lacking in many coastal areas and coun-
tries.

Some choices, when made in concert with others, will have
an exponentially larger impact on ecosystem services than merely
the additive effect of individual choices (a synergetic effect). For
instance, if a management authority authorizes the development
of coastal hotels that do not have sewage treatment facilities and
at the same time authorizes fisheries on reefs nearby, the com-
bined effect of increased nutrient pollution and decreased abun-
dances of grazing fishes leads to algal overgrowth of the reefs and,
in extreme cases, a regime shift from coral reefs to algal reefs
(Birkeland 2004; McManus et al. 2000). Recovery from such al-
ternate states is very difficult to achieve—and since the alternate
state (algal reef ) may not be as attractive to tourists, the resort
business may well falter (Moberg and Ronnback 2003). Thus
decision-makers who weigh not only the immediate costs and
benefits from development but also the longer-term ones make
better and often economically more viable choices.

Long time frames are extremely important to keep in mind.
Many of the impacts humans have on coastal systems are small-
scale, but when these become chronic, the cumulative impact
may be quite large. In coastal systems that are downstream of
recipients of terrestrial environmental degradation and sites of
more immediate and direct degradation, threats to ecosystem
health are multiple and especially cumulative. In these cases, deci-
sions about resource and space utilization that are viewed holisti-
cally, with the long term in mind, are likely to have better
outcomes for society.

19.5.2 Management Interventions

The story of human impacts on coastal ecosystems is a complex
one involving not only a large number of diverse drivers acting
simultaneously but also cumulative effects over time. Unfortu-
nately, effective responses to such impacts on natural systems have
typically only emerged after changes have taken effect, and man-
agement of coastal areas remains largely reactive.

Complex problems require comprehensive solutions. Inte-
grated management of watersheds, land use planning, and impact
assessment are key to protecting coastal ecosystems (Sorenson
1997). For this reason, tackling the issues of loss and degradation
of coastal areas by addressing single threats to these environments
has not proved effective in the past. The holistic approach—
looking at how human activities affect coastal ecosystems, identi-
fication of key threats, and implementation of management that
is integrated across all sectors—is a relatively new focus and is
likely to produce much more effective decision-making. Effective
management of these crucial areas means coordinated pollution
controls, development restrictions, fisheries management, and sci-
entific research.

Resource use that is managed in a way that considers the im-
pacts that resource removal has on all linked ecosystems and
human well-being has proved to be more effective than sectoral or
single-species management (Kay and Alder 2004). Fisheries manage-
ment agencies and conservationists are promoting ecosystem-based
fisheries management—management that looks at multispecies
interactions and the entire chain of habitats these linked organisms
need in order to survive and reproduce (Agardy 2002). Due to
the linkages between marine fisheries production and coastal eco-
system condition, the protection of coastal habitats figures very
prominently in ecosystem-based fisheries management (Pauly et
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al. 2002). However, truly holistic integrated management of
coastal areas also requires complementary watershed management
and land use planning to ensure that negative impacts do not
reach coastal areas from outside the coastal realm.

Significant strides have been made in coastal management in
the last few decades, in both the industrial and the developing
world. Many of the world’s 123 coastal countries have coastal
management plans and legislation, and new governance arrange-
ments and regulations are being developed every year (Burke et
al. 2001). In 1993, it was estimated that there were 142 coastal
management initiatives outside the United States and 20 interna-
tional initiatives (Sorensen 1993). By 2000, there were a total of
447 initiatives globally, including 41 at the global level (Hilde-
brand and Sorensen 2001). This dramatic increase in activity was
attributed both to initiatives that had started since 1993 and to
the improved ability to find information on coastal management
initiatives though the use of the Internet (Kay and Alder in press).
The latest survey estimates that there are 698 coastal management
initiatives operating in 145 nations or semi-sovereign states, in-
cluding 76 at the international level (Sorensen 2002).

Yet even countries with well-developed coastal zone plans
that have been in place for decades struggle with overexploitation
of resources, user conflicts, habitat loss, and indirect degradation
of ecosystems from activities occurring sometimes hundreds of
kilometers away from the coastal zone itself. Management has not
kept pace with degradation, as the number of management inter-
ventions worldwide has only increased two- or threefold over the
last decade, while degradation of many habitats like coral reefs
and mangroves has increased significantly more in the same time
(Kay and Alder in press).

Some key coastal habitats such as mangrove forests, marshes,
and seagrass meadows can be, and are being, restored once de-
graded. The science of mangrove restoration is relatively ad-
vanced, especially in the new world where natural species
diversity is low and where replanting a few species can restore
the ecosystems and most services quickly (Kaly and Jones 1998).
Marshlands are also easily restored, as long as major alterations to
hydrology have not taken place. Such restoration initiatives are
risky, however, since it has yet to be shown that the full range of
ecosystem services can be supported by artificially reconstructed
wetlands (Moberg and Ronnback 2003; NRC 1992). Coral reef
transplantation, though technologically possible, can only be
practiced at a small scale and has had limited success (Moberg and
Ronnback 2003). Furthermore, the costs of such restoration can
be enormous, as the $7.8-billion price tag for the restoration of
the Everglades cord grass system in Florida in the United States
attests. In fact, most full-scale restoration (habitat reconstruction)
is practiced in highly industrialized countries that are able to fi-
nance the high costs over the long time frames needed.

Management interventions to deal with pollution in coastal
areas have largely failed. One method of mitigation is to conserve,
reconstruct, or construct new wetlands that act as filters of these
pollutants before the compounds enter the coastal environment.
Another is to encourage land use practices such as buffer strips in
agriculture and forestry to prevent the runoff of fertilizers, sedi-
ments, and so on. Municipal waste and storm runoff is sometimes
controlled to limit hydrocarbons and other toxic inputs, and regu-
lations regarding dredging operations help control the release of
pollutants deposited into coastal sediments. However, no country
has succeeded in comprehensively limiting pollution of the near-
shore environment, despite the large number of initiatives and
regulations in place.

One reason for these failures is that neither the status of coastal
habitats nor the full values of coastal systems are known in many
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parts of the world. Effective management of coastal systems and
the evaluation of trade-offs and choices requires both information
and awareness. Education plays a key role in supplying both, and
although education about ecology has generally improved in re-
cent decades, education on marine systems is underfunded and
underdeveloped (Kay and Alder in press). Further applied multi-
disciplinary research on ecosystem function, sustainable yields,
and economic valuation of coastal ecosystems is also needed (Lub-
chenco 1998). Research focused on fundamental questions about
ecosystem function, impacts, and efficacy of management mea-
sures will aid decision-makers in mitigating loss and degradation
of these habitats. Fully protected areas help in this regard because
they provide crucial control sites to test management interventions
and allow for baseline monitoring. Better economic valuations—
particularly quantitative estimates of marginal benefits—are also
required to understand fully the importance of coastal systems.

Individual sites are sometimes recognized for their valuable
services, and management interventions are put in place to con-
serve these habitats and the species within them through marine
protected areas (NRC 2001). These may be small fisheries re-
serves in which resource extraction is prohibited, or they may
occur in the context of larger multiple-use areas. Increasingly, ma-
rine protected areas are being established in networks in order to
safeguard key areas of the coastal and marine environment over a
geographically large area (Agardy 1999; Murray et al. 1999a;
Pauly et al. 2002). A prime example of this is the network of
reserves encompassed by the newly rezoned Great Barrier Reef
Marine Park in Australia (Day 2002).

In order for marine protected areas to succeed in meeting the
objectives of conserving habitats and protecting fisheries and bio-
diversity, their management seeks to address all the direct threats
to marine and coastal areas. In most habitats, these threats are
multiple and cumulative over time. Thus protected areas that ad-
dress only one of these threats will usually fail to conserve the
ecosystem or habitats and the services they provide (Agardy
1997).

Marine and coastal protected areas already dot coasts around
the world, and the number of protected areas continues to in-
crease. The last official count of coastal and marine protected
areas, in 2003, yielded 4,116 (Spalding et al. 2003), a marked
increase over the 1,308 listed in 1995 (Kelleher et al. 1995),
though this is a significant underestimate because unconventional
protected areas that do not fit the IUCN categories for protected
areas are typically not counted.

By far the bulk of these protected areas occur in coastal zones,
and many include both terrestrial and aquatic components. How-
ever, even with the large number of individual sites, coverage
accounts for less than 1% of the world’s oceans. Many marine
protected areas occur in relatively close proximity to human set-
tlements—in fact, nearly 10% of the world lives within 50 ki-
lometers of a marine protected area, and over 25% of the
worldwide coastal population lives within 50 kilometers of one.
(See Table 19.6.)

Management effectiveness of most marine protected areas re-
mains questionable, and many of these areas have no operational
management or enforced legislation at all. It is well established that
marine protected area tools are not being used to their fullest
potential anywhere in the world (Agardy et al. 2003). Nonethe-
less, there are good examples of effective marine management,
such as the Great Barrier Reef Marine Park. And examples such
as this highlight how even a protected area that begins with rela-
tively modest protection measures can be strengthened over time
(Lawrence et al. 2002).
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Table 19.6. Share of World and Coastal Populations Living Close
to a Coastal Marine Protected Area

Category

Within 50 
Kilometers 

of MPA

Within 100 
Kilometers 

of MPA

Within 150 
Kilometers 

of MPA
(percent)

World population 9 19 26

Coastal population 25 51 70

Tenure of marine areas and some forms of traditional use can
also be effective coastal conservation interventions, even when
these patterns of sustainable use of marine and coastal resources
occur outside of conventional protected areas (Curran and Agardy
2002; Young 2004). Common property and common property
management regimes have evolved in many coastal communities
and have in some cases been shown to be much more effective
than conventional, top-down methods in keeping resource use to
sustainable limits (Agardy 1997; Curran and Agardy 2002). Legiti-
mizing such traditional uses remains an issue in many coastal
countries, and recently nongovernmental organizations have
begun to liaise with governments to help codify use rights for
local communities.

An analysis of the efficacy of coastal and marine protected
areas, sustainable traditional use regimes, and common property
management regimes highlights the fact that all such local action
must be supplemented by effective management at much larger
scales (Agardy 1999). Indeed, the interlinkages between terrestrial
environments, fresh water, coastal systems, and the marine realm
prevent local interventions from succeeding unless the larger con-
text is addressed. Coastal zone management at the provincial,
state, or national level can help scale up management efforts, as
can zoning initiatives (Norse in press). Coastal management is a
particularly important facet of national policy-making, as most
coastal zones exist wholly within the exclusive economic zones
of individual nations (Sorenson 1997).

A relatively recent movement in this direction is the coupling
of coastal zone management with catchment basin or watershed
management, as has occurred under the European Water Frame-
work Directive and projects undertaken under the LOICZ
(Land–Sea Interactions in the Coastal Zone) initiative. Such
freshwater–marine system coupling has resulted in lower pollutant
loads and improved conditions in estuaries. However, due to the
fluid nature of the marine system and the large-scale interconnec-
tivities, even larger-scale integrated management initiatives are re-
quired for effective management of coastal and marine systems
over the long term.

Several international instruments provide a framework for
such larger-scale regional cooperation, including the United Na-
tions Convention on the Law of the Sea (UNCLOS 1982), U.N.
Regional Seas Conventions and Action Plans, the Global Pro-
gramme of Action for the Protection of the Marine Environment
from Land-based Activities (GPA 1995), the Jakarta Mandate on
the Conservation and Sustainable Use of Marine and Coastal Bio-
logical Diversity (CBD 1995), the RAMSAR Convention,
Chapter 17 of Agenda 21 (UNCED 1992), and Paragraph 29 of
the Implementation Plan of the World Summit on Sustainable
Development (WSSD 2002). While some of these international
agreements pertain more directly to marine systems (as discussed
in Chapter 18), all carry obligations or give guidance to parties
on management of coastal areas. Yet while many international
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agreements and policies promote the idea of ecosystem-based
management, the practical application of the concept is still being
developed.

Global treaties and multilateral agreements can bridge some of
the gaps that occur between small-scale interventions on the
ground and large-scale coastal problems, but most of these inter-
national instruments have not been effective in reversing environ-
mental degradation (Speth 2004). For shared coastal and marine
resources, it may well be that regional agreements will prove
more effective, especially when such agreements capitalize on
better understandings of costs and benefits accruing from shared
responsibilities in conserving the marine environment.

Large marine ecosystems have been put forward as a logical
way to frame such agreements (Duda and Sherman 2002; Kimball
2001). Each of the world’s 64 LMEs averages 200,000 square ki-
lometers and is characterized by distinct bathymetry, hydrology,
productivity, and trophically dependent populations (Sherman
1993). The LME concept was originally applied in the fisheries
context under CCAMLR to take into account predator/prey re-
lationships and environmental factors affecting target stocks; thus
Antarctica was the site of the first truly ecosystem-based approach
to fisheries management (Griffis and Kimball 1996). Several re-
cent international instruments refer to LMEs, and the geographic
units serve as the basis for some global assessments, such as GIWA
(UNEP’s Global International Waters Assessment). In many parts
of the world, however, the political constituency for nations to
cooperate to conserve large-scale ecosystems is lacking, though
this situation may well be improving (Wang 2004).

Coastal ecosystems are crucial elements of the global environ-
ment, supporting not only marine food webs but also providing
key services for humankind. To stave off the dramatic losses in
coastal habitats that are now occurring worldwide, valuing these
habitats and communicating their value to the public is crucial.
And because in many parts of the world migration dramatically
undermines regulation of coastal resource use, migration patterns
and the drivers behind them merit investigation to provide the
foundation for migration policies. Coastal systems are so complex,
and the impacts humans have on them so varied, that coastal eco-
system services will only be successfully protected when the entire
spectrum of threats and integrated responses to them are ad-
dressed. As human dependence on coastal services grows, man-
agement will continue to be challenged to manage the coastal
environment more effectively.

19.6 Coastal Systems and Human Well-being
The coastal systems of the world are crucially important to hu-
mankind and are under ever-increasing threat from activities
within and outside the coastal zone. Provisioning, regulating, sup-
porting and cultural services have all been affected by human use
and indirect impacts on coastal habitats, and some habitat types
are close to being degraded to the point that important services
will be lost altogether. Diminishing services caused by poor
choices threaten the well-being of not only coastal communities,
but coastal nations and the global community as well.

Many of these impacts affect rural communities in developing
nations, especially where livelihoods are closely tied to availability
of coastal resources. However, coastal degradation affects people
in industrial countries as well, and has an impact on suburban and
urban human well-being. For instance, according to a new study
by the European Commission, a fifth of the coastline of the newly
enlarged European Union is eroding away from human-induced
causes, in a few cases as much as 15 meters (49 feet) shoreline
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erosion inland a year (European Commission 2004). Such erosion
threatens homes, roads, and urban infrastructure and the safety of
individuals, as well as affecting biodiversity.

Resource overexploitation and coastal degradation undermine
subsistence use of coastal ecosystems. Small rural populations are
not the only ones to suffer from overexploitation and mismanage-
ment, however—national economies are affected as well. For in-
stance, potential net benefit streams from coral reefs include
fisheries, coastal protection, tourism, and biodiversity values are
estimated to total $29.8 billion annually (Cesar et al. 2003). Much
of these revenues are at risk from ever-accelerating rates of coastal
degradation. When the negative impacts from overfishing are
coupled with inadequate environmental management that allows
increases in pollutant levels and stresses coral reef health, the con-
sequences can be a full-fledged ecosystem collapse or regime shifts
to alternate (and less desirable) states (Birkeland 1997).

Many coastal communities, especially in poorer developing
countries, are trapped in what has been called ‘‘a vicious cycle of
poverty, resource depletion and further impoverishment’’ (Cesar
et al. 2003). As in many other coastal and marine ecosystems,
marginalization of fishers is largely responsible for ‘‘Malthusian’’
or exponentially increasing rates of overfishing (Pauly 1997). This
phenomenon is not unique to coral reefs, of course, but once
coral reefs are destroyed, restoration is extremely difficult, and the
costs brought about by loss of services such as coastal protection
continue to be incurred for long periods thereafter (Moberg and
Ronnback 2003).

Pollution puts coastal inhabitants at great risk—directly, by
affecting human health, and indirectly, by degrading the resource
base on which many of them depend. Poor sanitation affects not
only slum dwellers. For instance, South Asian waters are highly
polluted throughout the region, partly as a result of 825 million
people who live without basic sanitation services (UN System-
Wide Earthwatch, cited in Creel 2003). Pathogens are spread
more quickly and reach greater numbers of people in coastal eco-
systems that have become degraded. Chronic exposure to heavy
metals and other bioaccumulating pollutants may not cause death
in large numbers of people, but their cumulative effect can lead to
reproductive failure and significantly decreased well-being. Food
security is also greatly compromised in degraded coastal ecosys-
tems.

Yet even when people are made aware of the importance of
coastal ecosystems, they still may not be able to stop the kinds
of activities that destroy or degrade these areas unless alternative
resources or livelihoods are made available to them. For instance,
boat-builders of the coastal and island communities of East Africa
have little choice but to harvest mangrove for boat construction
from key nursery habitats, which support the very fisheries on
which their boat-building industry is based (Agardy 1997). Few
alternative materials for boat building exist, except when conser-
vation projects have expressly built in alternatives and training on
how to use them. In areas in which resource extraction is moving
beyond ecologically sustainable limits or the removal of the re-
source causes major physical changes to the habitat, the search for
alternatives is particularly crucial.

A ‘‘business as usual’’ approach is projected to lead to contin-
ued loss of habitats and species, with attendant changes to ecosys-
tem services and negative impacts on many coastal-dependent
industries and coastal communities. Degradation will result in fu-
ture choices of either accepting loss of ecosystem services or in-
vesting in costly restoration programs that are not guaranteed to
reinstate the full range of services. Connectivity of systems and
the large spatial scale of impacts will mean that local-scale or site-
specific conservation and management investments will be in-
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creasingly at risk as overall coastal and marine conditions deterio-
rate. Changes in species distribution and abundance in response
to climate change, resource use, and pollution may render many
protected areas ineffective.

Yet enough is known to change the current approach and
begin to systematically develop strategic plans for more effective
protection and more sustainable use of coastal ecosystems (Kay
and Alder, in press). Coastal areas could be zoned to allow appro-
priate uses in various areas, reduce user conflicts, and limit the
impacts of detrimental trade-offs. Marine protected areas could
well serve as starting points for such zoning measures, as well
as acting as small-scale models for integrating coastal and marine
management across all sectors (Agardy 2002).

In all parts of the world, it will be crucial to find ways to
involve local communities in planning management interventions
and zoning schemes in order to better safeguard resources, coastal
areas, and human well-being. At the same time, ecological link-
ages between systems must be maintained in order to continue
the delivery of services. Effective management for sustainable use
of coastal systems will best be achieved by applying an ecosystem-
based, whole-catchment approach that addresses land use up-
stream and the use of marine resources far out to sea. Multilateral,
regional initiatives and agreements could help foster an integrated
and comprehensive approach and may well lessen the costs of
management through economies of scale. Regional cooperation
schemes would facilitate a scaling up of management interven-
tions that have to date been on too small a scale, and thereby help
abate declines in coastal services and related human well-being.
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Main Messages

Inland water habitats and species are in worse condition than those of
forest, grassland, or coastal systems (medium certainty). It is speculated
that 50% of inland water habitats were lost during the twentieth century. It is
well established that for many ecosystem services, the capacity of inland water
systems to produce these services is in decline and is as bad as or worse
than that of other systems. More than 50% of inland waters (excluding lakes
and rivers) have been lost in parts of North America, Europe, and Australia,
but on a global scale there is insufficient information on the extent of specific
inland water habitats, especially those of a seasonal or intermittent nature, to
substantiate the extent of habitat loss.

In addition to the loss of inland water systems, degradation is widespread. As
with habitat loss, it has not, on the whole, been possible to quantify this with
great confidence at a continental scale, although many site-specific instances
have been well documented. The species biodiversity of inland waters is
among the most threatened of all ecosystems, and in many parts of the world
it is in continuing and accelerating decline. Global climate change is expected
to exacerbate the loss and degradation of many inland water systems and the
loss or decline of their species; however, projections about the extent of such
loss and degradation or decline are not yet well established.

The loss and degradation of inland water systems have been driven di-
rectly by many pressures, acting individually and synergistically or cu-
mulatively. The direct drivers of loss and degradation of inland waters are well
known and documented and include changes in land use or cover due to
vegetation clearance, drainage, and infilling, especially connected to expansion
of agriculture; the spread of infrastructure, whether for urban, tourism and
recreation, aquaculture, agriculture, or industrial purposes; the introduction and
spread of invasive species; hydrologic modification; overharvesting, particularly
through fishing and hunting; pollution, salinization, and eutrophication; and
global climate change, which is expected (high certainty) to lead to even fur-
ther degradation and to exacerbate existing pressures. While it is known that
cumulative and synergistic effects between multiple pressures occur, there is
insufficient quantitative analysis to readily tease out the relative individual and
combined effects and their importance.

Agricultural development has historically been the principal cause of the
loss of inland water systems worldwide (high certainty). It is estimated that
by 1985, 56–65% of suitable inland water systems had been drained for inten-
sive agriculture in Europe and North America, 27% in Asia, and 6% in South
America. The construction of dams and other structures along rivers has re-
sulted in fragmentation and flow regulation of almost 60% of the large river
systems in the world. In many countries, the construction of large dams is still
a controversial issue. Water pollution and eutrophication are widespread and
in many countries have led to the degradation of many inland water systems.
In addition to direct adverse effects on biodiversity, pollution has reduced the
capacity of inland waters to filter and assimilate waste. Threats of water quality
degradation are most severe in areas where water is scarce (dryland systems).
Toxic substances and artificial chemicals are increasingly being released into
waterways, with uncertainty about their long-term effects on ecosystems and
humans. In recent years the devastation caused by invasive species has been
increasingly recognized worldwide.

The decline of inland water systems has placed the ecosystem services
derived from these systems and human well-being at increasing risk.
Provisioning services from inland waters, such as fish, are essential for human
well-being, with estimates of more than 50 million people involved directly in
inland fisheries. At present almost 50% of the world depends on rice as a
staple food item; this is expected to increase, and by 2020 some 4 billion
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people will depend on rice. Supporting and regulating services are critical to
sustaining vital ecosystem functions.

Flow regulation within and between inland waters and links between surface
and groundwater are critical ecosystem services that have been degraded on
a global scale. The disruption of natural flooding regimes has devastated many
riverine habitats and led to decreased sediment transport and a loss of flood
buffering and nutrient retention. Flooding can cause severe hardship to hu-
mans, with the 1998 floods in China causing an estimated $20 billion worth of
damage, but it is also essential for maintaining sediment-based fertility of
floodplains and supporting fish stocks in large rivers.

In addition, inland waters have significant aesthetic, artistic, educational, cul-
tural, and spiritual values, and they provide invaluable opportunities for recre-
ation by many communities and, increasingly, for tourism. The economic value
of these services is known for many local habitats but not necessarily well
quantified economically nor recognized by policy-makers and given priority
within resource development and conservation agencies in most countries.

Trade-offs between services from inland waters have been considerable,
yet poorly considered. Alteration of rivers through infrastructure has improved
transportation, provided flood control and hydropower, and boosted agricultural
output by making more land and irrigation water available. At the same time,
rivers have been disconnected from their floodplains and other inland water
habitats, water velocity in riverine systems has decreased, in some places
rivers have been converted to a chain of connected reservoirs, and ground-
water recharge has been reduced. In other places, infrastructure has increased
the likelihood of flooding by diverting water and increasing flows. These
changes have, in turn, affected the migratory patterns of fish species and the
composition of riparian habitat, opened up paths for exotic species, changed
coastal ecosystems, and contributed to an overall loss of freshwater biodiver-
sity and inland fishery resources. Irrigation has led to increased food produc-
tion in drylands but in many cases is unsustainable without extensive public
capital investment as waterlogging and pollution (especially eutrophication and
salinization) degrade the system and other services and encourage the intro-
duction or spread of human disease vectors.

The assessment of the extent and change of inland water systems at a
continental level is compromised by the inconsistency and unreliability
of data (high certainty). Estimates of the extent of inland water systems vary
from 530 million to 1,280 million hectares. The extent and distribution of inland
waters is unevenly or even poorly known at the global and regional scales,
partly due to confusion over definitions as well as difficulties in delineating and
mapping habitats with variable boundaries as a result of fluctuations in water
levels. Larger wetlands, lakes, and inland seas have been mapped along with
major rivers; there are some 10,000 lakes that are over 1 square kilometer,
and peatlands are estimated to cover more than 400 million hectares. Smaller
habitats that are critical for many communities are not well mapped or deline-
ated.

On the whole, available information focuses on the broader regional or global
scales. This introduces uncertainty into many assessments and necessitates
caution when attempting to make comparisons between data sets, especially
when collected at different spatial scales. Innovative tools for effective assess-
ment of the status and trends of inland water systems and their species, espe-
cially in those parts of the world where data are lacking, inadequate, or in need
of updating, are required.

20.1 Introduction
Inland water systems encompass habitats such as lakes and rivers,
marshes, swamps and floodplains, small streams, ponds, and cave
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waters. These have a variety of biological, physical, and chemical
characteristics. As coastal wetlands (such as estuaries, mangroves,
mudflats, and reefs) are considered in Chapter 19, the broad
definition of wetland adopted by the Convention on Wetlands in
1971, which includes inland, coastal, and marine habitats, is not
used in this chapter. All inland aquatic habitats, however—
whether fresh, brackish, or saline—as well as inland seas are con-
sidered.

As there is no clear boundary between inland and coastal eco-
systems, this delineation is indicative only and is not strictly ap-
plied where there are strong interactions between the biodiversity,
services, and pressures that affect inter-connected habitats. Rice
fields, aquaculture ponds, and reservoirs are included in this chap-
ter’s analysis. The supply of fresh water and its regulation, both in
terms of water quality and flow, are considered in Chapters 7, 15,
and 16. Groundwater as a system is addressed here, recognizing
that important links occur with many surface-water habitats.

This chapter provides a brief description of the services pro-
vided by inland waters, together with the condition and trends of
their habitats and species. More detailed information on the spe-
cific services derived from inland waters (such as water supply and
waste processing) is found in other Chapters. Where information
is available, the drivers of change in the condition of these habitats
and their species are related to the condition of the services and
any subsequent effects on human well-being. Trade-offs and re-
sponses to changes in the habitats and species are also presented
(with further information being provided in the MA Policy Re-
sponses volume).

Inland water systems have a temporal dimension—varying
from perennial to ephemeral—and a dynamic dimension, includ-
ing flowing systems (rivers), standing waters (lakes and ponds),
and systems with at times large seasonal fluctuations in water
depth—with some being waterlogged and others flooded perma-
nently, seasonally, intermittently, or even episodically. The term
wetland is often used to define all inland aquatic systems, such as
lakes, rivers, or lagoons. At other times it is used to describe a
narrower group of habitats that represent a variety of shallow,
vegetated systems, such as bogs, marshes, swamps, and floodplains.
Extensive information on wetland definition and delineation is
available (e.g. Finlayson and van der Valk 1995; Mitsch et al.
1994), but the failure to consider fully the different dimensions
and definitions that have been used around the world has resulted
in confusion and inaccurate analyses on the extent and condition
of these systems (Finlayson and Spiers 1999). In this chapter, the
terms ‘‘inland water systems’’ or ‘‘inland waters’’ are used wher-
ever possible unless specific habitat types are unambiguously re-
ferred to in the source material.

The extent and distribution of inland waters is poorly and
unevenly known at the global and regional scales due to differ-
ences in definitions as well as difficulties in delineating and map-
ping habitats with variable boundaries due to fluctuations in water
levels (Finlayson et al. 1999). In many cases, comprehensive doc-
umentation at the regional or national levels also does not exist.
The larger habitats, such as lakes and inland seas, have been
mapped along with the major rivers, but for many parts of the
world smaller wetlands are not well mapped or delineated. As a
consequence, assessment of the extent of and change in inland
water habitats at the continental level is compromised by the in-
consistency and unreliability of the data. The most recent attempt
to ascertain the extent and distribution of inland water systems
(Lehner and Döll 2004) is shown in Figure 20.1 (in Appendix A).
As with previous estimates, these data contain many inaccuracies
and gaps. For example, intermittently inundated habitats are not
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included, and there are many inaccuracies because of problems of
scale and resolution.

20.2 Services Derived from Inland Water Systems
With the exception of the provision of fresh water, comprehen-
sive global analyses of services provided by inland waters have not
been undertaken, nor has the link between the condition and
trend of the biodiversity, including habitats, and the provision of
ecosystem services been strongly made at this scale. As such, the
knowledge base of the true value of inland water systems is poorly
known (see, e.g., Finlayson et al. 1999; Tockner and Stanford
2002; Malmqyist and Rundle 2002). Assessments of inland waters
have not always considered inland saline waters, which are partic-
ularly widespread and important in many arid regions of the
world.

A generalized list of services provided by or derived from in-
land waters has been compiled from a number of sources. (See
Table 20.1.) The value of these services has been estimated at

Table 20.1. Ecosystem Services Provided by or Derived from
Inland Water Systems

Services Comments and Examples
Provisioning
Food production of fish, wild game, fruits, grains, etc.

Freshwatera storage and retention of water for domestic, 
industrial, and agricultural use

Fiber and fuel production of logs, fuelwood, peat, fodder

Biochemical extraction of materials from biota

Genetic materials medicine, genes for resistance to plant pathogens,
ornamental species, etc.

Biodiversity species and gene pool

Regulating 
Climate regulation greenhouse gases, temperature, precipitation, and

other climatic processes; chemical composition of
the atmosphere

Hydrological flows groundwater recharge and discharge; storage of
water for agriculture or industry

Pollution control
and detoxification

retention, recovery, and removal of excess nutrients
and pollutants

Erosion retention of soils

Natural hazards flood control, storm protection

Cultural
Spiritual and 

inspirational
personal feelings and well-being

Recreational opportunities for recreational activities

Aesthetic appreciation of natural features

Educational opportunities for formal and informal education and
training

Supporting
Soil formation sediment retention and accumulation of organic matter

Nutrient cycling storage, recycling, processing, and acquisition of
nutrients

Pollination support for pollinators

a See also Chapter 7 for commentary on how this is variously considered
a provisioning or regulating service.
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$2–5 trillion annually (Costanza et al. 1997; Postel and Carpenter
1997). This wide range represents major differences in methods,
reliability, and accuracy of the economic data and differences in
the definition and area of habitats being assessed. Despite ongoing
discussion about methods and data quality, it is well established that
these systems are highly valued and extremely important for peo-
ple in many parts of the world. It is speculated, but not well docu-
mented globally, that the loss and degradation of inland water
systems has resulted in an immense loss of services.

As Chapter 7 deals solely with the critical service of the provi-
sion of fresh water, this service is not considered further here.
Other chapters that contain information on services provided by
or derived from inland water systems include those on food
(Chapter 8), nutrient cycling (Chapter 12), waste processing and
detoxification (Chapter 15), regulation of natural hazards (Chap-
ter 16), cultural and amenity services (Chapter 17), and cultivated
systems (Chapter 26).

Table 20.2 contains a summary of estimates for the global aver-
age value of services derived from or provided by inland and coastal
water systems (referred to generically as wetlands in the source doc-
uments). The figures presented are average global values based on
sustainable use levels and taken from two synthesis studies—Schuyt
and Brander (2004), calibrated for the year 2000, and Costanza et

Table 20.2. Total Economic Value of Ecosystem Services
Provided by Wetlands (Costanza et al. 1997; Schuyt and Brander
2004)

Average Value
(dollars per

hectare per year)
Provisioning services 
(products obtained from wetlands)

601

Fishing 374 

Hunting 123 

Water supply 45 

Raw materials (thatch, timber, fodder, fertilizer, etc.) 45

Fuelwood 14 

Other (genetic, medicinal, and ornamental resources) ?

Cultural services 
(nonmaterial benefits obtained from wetlands)

1,373

Aesthetic information 881

Recreation and tourism 492 

Other (e.g., artistic, spiritual, historic, or scientific 
information)

?

Regulating services 
(benefits obtained from ecosystem processes)

Flood control/water regulation 464 

Water treatment 288 

Nursery function 201

Climate regulation 133

Other (e.g., sediment control, biological control) ?

Supporting services 
(ecosystem functions necessary to maintain 
all other services)

214

Habitat/refugia for biodiversity 214

Other (e.g., primary products, soil formation, 
nutrient/biogeochemical cycling)

?

Total value 3,274

1,086

PAGE 555

al. (1997), calibrated for 1994—that together cover more than 200
case studies. Most of the data are derived from Schuyt and Brander
(2004), except for the aesthetic information service and climate
regulation. The total economic value of 63 million hectares of wet-
land around the world would, according to this data, amount to
about $200 billion a year (which is a conservative estimate, since
for many services no economic data were available). Costanza et
al. (1997) arrived at a figure of $940 billion, mainly due to higher
estimates for several services (flood control at $4,539 per hectare
per year, for example, water treatment at $4,177 per hectare, and
water supply at $3,800 per hectare).

Despite such figures becoming available, the importance of
services derived from inland waters (such as fresh water, fish, and
groundwater recharge) is often taken for granted or treated as a
common good, with the real value only being recognized after
the services have been degraded or lost. This is demonstrated par-
ticularly well in semiarid and arid regions, with Lake Chad in
western Africa being very illustrative, as it has a multiplicity of
valuable services (see Table 20.3), which are mostly in decline.
This situation is common globally, particularly where population
pressures are high and services have been overexploited or inland
water systems have been inappropriately managed.

In addition, while the value of particular services may be low
in terms of global economic analyses, it can be extremely high
locally. This is evident in the preliminary analyses undertaken in
10 inland water systems in the Zambezi in southern Africa, where
multiple services—including subsistence agricultural crops, fish
production, natural products, and livestock grazing—were esti-
mated to be worth $123 million per year (Seyam et al. 2001).
Such analyses (other examples in Lupi et al. 2002; Emerton et al.
1998) are fraught with assumptions, but they do illustrate the rela-
tive worth of the main services to local populations.

An analysis of global ecosystems has established with some
confidence that for a standardized set of services, the capacity of
inland water habitats (referred to as freshwater habitats in the
source material) to produce these services is in decline and is as
bad as or worse than the other systems considered (Revenga et al.
2000; WRI et al. 2000). (See Figure 20.2 in Appendix A.) This
conclusion has been supported by global analyses of the condition
of inland water systems, such as those undertaken for large lakes
and inland seas (Beeton 2002), flowing waters (Malmqvist and
Rundle 2002), floodplains (Tockner and Stanford 2002), temper-
ate freshwater wetlands (Brinson and Ines Malvarez 2002), tropi-
cal wetlands (Junk 2002), and salt lakes (Williams 2002).

20.2.1 Hydrological Regulation

It is well recognized that some inland waters serve as important
storage sites, accumulating water during wet periods and providing
a reserve of water during dry periods by maintaining base flow in
adjacent rivers (e.g., Revenga et al. 2000; Malmqvist and Rundle
2002). Similarly, it is increasingly known that some inland waters,
such as lakes and marshes, attenuate floods by retaining water or
storing it in the soil and therefore reducing the need for engineered
flood control infrastructure (Abramovitz 1996). While it has been
known for many years that aquatic vegetation attenuates surface
flows, the considerable value of this service is not often widely and
accurately assessed in economic terms. (See Chapter 16.) In con-
trast, figures on the cost of flood damage are readily available after
this function has been lost or seriously eroded by unsustainable
development; for example, the 1998 flash floods in China caused
an estimated economic loss of $20 billion (Qu 1999).

While the damage caused by floods is often discussed, it must
also be recognized that natural floods provide an essential service
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Table 20.3. Change in Ecosystem Services Derived from Lake Chad (White et al. 2004)

Ecosystem Service Services in Lake Chad Change in Services Trend
Provisioning services
Food – plant crops rice, maize, cowpeas, wheat, cotton, millet, groundnuts,

cassava
increase in production of food crops up

Food – aquatic plants spirulina for commercial production loss of commercial plant production down

Food – fish harvesting for local diet and for trade less fish for food and for trade down

Food – milk milk from livestock decrease in milk available from Kuri population down

Food – meat meat from cattle decrease in meat available from Kuri population down

Fuel – wood timber and fuelwood from floodplain forests recession of floodplain and drying out of habitat for
floodplain forests

down

Genetic resources laboratory for genetic studies on endemic livestock breeds decrease in availability of genetic material down

Biochemicals mineral resources used as salt and in preparation of soap
and medicines

less deposition of mineral-contributing production of
trade goods

down

Fresh water – surface water water for domestic and agricultural use decrease in volume and surface area down

Fresh water – groundwater groundwater recharge provides water supply decrease in groundwater recharge down

Regulating services
Climate regulation precipitation and temperature control decrease in precipitation down

Water regulation seasonal fluctuations replenish farmland and feeding areas
for fish

less replenishing of farmland for crops and fish feed-
ing areas

down

Erosion control aquatic vegetation holds sediment less erosion control down

Water purification suspended solids reduced as water spreads across flood-
plain

increase in deposition of suspended solids down

Storm protection holds storm water, provides flood control less flood protection down

Cultural services
Cultural diversity permanent residents and seasonal herders loss of cultural diversity down

Spiritual/religious values locally grown spirulina used as a treatment to ward off sor-
cerers

less growth of algae used in traditional treatment down

Knowledge systems traditional village-based systems of fisheries management breakdown of village systems without fish resource
base

down

Cultural heritage values historical cultural landmarks of ancient Sao people possibly no change stable

Recreation habitat for game species, local hunting reserve fewer game species down

Supporting services
Soil formation retains sediment, adding to islands, banks, polders less soil formation and island/bank-building down

Nutrient formation fertile soil from alluvial deposits less nutrient cycling with seasonal water fluctuations down

Primary production abundant aquatic vegetation for wildlife less aquatic vegetation; more grazing habitat for
domestic livestock

mixed

Habitat habitat for endemic cattle, rich avifauna, endemic fish,
diverse mammals

less habitat for domestic and wild aquatic species down

to millions of people. For example, the livelihoods of many peo-
ple depend on floods to replenish the soil and nutrients of the
floodplains used in flood-recession agriculture and for grazing and
to clean and renew streams and sandbanks to permit fish passage
for migration and the enhancement of fish production, as on the
Pongolo floodplain in southern Africa (Heeg and Breen 1982).
Floods also replenish sediment in coastal areas. Despite a lack of
reliable quantitative evaluations, the importance of hydrological
regulation by inland water systems is widely recognized around
the world (Mitsch and Gosselink 2000).

20.2.2 Sediment Retention and Water Purification

Over the past few decades the valuable role that plants and sub-
strates play in many inland waters by trapping sediments, nutri-
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ents, and pollutants has been well established (see Chapter 15) and
is illustrated in many analyses (see reviews of the condition of
inland water systems cited earlier). Wide-scale vegetation clearing
has caused erosion to increase, filling many shallow water bodies
with sediment and disrupting the transport of sediment to coastal
areas. Excessive amounts of sedimentation due to land disturbance
are a global problem and have severely degraded many coastal-
marine habitats, especially coral reefs close to shore. (See Chapter
19.) It is speculated that soil retention in inland waters would
have ameliorated the impacts of excess sedimentation on coastal
systems.

In addition to retaining sediments, the vegetation in some in-
land water systems, such as lakes and swamps, can remove high
levels of nutrients, especially phosphorus and nitrogen, commonly
associated with agricultural runoff, which could otherwise result
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in eutrophication of receiving ground, surface, and coastal waters.
(See Chapter 12.) For example, cypress swamps in Florida in the
United States can remove 98% of the nitrogen and 97% of the
phosphorus that would otherwise have entered the groundwater
(Brown 1981), and vegetation along the edge of Lake Victoria,
East Africa, was found to have a phosphorus retention of 60–92%
(Arcadis Euroconsult 2001). Inland water systems can also export
nutrients, and although the general conditions under which these
systems retain or export nutrients are known (e.g., Richardson
and Vepraskas 2001; Mitsch and Gosselink 2000), they are often
not investigated sufficiently on a site-specific basis.

The capacity of many wetland plants to remove pollutants
derived from chemical or industrial discharges and mining activi-
ties is well established and increasingly used as a passive treatment
process. (See Chapters 10 and 15.) The floating water hyacinth
(Eichhornia crassipes) and large emergent species (such as some
Typha and Phragmites species), for example, have been used to
treat effluents from mining areas that contain high concentrations
of heavy metals such as cadmium, zinc, mercury, nickel, copper,
and vanadium. In West Bengal, India, water hyacinth is used to
remove heavy metals, while other aquatic plants remove grease
and oil, enabling members of a fishing cooperative to harvest one
ton of fish a day from ponds that receive 23 million liters of pol-
luted water daily from both industrial and domestic sources (Pye-
Smith 1995). In another example, the Nakivubo papyrus swamp
in Uganda receives semi-treated effluent from the Kampala sew-
age works and highly polluted storm water from the city and its
suburbs. It has been established that during the passage of the
effluent through the swamp, sewage is absorbed and the concen-
trations of pollutants are considerably reduced, at an estimated
value of $2,220–3,800 per hectare per year (Emerton et al. 1998).
These examples are indicative of the extremely important role
that these habitats can play in removing pollutants from waste-
water effluents.

It is also well established that not all inland water systems can
assimilate all types and amounts of waste. Excessive loads of do-
mestic sewage or industrial effluent can degrade inland water sys-
tems, with a consequent loss of biota and services. (See Chapter 15.)
The environmental problems associated with waste from mining
operations are a good example of the limited waste-processing
capacity of these ecosystems. Recent examples of this problem
include the failures of engineered waste containment structures,
as occurred in 1999 in southern Spain, where more than 5 million
cubic meters of heavy metal-laden sludge flowed into the Guadia-
mar River and part of the Coto Doñana wetlands (Bartolome and
Vega 2002), and the discharge in 2000 of 100,000 cubic meters of
cyanide and heavy metal-contaminated wastewater from the Baia
Mare mine in Romania, which affected the Tisza, Szamos, and
Danube Rivers (WWF 2002). In both these cases, species and
ecosystem services from wetlands were severely affected by the
excessive and toxic waste loads (Bartolome and Vega 2002; WWF
2002).

20.2.3 Recharge/Discharge of Groundwater

The issues of groundwater supply, use, and quality have received
far less attention around the world than surface waters, even in
industrial countries. Our understanding of groundwater resources
is more limited as sufficient data, such as covering groundwater
discharge/recharge and aquifer properties, for global applications
are only beginning to be synthesized (Foster and Chilton 2003;
UNESCO-IHP 2004). While many wetlands exist because they
overlie impermeable soils or rocks and there is, therefore, little or
no interaction with groundwater, numerous wetlands are fed
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largely by groundwater, and recharge of the aquifer occurs during
flooding periods. It is well known though that many groundwater
resources are vulnerable to a variety of threats, including overuse
and contamination. (See Chapter 7.)

The importance of groundwater for human well-being is well
established; between 1.5 billion (UNEP 1996) and 3 billion people
(UN/WWAP 2003) depend on groundwater supplies for drink-
ing. It also serves as the source water for 40% of industrial use and
20% of irrigation (UN/WWAP 2003). Many people in rural areas
depend entirely on groundwater.

Because of unsustainable withdrawals, parts of India, China,
West Asia, the former Soviet Union, the western United States,
and the Arabian Peninsula, among other regions, are experiencing
declining water tables, limiting the amount of water that can be
used and raising the costs of getting access to it (Postel 1997;
UNEP 1999). Overpumping of groundwater can lead to land
subsidence, as has been recorded in megacities such as Mexico
City, Manila, Bangkok, and Beijing (Foster et al. 1998). In coastal
areas, lowering water tables can cause the underground intrusion
of saline water, rendering these freshwater sources unusable for
human consumption. In 9 of 11 European countries, for example,
especially along the Mediterranean coast, where groundwater
over-exploitation is reported, saltwater intrusion has become a
serious problem. The main cause is groundwater overabstraction
for public water supply (EEA 2003).

A common outcome of groundwater overabstraction is dry-
land salinization, which renders the soil unusable for cropping
(see Chapter 22), often exacerbated by irrigation practices, such
as those that have affected about 40% of the dryland area in West
Asia (Harahsheh and Tateishi 2000). Salinity and waterlogging
have affected 8.5 million hectares or 64% of the total arable land
in Iraq, while 20–30% of irrigated land has been abandoned due
to salinization (Abul-Gasim and Babiker 1998). In Azerbaijan,
some 1.2 million hectares (about a third of total irrigated area) has
been affected by salinization, and much of it has been abandoned
(State Committee on Ecology and Control of Natural Resources
Utilization 1998).

The ability of inland waters to recharge groundwater has been
well established. For example, in monetary terms a 223,000-hectare
swamp in Florida has been valued at $25 million per year for its
role in storing water and recharging the underlying aquifer (Reu-
man and Chiras 2003). And the Hadejia-Nguru wetlands in
northern Nigeria, in addition to supporting fishing, agriculture,
and forestry, play a major role in recharging aquifers that are used
by local people for domestic water supplies—a service estimated
as being worth $4.8 million per year (Hollis et al. 1993).

20.2.4 Climate Change Mitigation

Inland water systems play two critical but contrasting roles in mit-
igating the effects of climate change: the regulation of greenhouse
gases (especially carbon dioxide) and the physical buffering of cli-
mate change impacts. Inland water systems have been identified
as significant storehouses (sinks) of carbon as well as sources of
carbon dioxide (such as boreal peatlands), as net sequesters of or-
ganic carbon in sediments, and as transporters of carbon to the
sea. Although covering an estimated 3–4% of the world’s land
area, peatlands are estimated to hold 540 gigatons of carbon (Im-
mirizy and Maltby 1992), representing about 1.5% of the total
estimated global carbon storage and about 25–30% of that con-
tained in terrestrial vegetation and soils (Joosten and Clarke 2002;
Lévêque 2003). Many wetlands also sequester carbon from the
atmosphere through photosynthesis and act as traps for carbon-
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rich sediments from watershed sources. It is likely that one of the
most important roles of wetlands may be in the regulation of
global climate change through sequestering and releasing a major
proportion of fixed carbon in the biosphere (Mitsch and Wu
1995).

Inland waters also contribute to the regulation of local cli-
mates. Possibly the most widely publicized example is that of the
Aral Sea, where a combination of desiccation and pollution have
altered the local climate, with dire effects on human health (as
described later in the chapter). Similarly, the burning and degrada-
tion of peatland in Southeast Asia have degraded the atmosphere
and affected the health of a large but possibly indeterminate num-
ber of people if the long-term effects on livelihoods as a conse-
quence of the land degradation are considered. Getting accurate
measurements of such effects and the number of people actually
affected by changes in local climates is likely to prove difficult in
some instances due to an absence of data and the dispersed nature
of some effects or the population affected.

20.2.5 Products from Inland Water Systems

Inland water systems are a major source of products that can be
exploited for human use, including fruit, fish, shellfish, deer, croc-
odile and other meats, resins, timber for building, fuelwood, peat,
reeds for thatching and weaving, and fodder for animals. Many of
these products are exploited at subsistence, cottage industry, or
the larger commercial scale in most parts of the world.

Arguably the most important product derived from inland
waters in terms of human well-being on a global scale is fish and
fishery products. An estimated 2 million tons of fish and other
aquatic animals are consumed annually in the lower Mekong
Basin alone, with 1.5 million tons originating from natural wet-
lands and 240,000 tons from reservoirs. The total value of the
catch is about $1.2 billion (Sverdrup-Jensen 2002). In recent
years, the production of fish from inland waters has become dom-
inated by aquaculture operations, mainly carp in China for do-
mestic consumption and salmon, tilapia, and perch mainly for
export to other countries (Kura et al. 2004). (See Chapters 8, 19,
and 26.) In fact, since 1970 aquaculture has become the fastest-
growing food production sector in the world, increasing at an
average rate of 9.2% per year—an outstanding rate compared to
the 2.8% rate for land-based farmed meat products (FAO 2004).
In parallel, consumption of freshwater fish has shown the greatest
increase over recent years, especially in China, where per capita
consumption of fish increased nearly tenfold between 1981 and
1997 (Delgado et al. 2003; Kura et al. 2004).

Inland fisheries are of particular importance in developing
countries, as fish is often the only source of animal protein to
which rural communities have access (Kura et al. 2004). A large
proportion of the recorded inland fisheries catch comes from de-
veloping countries, and the actual catch is thought to be several
times the official 2001 figure of 8.7 million tons, as much of the
inland catch is undereported (FAO 1999; Kura et al. 2004). In-
deed, FAO considers its data on freshwater harvests so uncertain
that it declined to give a comprehensive analysis of inland trends
in its latest report on the state of world fisheries and aquaculture
(FAO 2004).

Most of the above-mentioned increase in freshwater fish con-
sumption has occurred in Asia, Africa, and more moderately in
South America. In 1999, China accounted for 25% of the annual
catch, India 11%, and Bangladesh 8% (Fishstat 2003). In North
America, Europe, and the former Soviet Union, landings of fish
have declined, whereas in Oceania they have remained stable
(FAO 1999). Despite this increase in landings, maintained in
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many regions by fishery enhancements, such as stocking and fish
introductions, the greatest overall threat for the long-term sus-
tainability of inland fishery resources is the loss of fishery habitat
and the degradation of the terrestrial and aquatic environments
(FAO 1999). Historical trends in commercial fisheries data for
well-studied rivers show dramatic declines over the twentieth
century, mainly from habitat degradation, invasive species, and
overharvesting (Revenga et al. 2000).

The Great Lakes of North America, shared by the United
States and Canada, illustrate the value of inland fishery in these
countries. These lakes have supported one of the world’s largest
freshwater fisheries for more than 100 years, with the commercial
and sport fishery now collectively valued at more than $4 billion
annually (Great Lakes Information Network 2004). The fishery
consists of a mix of native and introduced species, some of which
are regularly restocked. The fishery declined due to the combined
effects of overfishing, pollution, and the introduction of invasive
species. Recent years have seen a major resurgence in Lake Erie’s
fish production as some populations have recovered, and in Lake
Ontario as a new fishery has been developed. However, this has
only occurred in response to considerable expenditure in support
of fish stocking and administration, including facilitating coopera-
tion between governmental agencies; the real overall cost of re-
covering the fishery may not be accurately known (Dochoda
1988).

Another critical product derived from wetlands is rice—the
staple food for nearly 50% of the world’s peoples, mainly in Asia
(FAO 2003). The world per capita rice consumption in 1990 was
58 kilograms per year of milled rice. This represents 23% of the
average world per capita caloric intake and 16% of the protein
intake (International Rice Research Institute 1995). In Asia alone,
more than 2 billion people obtain 60–70% of their calories from
rice and its derived products (FAO 2003). Rice is also the most
rapidly growing source of food in Africa and is of significant im-
portance to food security in an increasing number of low-income
food-deficit countries. It is estimated that by 2020, 4 billion peo-
ple—more than half the world’s population—will depend on rice
as a staple of their diet (International Rice Research Institute
1999).

Peatlands in particular, as a diverse group of habitats, provide
many useful products. Peat soil has been mined extensively for
domestic and industrial fuel, particularly in Western Europe but
also in South America, and peat mining for use in the horticulture
industry is a multimillion-dollar industry in Europe (Finlayson
and Moser 1991; Maltby et al. 1996; Joosten and Clarke 2002).
Whereas peat mining can be destructive in terms of the biodiver-
sity values of the affected areas, there is an increased emphasis on
sustainable practices through improved planning, water regula-
tion, and post-mining restoration (Joosten and Clarke 2002).
Peatlands also provide foods in the form of berries and mush-
rooms, and sometimes timber, all of which can be locally impor-
tant. The tropical peat swamp forests of Southeast Asia, for
example, have been an important source of tropical hardwood
and are also a source of products that contribute significantly to
the economy of local communities, including fish, fruit, latex,
and tannins (Rieley et al. 1996). In all regions of the world there
are indigenous people whose livelihoods and cultures are sus-
tained by peatlands.

20.2.6 Recreation and Tourism

It is extremely apparent that the aesthetics as well as the diversity
of the animal and plant life of many inland water systems has
attracted tourism. Many inland water sites are protected as Na-
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tional Parks, World Heritage Sites, or wetlands of international
importance (that is, Ramsar sites) and are able to generate consid-
erable income from tourist and recreational uses. In some loca-
tions tourism plays a major part in supporting rural economies,
although there are often great disparities between access to and
involvement in such activities. The negative effects of recreation
and tourism are particularly noticeable when they introduce ineq-
uities and do not support and develop local economies, especially
where the resources that support the recreation and tourism, such
as wetlands, are degraded.

The income generated by recreation and tourism can be a
significant component of local and national economies. Recre-
ational fishing can generate considerable income: some 35–45
million people take part in recreational (both inland and marine)
fishing in the United States, spending $24–37 billion each year on
their hobby (Thomsen 1999; Ducks Unlimited 2002). In 2001,
freshwater fishing (including the Great Lakes) alone generated
more than $29 billion from retail sales and more than $82.1 billion
in total economic output (including contributions to household
income and taxation revenues) (American Sportfishing Associa-
tion 2001). The total economic value of such activities extends
far beyond the direct expenditure and includes, for example, con-
tributions to local property markets and taxation revenues.

The value of recreation and tourism from inland water systems
is widely recognized in many other parts of the world, but not
necessarily as well quantified (Finlayson and Moser 1991). There
are many inland waters with significant recreational value for
which a monetary value cannot easily be given because visitors
use the area without direct payment. Employing economic valua-
tion techniques, such as willingness to pay and other methods (see
Chapter 2), to investigate the value that users ascribe to a wetland
is becoming the topic of increased research and documentation.
The recreational value of the Norfolk Broads wetlands in the
United Kingdom, for instance, was estimated at $57.3 million per
year for people living relatively close to the Broads and $12.9
million per year for those living further away (Barbier et al. 1997).

In considering such analyses, the cost of repairing any degra-
dation or providing facilities for visitors must also be taken into
account. It is well known, for example, that overuse of popular
fishing or camping spots around lakes or along rivers can lead to
severe degradation and result in the demise of such activities and
the loss of income-generation opportunities.

Although not strictly speaking a ‘‘recreational’’ function, the
educational value of wetlands is closely related: there are many
wetland education centers and programs around the world that
involve the general public and schoolchildren in practical activi-
ties in their local wetland environments; these activities span the
border between education and recreation. Approximately
160,000 people a year visit a 40-hectare wetland complex in the
heart of London; created from a series of reservoirs, it offers 30
lakes and marshes, boardwalks, hides, and pathways as well as an
exhibition center that educates visitors on the functions and val-
ues of inland water ecosystems, biodiversity issues, and other en-
vironmental matters in an essentially recreational setting (Peberdy
1999).

20.2.7 Cultural Value

Inland waters are closely associated with the development of
human culture—notably, for example, in the Indus, Nile, and
Tigris-Euphrates valleys (Finlayson and Moser 1991)—and many
major cities are built near rivers. In some cultures inland waters
may have deep religious significance for local people. In Tibet,
for example, pre-Buddhist belief identified various lakes as sacred,
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making them objects of worship as well as ensuring their protec-
tion from pollution and other harm. As Buddhism took over,
these beliefs remained, albeit in a modified form, and certain lakes
in Tibet are still sacred to the people, with strict regulations on
their exploitation (Dowman 1997).

Cranes have a near-sacred place in the earliest legends of the
world and have featured prominently in art and folklore for mil-
lennia. For example, the Brolga (Grus rubicunda) figures promi-
nently in some indigenous Australian folklore and culture, and in
Northeast Asia cranes are revered as symbols of longevity and
peace (Wetlands International 1999). At anything but a local scale,
however, cultural values are a relatively poorly documented ser-
vice of inland waters, despite the many instances where wetlands
have significant religious, historical, archaeological, or other cul-
tural values for local communities. (See Chapter 17.)

20.3 Condition of Inland Water Systems
The information base for assessing the condition of inland water
systems globally is widely documented and summarized in many
reports (e.g., Finlayson et al. 1992; Finlayson and Moser 1991;
Moser et al. 1993, 1996; Whigham et al. 1993; Mitsch 1994; Mc-
Comb and Davis 1998). But it is as widely documented that at
a global or continental scale there are large gaps in information
(Finlayson and Spiers 1999; Darras et al. 1999; Revenga et al.
2000; Brinson and Ines Malvare 2002; Junk 2002; Malmqvist and
Rundle 2002; Williams 2002). The information in this section on
the biodiversity of inland water systems is largely based on analy-
ses undertaken by Revenga and Kura (2003), which made use of
global and regional-scale datasets while identifying the inadequacy
of many information sources and the difficulties of gaining access
to others.

20.3.1 Extent and Change of Inland Water Systems

Estimates of the extent of wetlands at a global level vary from 530
million to 1,280 million hectares, but it is well established that this
is a clear underestimate (Spiers 1999; Finlayson et al. 1999). Esti-
mates of the global extent of wetlands are highly dependent on
the definitions for wetlands used in each inventory, the type of
source material available, the methodology used, and the objec-
tives of the investigation. The 1999 Global Review of Wetland Re-
sources and Priorities for Wetland Inventory estimated wetlands extent
from national inventories as approximately 1,280 million hectares
(Finlayson et al. 1999), which is considerably higher than previous
estimates derived from remotely sensed information.

Nevertheless, the GRoWI figure is considered an underesti-
mate, especially for the Neotropics. For example, Ellison (2004)
contends that in central America the savannas should be classed as
seasonal wetlands rather than grasslands; it is not known if this is
the case in other savanna landscapes. Analyses of wetland inven-
tory in Mexico (CNA-INUBAN 1999) and Brazil (Maltchik
2003) similarly illustrated the poor state of knowledge covering
wetland classification and inventory. Another limitation of the
data used in GRoWI is that for certain wetland types (such as
intermittently flooded inland wetlands, peatlands, artificial wet-
lands, seagrasses, and coastal flats), data were incomplete or not
readily accessible (Finlayson et al. 1999).

Even so, the data collated by Finlayson et al. (1999) suggest
that the largest area of wetlands is in the Neotropics (32%), with
large areas also in Europe and North America. But note that fig-
ures provided by Lehner and Döll (2004) (see Table 20.4) suggest
that Asia may contain a greater and Europe a lesser area of wet-
lands. Table 20.4 presents the two best available estimates from
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Table 20.4. Estimates of Inland (Non-marine) Wetland Area
(Finlayson et al. 1999; Lehner and Döll 2004)

Region
1999 Global Review of

Wetland Resources
2004 Global Lakes and

Wetlands Database
(million hectares)

Africa 121–125 131

Asia 204 286

Europe 258 26

Neotropics 415 159

North America 242 287

Oceania 36 28

Total area ~ 1,280 ~ 917

Note: Not all wetland types are equally represented in the underlying
national inventory data. Some countries lack information on some types
of wetlands.

wetlands extent: the GRoWI assessment (Finlayson et al. 1999)
and the WWF/Kassel University Global Lakes and Wetlands
Database (GLWD) (Lehner and Döll 2004).

Mapping exercises have been undertaken for inland waters,
but the level of detail varies from region to region. The most
recent global map, with a 1-minute resolution, was produced by
combining various digital maps and data sources (Lehner and Döll
2004), but it still suffers from the problems of definition and scale
outlined by Finlayson et al. (1999). Problems with the scale and
resolution of data sources for inventory have been shown for
northern Australia, where estimates of the area of inland water
systems from 10 data sources varied from 0 to 98,700 square ki-
lometers (Lowry and Finlayson 2004).

Inventories of major river systems, including data on drainage
area, length, and flow volume are available, but there is consider-
able variability between estimates, based on the method and
definitions used. Information on river flow volume and discharge,
for example, varies considerably depending on the water balance
model applied and the different time periods or locations for the
measurement of discharge (see Revenga and Kura 2003).

Information on the estimated 5–15 million lakes across the
globe is also highly variable and dispersed (WWDR 2003). Large
lakes have been mapped reasonably well, but issues of scale also
occur with smaller lakes being more difficult to map. Neverthe-
less, there is no single repository of comprehensive lake informa-
tion, which makes assessment of these water bodies difficult and
time-consuming. A high proportion of large lakes—those with a
surface area over 500 square kilometers—are found in Russia and
in North America, especially Canada, where glacial scouring cre-
ated many depressions in which lakes have formed. Tectonic belts,
such as the Rift Valley in East Africa and the Lake Baikal region
in Siberia, are the sites of some of the largest and most ‘‘ancient’’
lakes, all of which have highly diverse species assemblages. Some
of the largest lakes are saline, with the largest by far being the
Caspian Sea (422,000 square kilometers). There are many saline
lakes occurring on all continents and many islands; given the im-
permanence of many, it is difficult to derive accurate values for
their number worldwide.

Reservoirs are also widespread; the number of dams in the
world has increased from 5,000 in 1950 to more than 45,000 at
present (WCD 2000). These reservoirs provide water for 30–40%
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of irrigated agriculture land and generate 19% of global electricity
supplies (WCD 2000).

Peatlands are known to occur in at least 173 countries
throughout most parts of the world, from Arctic systems through
temperate to tropical regions (Joosten 1992). Their total area has
been estimated as approximately 400 million hectare, of which
the vast majority are in Canada (37%) and Russia (30%), which
together with the United States account for over 80% of the
global peatland resource. The largest area of tropical peatland is in
Indonesia (6–7% of the global area). Peatlands are estimated to
store 30% of Earth’s surface soil carbon (Joosten and Clarke 2002).
The global area of paddies has been estimated as 1.3 million square
kilometers (130 million hectares) (Aselmann and Crutzen 1989),
of which almost 90% is in Asia, but it is likely that this figure is
now out of date. Information on other human-made wetlands is
variable and even lacking for some countries.

Groundwater systems have received slightly increased atten-
tion in recent years. These systems vary in size, from the small-
scale alluvial sediment along rivers to extensive aquifers such as
the 1.2 million square kilometers of the Guarani aquifer located
across parts of Argentina, Brazil, Paraguay, and Uruguay (Daniel-
opol et al. 2003). Groundwater systems have many connections
and interactions with surface waters, although many of these are
not well understood. Some aquifers are better known for their
biodiversity values, such as the karst systems of Slovenia that cover
some 8,800 square kilometers and are increasingly known for
their high species biodiversity (see Box 20.1), while others are not
known at all.

The loss and degradation of inland waters have been reported
in many parts of the world (Finlayson et al. 1992; Mitsch 1998;
Moser et al. 1996), but there are few reliable estimates of the
actual extent of this loss. Dugan (1993) speculated that on a global
scale the loss of wetlands was about 50%, but he did not provide
supporting evidence, and as reliable estimates of the extent of
wetlands (and particularly of intermittently inundated wetlands in
semiarid lands) are lacking, it is not possible to ascertain the extent
of wetland loss reliably.

The information available on the distribution of inland waters
is on the whole better for North America than for many other
parts of the world. The overall area of wetlands in North America
includes 2.72 million hectares in Mexico (CNA-IBUNAM
1999), 127–168 million hectares in Canada (Wiken et al. 1996;
Moore and Wiken 1998; National Wetlands Working Group
1988; Warner and Rubec 1997), and 43 million hectares in the
conterminous United States (Dahl 2000).

As with the information on the distribution of wetlands, data
on their conditions and trends are on the whole better for the
United States than that for many other parts of the world. The
United States is one of the few countries that systematically moni-
tors change in wetlands extent. From the mid-1970s to mid-
1980s, wetland losses (excluding lakes and rivers) in that country
amounted to about 116,000 hectares per year (Dahl and Johnson
1991). This rate of loss decreased by 80% to a loss of approxi-
mately 23,700 hectares a year from 1986 to 1997, with 98% of
these losses being from forested and freshwater wetlands, mostly
from conversion or drainage for urban development and agricul-
tural purposes (Dahl 2000). As of 1997, an estimated 42.7 million
hectares remains out of the 89 million hectares of wetlands present
in the United States at the time of European colonization (Dahl
2000).

The overall decline in the rate of loss observed in the United
States is attributed primarily to wetland policies and programs that
promote restoration, creation, and enhancement of wetlands, as
well as incentives that deter the draining of wetlands. Between
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BOX 20.1

Biodiversity of Karsts in Slovenia (Information supplied by G.
Beltram from multiple sources)

Approximately 8,800 square kilometers or 44% of the surface area of
Slovenia is carbonate bed-rock, known as karst. It is very permeable
and supports many caves and fissures. Over many centuries the karst
areas have been greatly modified by humans, with eventual replace-
ment of the deciduous forests by dry, rocky pastures and meadows,
small arable fields, dry stone walls, and karst pools. Logging, grazing,
forest fires, and strong winds have further degraded the karsts through
soil erosion and exposed a stark and bare-stone landscape. In the last
50 years or so, further change has occurred as local people aban-
doned the agricultural land and as shrubs and trees invaded meadows
and arable fields—changing the vegetation structure and cultural sig-
nificance of these areas (Beltram and Skoberne 1998). Pollution and
habitat destruction are also problematic.

The subterranean caves and fissures within the karst are important
for biodiversity as well as human use. The subterranean fauna, particu-
larly aquatic stygobiontic species, is very rich and includes about 800
endemic fauna taxa. Many species also have extremely small distribu-
tions. The fauna in the caves is varied, with many species not found
elsewhere—for example, the cave vertebrate (Proteus anguinus), tube-
worm (Marifugia cavatica), mollusk (Kerkia kusceri), cnidarian (Vel-
kovrhia enigmatica), and water fleas (Alona sketi and A. stochi), as
well as a number of stygobiontic snails (Gastropoda) and epizoic turbe-
llearians (Temnocephalida). Additionally, the crustacean fauna, includ-
ing amphipods, copepods, and isopods, is extremely rich.

The karst landscape has a strong cultural heritage dating back cen-
turies. Significant settlements were constructed near natural springs,
and natural and human-made pools were used for watering domestic
animals. With the demise of agricultural activities, some caves have
become popular tourist destinations. Groundwater from the karst is a
very important source of domestic water supply for almost half of Slo-
venia’s inhabitants, making recharge of this source a very important
function of the landscape.

1986 and 1997, the country had a net gain of about 72,870 hect-
ares of upland wetlands, mostly due to Federal protection and
restoration programs and an increase in the area of lakes and reser-
voirs by 47,000 hectares due to creation of new impoundments
and artificial lakes (Dahl 2000).

20.3.2 Status of Inland Water Species

Data on the condition and trends of freshwater species are for the
most part poor at the global level, although some countries have
reasonable inventories and indicators of change of inland water
species (such as Australia, Canada, New Zealand, South Africa,
and the United States) (Revenga and Kura 2003). This does not
mean that data are not available; there are considerable data on
freshwater species and populations, but they are not easily accessi-
ble. For example, there are many extensive records in museums
and universities around the world, but these are often not cen-
trally located or electronically archived.

Revenga and Kura (2003) assessed the level of knowledge of
the distribution and condition of inland water biodiversity at the
global level. Key conclusions from this assessment indicated that
fish and waterbirds are by far the best studied groups of inland
water species, although with considerable regional differences;
that aquatic plants, insects, freshwater mollusks, and crustaceans
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are poorly known or assessed in most parts of the world, with
very fragmentary information available; and that every group of
organisms considered, including aquatic plants, invertebrate, and
vertebrate animal species, contained examples of extinct, critically
endangered, endangered, and vulnerable taxa.

Although small in global area compared with marine and ter-
restrial ecosystems, inland water systems are relatively species-rich
(McAllister et al. 1997). (See Table 20.5.) Marine systems contain
over six times as many known species as inland waters, but cover
over two thirds of the globe, compared with inland water systems,
which occupy less than 1% as much area. Over three quarters of
known species are terrestrial, but these systems have similar rela-
tive species richness to inland water systems. Inland water systems
also support a disproportionately large number of species of some
taxonomic groups. For instance, some 40% of known species of
fish inhabit inland waters (more than 10,000 species out of 25,000
species globally), and about 25–30% of all vertebrate species di-
versity is concentrated close to or in inland waters (Lévêque et al.
in press). There are about 100,000 described species of freshwater
fauna worldwide (Lévêque et al. in press). Half of these are insects
(see Table 20.6), about 12,000 are crustaceans, 5,000 are mollusks,
and some 20,000 are vertebrate species. It is anticipated that the
number of aquatic animals will be far higher than current esti-
mates as more species from inland waters are described every
year—about 200 new fish species are described each year (Lund-
berg et al. 2000).

Because many inland wetlands are geographically isolated, lev-
els of endemism of freshwater species are particularly high, espe-
cially in ancient lakes, such as the Great East African Lakes
(Tanganyika, Malawi, and Victoria), Lake Baikal, Lake Biwa, and
Lake Ohrid, which have been isolated for millions of years (Lév-
êque et al. in press).

The IUCN Red List, a widely used indicator for assessing the
conservation status of plants and animals, does not comprehen-
sively assess inland water species. For instance, only a very small
proportion of the species in most freshwater taxa, such as aquatic
plants, mollusks, crustaceans, and insects, have been assessed.
However, among the taxa that have been comprehensively as-
sessed, such as amphibians and birds, a high number of species are
threatened with extinction (IUCN 2003), as described further
later in this section.

Another global measure of the status of animal species is the
Living Planet Index developed by WWF and UNEP-WCMC
(Loh and Wackernagel 2004). The LPI provides a measure of the
trends in more than 3,000 populations of 1,145 vertebrate species
around the world. It is an aggregate of three separate indices of

Table 20.5. Relative Species Richness of Different Ecosystems
(McAllister et al. 1997)

Ecosystems
Habitat 
Extent

Species
Diversity

Relative Species
Richness b

(percent of
world)

(percent of
known species)a

Freshwater 0.8 2.4 3.0

Marine 70.8 14.7 0.2

Terrestrial 28.4 77.5 2.7

a Does not add up to 100 because 5.3% of known symbiotic species are
excluded.

b Calculated as the ratio between species diversity and habitat extent
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Table 20.6. Current State of Knowledge of Global Species
Richness of Inland Water Animal Groups (Lévêque et al. in
press; Revenga and Kura 2003; IUCN et al. 2004)

Phylum Described Species 
(number)

Porifera (sponges) 197

Cnidaria (hydra, freshwater jelly fish) 30

Nemertea (ribbon worms) 12

Plathelminthes (flatworms) c. 500

Gastrotrichia c. 250

Rotifers 1,817

Nematods (microscopic worms) 3,000

Annelids (segmented worms) c. 1,000

Bryozoa (moss animals) 70—75

Mollusks (mussels, snails, slugs, etc.) c. 6,000

Crustaceans (crabs, crayfish, etc.) c. 12,000

Arachnids (spiders, etc.) 5,000

Insects > 50,000

Vertebrates

Fish 13,400

Amphibians 3,533

Reptiles c. 250

Birds c. 1,800

Mammals c. 122

change in freshwater, marine, and terrestrial species. The 2004
freshwater species population index, which took into account
trend data for 269 temperate and 54 tropical freshwater species
populations (93 of which were fish, 67 amphibians, 16 reptiles,
136 birds, and 11 mammals), shows that freshwater populations
have declined consistently and at a faster rate than other species
groups assessed, with an average decline of 50% between 1970
and 2000. Over the same period, both terrestrial and marine fauna
decreased by 30%. (See Figure 20.3.) While the index has a bias
in the available data toward North America and Europe, and par-
ticularly toward bird populations, data collection and collations
have been undertaken each year to extend the veracity of this
index, with initial indications of a continuing decline remaining
constant (Loh and Wackernagel 2004).

20.3.2.1 Aquatic Plants and Fungi

The definition of aquatic plants has been and is still debated, but
in general plants that tolerate or require flooding for a minimum
duration of time are considered wetland plants. Aquatic macro-
phytes include angiosperms (flowering plants), macroalgae, ptero-
phytes (pteridophytes, ferns), and bryophytes (mosses, hornworts,
and liverworts). Gymnosperms (conifers, cycads, and their allies)
do not have strictly aquatic representatives, but include a number
of tree species that tolerate waterlogged soil, such as the bald cy-
press.

It is estimated that up to 2% (250 species) of pterophytes and
1% (2,500 species) of angiosperms are aquatic, but their geo-
graphic distribution, diversity patterns, or conservation status have
not been summarized globally, although information exists for

PAGE 562

Figure 20.3. Living Planet Index for Terrestrial, Inland Water,
and Marine Systems (Loh and Wacknernagel 2004)

specific regions. Some families of aquatic angiosperms show high-
est diversity at tropical latitudes, while others show higher diver-
sity in temperate regions, making it evident that the typical
latitudinal gradient found in terrestrial species diversity does not
apply. Locally, many macrophyte species may be threatened or
lost, especially in lakes undergoing eutrophication; as an example,
many isoetid species are widespread but increasingly threatened
throughout their range (e.g. Nichols and Lathrop 1994). The
maximum diversity of bryophytes is found in highly oceanic re-
gions, where cool or temperate and consistently moist climate
conditions persisted over geological time (Groombridge 1992).
Bryophytes found in lowland aquatic environments, including
pools and reservoirs, tend to have very restricted distribution and
therefore are rare and threatened (Revenga and Kura 2003).

A relatively small fraction (over 600 species) of fungi are con-
sidered freshwater species, but recent studies indicate that there
are many more freshwater fungi to be discovered in temperate
and tropical regions; the total number estimated at between 1,000
and 10,000 (Palmer et al. 1997). Information on the conservation
status of aquatic fungi is very limited.

20.3.2.2 Invertebrates

Information on aquatic invertebrate species diversity is fragmen-
tary, with a few descriptive global overviews of particular taxa and
some more detailed regional inventories. The conservation status
of aquatic invertebrates has not been comprehensively assessed,
except for regional assessments of certain taxonomic groups such
as Odonata (dragonflies and damselflies; see Box 20.2) (Claus-
nitzer and Jodicke 2004), freshwater mollusks (mostly mussels),
and freshwater crustaceans (Master et al. 1998; IUCN 2003). As-
sessments of the status of known mollusk species have been con-
ducted for a limited number of taxa and regions, including the
Mekong, which has a very diverse freshwater mollusk fauna
(Dudgeon 2002a, 2002b, 2002c); Lake Biwa, Japan, which has
73% of the freshwater mussel species described in the country, of
which 43% are endemic; and Lakes Baikal, Tanganyika, and Titi-
caca. (See Box 20.3.)

IUCN (2003) reports 130 freshwater species of aquatic insects,
275 species of freshwater crustacean, and 420 freshwater mollusks
as globally threatened, although no comprehensive global assess-
ment has been made of all the species in these groups. For the
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BOX 20.2

Status of Odonata (Dragonflies and Damselflies)
(Clausnitzer and Jodicke 2004)

A recent global review of the threat status of dragonflies and damsel-
flies in 22 regions covering most of the world (except for parts of Asia)
found that there are many more dragonfly species now regarded as
threatened than are listed in the IUCN Red List, which currently lists
130 species (medium certainty). It is important to note, however, that
the criteria and categories used to assess conservation status are not
harmonized across regions.

In Australia, for example, there are 4 species currently on the Red
List as globally threatened but another 25 are considered to be in
critical condition and an additional 30% of species are data-deficient
in regional assessments. In North America, 25 species (6%) are of
conservation concern; in the Neotropics, 25 species are considered
globally threatened and a further 45 species are considered of high
conservation priority, with many others being data-deficient. In eastern
Africa, 90 species are considered appropriate for globally threatened
status. And in southern Africa, although 2 species are currently recog-
nized as globally threatened, a further 11 are now considered threat-
ened in regional assessments. In Madagascar, 2 species are currently
recognized as globally threatened, but because of high diversity and
endemism, a large number—111 species, 64% of the fauna—are of
conservation concern, although all species are data-deficient. In the
Western Indian Ocean Islands, 3 species are recognized as globally
threatened and 33 are now regarded as critical; in Sri Lanka, no spe-
cies are currently on the Red List, although 47 species (all endemic)
are regarded as threatened with extinction. Finally, in Europe 6 species
are Red-listed, although two of these are now considered out of dan-
ger, and a further 22 species are of concern as their populations are
declining. And in Turkey, Iran, and the Caucasus, there are 5 species
on the Red List and 27 regarded as critical.

In most areas assessed, habitat loss and degradation of wetlands
(and forests) were considered the major drivers of declines in Odonate
species, often associated with overabstraction and pollution of water
as well as the impacts of alien invasive species.

United States, one of the few countries to assess freshwater mol-
lusks and crustaceans comprehensively, 50% of known crayfish
species and two thirds of freshwater mollusks are at risk of extinc-
tion, and at least one in 10 freshwater mollusks are likely to have
already gone extinct (Master et al. 1998).

20.3.2.3 Freshwater Fish

Most global and regional overviews of freshwater biodiversity in-
clude more information on fish than any other taxa (Cushing et
al. 1995; Gopal et al. 2000; Groombridge and Jenkins 1998; Mait-
land and Crivelli 1996). A number of regional overviews of the
status of freshwater fish are available, yet many of the existing
overviews underestimate the number of species, as there are still
many species to be described and assessed. There is, therefore, a
high level of uncertainty about the status of fish in many inland
waters. Estimates of the number of freshwater fish in Latin
America vary from 5,000 to 8,000; in tropical Asia and Africa,
there are an estimated 3,000 species on each continent (Revenga
and Kura 2003), although these figures are almost certainly under-
estimates. The Mekong River alone is considered to have 1,200–
1,700 species (WRI et al. 2003). (See Box 20.4.) North America
is estimated to have more than 1,000 species, and Europe and
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BOX 20.3

Endemism of Mollusks in Inland Waters

Twenty-seven areas of special importance for freshwater mollusk ende-
mism worldwide have been identified, in three types of wetlands:

• ancient lakes: Baikal, Biwa, and Tanganyika, where 70%, 52%,
and 64% of molluscan species are endemic respectively;

• lower river basins: 93% of the total freshwater mollusk species
found in the Mobile Bay region of the Alabama-Tombigbee River
basin in the United States are endemic; another notable center
of endemism is found in the Lower 500 kilometers of the Mekong
River basin, where 92% of molluscan species are endemic; and

• springs and underground aquifers (Australia, New Caledonia, the
Balkans, western United States, Florida, and the Cuatro Cie-
negas basin in Mexico).

Inland Waters Gastropods Bivalves Total 
% % % 

Ancient lakes

Baikal 78 52 73

Biwa 50 56 52

Sulawesi c. 80 25 c. 76

Tanganyika 66 53 64

Malawi 57 11 46

Victoria 46 50 48

Ohrid 76

Titicaca 63

Major river basins

Mobile Bay Basin 93 54 78

Lower Uruguay River 
and Rio de la Plata

48 21 37

Mekong River 
(lower 500 km)

92 13 73

Lower Congo basin 25 n/a

Lower Zaire basin 25 n/a

Australia have several hundred species each (Revenga and Kura
2003).

With respect to their conservation status, estimates are that in
the last few decades more than 20% of the world’s 10,000 de-
scribed freshwater fish species have become threatened or endan-
gered or are listed as extinct (Moyle and Leidy 1992). The IUCN
Red List (2004) classifies 648 freshwater ray-finned fish species as
globally threatened. However, the coverage for freshwater fish is
highly biased to particular regions for which more data are avail-
able, such as North and Central America or the African Rift
Valley Lakes. For example, of the ray-finned fishes listed as threat-
ened in the IUCN Red List, 122 are found in the United States
and 85 in Mexico, partially reflecting the high level of knowledge
in these two countries (IUCN 2003).

In the 20 countries for which assessments are most complete,
an average of 17% of freshwater fish species are globally threat-
ened. In addition, there are a few well-documented cases that
show clearly this level of threat. The most widely known is the
apparent disappearance of between 41 and 123 haplochromine
cichlids in Lake Victoria (Harrison and Stiassny 1999), although
taxonomic questions remain a problem in accurately assessing this
group of fish. In Europe (including the former Soviet Union),
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BOX 20.4

Species Diversity of the Mekong River (Information supplied
by A. Lopez; see Mattson et al. 2002)

The vertebrate fauna of the Mekong River basin is difficult to quantify
due to the incomplete state of the inventory and taxonomic effort. Many
published figures are considered to be underestimates. The Mekong
River Commission (1997) estimated that in the Laotian, Vietnamese,
Cambodian, and Thai part of the basin there were some 830 mammal
species, 2,800 bird species, 1,500 fish species, 250 amphibians, and
650 reptiles.

Many of these species are threatened. For example, among the
mammals this includes the fishing cat (Prionailurus viverrinus), the
hairy-nosed otter (Lutra sumatrana), the smooth-coated otter (Lutro-
gale perspicillata), and the Oriental small-clawed otter (Aonyx cinerea).
A high proportion of bird species are in decline (Dudgeon 2002), partic-
ularly those that rely on sandbars and large river stretches for breeding
or feeding. These include the Plain Martin (Riparia paludicola) and the
now extinct White-eyed River Martin (Pseudochelidon sirintarae). Two
crocodile species occur, although the population of the estuarine croco-
dile (Crocodylus porosus) is likely very low. A number of aquatic and
semi-aquatic turtles, snakes, and lizards occur, many of which are
hunted for subsistence or sold for food and medicine in local markets.
A substantial illegal market also exists for many wildlife products.

The fish fauna is considered to be diverse, although this has not
been well documented. There are an estimated 700 freshwater fish
species in Cambodia. The diversity at a family level seems to be high,
with some 65 families in the Cambodian and 50 in the Laotian parts of
the basin. Fish introductions have occurred with the Nile tilapia (Oreo-
chromis niloticus) and mosquito fish (Gambusia affinis), now consid-
ered as pests. A number of large native species have declined—the
giant catfish (Pangasianodon gigas), river catfish (Pangasius sanit-
wongsei), thicklip barb (Probarbus labeamajor), and the giant barb
(Catlocarpio siamensis) are now rare (Mattson et al. 2003).

there are 67 threatened species of freshwater fish, including stur-
geons, barbs, and other cyprinids (IUCN 2003).

20.3.2.4 Amphibians

Amphibians are found in many types of freshwater habitats—from
ponds, streams, and wetlands to leaf litter, trees, underground, and
vernal (temporary) pools. Although some amphibians thrive in
cold or dry conditions, the group reaches its highest diversity and
abundance in warm, humid climates.

The recent Global Amphibian Assessment (IUCN et al. 2004)
lists 5,743 known species of frogs, toads, salamanders, and caeci-
lians, of which 3,908 species depend on fresh water during some
stage of their life cycle, while the rest do not require fresh water
to breed or develop. The study also shows nearly one third (1,856
species) of the world’s amphibian species are threatened with ex-
tinction, a large portion of which (964 species) are freshwater—a
far greater level of threat than for birds (12% of all species) and
mammals (23% of all species). In addition, at least 43% of all spe-
cies are declining in population, indicating that the number of
threatened species can be expected to rise in the future. In con-
trast, less than 1% of species show population increases.

The rate of decline in the conservation status of freshwater
amphibians is far worse than that of terrestrial species. As amphibi-
ans are excellent indicators of the quality of the overall environment,
this underpins the notion of the current declining condition of
freshwater habitats around the world.
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Species associated with flowing water were found to have a
higher risk of extinction than those associated with still water. For
species of known status (that is, excluding those that are data-
deficient), as many as 42% are globally threatened and as many as
168 amphibian species may already be extinct—at least 34 am-
phibian species are known to be extinct, while another 134 spe-
cies have not been found in recent years and are possibly extinct.
Salamanders and newts have an even high level of threat (46%
globally threatened or extinct) than frogs and toads (33%) and
Caecilians (2%, although knowledge of these is poor, with only
one third assessed).

The largest numbers of threatened species occur in Latin
American countries such as Colombia (208 species), Mexico (191
species), and Ecuador (163 species). However, the highest levels
of threat are in the Caribbean, where more than 80% of amphibi-
ans are threatened in the Dominican Republic, Cuba, and Ja-
maica, and 92% in Haiti (IUCN et al. 2004). The major threat to
amphibians is habitat loss, but a newly recognized fungal disease is
seriously affecting an increasing number of species. Those species
dependent on flowing water (usually streams) have a much higher
likelihood of being threatened than those that use still water
(often temporary rain-fed pools or other small freshwater pools).
(See Figure 20.4 in Appendix A.) Basins with the highest number
of threatened freshwater amphibians include the Amazon, Yang-
tze, Niger, Parana, Mekong, Red and Pearl in China, Krishna in
India, and Balsas and Usumacinta in Central America. All these
basins have between 13 and 98 threatened freshwater species.

20.3.2.5 Reptiles
There are around 200 species of freshwater turtles throughout the
warm temperate and tropical regions of the world; information
on the distribution of these species is available through the World
Turtle Database (emys.geo.orst.edu), which contains maps of all
the known localities of every freshwater (and terrestrial) turtle
species. Of the 200 species of freshwater turtles, 51% of the species
of known status have been assessed as globally threatened, and
the number of critically endangered freshwater turtles more than
doubled in the four years preceding 2000 (van Dijk et al. 2000).
Of 90 species of Asian freshwater turtles and tortoises, 74% are
considered globally threatened, including 18 species that are criti-
cally endangered and one, the Yunnan box turtle, which is already
extinct (van Dijk et al. 2000).

Crocodiles, alligators, caimans, and gharials are widespread
throughout tropical and sub-tropical aquatic habitats. Of the 23
species of crocodilians, which inhabit a range of wetlands includ-
ing marshes, swamps, rivers, lagoons, and estuaries, 4 are critically
endangered, 3 are endangered, and 3 are vulnerable (IUCN
2003). The other species are at lower risk of extinction, but de-
pleted or extirpated locally in some areas (Revenga and Kura
2003). The most critically endangered crocodilian is the Chinese
alligator, which is restricted to the lower reaches of the Yangtze
River; it is estimated that only 150 individuals remain in the wild
(IUCN/SSC Crocodile Specialist Group 2002). The major
threats to crocodilians are habitat degradation and overexploita-
tion (Revenga and Kura 2003).

There are several species of freshwater snakes in the world.
The wart or file snakes (Acrochordidae) are adapted to aquatic life,
with two species occurring in freshwater habitats (Uetz and Et-
zold 1996); there is little information on their conservation status.
In addition, there are many semi-aquatic snakes, with some being
considered vulnerable (IUCN 2003).

20.3.2.6 Birds
Waterbirds (bird species that are ecologically dependent on wet-
lands), particularly migratory waterbirds, are relatively well stud-
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ied, with time series data available for some populations in North
America and Southern and Northwest Europe for up to 40 years.
Global information on waterbird population status and trends is
compiled and regularly updated (Wetlands International 2002).

Detailed information and review of status for waterbird spe-
cies has been compiled in North America (Morrison et al. 2001;
Brown et al. 2001; U.S. Fish and Wildlife Service 2004) and for
the Western Palaearctic and Southwest Asia (e.g., Delany et al.
1999). For African-Eurasian waterbird populations, comprehen-
sive analyses have been compiled for Anatidae (ducks, geese, and
swans) (e.g., Scott and Rose 1996) and waders (Charadrii) (Stroud
et al. 2004). In East Asia, Bamford et al. (in press) have collated
and reviewed the current status and trends of waders, while infor-
mation for Gruidae (cranes) and Anatidae is available from Miya-
bayashi and Mundkur (1999) and the Asia-Pacific Migratory
Waterbird Conservation Committee (2001). Networks of both
large and small wetlands along migratory flyways are of key im-
portance as resting and feeding sites. In semiarid landscapes, many
waterbirds migrate in response to periodic and regionalized
flooding that produces a temporally dispersed array of habitats
(Roshier et al. 2001). The wetlands in the Sahel region of Africa
provide a good example. (See Box 20.5.)

In all regions, population sizes of waterbirds are better known
than population trends. Trends have been estimated for half of
all waterbird populations and almost three quarters of European
populations, but for only one third of populations in the Neo-
tropics, and many trends are yet to be statistically quantified. The
status of sedentary populations is much less well known that that
of migratory ones.

Many waterbird species are globally threatened (Davidson and
Stroud 2004), and the status of both inland and marine/coastal
birds is deteriorating faster than those in other habitats (high cer-
tainty). Of the 35 bird families whose species are wholly or pre-
dominantly coastal/marine or inland wetland-dependent, 20% of
the 1,058 species for which assessment data exist are currently
globally threatened or extinct. Of these, 42 species—half of which

BOX 20.5

Sahel Wetlands (Information supplied by J. Brouwer:
www.iucn.org/themes/cem)

The Sahel area of Africa is an important area for migratory birds, situ-
ated between the Sahara desert to the north and the more humid
savanna and forests to the south. It is semiarid, with 200–600 millime-
ters of rainfall per year, and comprises the wetlands of the Senegal
River, the Inner Delta of the Niger in Mali, the Hadejia-Nguru wetlands
in northern Nigeria, Waza-Logone in northern Cameroon, and Lake
Chad, as well as thousands of smaller, isolated wetlands.

In Niger, an estimated 1.1 million waterbirds are present during
January-February, with 750,000 on the smaller, isolated wetlands. As
in other semiarid regions, the waterbirds depend on a network of wet-
lands that are variously wet and dry, spatially and temporally. The
water chemistry and vegetation composition also varies between wet-
lands, providing a diversity of habitats that is essential for the many
birds that migrate through the region.

The wetlands are also used extensively by local people, as they
are highly productive and important for grazing, fishing, and market
gardening. As the human population has increased, so has pressure
on these wetlands—land use is becoming more intensified, and many
wetlands are threatened with change, which in turn is likely to ad-
versely affect the waterbird populations that depend on these.
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are island-endemic rails—are extinct and 41 species (4%) are criti-
cally endangered. There are globally threatened species in 60% of
these families. The percentage of globally threatened waterbirds
(including seabirds) is shown in Figure 20.5.

The status of birds continues to deteriorate in all parts of the
world and across all major habitat types (high certainty). Waterbirds
dependent on freshwater ecosystems, especially those using ma-
rine and coastal ecosystems, have deteriorated in status faster than
the average for all threatened species (see Figure 20.6), but simi-
larly to other migratory bird species.

Shorebirds are declining worldwide: of populations with a
known trend, 48% are declining (Stroud et al. 2004). Other wa-
terbirds have as bad or worse global status as shorebirds, including

Figure 20.5. Percentage of Globally Threatened Waterbirds, In-
cluding Seabirds, in Different Threat Categories. Each waterbird
family is allocated as either depending on only inland wetlands,
depending on only coastal/marine systems, or depending on both
inland and coastal/marine systems. (BirdLife International 2004)

Figure 20.6. Red List Indices for Birds in Marine, Freshwater,
and Terrestrial Ecosystems and for Birds in Forest and
Shrubland/Grassland Habitats (Butchart et al. in press)
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divers (67% of populations of known trend decreasing), cranes
(47%), rails (50%), skimmers (60%), darters (71%), ibis and spoon-
bills (48%), storks (59%), and jacanas (50%). Only gulls (18%),
flamingos (18%), and cormorants (20%) appear to have a relatively
healthy status. A similar picture emerges for at least one region,
Africa-Eurasia, where the status of some waterbird families is even
worse than their global status. In this region, only grebes and gulls
(9% decreasing) appear to have a relatively healthy status.

20.3.2.7 Mammals

Although most mammals depend on fresh water for their survival,
and many feed in rivers and lakes or live in close proximity to
freshwater ecosystems, as exemplified by many large mammals in
Africa, only a few are considered aquatic or semi-aquatic mam-
mals. Revenga and Kura (2003) provide an analysis of the status
of aquatic and semi-aquatic mammals, including water otters,
shrews, demans, tenrecs, marsh and swamp rabbits, aquatic ro-
dents such as beavers, muskrats, nutria, and the capybara. Otters,
seals (such as the Lake Baikal seal (Phoca sibrica)), manatees, river
dolphins, and freshwater porpoises are among the most threatened
mammals in the world. For example, of the five species of Asian
freshwater cetaceans, four are threatened with extinction and one
species, the Irrawaddy River dolphin, is data-deficient (IUCN
2003). Some 37% of inland water-dependent mammals are glob-
ally threatened, compared with 23% of all mammals (Revenga et
al. in press). This includes otters (50% of species of known status
threatened), seals (67% threatened), manatees (100% threatened),
river dolphins and porpoises (100% threatened), and wetland-
dependent antelopes (29% threatened) (Revenga et al. in press).

20.4 Drivers of Change in Inland Water Systems
Analyses over the past two decades have identified a suite of driv-
ers of change in inland water systems (e.g. Ellison 2004; Revenga
and Kura 2003; Beeton 2002; Brinson and Ines Malvarez 2002;
Junk 2002; Malmqvist and Runndle 2002; Tockner and Stanford
2002; Finlayson et al. 1992; Finayson and Moser 1991; Moser et
al. 1993, 1996; Whigham et al. 1993; Mitsch 1994; McComb and
Davis 1998; Williams 2002). These reviews have focused mainly
on biophysical pressures that are currently directly affecting ad-
versely, or are likely to in the future, the ecological condition of
inland water systems. The direct drivers of change in inland water
systems are presented diagrammatically in Figure 20.7 (in Appen-
dix A) (Ratner et al. 2004). The importance of also addressing the
indirect drivers of wetland change has been increasingly recog-
nized—for example, in Australia (Finlayson and Rea 1999) and
most emphatically in the Mediterranean (Hollis 1992).

The direct drivers of wetland and riverine loss and degradation
include changes in land use or cover due to vegetation clearance,
drainage, and infilling; the spread of infrastructure whether for
urban, tourism and recreation, aquaculture, agriculture, industrial,
or even military purposes; the introduction and spread of invasive
species; hydrologic modification to inland waters; overharvesting,
particularly through fishing and hunting; pollution, salinization,
and eutrophication; and, more recently, global climate change.
These issues have been explored in many site-based analyses and
comprehensive databases, and inventories for some exist or are
being developed, while others are only now being assessed in a
systematic manner (Kira 1997; Finlayson et al. 1999; Jorgensen et
al. 2001; Revenga and Kura 2003).

In some cases many drivers operate together. For example,
Finlayson et al. (1993) provide an analysis of the effects of multiple
drivers on wetland habitats in the lower Volga, Russia, and further

PAGE 566

information on the multiple drivers and changes in the Caspian
Sea is given in Box 20.6. Too often, though, these pressures are
addressed in isolation and without an adequate information base;
climate change is expected to exacerbate the problems. While the
effect of such drivers on inland water systems is known with
medium-to-high certainty, management responses are often under-
mined by an absence of sufficient information. The same drivers
that affect surface waters, especially those associated with agricul-
tural, urban, and industrial development, have also contributed to
the degradation of groundwater systems (Danielopol et al. 2003).

20.4.1 Physical Change, Including Drainage,
Clearing, and Infilling

Outside Western Europe and North America (including Mexico),
there is very little systematic information available on the extent
of loss of inland waters. The loss of wetlands worldwide has been
speculated at 50% of those that existed in 1900 (Dugan 1993)—a
figure that includes inland wetlands and possibly mangroves, but
not large estuaries and marine wetlands. Although the accuracy of
this figure has not been established due to an absence of reliable
data (Finlayson et al. 1999), it is well established that much of the
loss of wetlands has occurred in the northern temperate zone dur-
ing the first half of the twentieth century.

BOX 20.6

Caspian Sea (Adapted from many sources, including
www.grida.no/soe.cfin?country�caspian_sea and
www.caspiamenvironment.org)

The Caspian Sea is the largest inland water body and is surrounded by
Azerbaijan, Iran, Kazakhstan, Russia, and Turkmenistan. It is a major
economic asset to the region, being rich in hydrocarbon deposits and
many species of fish, crustaceans, and shrimp. Some waterbirds and
the Caspian seal are also commercially hunted. The Volga River in the
northwest provides about 80% of the annual 300 cubic kilometers of
freshwater inflow. Evaporation is more than one meter per year, while
salinity ranges from fresh to highly saline in the Kara Bogaz Gol, a
small basin along the Turkmen coastline. The sea supports a diverse
range of habitats and species, including many endemic aquatic taxa.

The sea is under great pressure from desertification and deforesta-
tion, river regulation, urbanization and industrial development, agricul-
tural and aquacultural development, and pollution. The water is polluted
and eutrophic and has been invaded by many non-native species.
There are growing fears of further contamination from oil and gas de-
velopments. The comb jelly fish (Mnemiopsos leidyi) has invaded and
spread throughout the Caspian more rapidly than it did in the Black
Sea. (See Chapter 19.)

The value of the caviar industry has been greatly affected by an
80% decrease in sturgeon landings between 1985 and 1995. This has
been caused by reduced access to breeding grounds due to the con-
struction of large dams along the inflowing rivers, pollution, overfishing,
and conversion of surrounding habitat to rice cultivation. Fluctuating
sea levels over many decades have also resulted in major changes to
the aquatic flora and vegetation of the Volga delta and riparian forests
of the Samur delta. Mass mortalities of Caspian seals, one of only two
freshwater species, have been reported, likely as a consequence of
pollution by heavy metals and persistent organic pollutants.

The health and lifestyle of many people in the region have been
adversely affected by changes to the sea and the surrounding land-
scape. This has included health effects of pollution as well as reduced
access to resources and basic food commodities.
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Since the 1950s, many tropical and sub-tropical wetlands, par-
ticularly swamp forests, have increasingly been lost or degraded.
(See Box 20.7.) In South America, peatlands linked with the An-
dean paramos ecosystems, also called the high mountain water
towers, are increasingly targeted for agriculture, including the
practices of drainage and burning (Hofstede et al. 2003). A recent
inventory of Patagonian peatlands (Blanco and Balze 2004) iden-
tified agriculture and forestry as the main causes of peatland dis-
turbance, with peat mining (mainly for use in agriculture and
horticulture) as a third, but increasing, threat.

It is highly certain that clearing or drainage for agricultural
development is the principal cause for wetland loss worldwide.
By 1985 it was estimated that 56–65% of available wetland had
been drained for intensive agriculture in Europe and North
America, 27% in Asia, 6% in South America and 2% in Africa—a
total of 26% loss to agriculture worldwide (OECD 1996). In
China, some of the most extensive peatland areas (� 5,000 square
kilometers) occur at 3,500-meters elevation on the Tibetan Pla-
teau, the source of the Yellow and Yangtze Rivers. Large net-
works of drainage canals were constructed there in the 1960s and

BOX 20.7

Southeast Asian Peatlands

In Southeast Asia, most of the once-extensive tropical peat swamp
forests have been heavily degraded, and large extents have been lost
over the last four decades. The main cause of this has been logging
for timber and pulp. This started with selective logging of forests, but it
has increasingly been replaced by clear-felling. Over the last two dec-
ades, this has been exacerbated by the conversion of peat swamp
forests to agriculture, particularly oil palm plantations. The peatlands of
Malaysia and Indonesia are especially threatened by persistent
changes. Drainage and forest clearing threatens their stability and
makes them susceptible to fire. Attempts have been made to harness
the deeper peat soils, often with a high rate of failure and resulting in
one of the environmental disasters of the last century, with millions of
hectares of peatlands burned and emitting large amounts of CO2 into
the atmosphere.

In 1997, during a drought linked with the El Niño-Southern Oscilla-
tion, land clearing and subsequent uncontrolled fires severely burned
about 5 million hectares of forest and agricultural land on the Indone-
sian island of Borneo (Glover and Jessup 1999; Wooster and Strub
2002). The amount of carbon released into the atmosphere from these
fires reached an estimated 0.8–2.6 billion tons (Page et al. 1997).
BAPPENAS-ADB (1999) reported an estimated 156.3 million tons from
the 1997/98 Indonesia peat fires, based on an estimate of only 750,000
hectares being burned. Revised estimates by Tacconi (2003) of the
actual area burned brings the total to 442 million tones or 27% of
global emissions from land use change in 1989–95. In economic terms
(using $7 per ton), this would amount to over $3 billion. A noxious,
yellow haze covered the region for several months, which had a seri-
ous economic and health impact—some 200,000 people were hospital-
ized with respiratory, heart, and eye and nose irritations. There are
ongoing concerns for the health of the 70 million people in six countries
affected by the haze.

Early economic assessments place the damage to timber, agricul-
ture, and other benefits derived from the forests at $4.5 billion in addi-
tion to the actual cost of fighting the fires (Glover and Jessup 1999).
The fires compound the loss of peatlands through clearing and failed
attempts to cultivate large areas for rice, such as has occurred in large
areas in Kalimantan (Rieley and Page 1997).
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1970s to increase the area for livestock grazing, leading to a dra-
matic drop in peatland area and a subsequent degradation and loss
of the peat, desertification, and loss of water retention capacity
(UNDP/GEF/GOC 2003).

Conversion of peatlands for intensive agriculture has been a
common feature in most parts of the world for many centuries,
particularly in Europe, but also more recently in the highlands of
the Andes, China, and parts of Africa. The most dramatic loss of
peatlands to agriculture has been in some of the countries with a
rich peatland heritage, such as Finland, the Netherlands, Estonia,
Denmark, and the United Kingdom. The Netherlands (once one
third peatland) lost virtually all (�99%) of its natural peatlands
over the last two centuries (Brag et al. 2003; Joosten 1994).

Irrigated agriculture is the leading driver in water withdrawals
worldwide, resulting in large changes in river flows (Revenga et
al. 2000; see also Chapter 7)—flows that are essential in sustaining
ecosystem services and species. The global extent of irrigated ag-
ricultural land has increased from 138 million hectares in 1961 to
271 million hectares in 2000, and it currently accounts for an
estimated 40% of total food production even though it represents
only 17% of global cropland area (Wiseman et al. 2003). (See
Chapter 26.) Its negative impacts on inland waters tend to be
disproportionate to the irrigated land area involved.

Well-documented examples include the biodiversity losses
and human health impacts seen in the Aral Sea in Central Asia
and the impacts of water diversions on the wetlands in the Murray-
Darling Basin of Australia (Kingsford and Johnson 1998; Lemly et
al. 2000). The important Turkish wetland bird–breeding site, Kus
Cenneti, is currently being adversely affected by low flows due to
diversions during the bird breeding season, which is also the main
irrigation period (De Voogt et al. 2000). Numerous detrimental
changes in the ecological condition of the Hadejia-Nguru wet-
land complex in Nigeria have also been associated with the Kano
River Irrigation Project (Lemly et al. 2000).

The Aral Sea in Central Asia represents one of the most ex-
treme cases in which water diversion for irrigated agriculture has
caused severe and irreversible environmental degradation of an
inland water system. (See Box 20.8 here and Figure 20.8 in Ap-
pendix A.) The volume of water in the Aral basin has been re-
duced by 75% since 1960, due mainly to large-scale upstream
diversions of the Amu Darya and Syr Darya flow for irrigation of
close to 7 million hectares of land (UNESCO 2000; Postel 1999).
This loss of water, together with excessive chemical inputs from
agricultural runoff, has caused a collapse in the fishing industry, a
loss of species diversity and wildlife habitat, and an increase in
human pulmonary and other diseases in the area resulting from
the high toxicity of the salt concentrations in the exposed seabed
(Postel 1999; WMO 1997).

There are many other well-documented examples where di-
version of water for agriculture has caused a decline in the extent
and degradation of inland water systems and their species richness.
In the majority of the cases, the most affected people are the poor,
who depend on freshwater resources (whether from wetlands,
rivers, and lakes) not only for drinking water but as a source of
food supply, especially animal protein, and of income from fish-
eries, reed harvesting, and so on. Lake Chad provides an example
where major ecosystem change has occurred (see Figure 20.9 in
Appendix A) as a consequence of both human-induced and natu-
ral changes, with subsequent loss of many species and ecosystem
services as the lake shrank from about 25,000 square kilometers
in surface area to one twentieth its size over 35 years at the end
of the twentieth century. A drier climate and high agricultural
demands for water in more recent years are the primary reasons
for Lake Chad’s degradation (Coe and Foley 2001).
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BOX 20.8

Aral Sea (Information supplied by Elena Kreuzberg-Mukhina, Nikolay Gorelkin, Alex Kreuzberg, Vladislav Talskykh, Elena Bykova, and
Vyacheslav Aparin, and taken from Micklin 1993; Beeton 2002; UNEP 2002)

The degradation of the Aral Sea as a consequence of the expansion of the Waterbirds have similarly been drastically affected, with a loss of breeding
area under cotton and abstraction of water for large-scale irrigation is well and stopover habitats for migratory species, such as those in the deltas
known. The hydrological change has included the construction of at least of the Amu Darya and Syr Darya. This has seen a decline in habitat for
nine water reservoirs and 24,000 kilometers of channels, with 40% of the breeding mute swan, Dalmatian and Great White pelican, and Pygmy
annual water inflow of 80–100 cubic kilometers withdrawn for irrigation. The cormorant, among others. New habitats have been created through the
consequences for the Aral Sea have been enormous, and although estimates construction of irrigation areas, but these do not compensate adequately
of the extent of change vary, the sea is now only about 20% of its former for the losses.
volume. The surface area has been reduced by a half or two thirds, the water The local climate has been dramatically affected. For example, the
level is some 16–22 meters lower, and the salinity has increased somewhere average humidity has decreased from around 40% to 30%, leading to
between three and twelve times. The shoreline has retreated 100–150 ki- increased desertification, with subsequent loss of pasture productivity and
lometers and exposed something like 45,000 square kilometers of former impacts on human well-being. The latter is also associated with the pollu-
seabed, creating a salty desert and more than 100 million tons of salty dust. tion of the water and increased occurrence of dust storms. The conse-

The sea now has three separate entities: the Small Sea, with an area quences of the management decisions for the Sea have been drastic, but
of 3,000 square kilometers, a volume of 20 cubic kilometers, and a salinity some at least were foreseen, and deliberate trade-offs were made in favor
of 18–20 grams per liter; the eastern part of the Large Sea, with an area of economic outcomes. In 1995, the cost of making a net water saving of
of 9,150 square kilometers, a volume of 29.5 cubic kilometers, and a 12 cubic kilometers was estimated as $16 billion, but the prospects for
salinity of 120 grams per liter; and the western part of the Large Sea, with funding were limited, and so it is likely that current conditions will prevail,
an area of 4,950 square kilometers, a volume of 79.6 cubic kilometers, with the continuing demise of the aquatic ecosystem and human well-
and a salinity of 80 grams per liter. being.

These changes have caused a collapse of the fishing industry, and However, with the collapse of the agricultural industry in the region in
many plant and animal species have been lost. Only a few of the former recent years, the demand for water has decreased to some extent, and
34 fish species survive, with some becoming extinct, such as the Aral partly alleviated the situation. (For further information on the human well-
sturgeon, Aral trout, Chu sharpray, Tukestan dace, and Kessler’s loach. being consequences of changes to the Aral Sea, see Chapter 5.)

20.4.2 Modification of Water Regimes

Water regimes of inland waters have been modified by humans
for centuries, with the last 50 years in particular witnessing large-
scale changes in many parts of the world, often associated with
drainage and infilling activities as described earlier (Brinson and
Ines Malvarez 2002; Junk 2002; Malmqvist and Rundle 2002;
Tockner and Stanford 2002; see also reviews cited earlier). Modi-
fications include construction of river embankments to improve
navigation, drainage of wetlands for agriculture, construction of
dams and irrigation channels, and the establishment of inter-basin
connections and water transfers. (See Table 20.7 and Boxes 20.9

Table 20.7. Alteration of Freshwater Systems Worldwide (Revenga and Kura 2003)

Alteration Pre–1990 1900 1950–60 1985 1996–98
Waterways altered for navigation (km) 3,125 8,750 – > 500,000

Canals (km) 8,750 21,250 – 63,125 –

Large reservoirsa

Number
Volume (sq. km.)

41
14

581
533

1,105
1,686

2,768
5,879

2,836
6,385

Large dams (>15 m high) – – 5,749 – 41,413

Installed hydro capacity (megawatts) – – < 290,000 542,000 –660,000

Hydro capacity under construction (megawatts) – – – – –126,000

Water withdrawals (cu. km. per year) – 578 1,984 –3,200 –3,800

Wetlands drainageb (cu. km.) – – – 160,000 –

– Data not available.
a Large reservoirs are those with a total volume of 0.1 cubic kilometers or more. This is only a subset of the world’s reservoirs.
b Includes available information for drainage of natural bogs and low-lying grasslands as well as disposal of excess water from irrigated fields.
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and 20.10; see also Chapter 7.) These changes have improved
transportation, provided local flood control and hydropower,
boosted fisheries, and increased agricultural output by making
more land and irrigation water available. At the same time, physi-
cal changes in the hydrological cycle have resulted in the discon-
nection of rivers from their floodplains and wetlands, caused
seasonal changes in water flows, increased the likelihood and se-
verity of flooding (see Chapter 16), disrupted links with ground-
water systems, and enabled saline water to intrude on freshwater
systems in many coastal regions.

Further, these changes have also altered the flow velocity in
rivers—transforming some to large lakes, such as the Kariba lake
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BOX 20.9

Danube River

Engineering structures have inexorably altered the Danube River, one
of the major rivers of central and eastern Europe. Since 1950, hun-
dreds of artificial lakes have been constructed along the Danube and
its tributaries to provide storage and release of water for flood control,
hydropower, navigation, irrigation, and domestic and industrial water
supply. The construction of dikes and reservoirs has led to the loss of
floodplain zones, with important loss of habitats and modification of the
Danube’s hydrological and sediment regimes.

Structures built along the first 1,000 kilometers of the river have
formed an almost uninterrupted artificial waterway through a chain of
59 hydropower dams. The delta has also been changed with the con-
struction of polders, canals, dikes, and fish farms, which along with
eutrophication have led to major ecological changes in the river (IUCN
1992). These changes have altered the nature of the river and the
delta, negatively affecting both services and the biodiversity, such as
the extent of fisheries and a reduction or even loss in some places of
the filtering capacity provided by reed beds and riparian vegetation.
Further adverse change is expected with construction of the Bystroye
navigation canal through the delta.

BOX 20.10

South American Wetlands and Rivers

The construction of hydroelectricity schemes poses a major threat to
wetlands in South America. In Brazil, rapidly rising energy demands
have stimulated ambitious plans to build dams on nearly all major riv-
ers, except the main stream of the Amazon (Junk and Nunes de Mello
1987; World Energy Council 2003). However, many rivers have low
gradients, and in such cases dams inundate large areas and provide
little energy; for example, the Balbina reservoir on the Uatuma River in
the Brazilian Amazon covers 2,300 square kilometers and produces
�10 megawatts per square kilometer. There are likely to be significant
socioeconomic trade-offs from the construction of these reservoirs to
produce hydroelectricity (Fearnside 1989).

In Brazil, rapidly expanding agriculture, mainly for soybean produc-
tion, has increased demand for inexpensive transport along the rivers.
Waterways (hidrovias) have been constructed or are under construc-
tion (Brito 2001), which involves straightening sinuous stretches of the
river channels, dragging, removing obstacles such as logs and rocky
outcrops, and placing signals for ship traffic. Environmental impact
analyses are lacking in most cases. In 2000, the Brazilian government
stopped plans to construct a hidrovia through the Pantanal of Mato
Grosso. This project would have threatened one of the largest wetlands
in the world (Ponce 1995; Hamilton 1999). Plans have not yet been
abandoned by private enterprises, however, and infrastructure con-
struction is proceeding.

in southern Africa; creating a chain of connected deep reservoirs,
such as those along the Volga River, Russia; leading to channel-
ization, such as that along the Mississippi and Missouri Rivers in
the United States; or significantly reducing flows to floodplains
and downstream habitats, including deltas such as the Indus in
Pakistan. Similarly, converting wetlands for agricultural purposes
without completely destroying them, as with much of sub-Saharan
agriculture or paddy (rice), still results in hydrological change.

Modifications to water regimes have drastically affected the
migration patterns of birds and fish and the composition of ripar-
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ian zones, opened up access to exotic species, and contributed to
an overall loss of freshwater biodiversity and inland fishery re-
sources (Revenga et al. 2000), as well as led to alterations to up-
stream and downstream habitats. Dams also affect the magnitude
and timing of water flow and sediment transport of rivers, often
for long distances downstream. The Aswan High Dam in Egypt,
for example, has led to reduced sediment transport for more than
1,000 kilometers downstream (McAllister et al. 1997). A further
example of the downstream effects of dams is illustrated in the
Indus delta, where rapidly accelerating mangrove loss as a result
of reduced freshwater flows has seriously jeopardized the liveli-
hoods of 135,000 people who rely on mangrove products to a
total economic value of $1.8 million a year for fuelwood and
fodder, as well as a coastal and marine fisheries sector that gener-
ates domestic and export earnings of almost $125 million annually
(Iftikhar 2002).

Other examples of large-scale drivers of change in inland
water systems are those affecting the Dead Sea (ILEC and UNEP
2003) and the Mesopotamian marshlands in Iraq (Partow 2001;
UNEP 2002). Lying in the heart of the Syrian-African rift valley
at the southern outlet of the Jordan River, the Dead Sea—417
meters below sea level—is the world’s saltiest large water body. It
is severely threatened by excessive water withdrawals in the north
and dams and industrial development in the south as a result of
ever-increasing industry, agriculture, and tourism. The annual
flow of the Jordan River was approximately 1,370 million cubic
meters in the 1950s, while today the total river discharge to the
Dead Sea is about 300 million cubic metes a year. As a result, the
level of the lake is dropping by about one meter each year (ILEC
and UNEP 2003).

The Mesopotamian marshlands have also been severely af-
fected in recent decades. These covered an area of 15,000–20,000
square kilometers before being reduced by drainage and dam con-
struction along the Tigris and Euphrates Rivers (Partow 2001).
Now they cover less than 400 square kilometers. The capacity of
dams along these rivers currently exceeds the annual discharge of
both rivers, drastically reducing the supply of downstream
floodwaters that were so important in delivering sediments and
nutrients to the marshland. Further, in the early 1990s drainage
schemes were used to divert large amounts of water from the
marshlands—an event that was made easier by the upstream dam-
ming. (See Figure 20.10 in Appendix A.)

There are now more than 45,000 large dams (more than 15
meters high) (WCD 2000), 21,600 of which are in China. This
represents a 700% increase in the water stored in river systems
compared with natural river channels since 1950 (Vörösmarty et
al. 1997). Water storage and sediment retention from dams have
had enormous impacts on suspended sediment and carbon fluxes,
as well as on the waste processing capacity of aquatic habitats
(Vörösmarty et al. 1997). The construction of large dams has dou-
bled or tripled the residence time of river water (Revenga et al.
2000), with enormous impacts on suspended sediment and carbon
fluxes, waste processing, and aquatic habitat, and has resulted in
fragmentation of the river channels. Revenga et al. (2000) found
37% of 227 river basins around the world were strongly affected
by fragmentation and altered flows, 23% moderately affected, and
40% unaffected. (See Figure 20.11 in Appendix A.) Strongly or
moderately fragmented systems are widely distributed globally.
Small dams can also have major affects on the ecological condition
of inland water systems (Oritz Rendan 2001), and many inland
surface and groundwater systems have also been affected by modi-
fications at smaller scales.

The extent of recent change is illustrated by figures collated
for Asia and South America. In Asia, 78% of the total reservoir
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volume has been constructed in the last decade, and in South
America almost 60% of all reservoirs have been built since the
1980s (Avakyan and Iakovleva 1998). The debate about the con-
struction of dams is ongoing (WCD 2000)—weighing up, for ex-
ample, the benefits against the potential adverse consequences of
constructing further dams in the upper Mekong in China (Dud-
geon 2003).

The effects of modification of flow regimes on fish migrations
have been reviewed by Revenga and Kura (2003). The direct
impacts of dams on diadromous fish species such as salmon are
now well established. Indirect impacts of flow alteration, such as
the reduction of floods and loss of lateral connections on flood-
plains, are also important. In many instances the construction of
reservoirs has resulted in the disappearance of fish species adapted
to river systems and the proliferation of species adapted to lakes,
many of which were non-native. Examples include the decline of
the sturgeon and the caviar industry in rivers such as the Volga in
Russia (Finlayson et al. 1993). In West Africa, a sharp decline of
Mormyridae (an elephant-nosed fish family of Osteoglossiformes)
was observed in Lakes Kainji and Volta after the inundation of
their preferred habitats as a result of dams (Lévêque 1997).

Cases of adverse impact on the structure of riparian vegetation
and morphology from dams, embankments, and canals are also
widely reported (Nilsson and Berggren 2000). In tropical Asia,
change in flooding patterns due to river modification has affected
riverine and wetland-dependent mammal populations, such as
marshland deer and the Asian rhino in Thailand, India, and
China, and diadromous fish stocks, such as sturgeons in China
(Dudgeon 2000c). Similar cases have been reported by Pringle et
al. (2000) for North and South America.

20.4.3 Invasive Species

The introduction of some non-native (alien) invasive species has
contributed to species extinction in some freshwater systems (see
Malmqvist and Rundle 2002; Tockner and Stanford 2002; see also
reviews cited earlier). The problems caused by invasive species are
very much a global concern (Mooney and Hobbs 2000). The
spread of exotic species in inland waters is increasing with the
spread of aquaculture, shipping, and global commerce. (See Boxes
20.11 and 20.12.) Examples include the pan-tropical weeds sal-
vinia (Salvinia molesta) and water hyacinth (Eichhornia crassipes) that
originated in South America but which are now widely distrib-
uted across the tropics. The cane toad (Bufo marinus), bullfrog
(Rana catesbeiana), European domestic pig (Sus scrofa), carp (Cypri-
nus carpio), and zebra mussel (Dreissena polymorpha) are examples
of animals that have become established outside of their native
range and disrupted the inland water systems that they have in-
vaded.

Species such as the water hyacinth, Canadian pondweed (Elo-
dea canadensis), and mimosa (Mimosa pigra) have spread around the
globe (Sculthorpe 1967; Gopal 1987; Walden et al. 2004) and
remain largely unaffected by extensive and expensive control or
management programs. Canadian pondweed illustrates the di-
lemma caused by invasive species. It is the first documented ex-
ample of the explosive growth of an aquatic weed that originated
in North America and in the late nineteenth century invaded the
waterways of Europe. In becoming established, it grew rapidly,
reproducing vegetatively, and reached maximum population den-
sities within a period of a few months to four years. These popula-
tion densities were maintained for up to five years and then
declined to levels that were not considered a nuisance. The rea-
sons for the rapid increase and subsequent decline were not deter-
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BOX 20.11

Invasive Species and European Rivers (Information supplied
by H. Ketelaars)

For many centuries canals have been constructed between rivers and
other water bodies in Europe, through which species actively migrated
or were aided by shipping traffic, either in ballast water or outside on
the hull of ships. The Volga-Baltic Waterway, reconstructed in 1964,
connecting the Caspian basin with the Baltic region, is one example
that has enabled translocation of many aquatic species, such as cope-
pods, rotifers, the onychopod Bythotrephes longimanus, and several
fish species to the Volga basin. The Main-Danube Canal, officially
opened in 1992, is another that has allowed many Ponto-Caspian in-
vertebrate species to reach the Rhine basin and from there to disperse
to other basins, mainly in ballast water.

Intentional introductions of aquatic species have occurred mainly in
the past two centuries. The North American amphipod Gammarus tigri-
nus was deliberately introduced in 1957 in the German rivers Werra
and Weser because the local gammarid fauna had disappeared due to
excessive chloride pollution. The mysid Mysis relicta has been intro-
duced in many Scandinavian lakes to stimulate fish production. Three
North American introduced crayfish species have established them-
selves in many European waters and introduced ‘‘crayfish plague’’
(Aphanomyces astaci), which has almost eliminated the native crayfish
(Astacus astacus).

At least 76 non-European freshwater fish have been introduced
into European fresh waters, with approximately 50 establishing self-
sustained populations. When introductions between areas within Eu-
rope are also considered, the number of introduced species is more
than 100. The numerically most important families are cyprinids and
salmonids, of which grass carp (Ctenopharyngodon idella), silver carp
(Hypophthalmichthys molitrix), rainbow trout (Oncorhynchus mykiss),
and brook char (Salvelinus fontinalis) are now widely distributed in
Europe. Only a few introductions have resulted in the spread of eco-
nomically important species.

mined, and this paradox still affects efforts to manage invasive
species in inland waters.

Efforts to determine which of the many species that are intro-
duced into new environments have not been fully successful have
done little other than illustrate that only a small proportion of
introduced species are likely to flourish and become serious prob-
lems (Williamson 1996; Manchester and Bullock 2000). While
many species have features that enable them to take advantage of
changed ecological conditions, there are likely as many factors
that would limit establishment and growth.

Water hyacinth is an example of a widespread alien species
that has caused considerable economic and ecological damage in
inland water systems around the world (Gopal 1987). It is be-
lieved to be indigenous to the upper reaches of the Amazon basin,
was spread in the mid-nineteenth century throughout much of
the world for ornamental purposes, and now has a pan-tropical
distribution. The plant spreads quickly to new rivers and lakes,
clogging waterways and infrastructure, reducing light and oxygen
in freshwater systems, and causing changes in water chemistry and
species assemblages that affect fisheries. Water hyacinth control
and eradication has become one of the top priorities for many
environmental government agencies, with biological control
being increasingly successful. (See Chapter 10.)

Many fish species have been spread beyond their native
ranges, often as an important component of aquaculture (FAO
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BOX 20.12

North America’s Great Lakes and Invasive Species

Alien invasive species have threatened the Great Lakes ever since
Europeans settled in the region. And since the 1800s, more than 140
exotic aquatic organisms of all types—including plants, fish, algae, and
mollusks—have become established in the Great Lakes. The rate of
introduction of exotic species has increased with human activity in the
watershed. More than one third of the organisms have been introduced
in the past 30 years, a surge coinciding with the opening of the St.
Lawrence Seaway (Great Lakes Information Network 2004).

Approximately 10% of the Great Lakes’ non-indigenous species
have had significant impacts, both economic and ecological. For exam-
ple, the sea lamprey has cost millions of dollars in losses to recre-
ational and commercial fisheries and millions of dollars in control
programs. Alewife fish littered beaches each spring and altered food
webs, thereby increasing water turbidity before salmonids such as chi-
nook salmon (themselves exotic) were stocked as predators and the
foundation of a new recreational fishery.

Since 1991, the Great Lakes Panel on Aquatic Nuisance Species
has worked to prevent and control the occurrence of aquatic alien
invasive species in the Great Lakes, although efforts have not been
totally successful.

1999). Introductions are usually done to enhance food production
and recreational fisheries or to control pests such as mosquitoes
and aquatic weeds. Introduced fish, for example, account for 96%
of fish production in South America and 85% in Oceania (Gari-
baldi and Bartley 1998). The introduction of non-native fish,
however, has had severe ecological costs. A survey of 31 studies
of fish introductions in Europe, North America, Australia, and
New Zealand found that in 77% of the cases, native fish popula-
tions were reduced or eliminated following the introduction of
non-native fish. In 69% of cases, the decline followed the intro-
duction of a single fish species, with salmonids responsible for
the decline of native species in half of these (Ross 1991). The
introduction of salmonids is attracting increased attention, as they
have reduced the genetic diversity of wild stocks. In Canada and
the United States, 68% of the recorded extinctions of 27 species
and 13 sub-species of fish were due in part to the introduction of
alien species (Miller et al. 1989). Similarly, in Mexico and Colom-
bia, introduced fish pose a major risk to native fish and fisheries
stock (Contreras-Balderas 2003; Alavrado and Gutiérrez 2002).

Fish introductions to tropical Asia and Latin America over
the last 150 years have occurred mainly either to enhance food
production (carps and tilapias, for instance) or for recreational
purposes (piscivorous fish such as trout and bass for sport fishing)
(Revenga and Kura 2003). The impacts of these species on the
native fish fauna and ecosystems have not been well documented,
although Fernando (1991) reports that introduced fish were not
found to have caused severe damage to indigenous species except
for some incidents in Latin America where piscivores were intro-
duced.

In recent decades, tilapia species have been established and
become a substantial contributor to inland fisheries in Mexico,
the Dominican Republic, northeast Brazil, and Cuba (where as
much as 90% of the fishery is tilapia species) (Fernando 1991).
Although this has not resulted in the collapse of native fish stocks
in most cases, it does indicate a significant shift in the composition
and structure of biological communities in those systems.

In tropical Asia, herbivores and omnivores, such as Indian,
Chinese, and common carps, account for the majority of intro-
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ductions (Revenga and Kura 2003). Except in China, these tem-
perate species of carps have not contributed much to fishery yield
in the tropics. In comparison, tilapias have had a similar effect
here as in Central America, boosting capture fishery in Sri Lanka
and Thailand and aquaculture in Philippines, Taiwan, and Indo-
nesia (Fernando 1991). In China, the world’s largest producer of
inland fisheries, carp contributes significantly to fisheries produc-
tion. Although research on the impact of introduced species on
the native aquatic ecosystems of China is limited, a few well-
documented cases exist, such as Dianchi Lake in Yunnan Prov-
ince, and Donghu Lake in Hunan Province, where it has been
shown that indigenous and endemic fish species assemblages have
significantly changed and many of their populations have declined
(Xie et al. 2001).

Further information on invasive aquatic species can be found
on the Global Invasive Species Program web site. Analyses of the
economic costs of non-native invasive species are becoming more
common, as shown by the fishery examples just mentioned, as are
risk assessments of important species (e.g. Finlayson et al. 2000;
van Dam et al. 2000, 2002a). The importance of alien invasive
species in inland waters is likely to increase in response to global
change (van Dam et al. 2002b).

20.4.4 Fisheries and Other Harvesting

Inland fisheries are a major source of protein for a large part of
the world’s population. People in Cambodia, for example, obtain
roughly 60–80% of their total animal protein from the fishery
resources of the Tonle Sap alone (MRC 1997). In some land-
locked countries, this percentage is even higher; for example, in
Malawi about 70–75% of the total animal protein for both urban
and rural low-income families comes from inland fisheries (FAO
1996).

Global production of fish and fishery products from inland
waters in 2002 amounted to 32.6 million tons (FAO 2004)—8.7
million tons from wild capture fisheries and the rest (23.9 million
tons) from inland aquaculture. There is little dispute that major
increases in the harvest of freshwater fish have occurred over the
last two decades, mostly in the developing world, but as these
statistics show, much of this increase is the product of aquaculture
operations and enhancement efforts such as fish stocking and the
introduction of non-native fish species in lakes and rivers.

Increased freshwater harvests, however, do not indicate
healthy freshwater fish stocks or healthy aquatic ecosystems. In
fact, FAO’s last major assessment of inland fisheries (1999) re-
ported that most inland capture fisheries that rely on natural re-
production of the stocks are overfished or are being fished at their
biological limit and that the principal factors threatening inland
capture fisheries are fish habitat loss and environmental degrada-
tion. In addition, one of the limitations in monitoring the state
and condition of inland fish stocks is that the catch from inland
fisheries is believed to be underreported by a factor of two or
three, due to the large volume of harvest that is consumed locally,
and remains unrecorded (FAO 1999). Asia and Africa are the two
leading regions in inland capture fisheries, accounting for 90% of
the catch in 2002 (FAO 2004). China alone accounts for at least
one quarter of the inland catch, followed by India (9% of the
catch), Bangladesh (8%), and Cambodia (4%) (FAO 2004).

Aquaculture continues to grow more rapidly than any other
animal food-producing sector, at an average rate of 8.9% per year
since 1970—a much higher rate than that for capture fisheries
(1.2%) or terrestrial farmed meat products (2.8%) (FAO 2004).
Most aquaculture production (58%) comes from the freshwater
environment, the main producer by far being China. Between
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1970 and 2000, inland water aquaculture production in China
increased at an average annual rate of 11%, compared with 7% for
the rest of the world (FAO 2004). However, many aquaculture
operations, depending on their design and management, can and
have contributed to habitat degradation, pollution, introduction
of exotic species, and the spread of diseases through the introduc-
tion of pathogens (Naylor et al. 2000; see also Chapter 26).

Many other species of vertebrates are also harvested from in-
land waters, some in large numbers—such as turtles, waterbirds,
crocodiles, and frogs. Overharvesting, whether for food, medici-
nal purposes, or recreation, has become a problem in many coun-
tries, and many species are locally or regionally threatened. For
example, the increase in the harvesting and trade of freshwater
turtles in South and Southeast Asia is causing severe declines in
species populations, putting some of these species at risk of extinc-
tion (van Dijk et al. 2000). Because of the increase in trade, 11
proposals to list turtle species under Appendix II of CITES were
accepted by consensus at the CITES Conference of the Parties in
November 2002 (CITES 2002).

20.4.5 Water Pollution and Eutrophication

It is well established that nutrient concentrations have increased
substantially in rivers throughout the world (Heathwaite et al.
1996; Revenga et al. 1998), resulting in eutrophication, harmful
algal blooms, and high levels of nitrate in drinking water (Malm-
qvist and Rundle 2002). (See Chapters 7, 12, 15, and 19.) Many
specific examples are available for inland water systems (e.g.
Malmqvist and Rundle 2002; Tockner and Stanford 2002). For
instance, the agricultural sector contributes an average of 50% of
the total load of nitrogen and phosphorus to the Danube River
in Europe, domestic sources contribute about 25%, and industry
or atmospheric deposition 25%. Hazardous substances of particu-
lar concern are pesticides, ammonia, PCBs, polyaromatic hydro-
carbons, and metals (IUCN 1992). (See also Chapter 15.) Industry
and mining are responsible for most of the direct and indirect
discharges of hazardous substances into the Danube and Volga
Rivers in Europe, while transport is an important source of oil
pollution (IUCN 1992; Popov 1992). Microbiological contami-
nation by pathogenic bacteria, viruses, and protozoa is an impor-
tant water quality problem in many regions of the world (see
Chapters 7 and 15), and diffuse discharges from agriculture are
important sources of micro-pollutants for both surface and
groundwaters.

Jorgensen et al. (2001) notes that eutrophication is the most
widespread problem in lakes and reservoirs and also one of the
most difficult to abate. Cyanobacteria blooms have increased and
are a major problem in inland and coastal waters worldwide. The
problem of increased eutrophication from land-based activities is
well shown for the Mississippi River in the United States, with
problems along the length of the river and in the coastal zone—
the so-called dead zone in the Gulf of Mexico.

It is well established that pollution from point sources such as
mining has had devastating impacts on the biota of inland waters
in many parts of the world. For example, the release of stored
tailings (mine wastes) from the Aznalcollar mine some 50 kilome-
ters from the Doñana National Park in Spain illustrated the prob-
lems that can occur to both ecological and socioeconomic activity
of the areas downstream (Bartolome and Vega 2002). Following
a spillage in 1998, an estimated 5.5 million cubic meters of acidic,
metal-enriched water and 1.3–1.9 million tons of toxic tailings
were spread over 4,600 hectares of downstream habitats—with
fatal consequences for much of the biota in the affected area and
a consequent disruption to the tourism industry. The cost of re-
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moving the tailings and contaminated soil reached about 3.8 bil-
lion euros.

In developing countries, an estimated 90% of wastewater is
discharged directly to rivers and streams without any waste proc-
essing treatment, and in some locations both surface and ground-
water have been so polluted that they are unfit even for industrial
uses (WMO 1997). Threats of water quality degradation are usu-
ally most severe in areas where water is scarce due to the reduced
capacity for waste dilution. These threats are exacerbated by in-
dustrial and agricultural practices that channel waste products into
inland waters, including caves and other underground water.

Meybeck (2003) provides an overview of water pollution
problems for inland waters. (See Table 20.8.) In industrial coun-
tries, fecal contamination has been largely eliminated, while new
problems, particularly from agriculture run-off, are increasing
everywhere. In other countries this is not the case, and fecal con-
tamination is a major problem. In developing countries, urban
and industrial pollution sources are increasing faster than related
wastewater treatment.

Contamination by pesticides has increased rapidly since the
1970s, with many different substances being involved. In the
Seine basin, in France, for example, more than 100 different ac-
tive molecules are known to occur (Chevreuil et al 1998). The
use of persistent chemicals is now increasingly regulated in West-
ern Europe and North America. Records of PCBs and DDT in
sedimentary archives peaked in the 1970s and are now markedly
decreasing (Valette-Silver 1993). The persistence of these prod-
ucts can be high, however, and their degradation products can be
more toxic than the parent molecule. (See Chapter 15.) Addition-
ally, it is extremely difficult to assess and address the effects of
multiple chemicals together in inland waters, both in the short
and the long term.

Toxic substances are known to be a serious and increasing
threat in developing countries as land use in watersheds changes.
Chemical pollution from urban domestic and industrial sources
and from pesticides is increasing in many key lake watersheds such
as Lake Baikal and the African Great Lakes (Ntakimazi 1992;

Table 20.8. Major Water Quality Issues in Inland Water Systems
at the Global Scale (Maybeck 2003)

Issue Rivers Lakes Reservoirs Groundwaters
Pathogens ••• • • ••
Suspended solids •• na • na

Decomposable
organic matter

••• • •• •

Eutrophication • •• ••• na

Nitrate • 0 0 •••
Salinization • 0 • •••
Trace metallic

elements
•• •• •• ••

Organic 
micropollutants

••• •• •• •••

Acidification • • •• 0

Key: ••• severe or global deterioration observed 
•• important deterioration
• occasional or regional deterioration 
0 rare deterioration
na not applicable
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Hecky and Bugenyi 1992). Lake Baikal water, fish, and seals all
contain measurable levels of organochlorine compounds (Kucklick
et al. 1994). Concentrations of chlorinated organic compounds
have declined in some North American Great Lakes fish species
but remain high for all fish species in Lakes Michigan and Ontario
(Rowan and Rasmussen 1992). There have also been recent dis-
coveries of endocrine-disrupting toxics in pulp wastewater that
have caused abnormal male sexual organs to develop in alligators,
feminization of male fish and turtles, and masculinization of fe-
male fish (Mathiessen and Sumpter 1998; Mathiessen 2000). Fur-
ther information on human health and toxic substances can be
found in Chapter 14.

20.4.6 Climate Change

It is arguable whether or not climate change has already affected
inland waters and their species, but it is anticipated (medium cer-
tainty) that it will directly or indirectly affect the biota and services
provided by inland waters (van Dam et al. 2002b; Gitay et al.
2002). As climate change will increase the pressure on habitats
that are already under severe pressure from other drivers just de-
scribed and will interact in a synergistic manner, it is considered
briefly here.

The certainty with which with which we can attribute cause
and effect of climate change is undermined by the extent of our
data and existing knowledge; in all but a few cases the data are
inadequate. We are, however, highly confident that many inland
waters are vulnerable to climate change. Particularly vulnerable
are those at high latitudes and altitudes, such as Arctic and sub-
Arctic bog communities, or alpine streams and lakes (Gitay et al.
2002; IDEAM 2002), as well as those that are isolated (Pittock et
al. 2001) or are low-lying and adjacent to coastal wetlands (Bayliss
et al. 1997). Groundwater systems will also suffer as climate
change affects recharge of aquifers (Danielopol et al. 2003).

The major expected impacts to inland waters include warming
of rivers, which in turn can affect chemical and biological proc-
esses, reduce the amount of ice cover, reduce the amount of dis-
solved oxygen in deep waters, alter the mixing regimes, and affect
the growth rates, reproduction, and distribution of organisms and
species (Gitay et al. 2002). It is very certain that sea level rise will
affect a range of freshwater systems in low-lying coastal regions.
For example, low-lying floodplains and associated swamps in
tropical regions could be displaced by salt-water habitats due to
the combined actions of sea level rise and larger tidal or storm
surges (Bayliss et al. 1997; Eliot et al. 1999). Plant species not
tolerant to increased salinity or inundation could be eliminated,
while salt-tolerant mangrove species could expand from nearby
coastal habitats. Changes in the vegetation will affect both resi-
dent and migratory animals, especially if these result in a major
change in the availability of staging, feeding, or breeding grounds
for particular species (Boyd and Madsen 1997; Zockler and Ly-
senko 2000).

The most apparent faunal changes will probably occur with
migratory and nomadic bird species that use a network of wetland
habitats across or within continents. The cross-continental migra-
tion of many birds is at risk of being disrupted due to changes in
habitats (see references in Walther et al. 2002). Reduced rainfall
and flooding across large areas of arid land will affect bird species
that rely on a network of habitats that are alternately or even
episodically wet and fresh or drier and saline (Roshier et al. 2001).
Responses to these climate-induced changes will be affected by
fragmentation of habitats or disruption or loss of migration corri-
dors or even by changes to other biota, such as increased exposure
to predators by wading birds (Butler and Vennesland 2000), as a
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consequence of adaptation to and mitigation of climate change
(Gitay et al. 2002).

It is anticipated with medium certainty that fish species distribu-
tion will move toward the poles, with cold-water fish being fur-
ther restricted in their range, and cool and warm-water fish
expanding in range. Aquatic insects, on the other hand, will be
less likely to be restricted, given that they have an aerial life stage.
Less mobile aquatic species, such as some fish and mollusks, will
be more at risk because is it thought that they will be unable to
keep up with the rate of change in freshwater habitats (Gitay et
al. 2002). Climate change may also affect the wetland carbon sink,
although the direction of the effect is uncertain due to the num-
ber of climate-related contributing factors and the range of possi-
ble responses (Gitay et al. 2002). Any major change to the
hydrology and vegetative community of a wetland will have the
potential to affect the carbon sink. Vegetation changes associated
with the water drawdown in northern latitudes, for example, re-
sult in increased primary production, biomass, and slower decom-
position of litter, causing the net carbon accumulation rate to
remain unchanged or even increase. Other aspects of climate
change, such as longer and more frequent droughts and the thaw-
ing of permafrost, will have negative effects on the carbon balance
in peatland.

The extent of change in inland waters as a consequence of
climate change should not be addressed in isolation of other driv-
ers of change, as many of the adverse effects of the above-
mentioned drivers of change will be exacerbated by climate
change (Gitay et al. 2002; van Dam et al. 2002). Further, the
affects of climate change will be felt across many of the services
delivered by inland waters; as an example, a sensitivity projection
for Canada’s river regions in response to climate change indicates
that there will be an increase in flood and river erosion that will
affect the use and value of rivers for recreation, conservation,
fisheries, water supply, and transportation (Ashmore and Church
2001).

20.5 Trade-offs, Synergies, and Management
Interventions for Inland Water Systems
Management of inland waters worldwide has been regularly based
on decision-making mechanisms that have not included sufficient
consideration of the wider implications or outcomes of specific
actions or responses (see Finlayson et al. 1992; Finlayson and
Moser 1991; Whigham et al. 1993; Mitsch 1994; Jaensch 1996;
McComb and Davis 1998; Ali et al. 2002). The assessment and
case studies provided in this chapter illustrate the outcomes of
management decisions that have not considered the trade-offs be-
tween services provided by inland waters. These decisions have
often resulted in the degradation of inland waters, and the loss or
decline in the multiple services they provide, in favor of a smaller
number of services, such as the supply of fresh water for drinking
or irrigation or the supply of hydroelectricity or transport routes.
The case studies cited earlier of the Aral and Caspian Seas illustrate
the adverse effects that such sectorally based decisions can have.
More multisectorally based responses and decisions are required if
we are to reverse the loss and degradation of inland waters and
the decline in the services that they deliver. Further information
on management responses is provided in the MA Policy Responses
volume in chapters on biodiversity (Chapter 5), nutrient manage-
ment (Chapter 9) and freshwater (Chapter 7).

The past loss and degradation of inland waters and their ser-
vices is increasingly being recognized through international con-
ventions and treaties as having exceeded the value gained through
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such actions. In response, the Ramsar Wetlands Convention has
provided leadership and worked collaboratively with other orga-
nizations, both informally and through formal agreements, such
as the joint work plans agreed with the Convention on Biological
Diversity, to develop more multisectoral approaches to stop and
reverse the loss and degradation of wetlands. This includes work-
ing collaboratively to address the Millennium Development Goals
(see MA Policy Responses, Chapter 19) and to reduce the rate of
loss of biodiversity by 2010 (see Chapter 4 in this volume and
MA Policy Responses, Chapter 5). Many other international collab-
orative efforts and initiatives are underway, some linked with and
many others independent of the Ramsar Convention.

The Mediterranean wetland program (MedWet) is one collab-
orative, multisectoral initiative that is formally linked with the
Ramsar Convention and has resulted in strident calls and actions
to not only halt the loss and degradation of wetlands but to reverse
their consequences. The program has evolved considerably since
the initial declaration of intent was made in Grado, Italy, in Feb-
ruary 1991 (Anon 1992). The declaration contained a recom-
mendation that all supranational organizations, Mediterranean
governments, NGOs, and concerned individuals adopt the fol-
lowing goal: to stop and reverse the loss and degradation of Medi-
terranean wetlands.

It further recommended a number of actions that should be
included in a strategy to support this goal:
• identification of priority sites for wetland restoration and reha-

bilitation and the development and testing of techniques for
their complete rehabilitation;

• evaluation of existing and proposed policies to determine how
they affect wetlands;

• increased institutional capacity to conserve and effectively
manage wetlands through vigorous education and training
programs;

• integrated management of all activities concerning wetlands,
their support systems, and the wider area surrounding them
carried out by properly funded and well-staffed multidiscipli-
nary bodies with active participation of representatives of
government, local inhabitants, and the scientific and nongov-
ernmental community;

• open consultation and free flow of information when manag-
ing wetlands; and

• adoption and enforcement of national and international legis-
lation for better management.
The declaration was not received with enthusiasm by some

key sectors; however, the individual recommendations have since
been repeated or extended in many fora and with widespread
acceptance, the most recent being in the Chilika Statement agreed
at the Asian Wetland Symposium 2005, Bhubaneswar, India, in
February 2005 (www.wetlands.org/news&/docs/AWS_Declaration
.pdf ).

In the early 1990s, the concept of replacing lost wetlands re-
ceived increasing support (e.g., see Finlayson and Larsson 1991;
Finlayson et al. 1992; Hollis et al. 1992), and more attention is
now directed toward wetland restoration worldwide (see Eisel-
tova 1994; Eiseltova and Biggs 1995; Zalidis et al. 2002).

However, current rates of restoration are inadequate to offset
the continued rate of wetland loss in many regions. Given this
situation, the Ramsar Convention on Wetlands has proposed a
series of guidelines to assist in reversing the loss of wetlands. These
cover the current thinking and agreement on priority topics for
management of inland waters, but due to political considerations
many are not as prescriptive as requested by some parties, espe-
cially when dealing with indirect drivers of change, such as trade
and population growth. The current guidance covers these topics:
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• wise use of wetlands;
• national wetland policies;
• laws and institutions;
• river basin management;
• participatory management;
• wetland communication, education, and public awareness;
• designation of Ramsar sites;
• management of wetlands;
• international cooperation;
• wetland inventory;
• impact assessment;
• water allocation and management;
• coastal management; and
• peatlands.

One of the key barriers in developing management responses
to prevent further loss and degradation of wetlands is the unwill-
ingness to undertake effective actions. Sufficient knowledge is
generally now available to know what actions are required to stop
further loss and degradation and when these are most likely to be
effective. (The general reviews cited at the start of section 20.3
provide guidance to a wealth of useful information.) There is also
inadequate adoption and understanding of ‘‘ecosystem ap-
proaches’’ for managing inland waters, including the precaution-
ary principle, as espoused by the Convention on Biological
Diversity and the Convention on Wetlands (Ramsar Convention
Secretariat 2004). The World Commission on Dams (WCD 2000)
illustrated some of the contradictory issues faced in managing in-
land waters. Ongoing debate about the allocation of water for
environmental outcomes in rivers and associated wetlands illus-
trates the trade-offs that have long been inherent features in water
management, especially at a river basin scale. Further dialogue is
required to ensure the delivery of water allocations from dams to
support a wider range of services than has generally been the case.

The extent of loss and degradation of wetlands, and trade-offs
in services have resulted in an increasing number of large and
small restoration projects, driven by legislation and public atti-
tude, particularly in North America and Europe, and increasingly
in Australia. The cost and complexity of large-scale restoration
are shown by the plan for the restoration of the Everglades, USA
(CERP 1999). A comprehensive plan containing more than 60
components has been prepared to restore, protect and preserve
the water resources of central and southern Florida, including the
Everglades wetlands. The plan has important environmental and
economic benefits and is anticipated to cost US$7.8 billion over
30 years. The responses to the accidental release of tailings (mine
wastes) from the Anzacollar mine site upstream of the Donana
wetlands in Spain in 1998 also illustrate the complexity of large-
scale restoration programmes involving both environmental and
economic issues (Gallego Fernandez and Garcia Nove 2002;
G. Schmidt personal communication). The removal of the waste,
treatment of contaminated water, acquisition of contaminated
land and rehabilitation cost the regional and central governments
and the European Union some E208 million; the mining com-
pany spent a further E79 million and suffered an operational loss
of E17 million; with another E81 million from the European
Union being allocated for inter-related rehabilitation, including
re-establishing some of the separately altered hydrological features
of this important wetland.

In response to the complex nature of many management issues
for inland waters, a good deal of effort has been invested in devel-
oping collaborative and integrated management structures that
address common interests and differences between agencies or
states over the services provided by shared inland water systems.
(See Iza 2004 for an analysis of international agreements for the
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conservation of freshwater ecosystems.) In some instances, inte-
grated and comprehensive strategies and action plans have been
developed in support of active interventions, regionally and lo-
cally.

The Mediterranean wetland initiative, for example, is a suc-
cessful mechanism for the conservation and wise use of wetlands
throughout the Mediterranean region through local and regional
actions and international cooperation (Papayannis 2002). More
specific thematic initiatives or action plans cover the management
of invasive species (e.g., Wittenberg and Cock 2001; McNeeley
et al. 2001), the reintroduction and maintenance of biodiversity
(e.g. Bibby et al. 1992), or the integration of development with
conservation (e.g., Davies and Claridge 1993).

In some cases, specific technical methods suitable for local
application have been developed (see Zalidis et al. 2002 for infor-
mation on wetland restoration in the Mediterranean), with in-
creasing recognition that integrated collation, collection, and use
of data and information are essential aspects of an effective man-
agement mechanism, whether they are focused on local or re-
gional issues. This recognition has resulted in the development of
models that provide a basis for standardized inventory, risk assess-
ment and evaluation, and monitoring, such as that proposed for
an Asian wetland inventory, and integrated analyses incorporating
community consultation and communication (Finlayson et al.
2002; Finlayson 2003; Ramsar Convention Secretariat 2004).

There has in recent years been increased interest in the devel-
opment of mechanisms to encourage and support the capacity of
local communities to contribute to the management of inland wa-
ters, particularly where local knowledge and experience can be
constructively used (Ramsar Convention Secretariat 2004). Rec-
ognition of the beneficial outcomes that can occur when local
people are involved in the management of inland waters and their
services now underpins efforts by the Ramsar Convention to en-
courage best management practices. This concept is implicit in
the guidance provided by the Convention covering policy and
legal instruments, economic and social interactions, and technical
tools (Ramsar Convention Secretariat 2004).

The challenge for the Convention and others is to ensure that
such instruments and tools are used effectively and, as required,
improved. This can be done within an adaptive management re-
gime, noting that this necessitates active learning mechanisms, the
involvement of key stakeholders, and the balancing of vested in-
terests. All too often, however, the involvement of local commu-
nities has not occurred or has not been effective at resolving
conflict between users and resource managers (Carbonell et al.
2001), or indeed, between competing users of sites listed as Wet-
lands of International Importance.

The Ramsar concepts of wise use and ecological character can
be used to guide management interventions for wetlands (Ramsar
Convention Secretariat 2004). Wise use of wetlands has been de-
fined by the Convention as ‘‘their sustainable utilisation for the
benefit of humankind in a way compatible with the maintenance
of the natural properties of the ecosystem.’’ ‘‘Sustainable utilisa-
tion’’ is in turn defined as ‘‘human use of a wetland so that it may
yield the greatest continuous benefit to present generations while
maintaining its potential to meet the needs and aspirations of fu-
ture generations.’’ ‘‘Ecological character’’ is defined under the
Convention as ‘‘the sum of the biological, physical, and chemical
components of the wetland ecosystem, and their interactions,
which maintain the wetland and its products, functions, and attri-
butes.’’

A suggested redefinition of this is under discussion, which
would ensure that ecosystem services (referred to as products,
functions, and attributes, in the definition above) are considered
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as central components of ecological character and not just depen-
dent on the ecological components and processes. Such a defini-
tion could read ‘‘the combination of the ecosystem components,
processes, and services that characterize the wetland.’’ Wise use
could similarly be redefined to reflect the emphasis on ecosystem
services and human well-being. These redefinitions further em-
phasize the close match between the Ramsar concepts and the
conceptual framework of the Millennium Ecosystem Assessment,
with the latter being more explicit about the emphasis on ecosys-
tem services and human well-being.

20.6 Inland Water Systems and Human Well-
being
It is well established that the services provided by inland waters are
vital for human well-being and poverty alleviation (Dugan 1990;
Revenga and Kura 2003; Finlayson et al. 1992; Finlayson and
Moser 1991; Whigham et al. 1993; Mitsch 1994; McComb and
Davis 1998; Lundqvist and Gleick 2000). A list of the services
provided by inland waters was provided at the start of this chapter
in Table 20.1. The benefits of these services to human well-being,
and hence the consequences of reduced availability and supply
for human well-being, are discussed in more detail in individual
chapters that cover services derived from inland water sys-
tems—in particular, fresh water (Chapter 7), food (Chapter 8),
nutrient cycling (Chapter 12), waste processing and detoxification
(Chapter 15), regulation of natural hazards (Chapter 16), and vari-
ous cultural and amenity services (Chapter 17). An analysis of
human well-being and its relationship to ecosystem services is
provided in Chapter 5. This section provides a brief assessment of
specific examples of the relationship between the degradation of
inland waters and human well-being. (See Table 20.9.)

The ecosystem services of inland water systems provide a basis
for human well-being for people who live in close proximity to
the system as well as those who live much further away. As human
well-being is strongly affected by the extent to which people are
able to meet their most basic needs (water, food, shelter, and
health) in a secure manner, the sustainable use of inland waters for
ensuring human well-being is vital. (See Box 20.13, as well as
Box 20.8 earlier in the chapter.) This is well illustrated by the
infrastructure and trade networks that have been developed to
supply, for example, drinking water, food, and energy from lakes
and reservoirs that can be located far from densely populated
urban areas. It is also well established that in both rural and urban
areas the poor are likely to suffer most when the availability and
quality of water and food is reduced, whether due to failures in
the infrastructure and trade networks or the demise of the systems
themselves. (See Chapters 6, 7, and 8.) The impacts on human
well-being of degraded supporting and regulating services from
inland waters is often not recognized as readily, but it can be as
significant as changes to provisioning services—for example, a re-
duction in the capacity of a wetland to filter water or to detoxify
wastes can have significant consequences for human health, even
if food provision remains adequate.

It is also known with high certainty that maintenance of an
adequate flow of good-quality water is needed to maintain the
health of inland water systems as well as estuaries and deltas. The
reverse is also true: healthy inland water systems generate and
maintain adequate flows of good-quality water. As the supporting
services of inland waters are the result of interactions among the
ecological components within the system and those in the catch-
ment, human well-being is inexorably linked to the maintenance
of the ecological character of inland water systems. Because of
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Table 20.9. Summary of Critical Changes in Inland Water Systems and Services and Their Impacts on Human Well-being (WWDR
2003)

Major Drivers of Change
in Inland Waters

Major Impacts on Services Derived
from Inland Waters Function(s) at Risk 

Major Impacts 
on Human Well-being

Vulnerable People 
or Places

Population and 
consumption growth 

increases water abstraction and acquisi-
tion of cultivated land through inland
water drainage; increases requirements
for all other activities, with consequent
risks

virtually all ecosystem
functions, including
habitat, production,
and regulation func-
tions 

increased health risks

reduced quality and quantity
of water

urban communities

Infrastructure development
(dams, dikes, levees,
diversions, interbasin
transfers, etc.) 

loss of integrity alters timing and quantity
of river flows, water temperature, nutri-
ent and sediment transport, and thus
delta replenishment; blocks fish migra-
tions; increases mosquito breeding

water quantity and
quality, habitats,
floodplain fertility,
fisheries, delta
economies 

increased agricultural pro-
ductivity

reduced food security

reduced economic opportu-
nities

increased health risks

downstream 
communities

Land conversion eliminates key components of aquatic
environment; loss of functions, integrity,
habitat, and biodiversity; alters runoff
patterns; inhibits natural recharge; fills
water bodies with silt 

natural flood control,
habitats for fish-
eries and waterfowl,
recreation, water
supply, water quan-
tity and quality 

reduced household security

loss of productive land

increased release of carbon
dioxide into the atmo-
sphere

reduced recreational, cultur-
al, historical, or religious
values

Overharvesting and
exploitation 

depletes living resources, ecosystem
functions (leading to fire and drought),
and biodiversity (groundwater deple-
tion, fisheries collapse) 

food production, water
supply, water quali-
ty, and water quan-
tity

reduced food security

reduced economic opportu-
nities (e.g., tourism)

increased risk of natural 
disasters

communities living 
adjacent to and 
dependent on inland
water resources

Introduction of exotic
species 

outcompetes native species, alters 
production and nutrient cycling, loss 
of biodiversity 

food production,
wildlife habitat, 
recreation 

reduced food security 
(e.g., reduced genetic 
variety and resilience)

Release of pollutants to
land, air, or water 

pollution of water bodies alters chemistry
and ecology of rivers, lakes, and wet-
lands 

water supply, habitat,
water quality, food
production

reduced quality of water 

reduced food security

reduced household security

Climate change greenhouse gas emissions produce 
dramatic changes in runoff and rainfall
patterns, loss of coastal areas to sea
level rise, increased erosion of shore-
lines, degradation of water quality by 
rising temperatures, changes in water
flow volume, increased salt-water 
intrusion, increased water demand for 
irrigation, increased flood damage,
increased drought frequency

shoreline protection,
water quality, dilu-
tion capacity, trans-
port, flood control

reduced household security

reduced quality and quantity
of water

reduced productive land

the complexities of these interactions, management of supporting
services is likely to be best served by a holistic river basin ap-
proach, within which the resource base is assessed and managed
in an integrated manner (Hollis 1998; Ramsar Convention Secre-
tariat 2004). Implementation of a river basin or ecosystem ap-
proach implies stakeholders’ acceptance that there may need to be
trade-offs between them for access to the services provided by the
river and its associated habitats.

It is widely accepted that the loss and degradation of inland
waters has reduced their natural ability to buffer or ameliorate the
impacts of floods (see Chapter 16) and hence threaten the security
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of individuals and entire communities. For example, in Southern
Africa in 1999 and 2000, devastating floods affected more than
150,000 families (Mpofu 2000); degradation of wetlands such as
the Kafue in Zambia, damming of rivers, deforestation, and over-
grazing led to a reduced absorption of excess water and magnified
the impact of the floods (Chenje 2000; UNDHA 1994). The
same applies to floodplains where increasing human habitation,
drainage of wetlands, and river canalization have severely re-
stricted the capacity to buffer floods in many places and increased
people’s vulnerability to flooding. (See Chapters 7 and 16.) In
Central Europe in 2002, extreme flooding as a consequence of
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BOX 20.13

Afghanistan (Adapted from UNEP 2003)

Three to four recent years of drought have compounded a state of
widespread and serious resource degradation in Afghanistan, which
has largely been brought about by two decades of conflict. These
droughts have lowered water tables, dried up wetlands, denuded for-
ests, eroded land, and depleted wildlife populations. With rainfall low
and erratic in much of Afghanistan (and with large areas of desert or
semi-desert), rivers, streams, and other inland waters are crucial for
human needs, such as drinking water and agriculture, and for maintain-
ing populations of wild plants and animals, many of which provide
potential for economic opportunities.

Over 80% of Afghan people live in rural areas, yet many of their
basic resources—water for irrigation, trees for food and fuel—have
been lost in just a generation. In the Helmand River basin, 99% of the
Sistan wetland dried up between 1998 and 2003. Without a stable
source of water, much of the natural vegetation of inland water areas
has been lost, and it has often been collected for fuel. This has contrib-
uted to soil erosion and significant movement of sand onto roads and
into settlements and irrigated areas.

Up to 100 villages in the vicinity of the Sistan wetland have been
submerged by windblown dust and sand, and many agricultural fields
have also been affected. If the sedimentation continues, the risks are
clear: as the storage capacity of the lakes, reservoirs, and irrigation
networks is reduced, opportunities to store water will be lost, and at
the same time vulnerability to both drought and flooding will increase.
The construction of deep wells to meet immediate humanitarian needs,
coupled with the collapse of traditional water management systems
and decision-making structures at the community level, has resulted in
many downstream users losing access to traditional supplies, leading
to disputes over access to water resources.

unusually high rainfall was exacerbated by physical alterations
along the rivers and changes in the water retention capacity of
the riparian zone and upper catchment. Floods and droughts also
typically affect the poorest people most severely, as they often live
in vulnerable areas and have few financial resources for avoidance,
mitigation, or adaptation. (See Chapters 6 and 16.) Few countries
have been free of damaging floods during the last few decades
(Kundzewicz and Schellnhuber 2004).

Although largely eliminated in wealthier nations, water-related
diseases are among the most common causes of illness and mortal-
ity affecting the poor in developing countries. The extent of
water pollution and its link with human health in many countries
is well known. The World Health Organization has estimated that
there are 4 billion cases of diarrhea each year in addition to mil-
lions of other cases of illness associated with a lack of access to
clean water. (See Chapter 7.) Water-borne diseases that result in
gastrointestinal illness (including diarrhea) are caused by consum-
ing contaminated water. (See Chapter 14.)

Perhaps less recognized as a major influence on human well-
being, but as potentially debilitating to people, are actions that
degrade inland water systems and result in a reduction in water
supply or encourage the spread and abundance of disease vectors.
(See Chapters 5 and 14.) Schistosomiasis, for example, has been
spread by the construction of dams and large lakes in many coun-
tries, and interference with the hydrology of wetlands has exacer-
bated the incidence of mosquito-borne diseases. In 2000, the
estimated mortality due to water sanitation hygiene–associated
diarrheas and some other water sanitation–associated diseases
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(schistosomiasis, trachoma, intestinal helminth infections) was
2,213,000. There were an estimated 1 million deaths due to
malaria, and more than 2 billion people were infected with schis-
tosomes and soil-transmitted helminths, of whom 300 million
suffered serious illness. The majority of those affected by water-
related mortality and morbidity are children under five (WWDR
2003). Since many illnesses are undiagnosed and unreported, the
true extent of these diseases is unknown (Gleick 2002).

Water-related diseases that are exacerbated by the degradation
of inland waters (see Chapter 14) include those caused by the
ingestion of water contaminated by human or animal feces or
urine containing pathogenic bacteria or viruses, such as cholera,
typhoid, amoebic and bacillary dysentery, and other diarrheal dis-
eases; diseases passed on by intermediate hosts such as aquatic
snails or insects that breed in aquatic ecosystems, such as dracun-
culiasis, schistosomiasis, and other helminths as well as dengue,
filariasis, malaria, onchocerciasis, trypanosomiasis, and yellow
fever; and diseases that occur when there is insufficient clean
water for washing and basic hygiene or when there is contact with
contaminated water, such as scabies, trachoma, typhus, and flea-,
lice-, and tick-borne diseases.

In addition to disease from inland waters, water-borne pollut-
ants have a major effect on human health, often through their
accumulation in the food chain. Many countries now experience
problems with elevated levels of nitrates in groundwater from the
large-scale use of organic and inorganic fertilizers. Excess nitrate
in drinking water has been linked to methemoglobin anemia in
infants, the so-called blue baby syndrome. Arsenicosis, the effect
of arsenic poisoning when drinking arsenic-rich water over a long
period, is also known and is a particularly severe problem in Ban-
gladesh and Western Bengal, where some 35–77 million inhabi-
tants are exposed to excessively high levels of arsenic in water
drawn from wells (Bonvallot 2003). On the whole, though, it is
still extremely difficult to quantify the cumulative effects of long-
term exposure to a variety of chemicals at what seem like low
concentrations. (See Chapter 15.)

There is increasing evidence from wildlife studies that humans
are at risk from a number of chemicals that mimic or block the
natural functioning of hormones, interfering with natural body
processes, including normal sexual development. (See Chapter
15.) Chemicals such as PCBs, DDT, dioxins, and those from at
least 80 pesticides are regarded as ‘‘endocrine disrupters,’’ which
may interfere with human hormone functions, undermining dis-
ease resistance and reproductive health. Pharmaceuticals in the
environment represent an emerging environmental issue, with
many being only partially removed by conventional wastewater
treatment and therefore being deposited into a variety of receiv-
ing waters. The presence of these compounds in inland waters is
considered harmful for humans even though the extent of harm
remains uncertain. It is certain, though, that the degradation of
inland water systems reduces the potential of these systems to mit-
igate the effects of pollutants through detoxification and waste
processing and results in an overall reduction in human well-
being.

It is expected that continued degradation of inland water sys-
tems will result in further reduction in human health, especially
for vulnerable people in developing countries where technologi-
cal fixes and alternatives are not as readily available. The evidence
that the degradation of inland waters results in a loss of services
and reduction in human health is incontrovertible, and yet degra-
dation continues at a global scale. Conserving and using sustain-
ably the services derived from inland waters is an ongoing
challenge for society, as is reducing the negative downstream con-
sequences of inland waters degradation. Failure to reduce and re-
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verse the loss and degradation of inland water systems will further
undermine human well-being. The problem of continued loss
and degradation is both environmental and social—it is well estab-
lished that the loss and degradation of inland waters has and con-
tinues to reduce the ecosystem services available for people.

References
Abramovitz, J. N. 1996: Imperiled Waters, Impoverished Future: The Decline

of Freshwater Ecosystems. Worldwatch Paper 128. Worldwatch Institute,
Washington, DC, U.S.A.

Abul-Gasim, S. and M. Babiker, 1998: Iraq’s Food security: the sand dunes
fixation project. Desertification Control Bulletin, 33, 2–10

Ali, A., Md Rawi, C.S., Mansor, M., Ramakrishna, S. & T. Mundkur, (eds)
2002: The Asian wetlands: bringing partnerships into good wetland practices,
Proceedings of the Asian Wetland Symposium 2001 ‘‘bringing partnerships
into good wetland practices’, Penang, Malaysia, August 2001, Penebit Uni-
versiti Sains Malaysia, Pulau Pinang, Malaysia

Alvarado, F. H and B.F. Gutiérrez, 2002: Especies hidrobiológicas continentales in-
troducidas y transplantadas y su distribución en Colombia.. Ministerio del Am-
biente de Colombia, Convención Ramsar, Corporación Autónoma Regional
del Valle del Cauca. Bogotá. 176 p.
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Main Messages

Forest ecosystems are extremely important refuges for terrestrial biodiv-
ersity, a central component of Earth’s biogeochemical systems, and a
source of ecosystem services essential for human well-being. The area
and condition of the world’s forests has, however, declined throughout
recent human history. In the last three centuries, global forest area has been
reduced by approximately 40%, with three quarters of this loss occurring during
the last two centuries. Forests have completely disappeared in 25 countries,
and another 29 countries have lost more than 90% of their forest cover. Al-
though forest cover and biomass in Europe and North America are currently
increasing following radical declines in the past, deforestation of natural forests
in the tropics continues at an annual rate of over 10 million hectares per
year—an area larger than Greece, Nicaragua, or Nepal and more than four
times the size of Belgium. Moreover, degradation and fragmentation of many
remaining forests are further impairing ecosystem functioning.

Information about the world’s forest is limited and unevenly distributed.
The Global Forest Resources Assessment 2000 (FRA-2000) done by the Food
and Agriculture Organization of the United Nations reports that only 22 out of
137 developing countries possess a series of time-series inventories, 28 coun-
tries have no inventory, and 33 have only partial inventories. Further, 34 coun-
tries only have national forest inventories from before 1990, while only 43 have
inventories completed after 1990. More than half the inventories used to com-
pile FRA-2000 were either more than 10 years old or incomplete. Forest infor-
mation is also inadequate—and sometimes statistically unreliable—for many
industrial countries. Despite the proliferation of new remote sensing technolo-
gies, the reliability of remote sensing products remains uncertain.

Forests, particularly those in the tropics, provide habitat for half or more
of the world’s known terrestrial plant and animal species. This biodiversity
is essential for the continued health and functioning of forest ecosystems, and
it underlies the many ecosystem services that forests provide.

Forests and woodlands play a significant role in the global carbon cycle
and, consequently, in accelerating or decelerating global climate change.
Forests contain about 50% of the world’s terrestrial organic carbon stocks, and
forest biomass constitutes about 80% of terrestrial biomass. Forests contribute
over two thirds of global terrestrial net primary production. Slowing forest loss
and restoring forest cover in deforested areas could thus help mitigate climate
change.

More than three quarters of the world’s accessible freshwater comes
from forested catchments. Water quality declines with decreases in forest
condition and cover, and natural hazards such as floods, landslides, and soil
erosion have larger impacts.

The provisioning services obtained from forests have substantial eco-
nomic value. Forests annually provide over 3.3 billion cubic meters of wood
(including 1.8 billion cubic meters of fuelwood and charcoal), as well as numer-
ous non-wood forest products that play a significant role in the economic life
of hundreds of millions of people. The combined economic value of ‘‘non-
market’’ (social and ecological) forest services may exceed the recorded mar-
ket value of timber, but these values are rarely taken into account in forest
management decisions.

The rural poor are particularly dependent on forest resources. As many
as 300 million people, most of them very poor, depend substantially on forest
ecosystems for their subsistence and survival. The 60 million indigenous peo-
ple who live in forest areas are especially dependent on forest resources and
the health of forest ecosystems. Although use of forest resources on its own is
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often insufficient to promote poverty alleviation, forest loss and degradation
has significant negative consequences on human well-being.

Forests play important cultural, spiritual, and recreational roles in many
societies. For many indigenous and otherwise traditional societies, forests
play an important role in cultural and spiritual traditions and, in some cases,
are integral to the very definition and survival of distinct cultures and peoples.
Forests also continue to play an important role in providing recreation and
spiritual solace in more modernized, secular societies, and forests and trees
are symbolically and spiritually important in most of the world’s major religious
traditions.

Forest loss and degradation are driven by a combination of economic,
political, and institutional factors. The main direct drivers of tropical defores-
tation are agricultural expansion, high levels of wood extraction, and the exten-
sion of roads and other infrastructure into forested areas. Indirect drivers
include increasing economic activity and associated market failures, a wide
range of policy and institutional weaknesses and failures, the impacts of tech-
nological change, low public awareness of forest values, and human demo-
graphic factors such as population growth, density, and migration. While
temperate and boreal forest cover has stabilized and even increased, the qual-
ity of these forests is still threatened by air pollution, fire, pest and disease
outbreaks, continued fragmentation, and inadequate management. Climate
change threatens forests in all biomes.

Many forests are used almost to their full potential to provide fiber and
fuel. By 2020, demand for wood and woodfuel is expected to grow consider-
ably. This growth in demand is likely to stimulate the establishment of more
industrial plantations, more-careful management of natural forests, and techno-
logical improvements in the efficiency of wood use. However, the establish-
ment of plantations often results in trade-offs with services other than fiber
production and with biodiversity.

Many developing countries have not effectively used forest resources in
support of development efforts. Widespread corruption in the forestry sector
has resulted in valuable forest resources frequently being seized and controlled
by political and economic elites. The poor have often seen access to forest
resources diminish and have not widely shared in the benefits of forest re-
source exploitation.

The paradigm of sustainable forest management has been widely em-
braced at national and international policy levels, but it has not yet been
implemented to the point where it is appreciably mitigating the negative
trends affecting the world’s forests. SFM provides an increasingly sophisti-
cated set of policies and tools for setting forest management on a more sus-
tainable trajectory. Implementing SFM, however, requires overcoming many of
the same economic, political, and institutional hurdles that drive deforestation
and forest degradation. In addition, forest management would benefit from
anticipating and incorporating resilience to the present and likely future impacts
of climate change on forest ecosystems. Past policies aspired to control
change in forest ecosystems assumed to be stable. The new imperative is to
develop policies to manage the capacity of forest to cope with, adapt to, and
shape changes. Responding to this imperative requires new information and
new knowledge, including advanced science and technology, more effective
national and global systems for forest inventory and monitoring, involvement
of people in decision-making about forest management and use, and strength-
ened dialogue and cooperation with decision-makers in other sectors.

21.1 Introduction
Forest ecosystems, which for the purposes of this chapter include
woodlands with an interrupted tree canopy, serve important eco-
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logical functions and provide wood and numerous other products
that contribute significantly to human well-being at local, na-
tional, and global levels. The diverse ecosystem services provided
by forests include the conservation of soil and water resources,
positive influences on local climate, the mitigation of global cli-
mate change, the conservation of biological diversity, improve-
ment of urban and peri-urban living conditions, the protection of
natural and cultural heritage, subsistence resources for many rural
and indigenous communities, the generation of employment, and
recreational opportunities. Research indicates that forests supply
about 5,000 different commercial products (Chiras 1998), and the
forestry sector contributes about 2% of global GDP (FAO 1997).
The centrality of forests for humanity has been acknowledged
internationally in recent environmental agreements and processes
including the United Nations Framework Convention on Cli-
mate Change, the Convention on Biological Diversity, the
United Nations Convention to Combat Desertification, and the
United Nations Forum on Forests.

While it is clear that the value of forest ecosystem services is
very high, there are many gaps in scientific understanding and few
practical solutions to reconciling the conflicts that arise from the
competing values that different user groups ascribe to different
forest services. Interests of landowners, local communities, gov-
ernments, and the private sector vary and frequently conflict in
both spatial and temporal terms. The time horizon for using indi-
vidual forest services is substantially different, for example, for
forest-dependent indigenous communities and large logging
companies.

About 8,000 years ago, forest covered an estimated 6.2 billion
hectares of the planet—about 47% of Earth’s land surface (Billing-
ton et al. 1996). Peoples of the preagricultural era likely had sig-
nificant impacts on these forest ecosystems. Some aboriginal tribes
are thought to have caused numerous extinctions (such as of
North American and Australian megafauna) (Flannery 1994,
2001), and forest has been actively cleared and manipulated in
composition through fire and other means for thousands of years
(Williams 2003).

From today’s perspective, however, preagricultural impacts on
overall forest cover appear to have been slight. Since that time,
the planet has lost about 40% of its original forest (high certainty),
and the remaining forests have suffered varying degrees of frag-
mentation and degradation (Bryant et al. 1997; Matthews et al.
2000; Ball 2001; Wade et al. 2003). Most of this loss has occurred
during the industrial age, particularly during the last two centu-
ries, and in some cases much more recently. Some analyses have
yielded substantially smaller estimates. Richards (1990), for exam-
ple, estimates global loss of forests to have been only about 20%.

Much of the progress of human civilization has been made
possible by the conversion of some forest areas to other uses, par-
ticularly for agricultural expansion. However, this process has re-
sulted in many trade-offs with forest ecosystem services, many of
which have not been recognized.

Extensive biodiversity loss—including losses of genetic, spe-
cies, and habitat diversity—has been one result of the shrinking
of the world’s forests (Myers 1996; McNeely et al. 1995; Reid
and Miller 1989). There is also evidence that forest genetic re-
sources as a whole have declined in quality, especially in areas
where high-quality timber has been selectively extracted (Rod-
gers 1997; Kemp and Palmberg-Lerche 1994). Forest loss has also
had a negative impact on the provision of ecosystem services, such
as regulation of hydrological cycles. The negative impacts of de-
forestation appear most directly at the local level, where commu-
nities lose access to timber, fuelwood, and bushmeat or suffer
increased flooding and landslides. Impacts have also been felt on a

PAGE 588

much larger scale as well. The widespread salinization of land and
rivers in Australia, for example, is the result of extensive wood-
land clearing and the subsequent introduction of European agri-
culture (McFarlane et al. 1992; MDBC 1999).

Public awareness of the importance of forests and public con-
cern over forest loss has grown substantially over the past several
decades. Numerous international bodies such as the World Com-
mission on Environment and Development (WCED 1987) and
the World Commission on Forests and Sustainable Development
(WCFSD 1999) have voiced concern about the deepening forest
crisis, and the theory and practice of making the transition to
‘‘sustainable forest management’’ is a topic of intensive national
and international debate. (See Box 21.1.)

The forest issue was a contentious topic at the 1992 U.N.
Conference on Environment and Development, which sought—
and ultimately failed—to reach agreement on an international
convention on forests. Instead, UNCED adopted a nonbinding
set of ‘‘Forest Principles,’’ which gave life to a series of U.N.
forest initiatives: the Intergovernmental Panel on Forests (1995–
97), the Intergovernmental Forum on Forests (1997–2000), the
United Nations Forum on Forests (2000–05), and the Collabora-
tive Partnership on Forests (2000). These bodies have provided
an important international ‘‘soft law’’ forum to debate global for-
est policy and have catalyzed a considerable amount of technical
work on forest management and policy. It is nevertheless unclear
to what extent this international forest policy architecture influ-
ences the government and private-sector decisions that actually
affect forests on the ground (Chaytor 2001; Bass 2003). Current
international and national processes addressing forest management
are discussed in detail in MA Policy Responses, Chapter 8.

Reliable and comprehensive data and information are essential
for determining forest conditions and trends and for development
of national and international forest policies. As a whole, informa-
tion on the world’s forests has improved over the past few dec-
ades. This is partly a result of the emergence of new technologies
such as remote sensing, but it is also due to improving data collec-
tion in some countries and to the efforts of scientific researchers
and international institutions.

FAO holds the mandate within the U.N. system to compile,
analyze, and supply global forest information, and the organiza-
tion has steadily improved its capacities in this regard, resulting
most recently in the Global Forest Resources Assessment 2000, dis-
cussed at length in this chapter. The UNEP World Conservation
Monitoring Centre is another institution that has developed ex-
tensive information sources on the conservation aspects of forests.
National reporting requirements under environmental conven-
tions such as UNFCCC, CBD, and UNCCD are also a relatively
new source of forest information. Many important contributions
have been made by the scientific community as well (see, e.g.,
Wade et al. 2003). Finally, a number of international nongovern-
mental organizations such as IUCN–World Conservation Union,
the World Wide Fund for Nature, and the World Resources Insti-
tute have developed their capacities to compile, analyze, and dis-
seminate high-quality forest information.

Despite this progress, available information on the world’s for-
ests still contains many gaps and shortcomings. National data for
some countries are not reliable, and the overall state of knowledge
about the condition and trends of forests in many regions is in-
complete. In addition, improvements in forest information have
not been accompanied by effective sustainable forest manage-
ment. Instead, increasing information capacities have provided an
ever-more detailed picture of forest decline and its impacts on
human well-being.
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BOX 21.1

Defining and Measuring ‘‘Sustainable Forest Management’’

It is well established that ‘‘sustainability’’ means satisfying present needs measure progress toward SFM in particular regions and forest biomes
without compromising future options, but it is not obvious what this means (Anonymous 1994, 1995; ITTO 1998; CCFM 2003). CIFOR, meanwhile,
in practical terms for forest management. The concept of ‘‘sustained yield’’ has developed a ‘‘C&I Toolbox’’ for the forest management unit level,
forest management for timber—based on the concept of equilibrium be- which includes a generic C&I template (CIFOR C&I Team 1999). The
tween growth and timber harvest that can be sustained in perpetuity template elaborates C&I within the framework of six SFM objectives:
(Thang 2003)—has evolved in line with the broader view of sustainable
development articulated by the World Commission on Environment and • policy, planning, and institutional framework are conductive to sus-
Development (WCED 1987) and endorsed by the 1992 UNCED Forest tainable forest management;
Principles, subsequent international processes, as well as many national • ecosystem integrity is maintained;
forest policies. The MA thus differentiates ‘‘sustained yield manage- • forest management maintains or enhances fair intergenerational ac-
ment’’—the management and yield of an individual resource or ecosystem cess to resources and economic benefits;
service—and ‘‘sustainable management,’’ which refers to the goal of ‘‘en- • concerned stakeholders have acknowledged rights and means to
suring that a wide range of services from a particular ecosystem is sus- manage forests cooperatively and equitably;
tained’’ (MA 2003). • the health of the forest actors, cultures, and the forest is acceptable

Although sustainable forest management is now widely accepted as to all stakeholders; and
the overriding objective for forest policy and practice, it is not easy to • yield and quality of forest goods and services are sustainable.
define. The problem is that ‘‘what is defined as sustainable forestry will
vary greatly over space and time as society’s needs and perceptions The experience of CIFOR and the many regional processes attempting to
evolve.’’ The Center for International Forestry Research therefore adopted develop and implement operational SFM C&I make two things clear. First,
a broad definition in which sustainable forest management means ‘‘main- there is no one, neat definition of SFM that can be applied everywhere,
taining or enhancing the contribution of forests to human well-being, both although there are a number of core common elements. Second, ‘‘SFM is
of present and future generations, without compromising their ecosystem to a great extent a social issue. . . . In other words, forest policy must be
integrity, i.e., their resilience, function and biological diversity’’ (Sayer et part of comprehensive economic policy as expressed through agricultural
al. 1997). Further specification can only be accomplished through the policy, land use and population policy, tax codes, forest and recycling
elaboration of SFM criteria and both quantitative and qualitative indicators policy and other approaches to managing demand and supply’’ (Funston
to measure progress in meeting those criteria. Accordingly, the Intergov- 1995; see also Folke et al. 2002). Kaimowitz (2003) notes that past efforts
ernmental Panel/Forum on Forests process identified the development of to promote sustainable forest management did not focus enough on mac-
SFM criteria and indicators as a high priority for international and national roeconomic, agricultural, infrastructure, finance, and energy policies that
action, and nine regional processes involving 149 countries have been slowed progress in implementation of the SFM paradigm. In this respect,
launched since 1992 to develop and implement SFM C&I (ECOSOC Canadian initiatives on SFM (such as partnership in forests, models for-
2004). ests, and so on) are a promising tool for implementing sustainable forest

Each of these processes is developing its own distinctive set of C&I to management (e.g., Collate 2003; Weaver 2003).

Despite negative trends in some regions, the world’s forests
still demonstrate considerable vitality and resilience and retain the
potential to meet growing human needs—if, that is, they are
managed more sustainably. The recent history of boreal forests,
for example, has demonstrated their strong regeneration capacity
despite high levels of natural and anthropogenic disturbance. The
total area of closed forests in Russia has registered a net increase
of about 80 million hectares over the past 40 years, even though
about 55 million hectares were clear-cut during this period (Shvi-
denko and Nilsson 2002). Studies also show that tropical forests
can regenerate when agriculture in an area is abandoned (such as
around the ancient city of Angkor in Cambodia, on Mexico’s
Yucatan peninsula, and in old sugarcane fields in Venezuela)
(Richards 1996; Hamilton 1976).

A number of countries and regions have undergone periods
of extensive forest loss but then developed solid legislative, eco-
nomic, and social backgrounds for the transition to sustainable
forest management. For example, Europe lost 50–70% of its origi-
nal forest cover, mostly during the early Middle Ages, and North
America lost about 30%, mostly in the nineteenth century (WRI
et al. 1996; Chiraz 1998; UNECE 1996). Forest policies and eco-
nomic development in the twentieth century in these regions,
however, have encouraged forest restoration and plantation de-
velopment, restoring a significant part of the forest cover in both
Europe and North America. Yet many forests in these regions
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continue to decline in quality, are becoming increasingly frag-
mented, and suffer the impacts of industrial pollution.

In many parts of the developing world, deforestation contin-
ues to accelerate in tandem with poverty and high levels of popu-
lation growth. For these regions, the transition to sustainable
forest management is a much greater challenge. And the stakes for
the global community are much higher: if tropical developing
countries must wait until they reach the levels of economic devel-
opment—and deforestation—of Europe before making this tran-
sition, a large percentage of known terrestrial species may become
extinct in the meantime due to the disproportionate number of
species found within their forests (Rodrigues et al. 2003).

This chapter assesses the condition of the world’s forest eco-
systems and trends in the services they provide for human well-
being. It begins with a presentation of some key definitions and a
brief discussion of some of the data and methodological issues
the authors confronted in compiling and assessing the information
presented. The chapter then reviews forest and woodland extent,
condition, and changes. Subsequent sections assess the services
provided by forest ecosystems and the direct and indirect drivers
of changes in forest and woodland cover and condition. Finally,
the chapter reviews the implications of these changes for human
well-being. This chapter should be read in conjunction with
Chapter 9 of this volume, on timber, fuel, and fiber, and Chapter
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8 of the Policy Responses volume, on wood, fuelwood, and non-
wood forest products.

21.2 Definitions, Methods, and Data Sources
The choices of definitions, methods, and data sources made for
this chapter have a profound influence on the presentation of sta-
tistics and findings on global forest conditions and trends. This
section therefore discusses the choices made, the rationale behind
them, and the strengths and limitations of the definitions, meth-
ods, and sources used. These should be borne in mind when re-
viewing the data presented in subsequent sections.

21.2.1 Definitions of Forest and Woodland

There is no single, agreed definition of ‘‘forest,’’ due to varying
climatic, social, economic, and historical conditions. The situa-
tion is complicated by the fact that for many governments, ‘‘for-
est’’ denotes a legal classification of areas that may or may not
actually have tree cover.

A variety of definitions of forest are in use. For example, the
Global Biodiversity Outlook (Secretariat of the Convention on Bio-
logical Diversity 2001) defines forests as ‘‘ecosystems in which
trees are the predominant life forms’’ and notes that a more pre-
cise definition than this remains surprisingly elusive because trees
occur in many different ecosystems, at different densities, and in
different forms. Most definitions refer to canopy or crown cover,
which is essentially the percentage of ground area shaded by the
crowns of the trees when they are in full leaf. The U.N. Frame-
work Convention on Climate Change process has adopted a na-
tionally defined threshold of between 10% and 40% canopy
closure. A number of remote sensing products of the last decade
(MODIS, GLC-2000) have introduced other approaches (see
edcddac.usgs.gov/glcc/glcc.html, glcf.umiacs.umd.edu/data/lanf
cover / data.shtml, www.gvm.sai.jrc.it / glc2000 / defaultGLC2000
.htm, duckwater.bu.edu/lc/dataset). Estimates of forest or wood-
land area thus vary widely depending on the definitions used. The
precise definitions employed should therefore be borne in mind
when comparing forest cover data provided by different institu-
tions.

This chapter mainly follows the definition of forest used by
FAO’s Global Forest Resources Assessment 2000 (FAO 2000, 2001c).
The FAO definition covers ecosystems that are dominated by
trees (defined as perennial woody plants taller than 5 meters at
maturity), where the tree crown cover (or equivalent stocking
level) exceeds 10% and the area is larger than 0.5 hectares (FAO
2000, 2001b, 2001c). The term includes forests used for produc-
tion, protection, multiple use, or conservation, as well as forest
stands on agricultural land (such as windbreaks and shelterbelts of
trees with a width of more than 20 meters) and plantations of
different types. It also includes both naturally regenerating and
planted forests. The term excludes stands of trees established pri-
marily for agricultural production, such as fruit tree plantations,
and trees planted in agroforestry systems (but rubber and cork oak
stands are included). Billions of trees outside the forest in cities,
along roads and rivers, on farms, and so on are not included in
the two categories just described.

The threshold of 10% is crucial in this definition. In many
countries, ‘‘forest’’ is typically defined as areas with substantially
higher levels of canopy closure, for example 30–40%, depending
on age, in Russia (FFSR 1995) and 60% in South Africa (Scholes
2004). In the classification of forests introduced by UNEP-
WCMC, all forest classes have a minimum threshold of 30% ex-
cept for the class including sparse trees and woodlands, for which
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canopy closure is from 10% to 30% (UNEP-WCMC 2004). An-
other controversial feature of the FAO definition is its inclusion
of ‘‘temporarily unstocked areas’’ (clear-cuts, burnt areas, and so
on) as forest. This means that a country may have logged or
burned most of its forest, but—unless it converts the area to an-
other officially noted productive land use—it will appear to have
retained the same forest area as before (WRM 2002; Wunder
2003). These definitional issues generate some problems with
analysis of FRA-2000 data and the conclusions that flow from
that analysis.

Nonetheless, the FAO definition has been adopted because it
is the first consistent definition of forests to be applied globally. A
global assessment such as this one obviously requires a consistent
global definition of ‘‘forest’’ and a global dataset that adheres to
that definition. The strengths and limitations of FRA-2000 are
summarized in Box 21.2.

FRA-2000 defines ‘‘closed forests’’ as those with a canopy
cover of more than 40% (and it is this class of forest that is incor-
porated into the system maps and analysis throughout this vol-
ume). ‘‘Open forests’’ have a canopy cover of between 10% and
40%. ‘‘Fragmented forests’’ (which are not quantitatively defined
by FRA-2000) refer to mosaics of forest patches and non-forestland.
Closed forests, open forests, and fragmented formerly closed for-
ests, as a rule, are ecologically substantially different from one an-
other.

In this chapter, ‘‘woodland’’ refers to the type of land cover
characterized by trees and shrubs: ‘‘other wooded land.’’ Other
wooded land, or OWL, is defined by FRA-2000 as land with a
tree crown cover (or equivalent stocking level) of 5–10% of trees
able to reach a height of 5 meters at maturity, a crown cover of
more than 10% of trees not able to reach a height of 5 meters at
maturity (such as dwarf or stunted trees), or shrub and bush cover
of more than 10%. OWL excludes areas with the tree, shrub, or
bush cover just specified but of less than 0.5 hectares and width
of 20 meters, as well as land predominantly used for agricultural
practices (FAO 2000, 2001c). Trees growing in areas that do not
meet the forest and OWL definitions are excluded (FAO 2001c).
Such trees are included in assessments of ‘‘trees outside forests.’’

Plantations are defined by FRA-2000 as ‘‘forests established
by planting or/and seeding in the process of afforestation or refor-
estation, and consisting of introduced species or, in some cases,
indigenous species.’’ There is a substantial difference between
plantations in the tropics and those in temperate and boreal coun-
tries. Broadly, there are two different types of plantations: short-
rotation, fast-growing species plantations (such as Eucalyptus and
Pinus) and plantations of long-rotation, slow-growing species of
valuable hardwoods. In the tropics, important hardwood planta-
tion species include teak (Tectona grandis) and rosewood (Dalbergia
spp.). Common hardwood plantation species in the temperate
zone include oak (Quercus spp.), ash (Fraxinus spp.), poplar (Popu-
lus spp.), and walnut (Juglans spp.). This is not, however, a hard-
and-fast distinction, since some medium-rotation softwood saw-
log plantations (in South Africa, for instance, and New Zealand)
also produce valuable timber.

21.2.2 Variations in National-level Forest
Information

Thirty years ago, it was noted that ‘‘more is known about the
surface of the moon than about how much of the world’s surface
is covered by forests and woodlands’’ (Persson 1974). Since then,
the quantity and quality of available information has improved in
some countries but has declined in others and overall remains
inadequate. Information about the status of forest inventories in
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BOX 21.2

Strengths and Limitations of the Global Forest Resources Assessment 2000 (FAO 2001c; Matthews 2001; R. Persson, personal
communication, 2004)

FRA-2000 is the most comprehensive, globally consistent assessment of by many, and a number of other FRA methodological decisions remain
global resources available and is the basis for the assessment presented questionable. The definition of plantations as ‘‘forest,’’ for example, affects
in this chapter. The definitional and methodological choices made by FRA- estimates of net forest loss in the tropics and obscures the actual rates of
2000, however, substantially affect the conclusions of the assessment and natural forest loss.
are therefore important to understand and take into account. While most industrial countries have relatively good forest cover data,

FRA-2000 presents new estimates of global forest cover in both 2000 there are serious problems with the way forest cover data are reported in
and 1990. The 1990 FAO Global Forest Resources Assessment (FRA- Canada and Russia. Because these two countries account for more than
1990) used different crown-cover thresholds for industrial (20%) and de- 65% of all forests in industrial countries, these national methodological
veloping (10%) countries that hindered consistent global analyses and inconsistencies skew results for the entire temperate and boreal region.
comparisons. FRA-2000 uses a consistent threshold of 10% for all coun- FRA-1990 used mathematical models to compensate for poor data
tries and has adjusted the FRA-1990 estimate of forest cover using the availability in developing countries. The FRA-2000 analysis, however, is
10% global threshold as well. As a result, the FRA-2000 estimate of 1990 based on national forest inventory data supplemented by remote sensing
forest cover—the baseline from which changes in forest cover are calcu- information and expert opinion. While many national data used by FRA-
lated—has been revised upward, to 3.95 billion hectares from 3.44 billion 2000 were obsolete or incomplete, the remote sensing survey used to
hectares, a 15% increase over the original estimate made in 1990, with supplement national data relied on images covering only 10% of total
the biggest revisions occurring in industrial countries. tropical forest area, focusing on the same randomly selected 117 sites

In many regions of the world, the use of 10% crown cover as a mini- surveyed in 1990. Deforestation, however, is not randomly distributed—it
mum threshold conflicts with scientific definitions of ‘‘forest’’ as a vegeta- is highly concentrated along roads and rivers (Stokestad 2001)—and it is
tion type as well as with traditional use and understanding of the term. therefore arguable that a 10% sampling rate is insufficient to identify accu-
While the need for a consistent global definition of ‘‘forest’’ is clear, the rately how much forest survives intact and how much is being lost.
rationale for setting the threshold at such a low percentage is contested

different countries can be found in the forest resources assessment
publications of FAO (FAO 1982, 1993, 1995b, 1999a, 2000,
2001a, 2001b, 2001c). (The text of this section is largely based on
Janz and Persson 2002.)

Most industrial countries have some kind of forest inventory.
In 1990, 18 of 34 of these countries (containing 76% of the forest
area in industrial countries) derived their forest area information
from sampling-based national forest inventories, some of which
were quite old. In the other 16 countries, information had been
compiled by aggregating local inventories, which were usually
carried out for forest management purposes (FAO 1995a). Such
information contains unknown errors and is usually biased, as the
aggregation method is known to produce significant underesti-
mates of volumes and increment. A good example can be taken
from Germany, where at the end of the 1980s a sampling-based
national forest inventory was introduced that reported a stock-
per-hectare increase from 155 cubic meters per hectare in 1985
to 298 cubic meters in 1990 (ECE/FAO 1985, 1992). Overall, it
has been noted that the situation in several industrial countries
(particularly in the former Soviet Union) is less than satisfactory
for national and international forest policy development and im-
plementation (FAO 2001d).

For developing countries, the quality of forest resources infor-
mation also varies greatly. FRA-1990 reported that all but seven
developing countries had at least one estimate of forest cover dat-
ing from between 1970 and 1990, usually based on remote sens-
ing. Only 25 out of 143 countries had made more than one
assessment. On average, the figures supplied to FAO were about
10 years old (FAO 1995a). FRA-2000 (FAO 2001d) reports that
only 22 countries (of 137) have repeated inventories, 28 countries
have no inventory, and 33 have a partial forest inventory; 34 have
an inventory from before 1990 and 43 have one from after 1990.
More than half the inventories used by FAO were either more
than 10 years old or incomplete. Very few developing countries
have up-to-date information on forest resources, and fewer have
a national capacity for generating such information.
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Knowledge of area and condition of forests in many countries
does not seem to be improving, and in many cases it is actually
declining. Additional issues of concern relate to the quality rather
than the quantity of forestry-related information:
• There is often a strong interest in new technologies and the

production of ‘‘showpiece’’ maps. Modern forest inventories
are sometimes only forest mapping exercises, which do not
contain all the information needed for sustainable forest man-
agement.

• There is a great deal of reliance on remote sensing technolo-
gies. However, remote sensing cannot provide information in
many areas for which there is a need for better information,
such as forest ownership and tenure, protection status, purpose
and success rate of plantations, biodiversity, and production
and consumption of forest-derived services.

• Few forest inventories are undertaken as part of regular moni-
toring schemes—most are one-time undertakings. As a result,
comparable inventory information for different time periods
is frequently unavailable.
The demand for forest information is increasing (for example,

in response to the Intergovernmental Panel/Forum on Forests
Proposals for Action and to report to international conventions),
but there is no corresponding allocation of resources. The funds
available for forest inventories are actually decreasing in many
countries due to budget cuts and structural adjustment policies.
For example, 20–30 years ago forest inventories in many coun-
tries were supported financially by international agencies, includ-
ing FAO. Today hardly a single inventory of this type is being
supported financially.

The trend in reliability of national data on forests for countries
of Africa, Asia, and Latin America and the Caribbean can be esti-
mated by classification of countries as having low (L), medium
(M), or high (H) quality data (Persson 1974; FAO 1993; FAO
2001c). National inventory methods have been used as the main
criterion for data quality classes. The ratio L:M:H (in percent to
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total amount of countries included in the survey) was 27:63:10 in
1970, 23:56:21 in 1990, and 11:25:64 in 2000. While there is an
improving trend, progress has been slow, despite the increasing
capabilities and utilization of remote sensing and other modern
techniques. And some countries, such as Gabon and Côte d’Ivoire,
have been covered by extensive inventories in the past but are
now placed in the ‘‘low’’ category. Indeed, across Africa the num-
ber of countries in the ‘‘low’’ category increased between 1970
and 1990. The trend is more positive in Asia, but some of this
improvement may due to the use of rapid assessment remote-
sensing inventories.

21.2.3 Data Collection Methodology for FRA-2000

The FAO FRA process aims to collect statistical information on
forests directly from countries. Information on temperate and bo-
real zones in industrial countries is collected through question-
naires. The national figures are then adjusted to fit FRA forest
definitions. The data in FRA for developing countries, however,
result from a dialogue between FRA and the countries, which
included a number of steps: countries are requested to supply in-
formation; independent information (such as remote sensing) is
used to corroborate the information received; estimates and out-
puts (partly by countries) are produced; and validation by and
dialogues with countries are held. For FRA-2000, over 1,500
national and international reports were analyzed, and the informa-
tion obtained was reclassified to fit FRA definitions in consulta-
tion with the providing countries.

It is evident, however, that official national statistics have
many shortcomings following from weaknesses in national inven-
tory methods and the varying political, administrative, and eco-
nomic conditions of individual countries. In its analysis of the
reliability of FRA-2000 data, FAO has pointed out that global
results cannot be more accurate than national data and that all
gaps and uncertainties of countries’ statistics inevitably affect the
FRA-2000 conclusions (FAO 2001c:350–51). Improvement in
the information provided by international assessments such as
FRA requires improvement in the information supplied at the
national level. By using national statistics, however, FRA-2000
allows for ongoing improvement in the assessment process,
whereby new information can be incorporated as it becomes
available.

21.2.4 Global Forest Mapping Methodologies

In an effort to provide spatial definition of forests, the MA used
two global maps produced by FRA-2000: the FRA-2000 global
forest cover map (see Figure 21.1 in Appendix A) and the FRA-
2000 global ecological zone map (see Figure 21.2 in Appendix
A). In this assessment, these two datasets have been combined
with a global continent map (ESRI 1998), in order to demon-
strate forest class area geographically by continent and ecoregion.
For the global summary statistics of the MA, the forest system was
calculated from �40% forest cover classes of the Global Land
Cover 2000 dataset.

The GLC2000 land cover database has been chosen as a core
dataset for the MA—in particular, as a main input dataset to define
the boundaries between systems such as forest, grassland, and cul-
tivated systems. GLC2000 used the VEGA2000 dataset, providing
a daily global image from the vegetation sensor onboard the
SPOT4 satellite from November 1999 to December 2000. The
GLC2000 dataset identified globally a total of 10 tree cover types:
broadleaf evergreen; broadleaf deciduous (closed); broadleaf de-
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ciduous (open); needle-leaved evergreen; needle-leaved decidu-
ous; mixed leaf type; regularly flooded fresh; regularly flooded
saline; mosaic: tree cover/other natural vegetation; and burnt.
Forests were identified as having a minimum of 15% tree cover
and 3 meters height. Closed forests were defined as having more
than 40% tree cover. When aggregated, forest areas in the
GLC2000 compare spatially well with the forest areas defined in
the FRA2000. (For further details of GLC2000, see Chapter 2.)

The forest map in Figure 21.1, developed using coarse resolu-
tion satellite imagery, relied mainly on the Global Land Cover
Characteristics Database. Source data for the forest map were
drawn from the 1995–96 dataset and consisted of five calibrated
advanced very high resolution radiometer bands and a normalized
difference vegetation index (FAO 2001c). Results of an accuracy
assessment showed that overall map accuracy is approximately
80%. Closed forests are more accurately mapped than the average
accuracy, with open and fragmented forests less accurately
mapped and other wooded lands least accurately mapped (FAO
2001c).

The ecological zone map in Figure 21.2 was developed using
national and regional maps of potential vegetation and climate
data. A globally consistent classification was adopted, based on the
Köppen-Trewartha climate system in combination with natural
vegetation characteristics. A total of 19 global ecological zones
have been defined and mapped, ranging from the evergreen trop-
ical rain forest zone to the boreal tundra woodland zone (FAO
2001c).

Although this chapter uses some estimates of forest area de-
rived from these two maps, it should be noted that FRA-2000
only uses these maps to indicate the spatial distribution of forests
and does not use data derived from the maps in its statistics on
forest extent and cover.

Remote sensing methods are becoming an important tool for
improving data and knowledge on the world’s forests in the fu-
ture. New and planned satellite sensors appear to be very promis-
ing in this regard, and several global initiatives (GTOS, GOFC-
GOLD) are focusing on their further development. Experiences
over the last decade, however, illustrate a number of problems
with the estimation of forest cover and extent from space. (See
Box 21.3.)

21.3 Condition and Trends in Forest and
Woodland Systems

21.3.1 Forest Area

FRA-2000 estimates the total area of global forests at 3,869 mil-
lion hectares (0.6 hectares per capita), or about 30% of the world’s
land area (see Table 21.1), with closed forests accounting for 3,335
million hectares. (Table 21.1, unlike FRA-2000, divides Russian
forests into their European and Asian parts based on national sta-
tistics in order to give a more accurate assessment of the relative
areas of forest on the European and Asian continents.) This can
only be taken as an approximate estimate, however, due to the
methodological problems that the FAO faced with respect to data
weaknesses and inconsistencies among countries, as described in
the preceding section. As noted there, national data for many de-
veloping countries are scarce and unreliable, and inconsistencies
also exist for some industrial countries. Data for Canada, for ex-
ample, are aggregated from provincial sources and report only
‘‘productive forestland,’’ while ‘‘unproductive forests’’ are re-
ported by FRA-2000 as other wooded land, even though many
of them meet the FAO definition of forest. This anomaly resulted
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BOX 21.3

Forest in Recent Global Land Cover Assessments Using Remote Sensing Methodologies

During the past decade, a number of attempts have been made to esti- accompanying Table. Area estimates by all four remote sensing methodol-
mate forest area in the framework of global land cover assessments using ogies are less than those by FRA-2000, averaging �26.4% and varying
various remote sensing methodologies. The major features of four satellite- from �13.5% (GLC 2000) to �43.6% (UMD, although in this case the
based 1-kilometer land cover products in wide use by the international large difference is additionally affected by incompatible classifications).
scientific community (McCallum et al. 2004) are compared and analyzed The four remote sensing estimates, when compared for each aggregated
here. IGBP class, vary from 12% to 74%. The reasons for the significant under-

The International Geosphere-Biosphere Program product (version 2.0) estimates of forest area by these remote sensing methodologies com-
is derived from advanced very high resolution radiometer data from April pared with FRA-2000 are not completely clear. The remote sensing
1992 to March 1993. This methodology employed a multi-temporal unsu- underestimates can probably be explained by the coarse resolution of the
pervised classification of a normalized difference vegetation index with remote sensing technology used, fragmentation of forests in many re-
post-classification refinement using multi-source data. In total, 17 land gions, lack of satisfactory ground truth data for proper validation and veri-
cover classes were considered (USGS 2003). fication of the remote sensing data, and the use of different classifications.

The University of Maryland product used the IGBP AVHRR dataset, By contrast, in this chapter’s attempt to use the FAO global forest map
utilizing all five AVHRR channels as well as the NDVI, to derive 41 multi- the total area of the world’s forests was estimated to be 4,356 million
temporal metrics from monthly composites to represent the phenology hectares—that is, about 12% more than the total provided by the FRA-
of global vegetation. UMD used a supervised classification tree method, 2000 data.
resulting in a total of 14 land classes (Hansen and Reed 2000).

Global Land Cover 2000 is based on daily mosaics of four spectral
channels and NDVI from VEGETATION-SPOT 4 imagery acquired from
November 1, 1999, to December 31, 2000; data from other sensors have
been used to solve specific problems. A total of 22 classes were produced
(JRC 2003).

The MODIS-Terra product utilized monthly composites of eight input
parameters from October 2000 to October 2001. The classification, which
resulted in 20 land cover classes corresponding to IGBP classes, was
produced using a supervised approach with a decision tree algorithm
(MODIS 2002).

Land classifications differed between some of these remote sensing
methodologies. McCallum et al. (2004) carried out a comparison of these
four products, applying physiognomic aggregation of different land classes
(cf. Hansen and Reed 2000) using the IGBP classification (with 17

Comparison of Forest Classes Derived from Four Global Land Coverclasses) as a base. Differences in estimated areas of the same classes
Projects Using the IGBP Classification Terminology. The areas areare significant. (See Figure.)
presented as the percentage of an individual class to the total area of allAll these remote sensing methodologies contain forest classes. Com-
forest classes inside of each product. (McCallum et al. 2004)parisons of the satellite-derived data and FRA-2000 are presented in the

Forest Area: Comparison of Four Global Remote Sensing Land Cover Products and FRA2000 Using IGBP Classes 1–5 (McCallum et al. 2004)

IGBP Forest Classes

Area by RS Global Products Range of
Variation from

AverageGLC-2000 IGBP MODIS UMD Average
(million hectares) (percent)

1 – Evergreen needleleaf 943 480 598 521 636 33.2

2 – Evergreen broadleaf 1,281 1,342 1,502 1,108 1,308 12.4

3 – Deciduous needleleaf 377 193 201 56 207 63.6

4 – Deciduous broadleaf 627 221 172 174 298 73.9

5 – Mixed forests 320 981 696 323 580 55.2

Total 3,548 3,217 3,168 2,182 3,029 19.5

(percent)

Difference with FRA2000 –13.5 –21.6 –23.7 –46.8 –26.4

in underreporting of more than 170 million hectares (40%) of
Canadian forestland. With this and similar adjustments, the global
forest cover corresponding to the FAO definition would probably
increase by about 5%.

Forests are not distributed evenly across the globe, as Figures
21.1 and 21.2 indicate. Although average forest cover on all con-
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tinents except Antarctica exceeds 20%, vast territories are either
completely bereft of forests or have negligible forest cover. FRA-
2000 estimated that 56 countries have an average of only 3.9%
forest cover. On the other hand, the six biggest forest countries—
Russia, Brazil, Canada, the United States, China, and Australia—
contain about 56% of the world’s forests.
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Table 21.1. Forest Area by Region in 2000 (FAO 2001c, modified
for Europe and Asia; see explanation in text)

Region
Land
Area

Forest Area

Forest
Coverage

Natural
Forests Plantation Total

(million hectares) (percent)

Africa 2,978 642 8 650 22

Asia 4,362 1,105 120 1,225 28

Europe 983 334 28 362 37

North and Central
America

2,137 532 18 549 26

Oceania 849 194 3 198 23

South America 1,755 875 10 886 51

World total 13,064 3,682 187 3,869 30

Note: In this chapter, Russian forests are divided into European and
Asian parts based on national statistics.

The area of the world’s forests estimated using satellite-based
methods is 4,356 million hectares (see Table 21.2), which is close
to the recent estimate made by the UNEP World Conservation
Monitoring Centre—4,540 million hectares (UNEP-WCMC
2002). The total area of closed forests is estimated at 2,860 million

Table 21.2. Forest Area by Biome and Continent (FRA 2000 Forest Cover Map; FRA 2000 Global Ecological Zone Map; global continents
derived from ESRI world map)

Biome Africa Asia Europe
North and 

Central America Oceania
South

America Total
(million hectares)

Closed forests

Polar 0 2 1 3 0 0 6

Boreal 0 495 156 295 0 0 945

Temperate 0 97 114 237 13 7 471

Sub-tropical 2 91 11 85 19 6 212

Tropical 274 222 0 77 46 609 1,229

Subtotal 277 908 282 696 77 622 2,862

Open and fragmented forests

Polar 0 5 3 6 0 0 15

Boreal 0 158 46 109 0 0 313

Temperate 0 71 101 47 4 5 226

Sub-tropical 6 49 18 36 14 18 141

Tropical 344 133 0 26 30 264 798

Subtotal 350 415 168 225 48 287 1,494

Total forests

Polar 0 7 4 9 0 0 21

Boreal 0 653 202 404 0 0 1,258

Temperate 0 168 215 284 17 12 697

Sub-tropical 8 140 29 121 33 24 353

Tropical 618 355 0 103 76 873 2,027

Total 627 1,323 450 921 125 909 4,356
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hectares (about two thirds of the total), with major areas in Asia,
North America, and South America. The different values derived
from FRA2000 and satellite data are mostly due to the different
national thresholds of closed forests (in Russia, for instance, forests
are classified as closed if canopy closure is more than 25%).

The threshold used for national inventories substantially
changes estimates of forest area, as is clearly illustrated in Figure
21.3. Nonetheless, estimates of the extent of the world’s forests
are of the same order of magnitude. The satellite-based total area
of global forests is only 11% more than FRA-2000 data in Table
21.2. The total area of global forests plus OWL is estimated to be
5,576 million hectares (about 42% of Earth’s land area), which is
very close to the corresponding FRA-2000 estimate of 5,532 mil-
lion hectares.

The estimate in Table 21.2 for the area of tropical closed for-
ests (1,229 million hectares) is in the range of previous estimates,
such as those of IUCN at 1,140 million hectares (Collins et al.
1991; Sayer et al. 1992; Harcourt and Sayer 1996), project
TREES at 1,165 million hectares (Mayaux et al. 1998), and
Achard et al. (2002) at 1,116 million hectares for 1997, without
Central America and Oceania. The FRA-1990 estimate was
1,298 million hectares (FAO 1996).

Of the total area of 1,494 million hectares of open and frag-
mented forests in Table 21.2, more than half (53%) is situated in
tropical ecoregions and about 22% is in the boreal zone. A sig-
nificant part of these forests in the tropics consist of sparse forests
in dryland areas and degraded forests. By contrast, the majority of
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Figure 21.3. Distribution of World’s Forests by Canopy Closure

boreal open forests are naturally sparse woodlands in the transition
belt of the taiga-tundra ecotone.

The estimate derived from satellite data of the global area of
other wooded land is 1,220 million hectares (see Table 21.3),
which is 15% lower than the FRA-2000 statistical estimate. OWL
plays a significant environmental and protective role in many re-
gions, particularly in the arid tropics and sub-tropics, where it is
also known as open savanna woodland. In the boreal ecoregion,
areas of OWL are relatively small (about 11% of the total) and
often represented by shrubs such as dwarf pine (P. pumila) and
dwarf birches in Northern Eurasia. Although OWL has a low
commercial value, these woodlands have a large and mostly unre-
corded value to local people, provide soil and water protection
services, and harbor biodiversity across vast landscapes.

Data derived from the FRA-2000 statistical tables and the
FRA-2000 global maps are not completely consistent, and mak-
ing specific area comparisons between these two sources is rather
difficult. This is largely due to the different compilation methods
used. In particular, differences between the two methods for
North America and Oceania are noticeable. In the case of North
America, the reported forest cover for Canada and the United
States both appear to refer to productive or commercial forest
cover only, as mentioned earlier. Therefore, the FRA-2000 forest
cover map identifies a greater forest cover than is reported in the
country statistics. In the case of Oceania, the forest map underesti-

Table 21.3. Area of Other Wooded Land by Biome and Continent (FRA 2000 Forest Cover Map; FRA 2000 Global Ecological Zone Map;
global contents derived from ESRI world map)

Biome Africa Asia Europe
North and

Central America Oceania
South

America Total
(million hectares)

Polar 0 5 3 6 0 0 15

Boreal 0 45 9 36 0 0 90

Temperate 0 34 22 3 3 4 67

Sub-tropical 22 78 6 7 25 27 164

Tropical 492 38 0 5 46 289 871

Total other wooded land 514 207 39 67 74 319 1,220

Total forest 627 1,323 450 921 125 909 4,356

Total 1,141 1,530 489 988 199 1,228 5,576
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mates the amount of forest cover compared with the statistics.
One likely reason for this is the lack of good satellite imagery
(due to persistent cloud cover) preventing the mapping of several
Pacific islands (FAO 2001c). In addition, differences in classifica-
tion between open and fragmented forest and other wooded land
may be a factor.

21.3.2 Distribution by Aggregated Forest Types
(Ecological Zones)

Different global classifications of the world’s forests by forest type
are generally largely incompatible. The classification by UNEP-
WCMC includes 26 aggregated forest types—15 in tropical for-
ests and 11 in non-tropical biomes (UNEP-WCMC 2004). Based
on criteria equivalent to Köppen-Trewartha climatic groups,
FRA-2000 considered five domains (biomes)—tropical, sub-
tropical, temperate, boreal, and polar, which are divided in 20
global ecological zones (FAO 2001c, Table 47–2). The latter clas-
sification is used in this section, and distribution estimates are
based on the remote sensing data sources rather than the FRA-
2000 statistical datasets.

Three quarters of the world forests is located in two biomes—
tropical (46%) and boreal (29%). Tropical rain forest is the most
extensive forest type in the world, constituting 26% of global for-
est area and nearly 60% of tropical forest area. Most rain forests
are in South America (582 million hectares), Africa (270 million
hectares), and Asia (197 million hectares). Tropical rain forests are
closed-canopy evergreen broadleaf forests that generally require
continual temperatures of at least 25 Celsius and annual rainfall of
at least 1,500 millimeters (Richards 1996). Tree diversity in tropi-
cal rain forests is very high, with often more than 100 tree species
per hectare.

Tropical moist deciduous forests cover some 510 million hect-
ares. They develop in areas with a dry season of three to five
months, and they vary from closed forests to open savanna forests,
depending on dry-season length, human pressures, and fire re-
gimes. Only about one third of these forests are closed primary
forest areas; the rest are open and fragmented forests, including
significant areas of secondary forest created by disturbances such
as agricultural clearing and fire. The soils are in general better
than in rain forests areas, and human population pressure is there-
fore higher. In Asia, these forests contain commercially important
species like teak (Tectona grandis) and sal (Shorea robusta). In tropical
dry forests the dry season is longer than in the moist deciduous
(open tropical) forests. Remaining areas of tropical dry forests are
relatively small, consisting mostly of open forest.
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The temperate and boreal forests occur from the sub-tropics
to the arid steppes and sub-Arctic, with the northernmost grow-
ing at 72�30� in central Siberia (Abaimov et al. 1997) at an annual
average temperature of �15� to �17� Celsius. They are mostly
distributed in 55 industrial countries (in Europe, the former So-
viet Union, North America, Australia, Japan, and New Zealand).
Detailed and reasonably reliable information concerning these
forests is available (FAO 2000). The total area of forest in these
countries was estimated to be 1,914 million hectares, supple-
mented by an additional 795 million hectares of other wooded
lands. Thus the total area of forest and other wooded land is esti-
mated to be 2,478 million hectares, which accounts for 47% of
global tree cover. More that one third (38%) of the total in these
zones is located in the former Soviet Union, 29% in North
America, 9% in Europe, and 25% in Australia, Japan, and New
Zealand. On average, these countries have 1.3 hectares of forest
per capita—about double the global average, although there is
great variation between countries (from nearly none in Malta and
Azerbaijan to 6 hectares per capita in Russia and 31 hectares per
capita in Australia). These statistics do not include China, which
has significant areas of temperate and boreal forests—30% and
8% respectively of the country’s total forest area of 163.5 million
hectares.

Countries of these biomes accounted for in the Temperate and
Boreal Forest Resources Assessment contain 47% of predominantly
coniferous forest (mostly genera Pinus, Picea, Larix, Abies), 26% of
predominantly broadleaf forest (many genera, including Populus,
Betula, Quercus, Fraxinus, Tilia), and 27% of mixed coniferous and
broadleaf forests. Other forests types (bamboos, palms, and so on)
cover small areas in Japan. Coniferous forests serve as a major
source of global industrial wood, and the broadleaf forests include
a number of high-value commercial species. (See Chapter 9.)

21.3.3 Wood Volume and Biomass

Wood volume, woody biomass, and total live biomass are impor-
tant indicators of the potential of forests to provide various prod-
ucts and services, including carbon sequestration. Based on
available information from 166 countries (about 99% of the
world’s forest area), FRA-2000 estimated the total global standing
volume (aboveground volume of all standing trees, living or dead,
with diameter at breast height over 10 centimeters) to be 386
billion cubic meters and the global aboveground woody biomass
to be 432 billion tons (dry matter), which gives average values of
100 cubic meters and 109 tons per hectare, respectively. IPCC
(2000) estimated the total carbon stock of vegetation in forest to
be 359 billion tons of carbon. These data vary greatly over conti-
nents and countries. Average standing volume, for example, varies
from about 60 cubic meters per hectare in Oceania and Asia to
125 cubic meters in North and South America, while the ratio of
aboveground biomass (tons) to standing volume (cubic meters)
varies from about 0.5 in Europe to 1.6 in South America (FAO
2001c).

21.3.4 Extent of Natural Forests

There are numerous ways of characterizing the degree of ‘‘natu-
ralness’’ of forests—old growth, ancient, intact, frontier, natural,
secondary, modified, and so on—and although there are no con-
sistent, agreed definitions and information with which to classify
forests in this manner is poor, FAO has defined natural forests as
forests composed of indigenous trees regenerated naturally (FAO
2000c, 2002b).

Although FRA-2000 considered all forests except plantations
to be ‘‘natural’’ (FAO 2001c), FRA-2005, which is currently

PAGE 596

under preparation, considers four classes of decreasing ‘‘natural-
ness’’—primary forest, modified natural forest, semi-natural for-
est, and forest plantations (FAO 2004). Forest inventories as a rule
do not characterize forests by their degree of naturalness, how-
ever, and so only limited assessments are available.

One attempt to inventory the extent of natural forests by the
World Resources Institute identified the global extent of ‘‘frontier
forests’’—remaining large, intact natural forest ecosystems big
enough to maintain all of their biodiversity (Bryant et al. 1997).
These represent only 40% of the planet’s remaining forests, and
39% of these are threatened by logging, agricultural clearing, and
other human activities. Seventy-six countries were found to have
lost all of their frontier forests, while 70% of what remains lies
within three countries (Brazil, Canada, and Russia), and only 3%
lies within the temperate zone.

This chapter uses a simplified three-class approach to forest
naturalness, limiting the classification to ‘‘natural’’ (self-regenerating,
generally multi-species, mixed age stands of native species, with a
natural disturbance regime); ‘‘semi-natural’’ (some degree of
human intervention in regeneration, species selection, and distur-
bance); and ‘‘anthropogenic’’ (established or significantly trans-
formed by humans). Using regional expertise and some published
sources (e.g., Vorob’ev et al. 1984; Bryant et al. 1997; Atlas 2002)
it can be tentatively estimated that about 70% of the world’s for-
ests can be considered to be natural, 20% semi-natural, and 10%
anthropogenic (half of which are plantations).

21.3.5 Trees Outside of Forests

Trees outside of forests, or TOF, occur in many formations, such
as shelterbelts, shade and other elements of agroforestry, roadside
plantings, village and urban plantings, orchards, and individual
trees on farms and other private land. Although there are no con-
sistent global data on the coverage or extent of TOF, FRA-2000
provides a global review of this, acknowledging the diversity of
the multiple functions and benefits (FAO 2001c). For example,
about 70% of the land area of Java (Indonesia) has trees but only
23% of this is classified as forest (Persson 2003).

TOF provide important services, including contributing to
food security, particularly for rural populations (Auclair et al.
2000; Glen 2000; Klein 2000). In many Asian countries, particu-
larly those with low forest cover, TOF supply the majority of
fuelwood (Arnold et al. 2003). For example, more than 75% of
fuel production comes from non-forestland (mostly from TOF) in
Bangladesh, India, the Philippines, and Thailand, although with
significant variation among countries (Bhattarai 2001). Shelter-
belts are an important component of agroforestry landscapes in
many countries of the northern hemisphere (see, e.g., Yukhnov-
sky 2003). Quantitative data on TOF are scarce and not compara-
ble, however, since they are mostly limited to regional and
national case studies (FAO 2003b), although some counties (such
as France, the United States, India, and Bangladesh) have initiated
efforts to gather national-scale quantitative information on TOF
(FAO 2001c).

21.3.6 Distribution of People in Forest Areas

The current distribution of people living in and adjacent to forest
and woodland areas is the result of a long historical process of
social and economic development. Significant factors influencing
population distribution include topography, degree and direction
of landscape transformation, and forest types. Currently, about
three quarters of humanity lives in three ecological zones classified
as aggregated forest ecoregions (needle-leaved evergreen, closed
broadleaf deciduous, and broadleaf evergreen), although a far

................. 11432$ CH21 10-11-05 15:04:03 PS



597Forest and Woodland Systems

smaller number actually live in or adjacent to forested areas (CIESIN
2000).

As a rule, more-densely populated regions have less natural
forest and more plantations than less populated regions (Persson
2003). Typical examples are China and India, with a combined
population of about 2.3 billion and forest area of just 228 million
hectares (FAO 2001c). Based on U.N. population statistics,
UNEP-WCMC has derived detailed information on the ratio of
forest area to people at both the national level and for 12 large
regions in 1996 (UNEP-WCMC 2004). The overall global num-
ber was 0.7 hectares per person, with a large variation between
regions—from 0.07 for Middle East to 5.6 for Russia and 6.5 for
Australasia—and by ecological zones. In the tropics, the highest
ratio (1.85 hectares per person) was in rain forest areas and the
lowest (0.24 hectares per person) in dry deciduous forests (FAO
1993).

Tropical rain forests typically have low human population
densities. This is largely because rain forest soils are frequently low
in nutrients and therefore unsuitable for continuous agriculture.
Although many rain forest areas can support traditional forms of
extensive rotational (‘‘shifting’’) cultivation, and have done so for
millennia, this form of agriculture is unable to support high
human population densities. In areas with good soils (such as vol-
canic or sedimentary soils), rain forests have long since been con-
verted to agricultural landscapes.

Forests are a significant source of employment. Global re-
corded forest-based employment is about 47 million full-time
equivalents, 17 million of whom are in the formal sector (ILO
2001; Blombaeck and Poschen 2003). Labor force trends and dy-
namics vary among countries and regions, but in general forestry
sector employment is decreasing. (See Chapter 9.) The forestry
sector labor force in Europe and the former Soviet Union, for
example, is expected to decrease by 7% during the coming decade
(ECE 2003).

21.4 Changes in Global Forest Area and
Condition

21.4.1 Parameters of Change

Four basic change processes determine trends in global forest area
and are defined for this chapter as follows:
• Deforestation is the conversion of forests to another land use or

the long-term reduction of the tree canopy cover below 10%.
• Afforestation is the establishment of forest plantations on land

that, until then, was not classified as forest. It implies transfor-
mation from non-forest to forest.

• Reforestation is the establishment of forests plantations on tem-
porarily unstocked lands that were considered as forest in the
recent past.

• Natural expansion of forests means the expansion of forests
through natural succession on land that, until then, was under
another land use (such as forest succession on land previously
used for agriculture). It implies a transformation from non-
forest to forest.
Net changes in forested area are a superimposition of these

four major processes. While net changes are important to moni-
tor, it is also important to disaggregate exactly what is being lost
and what is being gained. A focus on net changes—for example,
plantation establishment offsetting natural forest loss, and gains in
forest cover in industrial countries offsetting forest losses in tropi-
cal developing countries—may obscure the severity of natural
forest losses in tropical regions.
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Forest degradation and forest improvement describe changes in for-
est condition, but not changes in an area’s land use or land cover
status. FRA-2000 defined these as changes within the forest,
which negatively (forest degradation) or positively (forest im-
provement) affect the structure or function of the stand or site
and thereby lower (degrade) or increase (improve) the capacity
to supply ecosystem services (FAO 2001c). As previously noted,
though, there is little consensus among definitions of forest degra-
dation and deforestation. Some logged areas, for example, are se-
verely degraded to the point of being virtually devoid of trees and
previous ecological characteristics and functions, and many would
argue that such areas should be counted as effectively deforested,
irrespective of their formal legal or management status.

21.4.2 Changes in Global Forest Cover

Clearing of forests for other land uses, particularly agriculture, has
accompanied human development for the whole of documented
human history. Historically, deforestation has been much more
intensive in temperate regions than in the tropics, and Europe is
the continent with the least amount of original forests remaining.
As a whole, clearance prior to the industrial era was a slow and
steady process over a long period of time. In the more recent past,
many countries and regions experienced much higher rates of for-
est conversion, and many currently industrialized countries expe-
rienced deforestation rates in the nineteenth century very similar
to those now occurring in many tropical developing countries.

The relationship between agricultural expansion and forest
decline has been analyzed, and the following preliminary conclu-
sions emerge: agricultural land is expanding in about 70% of
countries, declining in 25%, and is static in 5%; forest area is de-
creasing in two thirds of countries where agricultural land is ex-
panding, but expanding in the other one third of those countries;
and forests are expanding in 60% of countries where agricultural
land is decreasing and are declining in 36% of this group of coun-
tries (FAO 2003b). A complicated combination of economic and
social development factors, levels of agricultural productivity and
urbanization, climatic and geographical peculiarities, and coun-
tries’ previous histories determine rates of deforestation in partic-
ular places.

Significant deforestation in tropical forests has been docu-
mented for 1990–2000. The total loss of natural tropical forests is
estimated for this period at 15.2 million hectares per year (FAO
2001c). Taking into account relatively small natural expansion of
tropical forests (�1.0 million hectares a year) and plantations that
have been developed at �1.9 million hectares annually, the net
change in tropical forest area was estimated by FRA-2000 to be
�12.3 million hectares. In contrast, during this period a net in-
crease of forest area was observed in temperate and boreal zones
(�2.9 million hectares a year, of which �1.2 million hectares
were forest plantations and �1.7 million were due to the change
in area of natural forests). In total, then, the net change in global
forest area is estimated at �9.4 million hectares per year. (See
Table 21.4 and Figure 21.4.)

The net annual change in forest area for 1980–90 was esti-
mated to be �13 million hectares (FAO 1995b) (including losses
of 6.1 million hectares per year in tropical moist forests and 3.8
million hectares per year in tropical dry forests), and �11.3 mil-
lion hectares for 1990–95 (FAO 1997). This would indicate that
net global forest loss has slowed down since the 1980s (FAO
2001c). However, much of this is due to increases in plantation
forestry, and although the global net change in forest area was
lower in the 1990s than in the 1980s, the rate of loss of natural
forests remained at approximately the same level.
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Table 21.4. Forest Area Changes, 1990–2000, in Tropical and Non-tropical Areas (FAO 2001c)

Domain

Natural Forest Forest Plantations Total Forest
Losses Gains

Net Change

Gains

Net Change Net ChangeDeforestation

Conversion
to Forest
Plantation

Total
Loss

Natural
Expansion Reforestation Afforestation

(million hectares per year)

Tropical –14.2 –1.0 –15.2 +1.0 –14.2 +1.0 +0.9 +1.9 –12.3

Non-tropical –0.4 –0.5 –0.9 +2.6 +1.7 +0.5 +0.7 +1.2 +2.9

Global –14.6 –1.5 –16.1 +3.6 –12.5 +1.5 +1.6 +3.1 –9.4 

Figure 21.4. Major Change Processes in World’s Forest Area, 1990–2000 (in million hectares) (FRA 2000; FAO 2001c)

Matthews (2001), however, reached a different conclusion,
finding that in absolute terms, more tropical forest was lost in the
1990s than in the 1980s. According to this estimate, net deforesta-
tion rates have increased in tropical Africa, remained constant in
Central America, and declined only slightly in tropical Asia and
South America. The certainty of this estimate is unknown.

It is likely that deforestation in developing countries has con-
tinued since 2000 at practically the same rate as during the 1990s,
about 16 million hectares per year, corresponding to 0.84% for
the 1990s and 0.80% since 2000. The difference in these estimates
is definitely within the uncertainty limits of the techniques used.
However, both national inventories and remote sensing data often
do not adequately record the regrowth of secondary forests in
many areas. If better data on this were available, they would likely
reduce the net area change in forest cover for many regions (see,
e.g., Faminov 1997).

Recent remote sensing surveys of individual biomes and forest
types have reported different, often lower, rates of deforestation
than those reported in FRA-2000. The research program TREES
(Tropical Ecosystem Environment observation by Satellite) esti-
mated annual losses of humid tropical forests on three major con-
tinents between 1990 and 1997 at 5.8�1.4 million hectares with
a further 2.3� 0.7 million hectares of visibly degraded forests
(Achard et al. 2002). This is about one fifth less than the estimates
provided from the sources just discussed. However, estimated un-
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certainties of forest cover were substantial (1,150�54 million
hectares and 1,116�53 million hectares for 1990 and 1997 re-
spectively).

On the other hand, a study by DeFries et al. (2002) found that
the rate of tropical deforestation actually increased by about 10%
from the 1980s to the 1990s, in contrast to the 11% reduction
reported by FRA-2000, and supporting Matthews (2001). This is
not surprising, since methods vary among different surveys. It
must therefore be realized that coarse-resolution remote sensing
data still cannot provide detailed reliable information about
changes in forest area. Rather, existing published figures provide
only estimates of the order of magnitude of forest cover change
(DeFries et al., 1995, 2000; Holmgren and Turesson 1998; Mc-
Callum et al. 2004).

Trends in deforestation and net changes in forest area vary
across regions, although there are many commonalities within
major biomes across regions. The major areas with rapid defores-
tation are currently in the tropics. Africa accounts for over 50%
of net recent global deforestation, although the continent hosts
only 17% of the world’s forests. Ten tropical countries (six of
them in Africa) had net annual change in forest areas of more than
3%, and four countries (three in Africa plus Nicaragua) had
change rates of 2.5–3.0% between 1990 and 2000 (FAO 2001c).
Net change of forest area by continent is presented in Figure 21.5.

Quantitative data on the dynamics of other wooded land are
weak. Many national sources reported substantial transformation
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Figure 21.5. Net Change in Forest Area by Continent (in million
hectares per year) (FRA 2000; FAO 2001c)

and decline of woodlands, in particular in dry regions, due to
extensive conversion for agriculture and excessive harvesting by
rural communities (Hassan 2002). Open savanna woodlands in
South Africa, for example, have lost about half of their original
extent of approximately 42 million hectares (Low and Rebello
1996).

21.4.3 Forest Plantations

Development of forest plantations can have significant impacts on
the dynamics of forest areas in some regions. Forest plantations
covered 187 million hectares in 2000, with significant regional
variation—62% are in Asia and only 17 % in Europe. Ten coun-
tries account for 79% of global forest plantation area, and six of
these account for 70%. Globally, broadleaf-species account for
40% of forest plantation area, with Eucalyptus the principal genus
(10% of the global total); coniferous species account for 31%, with
Pinus constituting 20% of the global total. Genus is not specified
in FAO statistics for the remaining 29% (FAO 2001c).

According to national data supplied to FRA-2000, the tropical
forest plantation estate has increased from 17.8 million hectares in
1980 to 43.6 million hectares in 1990 and about 70 million hect-
ares in 2000 (Brown 2000; FAO 2001c). However, these and
other data on the growth and extent of plantations are not fully
comparable due to different definitions, incomplete statistics from
different countries, and different approaches to estimation of cov-
erage. For example, Europe and North America are not included
in the FAO figures for 1980 and 1990 (FAO 1995a). According
to official national data, the annual increase in plantations is 4.5
million hectares globally, of which 3 million hectares are esti-
mated to be successful (FAO 2001c). About 90% of new planta-
tions are in Asia and South America. Although plantations
constitute only 5% of global forest cover, they were estimated to
supply about 35% of global roundwood in 2000, and it is expected
that this figure will increase to 44% by 2020 (ABARE-Jaakko
Pöyry 1999; see also Chapter 9).

Other estimates of the rate of increase of plantations are also
available. Pandey (FAO 1995a), for example, claimed that the
total area of plantations for 1990 in tropics should be reduced by
one third (although even this analysis is likely to have overesti-
mated the extent of plantations in some countries such as India)
due to peculiarities of the system of accounting for and estimation
of plantations. Persson (1995) estimated the planted area in 1990
for all countries in the range of 148–173 million hectares, point-
ing out that plantation data for China are uncertain, and he esti-
mated annual forest plantation increase in the tropics to have been
about 0.5–1 million hectares for the 1970s, 1–1.5 million hectares
for the 1980s, and about 2 million hectares for 1990–95. Accord-
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ing to Persson (1995), plantations covered nearly 100 million
hectares in 1970 and 120 million (100–30 million) hectares in
1980.

Based on socioeconomic analysis, Trexler and Haugen (1995)
estimate that the total area of plantation in the tropics is likely to
grow by 66.8 million hectares from 1995–2045, including 37.8
million hectares in Asia, 24.5 million hectares in Latin America,
and 4.6 million hectares in Africa. Nilsson and Schopfhauser
(1995) estimated the global availability of lands suitable for planta-
tions and agroforestry at 345 million hectares. The reliability of
these estimates is difficult to assess, however, because they do not
consider specifics of many local socioeconomic and social proc-
esses, including the potential for expanded plantation establish-
ment to cause social conflicts.

It can be seen from this short review that data on plantations
are very uncertain and often contradictory. There are a number
of reasons for this. The number of countries assessed for FRA-
1980, FRA-1990, and FRA-2000 plantation estimates varied
considerably, ranging from only 76 tropical developing countries
in 1980 to all 213 countries in 2000. Plantation area is often over-
estimated if it is calculated from the number of plants produced
or planted rather than from actually reforested or afforested areas.
The area actually planted is often less than the planned area of
plantation, which is often the reported area. Loss of plantations is
often not included in national reporting, while the officially
planted area is added each year. And finally, there is an inherent
bias to exaggerate the success of plantation establishment.

Globally, 48% of forest plantation trees are destined for indus-
trial end-use, 26% for nonindustrial uses, and 26% for unspecified
uses (FAO 2001c). Industrial plantations provide raw material for
commercial wood and paper products and can generate significant
local employment opportunities. (See Chapter 9.) For example,
some 1.5 million hectares of plantations in South Africa provide
1.63% of the global supply of pulp, 0.76% of paper, and 0.3% of
sawn timber (Bethlehem and Dlomo 2003). Nonindustrial planta-
tions are established to provide soil and water conservation, com-
bat desertification, maintain biodiversity, absorb carbon, supply
fuelwood, and rehabilitate fragile and degraded lands. During the
last two decades, the major trend has been an increase in planta-
tions established for industrial purposes, which have increased by
about 25% since 1980 (FAO 2001c).

Forest plantations have potentially high productivity. On av-
erage, mean annual increments of Eucalyptus and Pinus are in the
range of 10–20 cubic meters per hectare per year, but some spe-
cies (e.g., E. grandis, E. saligna, P. caribea) can reach an MAI of up
to 50–60 cubic meters, while Araucaria and Acacia can attain an
MAI of up to 20–25 cubic meters per hectare per year. MAI for
Pinus, Picea, and Larix plantations on the best sites in temperate
and southern boreal zones can reach 12–15 cubic meters per hect-
are per year (Webb et al. 1984; Wadsworth 1997; Sagreev et al.
1992). The length of the rotation period for plantations varies
from 5–10 to 30 years for major tropical species to 100–200 or
more years for major boreal species. Along with the high MAI,
the rotation period substantially affects the capacity of plantations
to provide carbon sequestration services.

Many plantations do not in practice achieve these high poten-
tial growth rates. A number of studies (e.g., Nilsson 1996; Mc-
Kenzie 1995; White 2003) have concluded that it is seldom
possible to achieve high productivity in large-scale plantations,
that insufficient forest management results in low survival rates
and poor plantation condition, that monocultural plantations in-
creases risks of pest and disease outbreaks, that production costs
are often substantially underestimated, that knowledge about
plantation growth and yield is poor, and that reliable and opera-
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tive monitoring systems on plantation condition and dynamics
only exist in a few countries. Many of these risks can be overcome
where good management practices have been applied.

Plantations have been criticized for their environmental and
social impacts—particularly in the tropics, where plantations have
replaced natural forests, degrading water and soil resources, and
resulting in negative impacts on local and indigenous communi-
ties who lose access to lands that formerly supplied them with
subsistence resources and livelihoods (e.g., Carrere and Lohmann
1996; Carrere 1999; White 2003). Kanowski (2003) notes that in
addition to the suboptimal performance of some plantations,
many plantations have been established without appropriate con-
sideration or recognition of trade-offs that were made with other
forest services and with the rights and interests of various stake-
holders. In Indonesia, for example, the timber plantation program
has been a significant driver of natural forest loss, and the estab-
lishment of plantations (both for timber and oil palm) was a sig-
nificant driving force behind the forest and land fires that beset
Indonesia during 1997 and 1998 (Barber and Schweithelm 2000).
A number of studies have also highlighted the risk of invasive
alien species that can escape from plantations (e.g., Richardson
1998; Allen et al. 1997; De Wit et al. 2001).

Development of forest plantations can generate significant so-
cial conflicts. For example, in dryland areas plantation species may
use more water than the natural vegetation, resulting in less re-
charge of groundwater and a reduction in streamflow available for
other uses (Carrere and Lohmann 1996). Plantations can have so-
cial impacts because they employ fewer people than would find
jobs on the agricultural land that they may replace and they can
increase the price of farmland. They may also influence the viabil-
ity of agro-enterprises if too many people in an industry sell their
land for plantations. Cossalter and Pye-Smith (2003) evaluated
such concerns for ‘‘fast wood’’ (fast-growing, short rotation spe-
cies grown for charcoal, pulp, and wood-fiber panel products)
plantations, which make up a relatively small but rapidly growing
segment of global plantations. They concluded that the impacts
of fast-wood plantations depend largely on their management.
When poorly planned and executed, fast-wood plantations can
cause significant social and environmental problems, but when
well planned and executed, they can deliver not just large quanti-
ties of wood but a range of other environmental and social bene-
fits.

Similar issues are raised, if not so acutely, by longer-rotation
softwood and hardwood plantations. The long-established teak
plantations on Java, for example, have been a perennial source of
social conflict between local communities and the state forestry
corporation that manages them (Peluso 1992). Although fast-
wood plantations in the tropics appear to be the type most often
responsible for negative environmental and social impacts (Cos-
salter and Pye-Smith 2003), they are nevertheless also expected to
increase the fastest relative to other types of plantations. This is
because increasing globalization of the markets for pulp and fiber
exerts strong pressure in favor of the lowest-cost producers, based
on the interaction of land, labor, and capital costs, combined with
productivity. The trend is therefore toward short crop rotations
in locations that can provide the highest productivity and the
lowest costs (Kanowski 1997).

21.5 Services Provided by Forests and
Woodlands
The 1992 U.N. Forest Principles identified the multifunctional
and multiservice purpose of the world’s forests: ‘‘Forest resources
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and forest lands shall be managed and used sustainably to fulfill
social, economic, ecological, cultural and spiritual needs of pres-
ent and future generations’’ (Forest Principles 1992). The services
provided by forests and woodlands are numerous and diverse on
all spatial and temporal levels, and include provisioning, regulat-
ing, cultural, and supporting services. Some national classifications
account for as many as 100 different kinds of forest services, such
as delivery of industrial and fuelwood, water protection and regu-
lation, ecotourism, and spiritual and historical values (e.g., Shein-
gauz and Sapozhnikov 1988; Mather 1999). (See Figure 21.6.)
These various forest services relate to each other in many different
ways, ranging from synergistic to tolerant, conflicting, and mutu-
ally exclusive. The multiservice paradigm of forest management is
therefore quite clear in theory but is often very difficult to imple-
ment, as it frequently requires difficult choices and trade-offs.

Market approaches can only be used to estimate the value of
a few forest services, mostly the ones related to provisioning and
that enter formal markets, although markets are also developing
for carbon and biodiversity (Scherr et al. 2004). There is no con-
sistent methodology, and usually insufficient information, to esti-
mate credible values for many other forest services. (See Chapter
2.) One recent (and controversial) estimate of the annual value of
forest ecosystem services totaled $4.7 trillion, roughly 15% of the
global GNP (Costanza et al. 1997). An estimate for the value of
Mexico’s forests is some $4 billion a year (Abdger et al. 1995).
The annual total annual loss to Indian society as a result of forest
degradation is estimated at about $12 billion (Joshi and Singh
2003). Ricketts et al. (2004) showed that during 2000–03, polli-
nation services from two forests with a total area of about 150
hectares translated into $60,000 a year for a Costa Rican coffee
firm due to increased coffee yield (by 20%) and quality.

Approaches such as these do provide at least an order-of-
magnitude insight into the importance of forests for people (Agar-
wal 1992). Many researchers successfully apply monetary methods
to ‘‘nonmarket’’ and often ‘‘nontraditional’’ services. The concept
of total economic value (Pearce 1990; see also Chapter 2) has
become one of most widely used frameworks for identifying and
categorizing forest benefits (Emerton 2003). TEV aims to account
comprehensively for all forest services, estimating direct values
(such as timber, fuelwood, NWFPs, grazing and fodder, and rec-
reation), indirect values (including watershed protection, erosion
control, macro-climate regulation, and carbon sequestration), op-
tion values (considering future economic options in all affected
sectors, such as industrial, agricultural, pharmaceutical, and recre-
ational) and existence values (landscape, aesthetic, heritage, cul-
tural, religious, ritual, and so on). In spite of substantial progress
in the theory, conceptual basis, and methodology of TEV during
the last two decades (Bishop 1999; Lette and de Boo 2002), forest
valuation studies often remain a purely academic exercise and
rarely have an impact on practical planning and management
(Emerton 2003).

The loss and degradation of natural forest as described in the
preceding section has been accompanied by a decline in supply of
many forest services. These impacts are felt most acutely by rural
communities living in or near forests, who suffer a decline in live-
lihood resources and well-being (Byron and Arnold 1999), al-
though urban dwellers are also affected. For example, based on
the comparison of satellite images of 448 U.S. urban areas, over
the last 10 years American cities have lost 21% of their forested
areas, the damage of which has been estimated to be over $200
billion, although no estimates of the benefits provided by the land
use change were calculated (ENN–Reuters 18 September 2003
on American Forests).
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Figure 21.6. Major Classes of Forest Services

21.5.1 Biodiversity

Forests are an important repository of terrestrial biodiversity
across three important dimensions: structural diversity (such as
areas of forests, natural and protected forests, species mixture, and
age structure), compositional diversity (numbers of total floral/
faunal species, for example, and endangered species), and func-
tional diversity (the impact of major processes and natural and
human-induced disturbances) (Noss 1990; Paumalainen 2001).

Tropical forests cover less than 10% of Earth’s land area but
harbor between 50% and 90% of Earth’s terrestrial species (WRI
et al. 1992). The ancient tropical forests of Malaysia, for example,
are home to 2,650 tree species, 700 species of birds, 350 species
of reptiles, 165 species of amphibians, 300 species of freshwater
fish, and millions of invertebrate species (Isik et al. 1997). Other
types of forests are not as species-rich as tropical ones but are
relatively species-rich ecosystems within their own contexts.
Even boreal forests, which harbor only a small number of indige-
nous tree species (fewer than 100 in Northern Eurasia, for instance)
(Atrokhin et al. 1982), have a high diversity at the ecosystem
level, and some of their major tree species exhibit high adaptabil-
ity to extreme climatic conditions. Larch forests, for example,
grow at annual average temperature from �8� to �17� Celsius
(Sherbakov 1975).

The importance of forest biodiversity for both its existence
value as a major component of global biodiversity and its utilitar-
ian value as the source of innumerable biological resources used
by people has been recognized by the Convention on Biological
Diversity and numerous other bodies and studies (e.g., Heywood
et al. 1995; WRI et al. 1992). More recently, studies have shown
that biodiversity is also an essential factor in sustaining ecosystem
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functioning and hence the ecosystem services that forests provide
(Naeem et al. 1999). Biodiversity thus provides the underpinning
for many of the other forest services discussed in this section. It
can also be viewed as a vast storehouse of information from which
future services can be derived.

Considerable information on forest-related biodiversity has
become available over the past decade (e.g., Heywood 1995; Sec-
retariat of the Convention on Biological Diversity 2001; Groom-
bridge and Jenkins 2002), but consistent global assessments and
monitoring are still difficult due to data insufficiency and incom-
patibility, different standards and definitions, and geographical and
thematic gaps in available assessments. Efforts to assess the nature
and distribution of biodiversity rely on the selection of particular
subsets of species, species assemblages, or environmental features
that can be used as surrogates to measure biodiversity as a whole
(Margules et al. 2002). A recent global analysis of gaps in protec-
tion of biodiversity within the global network of protected areas,
for example, used recently completed surveys on the global spatial
distribution of over 11,000 species of mammals, amphibians, and
threatened bird species as surrogates (Rodrigues et al. 2003).

Forest decline threatens biodiversity at all levels. IUCN esti-
mates that 12.5% of the world’s species of plants, 44% of birds,
57% of amphibians, 87% of reptiles, and 75% of mammals are
threatened by forest decline (IUCN 1996, 1997). The World List
of Threatened Trees (Oldfield et al. 1998) indicates that more than
8,000 tree species (9% of the total) are currently threatened with
extinction.

It is difficult to say with precision the extent to which forest
habitat loss results in population or species extinctions, because
our knowledge of forest biodiversity is so incomplete. Nonethe-
less, it is clear that deforestation, particularly in the tropics, is hav-
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ing extremely negative impacts on biodiversity. Fifteen of the 25
biodiversity ‘‘hotspots’’ originally identified by Myers (1997)—
areas with high levels of plant endemism and high levels of habitat
loss and threat that between them contain the remaining habitat
of 44% of all plant species and 35% of all vertebrate species world-
wide—contain tropical forests. These areas once covered nearly
12% of Earth’s land surface, but their remaining natural habitat
has been reduced to only 1.4% of that surface—that is, 88% of the
hotspots’ original natural habitat has disappeared. Brooks et al.
(2002) concluded that habitat loss in the world’s biodiversity hot-
spots has left extremely large numbers of species threatened, with
a high probability of extinction in the absence of immediate con-
servation action.

Development of protected area systems has been the primary
strategy for conserving biodiversity generally (see MA Policy Re-
sponses, Chapter 5), and significant amounts of forest have come
under protected status over the past several decades. (See Box
21.4.) Given the multiple functions of forests, however, and the
impracticality of placing enough forests in protected areas to con-
serve the full range of forest biodiversity substantially, mainte-
nance of the diversity of forest-dependent species in managed
forests (such as logging concessions) is also an important strategy
(Sayer et al. 1995).

Modification of forest management practices to include bio-
diversity conservation objectives may not generally require large
additional investments, at least in tropical forests (Johns 1997).

BOX 21.4

Forest Protected Areas

A proportion of forests in most countries have protected status. Recent cal forests are protected, 11.3% of sub-tropical forests, 16.3% of temper-
statistics from the UNEP World Conservation Monitoring Centre (UNEP- ate forests, and 5% of boreal forests. The highest percentage of protected
WCMC 2002) reveal that around 10.4%—470 million hectares—of the forests is found on the American continent (about 20%) and the lowest
world’s 4,540 million hectares of forests are under various forms of protec- in Europe (5%). (See Figure.) These data are not, however, completely
tion. Countries use a variety of systems for classifying their protected consistent (cf., e.g., FFSR 1999; WDPA 2003).
areas. Some have very detailed classifications (up to 20–25 forest pro- Biodiversity conservation is now widely recognized as the most impor-
tected area categories), although many use some variant of the simpler tant objective of protected areas (although many current protected areas
international IUCN classification system. A CD-ROM published by UNEP- were not designed with this in mind), and this objective generates specific
WCMC and the Center for International Forestry Research (Iremonger et size and distribution requirements. Many studies have shown, for exam-
al. 1997) contains a detailed analysis of forest protected areas by ecologi- ple, that conservation of a great deal of biodiversity is not viable in small
cal zone, country, and region. About 7.8% of the world’s forests are in- fragmented areas. Experience in some countries, however, yields exam-
cluded in areas that are protected to the level of IUCN categories I-VI. ples where even small protected areas can meet some biodiversity con-

servation objectives (Isaev 1991). This is particularly the case where small
protected areas are surrounded by sustainably managed forests. Some
countries have established specific categories of protected areas for par-
ticular purposes, such as water or soil conservation. TBFRA-2000, for
example, reported such designations for soil protected in most industrial
countries such as Russia (90.8 million hectares), Kazakhstan (9.3 million
hectares) and Greece (2.5 million hectares).

Formal designation of protected areas, however, does not guarantee
their effective management. In many developing countries, protected
areas often exist on paper but lack active management and are in fact
subject to illegal logging and wildlife poaching, agricultural encroachment,
and settlement. In some cases they may be completely or partially tree-
less. As a result, experts and policy-makers frequently debate how best

Percentage of Forest Area in Protected Status by Continent to divide limited financial and technical resources between designating
(FRA 2000) new protected areas, strengthening management of existing protected

areas, and establishing novel forms of community-based conservation—
According to the global map of protected forest areas produced by working with local and indigenous communities outside of formal state-run

FAO and UNEP-WCMC as a part of FRA-2000, protected areas cover protected areas (Barber et al. 2004).
479 million hectares—12.4% of the world’s forests. Some 15.2% of tropi-
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Some of the simple but important measures that can be taken to
this end include retention of small refuge areas and the mainte-
nance of riparian buffer strips at the level of the management unit,
and distributing logged and unlogged areas in an appropriate way
across the broader landscape. There is also a growing awareness
among tropical ecologists that secondary forests recovering from
alternative land uses may play an important role in conserving
biodiversity (Brown and Lugo 1990; Dunn 2004). It is generally
accepted that forest plantations, particularly even-aged and single-
species plantations, are less favorable as habitat for a wide range of
taxa in different regions of the world (Allen et al. 1997; Davis et
al. 2000; Hartley 2002; Humphrey et al. 2002; IUFRO 2003),
although there may be some exceptions, such as in degraded land-
scapes or areas with low original forest cover (Brockie 1992;
Kwok and Corlett 2000).

Managing forests to conserve biodiversity (and other non-
wood services) requires that a management regime be in place.
This is not the case for many countries, particularly developing
ones. Eighty-three non-tropical (including all industrial) countries
reported that 89% of their forests are managed, although data for
developing countries indicate that only 123 million hectares
(about 3% of forest area) are managed under formal long-term
plans. Regional variation is very high: about 1% of the total forest
area in Africa, about 25% in Asia, 85% in Oceania, 55% in North
and Central America, and 3% in South America are managed ac-
cording to such plans. While areas in the tropics seem slightly
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underestimated, the data for some large non-tropical forest coun-
tries should be used with caution due to different national defini-
tions of ‘‘managed forests’’ (FAO 2001c; Shvidenko 2003).

21.5.2 Soil and Water Protection

The global condition of the world’s soils and hydrological systems
is not well known, but it is considered to be far from satisfactory.
(See Chapters 7, 20, and 22.) From 1945 to 1990, a vast area (1.2
billion hectares) of land is estimated to have suffered moderate to
extreme soil degradation, and degraded areas accounted for 17%
of Earth’s vegetated lands (Oldeman et al. 1990; WRI 1992). The
major causes for this extensive degradation are a number of cur-
rent practices in agriculture, forest management, and grazing.

In many regions, forest is a major stabilizing component of
natural landscapes, providing protection of soil and water, house-
holds, and fields and reducing or preventing floods and landslides.
In the Ukraine, for example, soils on 11% of the territory are in
good condition, 18% satisfactory, 22% in conflict, 25% pre-critical,
and 24% in critical ecological condition. The relative conditions
in different areas are strongly correlated with the extent of forest
cover, which varies from 26% to 3% across the country (Yukhnov-
sky 2003). Levels of soil erosion in the tropics may be 10–20 times
higher on areas cleared of forests, due to construction of roads,
skidder tracks, and log landings during mechanical logging, than
in undisturbed natural forests, and this is particularly the case in
mountainous and other areas characterized by fragile soils (Wier-
sum 1984; Dickinson 1990; Baharuddin and Rahim 1994; Doug-
las 1996; Chomitz and Kumari 1998).

Regulation of hydrological cycles and processes is one of the
important services provided by forests at large scales. Globally,
forests’ hydrological functions have been claimed to include in-
creasing precipitation and decreasing evaporation; regulating the
total and redistribution of surface and belowground runoff;
smoothing out the seasonal course of river discharges; increasing
total annual river runoff; protecting landscapes against soil erosion
and landslides, in particular in mountains; preventing and mitigat-
ing the consequences of floods; maintaining water quality; pro-
tecting river banks against destruction (abrasion); and preventing
siltation of reservoirs (e.g., Protopopov 1975, 1979; Rakhmanov
1984; Rubtsov 1990; Pielke et al. 1998; Bruijnzel 2004).

While forests play an undeniably important hydrological role
across the globe, the specifics of this role vary substantially among
biomes, landscapes, and forest types. Differences between tropi-
cal, temperate, and boreal zones, for example, can be great (e.g.,
Hamilton and King 1983; Bruijnzeel 1989; Versfeld et al. 1994;
Sandström 1995). Research in tropical forest areas indicates that
the roles of forests in watershed hydrology may have been overes-
timated in some cases: in arid areas, for example, trees evaporate
more water than other vegetation types, and there is little evi-
dence that forests attract precipitation (with the exception of
cloud forests); forests reduce runoff but are not always effective at
flood prevention, since tropical forest soils become rapidly satu-
rated in tropical rainstorms. Some studies do conclude, however,
that forests promote an even seasonal and annual flow, particularly
in the dry season (Hamilton and King 1983; Dhawan 1993; Cos-
salter and Pye 2003; Kaimowitz 2004).

Because of the important role that forests play in protecting
watersheds, many countries grant protected status to forests that
serve this purpose. Such forests often include protective belts
along rivers, lakes, artificial water reservoirs, and other bodies of
water, and forests on steep slopes (Dudley and Stolton 2003; De-
Philip 2003).
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Many of the world’s major rivers begin in mountain high-
lands, and more than half the planet relies on fresh water flowing
from these areas. (See Chapter 24.) One third of the world’s 105
largest cities obtain their water supply from forested watersheds.
However, 42% of the world’s main river basins have lost more
than 75% of their original forest cover, and there is a clear rela-
tionship between population density and forest loss in the river
basin (Revenga et al. 1998). The Yangtze watershed in China
(home to some 400 million people) has lost 85% of its original
forest cover, and in 1998 severe flooding along the Yangtze killed
more than 3,800 people and caused over $20 billion in damage
(Eckholm 1998). Many countries in the arid zone face an acute
water deficit. In South Africa, for example, 54% of available run-
off is currently used, and the level of use is expected to increase
by 75% during the next 25 years. Twenty-eight countries experi-
enced shortages of fresh water in 1998, and this number is ex-
pected to increase to 56 countries by 2026 (Versfeld et al. 1994;
Sandström 1995).

Water and soil protection services of forests depend critically
on the area and spatial distribution of forests over landscapes. It
has been suggested that in the temperate zone, the minimal forest
coverage that provides significant protection of landscapes over
large territories varies from 7% to 30%, depending on region,
climate, vegetation type, specific landscape features, and other
factors (Protopopov 1975; Shvidenko at al. 1987). In semiarid and
arid conditions, under a system of protective tree shelterbelts and
trees outside of forest over the area to be protected, significant
levels of protection for water and soil services can be attained with
forest cover of 3.5% to 5–6%, as in the steppe zone of Ukraine
and Russia, for example (Pilipenko et al. 1998).

21.5.3 Protection of Fragile Ecosystems: Forests in
Mountains, Drylands, and Small Islands

Forests play a specific and very important environmental and so-
cial role in fragile ecosystems and landscapes, such as mountains,
drylands, and small island ecosystems, particularly at the local
level. People in these areas often have a high dependence on for-
est services. (See Chapters 22, 23, and 24.)

Forests in mountains have local and regional value as regula-
tors of water supplies, centers of biological diversity, providers of
forest products, and stabilizers of land against erosion. Due to the
generally greater precipitation in mountains and the high ability
of montane (in particular cloud) forests to capture atmospheric
water, mountains play an extremely important role in mainte-
nance of hydrological cycles affecting large territories. The alpine
catchment of the Rhine River, for example, occupies only 11%
of the river basin but supplies 31% of the annual flow and more
than 50% of the summer flow (Price 1998). In semiarid and arid
areas, over 90% of river flow comes from the mountains.

Trees and forests in dryland areas provide fuelwood, small
roundwood (poles for building houses and fences), non-wood
forest products (foods, medicinal products, bushmeat, fodder, and
so on), and diverse regulating and cultural services. Their most
critical functions in many dryland areas are soil conservation,
shade, and shelter against wind.

The forest cover of 52 small island states and territories is in-
significant in global terms—only 0.2% of global forest area in
1995 (FAO 2003b). But forests and trees on these islands are ex-
tremely important for the well-being of the local populations, the
conservation of biological diversity, and the maintenance of envi-
ronmental conditions both on land and in surrounding marine
ecosystems. (See Chapter 23.) They play an important role in
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protecting watersheds, maintaining water supply, and protecting
the marine environment.

Mangroves and other tidal forests are highly productive eco-
systems that are important feeding, breeding, and nursery back-
grounds for numerous commercial fish and shellfish, including
most commercial tropical shrimp. (See Chapter 19.) FAO (2003b)
has reported decreases in the extent of mangrove forest from 1980
to 2000 at an annual rate exceeding 1%.

Forests on small islands are extremely important for coastal
protection against the strong winds, high rainfall, and storm surges
of cyclones and hurricanes, and they serve as sediment traps for
upland runoff sediments (Roennbaek 1999). Biodiversity conser-
vation is another crucial service provided by forests on small is-
lands. High endemism is an intrinsic feature of small island
biodiversity: about 30% of higher plant species, 20–25% of birds,
and 25–50% of mammals are island endemics (WRI et al. 1996).

21.5.4 Fiber, Fuel, and Non-wood Forest Products

Wood is currently the most economically important forest prod-
uct. During 1996–2000, about 3.3 billion cubic meters of wood
were harvested annually from the world’s forests, and roundwood
production has steadily increased by approximately 0.8% per year
(FAO 2002a). By region, the largest annual increases during this
time were observed in Europe (4.8%) and Oceania (3.5%). Only
Asia experienced a substantial decrease in harvested wood (–1.2%
per year), which is explained by dramatic decreases in three coun-
tries: Malaysia (–33%), Indonesia (–16%, due to economic and
political disturbances during this period), and China (–8%, due to
the drastic national measures taken in 1998 to restrict harvesting).
A significant proportion of harvested wood and wood products is
traded internationally. For a detailed assessment of wood produc-
tion, see Chapter 9.

In the temperate and boreal zone, 63% of forests are classified
as available for wood supply. The average growing stock of forest
available for wood supply is between 105 and 145 cubic meters
per hectare, with considerable variation among countries (from
less than 50 to over 250 cubic meters for some European coun-
tries with strong silvicultural traditions). On average, the growing
stock of forest available for wood supply increased by about 640
million cubic meters a year during the last decade, mostly in Eu-
rope and North America, due to forest management and global
change (in particular, a longer growing period in the boreal zone,
increased temperature and precipitation, elevation of the atmo-
spheric concentration of CO2, and increasing nutrient deposition)
(e.g., Myneni et al. 2001; Ciais et al. 2004).

Removal as a percentage of mean annual increment is an indi-
cator of sustainability of wood supply. For the temperate and bo-
real region as a whole, this figure is estimated to be 52.6%, with
strong regional variations between North America (78.6%), Eu-
rope (59%), and the former Soviet Union (16.8%). Conifers are
used more intensively (62.5%) than broadleaf forests (42.2%). An-
nual felling in the temperate and boreal domain (1,632 million
cubic meters, of which over half is in the United States and Can-
ada and 28% in Europe) is, however, substantially higher than the
level of removals (1,260 million cubic meters)—implying a high
level of harvest loss (FAO 2002a).

The total area under timber harvesting schemes in 43 selected
countries accounting for approximately 90% of the world’s tropi-
cal forests is estimated to be about 50 million hectares (55% in
tropical forests of Asia and Oceania, 33% in Latin America, and
12% in Africa). Annually harvested area is estimated to be about
11 million hectares (29% in Africa, 54% in Asia and Oceania, and
17% in Latin America), although harvesting intensity is highly
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variable by country, ranging from 1 to 34 cubic meters per hectare
(FAO 2001c).

Accessibility of forests is also an important factor for assessing
the sustainability of wood supply. Approximately 51% of the
world’s forests are within 10 kilometers of major transportation
infrastructure, including big rivers (from 38% in South America
to 65% in Africa), and 78% are within 50 kilometers. Boreal and
tropical forests are more remote than others. Some 14% of the
world’s forests were considered unavailable for wood supply, as
they are located either in protected areas (12.4%) or in inaccessible
mountain areas (FAO 2001c).

The importance of plantations as a source of timber is likely
to continue to increase. For example, it is expected that forest
plantations in China (currently about 47 million hectares) will
provide up to 150 million cubic meters of wood annually (Jiang
and Zhang 2003).

Fuelwood meets about 7% of energy demand worldwide, in-
cluding about 15% in developing countries and 2% in industrial
countries (WEC 1999). Globally, about 1.8 billion cubic meters
of wood is used annually for fuel (including charcoal production).
However, there is a large amount of variation in these figures, and
more than 70% of energy needs in 34 developing countries and
more than 90% in 13 countries (of which 11 are in Africa) are
met through fuelwood. Woodfuel constitutes about 80% of total
wood use in developing countries, where about one third of the
total forest plantations were established primarily for that purpose.
More than 60% of these plantations are in Asia and 25% are in
Latin America. Plantations currently supply 5% of woodfuel, al-
though it is estimated that woodfuel supply from plantations will
grow 3.5-fold by 2020 (FAO 2001c).

Estimates of the potential of the world’s forests to meet most
of the world’s demand for fibers and fuel in the future vary con-
siderably and are significantly affected by economic accessibility
and protection status of forests. Hagler (1995) estimated that only
2.1 billion hectares of forest are usable for fiber and fuel and that
this forest area can sustain a long-term harvest of 3.7 billion cubic
meters of wood per year. This study did not, however, consider
current and potential wood supply from trees outside forests.
Nilsson (1996) estimated that by 2020 the world demand for in-
dustrial roundwood and fuelwood (including charcoal) will be 2.4
billion and 4.25 billion cubic meters, respectively. However, a
forecast by Broadhead et al. (2001) for fuelwood is only about 1.9
billion cubic meters for the same year (including charcoal).

According to these analyses, the world’s forests are very close
to exhausting their fiber and fuel potentials, and intensive mea-
sures will be needed to satisfy the deficit projected for 2020. Nils-
son (1996) argues that even if the high forecasts are accurate, the
deficit will not occur in reality due to market mechanisms, which
are likely to achieve equilibrium between supply and demand.
Broadhead et al. (2001) argue that fuelwood demand has in fact
already peaked. More detailed information on this issue may be
found in Chapter 9, where considerable evidence is presented in
support of the conclusion that a global shortage of wood, per se,
is not likely to occur in the near future, although there are likely
to be significant regional disparities, such as unsatisfied market
demand for large-dimension timber of high quality. Overall, land
use changes and policy decisions will likely have a greater impact
on forest ecosystems than timber harvest.

No doubt, wood has a great future. As construction material
(25% of the annual global wood harvest), wood outperforms steel
and concrete on an environmental basis (CWC 1999). Wood is a
renewable resource and can also be recycled or reused. Develop-
ment of new wood-processing technologies and products, envi-
ronmental scrutiny, new applications, and new markets are some
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of trends that are expected to influence wood supply and demand
over the next few decades (Roche et al. 2003; Pisarenko and
Strakhov 2004), and rapid urban growth in developing countries
has substantially increased the demand for industrial wood and
fuel (Scherr et al. 2002).

Non-wood forest products (defined as goods of biological ori-
gin other than wood, derived from forests, other wooded land,
and trees outside the forests) (FAO 1999b) include a tremendous
diversity of items—some of which enter formal markets, but
many that do not (FAO 2001b, 2001c, 2001f; UNECE 1998).
They can be classified in a number of broad categories according
to their end use: edible products; fodder for domestic animals;
medicines; perfumes and cosmetics; colorants; ornamentals; uten-
sils, handicrafts, and construction materials; and exudates like
gums, resins, and latex. Overall, they play an important role in
the daily life and well-being of hundreds of millions of people
worldwide as well as in the national economies of many countries.

At least 150 NWFPs are of major significance in international
trade, and the annual export value of these products was estimated
at $11 billion in 1994. China is the leading exporter of NWFPs,
followed by India, Indonesia, Viet Nam, Malaysia, the Philip-
pines, and Thailand (Iqbal 1995). NWFPs provide subsistence,
employment, and income, particularly for the rural poor, and sup-
port small, household-based enterprises, especially in developing
countries (e.g., Arnold 1998; Ciesla 1998). The most reliable esti-
mates indicate that from 200 million to 300 million people earn
much of their subsistence income from nonindustrial forest prod-
ucts (Byron 1997). From 150 million to 200 million people be-
longing to indigenous groups in over 70 countries, mostly in
tropics, depend on NWFPs to sustain their way of life, including
their culture and religious traditions (CIDA 1998).

Edible NWFPs—vegetables, fruits, nuts, seeds, roots, mush-
rooms, spices, bushmeat, bee products, insects, eggs, nests, and so
on—are particularly important in tropical and sub-tropical re-
gions. For example, bushmeat and fish provide more than 20% of
the protein in 62 least developed countries (Bennet and Robinson
2000). And in rural areas of many countries, a significant relation-
ship exists between food security and the degree of contribution
of NWFPs to households (Odebode 2003). From 8% to 46% of
indigenous tree species serve as a source for food and fodder in
the Pacific region (Siwatibau 2003).

Many edible products are increasingly exported, including
honey and beeswax from Africa, bamboo from China (1.6 million
tons of fresh shoots exported in 1999), and wild edible mush-
rooms, mostly morel mushrooms (a trade with a total annual value
of $50–60 million). In the mid-1990s, the cost of importing of
edible NWFPs to three main markets—Europe, the United
States, and Japan—was estimated at about $2.5 billion (Iqbal
1995).

Fodder is of great importance in many regions, particularly in
the arid and semiarid zones and in animal-based production sys-
tems. In many developing countries, 30–40% of domestic animals
depend on forests for grazing and fodder (FAO 2001c).

About three quarters of the people in developing countries
use traditional medicines, and the ratio of traditional healers to
western-trained doctors reaches 150:1 in some African countries
(FAO 2001c). Medicinal plant species (mostly from the forest)
used by local populations and as trade products number in the
thousands, and some 4,000 commercially important medicinal
plant species are used in Southeast Asia alone. The value of the
world trade in medicinal plants in 1992 was on the order of $171
million (Iqbal 1995). Medicinal plant exports are economically
important for some countries, such as Morocco and Egypt, which
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export from 7,000 to 15,000 tons of medicinal plants annually
(Lange and Mladenova 1997).

Forest plants are also widely used in the development of mod-
ern medicines for heart disease, cancers, leukemia, and HIV/
AIDS. According to one survey, 90% of the most-prescribed
pharmaceuticals in the United States contain compounds of forest
origin (Lyke 1995). This is particularly remarkable in light of the
fact that only 5–15% of higher plant species have been investi-
gated for the presence of bioactive compounds (ten Kate and
Laird 1999).

Rattan is the most important internationally traded NWFP.
There are more than 600 species of rattan, some 10% of which
are commercially used. Bamboo (more than 500 species) is the
most commonly used NWFP in Asia, where about 20 million
tons are produced annually. (See Chapter 9.) The average annual
value of the world trade in bamboo ware is on the order of $36
million (FAO 2001c).

Global estimates of the total monetary value of NWFPs are
very approximate and express an order of magnitude rather than
documented market prices, particularly for subsistence uses. A
number of studies (Myers 1997; UN-CSD/IPF-CSD 1996; Michie
et al. 1999) have attempted to estimate the value of the subsis-
tence use of NWFPs, arriving at figures ranging from $90 billion
to $120–150 billion. This aggregate figure includes valuation of
fodder and grazing ($40–50 billion); edible products ($20–25 bil-
lion); traditional medicines derived from plants, insects, and ani-
mals ($35–40 billion); and non-wood construction materials, such
as thatch grass and bamboo, and other similar items ($25–35 bil-
lion).

21.5.5 Carbon Sequestration

Forests play an important role in the global carbon cycle and
consequently in regulating the global climate system. Two main
features of forests define this role. First, the world’s forests accu-
mulate a major part of the planet’s terrestrial ecosystem carbon.
Second, forests and wetlands are the two major land cover classes
that are able to provide long-term sequestration of carbon. Accu-
mulation of carbon in wood and soils results in a more significant
share of total net primary productivity being stored in the long
term than in other land cover classes and can represent as much as
10–15% of NPP (Field and Raupach 2004; Shvidenko and Nils-
son 2003).

Estimates for the carbon stock in the world’s forest ecosystems
vary in the range of 352–536 billion tons of carbon (Dixon et al.
1994; Houghton 1996; Brown 1998; Saugier et al. 2001). The
IPCC estimate of carbon content for three major forest biomes
(covering 4.17 billion hectares) is 337 billion tons in vegetation
and 787 billion tons in the top 1 meter layer of soils (IPCC
2001a). FRA-2000 estimated the aboveground tree biomass at
422 billion tons of dry matter (or 5.45 kilograms of carbon per
square meter). The estimate by Kauppi (2003), based on FRA-
2000, is 300 billion tons of carbon for tree biomass of forest eco-
systems. Previously reported estimates—8.6 kilograms carbon per
square meter by Dixon et al. (1994), 10.6 kilograms by Houghton
(1999), and 6.6 kilograms by Kauppi (2003)—significantly over-
estimated densities. Based on analysis of all available sources and
taking into account the above analysis of global forest area, it is
estimated here that the total biomass of forest ecosystems is likely
to include 335–365 billion tons of carbon (a priori confidence
interval 0.9).

Forest carbon stocks and fluxes, and the major drivers of their
dynamics, have been quantified for certain globally important for-
est areas (Zhang and Justice 2001; Houghton et al. 2001b; Fung
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et al. 2001; DeFries et al. 2002; Dong et al. 2003; Birdsey and
Lewis 2003; Baker et al. 2004). Four major processes define
whether forests serve as a net carbon sink or source: net primary
productivity, decomposition (heterotrophic respiration), natural
and human-induced disturbances (including harvest and con-
sumption of forest products), and transport of carbon to the litho-
sphere and hydrosphere. The rate of accumulation of carbon over
a whole ecosystem and over a whole season (or other period of
time) is known as the net ecosystem productivity. In a given eco-
system, NEP is positive in most years and carbon accumulates,
even if only slowly. However, major disturbances such as fires or
extreme events that cause the death of many components of the
biota release greater-than-usual amounts of carbon. The average
accumulation of carbon over large areas or long time periods is
called net biome productivity.

Productivity of forests varies significantly by continents, eco-
logical zones, and countries, and no consistent global inventory
of forest net primary productivity exists. Current estimates are
based on potential (but not actual) forest cover and do not ade-
quately take disturbances into account. This results in overestima-
tion of biomass by 40–50% and overestimates of NPP by 25–35%
for some large regions of the planet (Haberl 1997; Shvidenko et
al. 2001).

Based on current understanding of the terrestrial vegetation
global carbon cycle, NPP is estimated at 60 billion tons of carbon
per year (e.g., Melillo et al. 1993; Goldweijk et al. 1994; Alexan-
drov et al. 1999), decomposition at 50 teragrams of carbon per
year, net ecosystem productivity at 10 billion tons of carbon per
year, and net biome productivity at 1 billion tons of carbon per
year (0.7�1.0 billion tons during 1988–99). The proportion of
global NPP provided by forests is different in different climate
zones and remains rather uncertain. Factors that influence the net
uptake of carbon by forests include the direct effects of land use
and land cover change (such as deforestation and regrowth), har-
vest and forest management, and the response of forest ecosystems
to CO2 fertilization, nutrient deposition, climatic variation, and
disturbances.

Deforestation in the tropics has the greatest impact on the
carbon cycle of any land use and land cover change. It is reported
that land use change (mostly deforestation) is the source of
1.6�0.8 billion tons of carbon per year (Houghton et al. 1999,
2001), although other estimates of net mean annual carbon fluxes
from tropical deforestation and regrowth were 0.6 (0.3–0.8) and
0.9 (0.5–1.4) billion tons for the 1980s and 1990s (DeFries et al.
2002). Dixon et al. (1994) estimated that global forests were a net
source of 0.9�0.4 billion tons of carbon in the 1990s, including
large sources in the low-latitude forests (1.6�0.4 billion tons a
year) and net sinks in mid-latitude (0.26 �0.09 billion tons a
year) and high-latitude (0.48�0.1 billion tons a year) forests.

Inversion studies using atmospheric-transport models indicate
that land in the temperate and boreal latitudes of the Northern
Hemisphere was a sink for 0.6–2.7 billion tons of carbon a year
during the mid-1980s to mid-1990s, although patterns of spatial
distribution of this sink are rather contradictive (Fan et al. 1998;
Bousquet et al. 2000; Rayner et al. 1999; Battle et al. 2000; Pren-
tice et al. 2001), and there is substantial interannual variation of
forest NBP, which can reach three- to fivefold for large regions.
Goodale et al. (2002) estimated that northern forests and wood-
lands provided a total sink for 0.6–0.7 billion tons of carbon a
year during the early 1990s, consisting of 0.21 tons in living bio-
mass, 0.08 tons in forest product, 0.15 tons in dead wood, and
0.13 tons in soil organic matter.

Russian forests, which account for about two thirds of total
boreal forests, experienced severe disturbances during this period,
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which resulted in an estimated annual carbon sink for 1988–92 of
0.11 billion tons of carbon (Goodale et al. 2002). Later it has been
shown that the forest sink in Russia during this period was mini-
mal over the last four decades: the annual average NBP of Russian
forests has been estimated at 0.43 billion tons of carbon per year
from 1961 to 1998 (Shvidenko and Nilsson 2003). Canadian for-
ests served as a net carbon sink before the 1980s but became a
carbon source as the result of increased disturbances and changes
in the age class distribution (Kurz and Apps 1999).

Recently disturbed and regenerated forests usually lose carbon
from both soil and remnant vegetation, whereas mature undis-
turbed forests maintain an overall neutral carbon balance (Apps et
al. 2000). The rate of carbon sequestration depends upon age, site
quality, species composition, and the style of forest management.
Mature and over-mature boreal forests in many cases actually
serve as a net carbon sink (Schulze et al. 1999), which probably
relates to accumulation of carbon in forest soils and uneven-aged
forest structure.

The post-Kyoto international negotiation process envisages an
important role for forests in current and future efforts to mitigate
climate change. Forest management operations that simultane-
ously improve the condition and productivity of forests and stabi-
lize natural landscapes are able to increase the carbon stock of
forest ecosystems and ensure its persistence. These activities in-
clude afforestation and reforestation, thinning, improving forest
protection, increasing efficiency of wood processing, and use of
wood for bioenergy. Numerous studies show significant potential
of the world’s forests in this respect. Implementation of special
carbon management programs in Russia, for example, allows for
sequestration of 200–600 teragrams of carbon annually during the
next 100 years in a globally competitive carbon market (Shvi-
denko et al. 2003). The ability of forests to sequester carbon effec-
tively takes on special significance since the Kyoto Protocol
entered into force in 2005. Implementation of successful carbon
management will require improvements in national forest poli-
cies, legal instruments, monitoring and reporting in many coun-
tries, and general progress in the transition of world forestry to
sustainable forest management.

Plantations are also increasingly established as a response to
climate change. A number of countries already have programs to
establish forest plantations for carbon sequestration. In Costa
Rica, for example, reforested conservation areas are credited with
income for the carbon sink and watershed protection services they
provide (Chichilnisky and Heal 1998). By 2000, about 4 million
hectares of plantations worldwide were established with funding
for carbon sequestration. However, despite much progress in the
post-Kyoto Protocol international negotiation process, some im-
portant political and economic questions concerning the use of
forestry and land use change for mitigating climate change remain
to be resolved. The protocol allows carbon sequestered by affor-
estation or reforestation after 1990 to be counted as an offset for
emissions under certain circumstances. Some observers (e.g.,
Schulze et al. 2002) fear that this might offer incentives to fell
older, natural woodland (for which no offsets are available) and
replace them with plantations. However, the accounting and veri-
fication procedures, such as those agreed in the Marrakesh Ac-
cords to the protocol, are designed to eliminate such perverse
incentives.

21.5.6 Sociocultural Values and Services

Forests are highly valued for a host of social, cultural, and spiritual
reasons. Forests and people have co-developed, with people shap-
ing the physical nature of most forests (including those we today
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consider ‘‘natural’’) and the forest, in turn, exerting a powerful
influence over human cultures and spiritual beliefs (Laird 1999;
Posey 1993; UNESCO 1996). For many indigenous and tradi-
tional societies, forests are sacred and sometimes supernatural
places, linked to both religious beliefs and the very identity of
some communities and peoples (Parkinson 1999). The wide-
spread existence of ‘‘sacred groves’’ in many societies is a physical
manifestation of this spiritual role and has contributed to forest
conservation. (See Chapter 17.)

Forests provide spiritual and recreational services to millions
of people through forest-related tourism. Nature-based tourism
has increased more rapidly than the general tourism market, evol-
ving from a niche market to a mainstream element of global tour-
ism, with annual growth rates estimated to be in the range of
10–30%. (See Chapter 17.) Although it is difficult to estimate
with any precision what proportion of regular tourism has been
redefined as ‘‘nature-based’’ or how many ‘‘nature-based tourists’’
are drawn to destinations because they are forested, it is neverthe-
less evident that forests, woodlands, and the species they support
are a significant element of many ecotourism destinations—from
the national parks of North America to the megafauna-rich savan-
nas of Africa.

21.5.7 Services Provided by Agroforestry Systems

Although forests and woodlands can be a substantial component
of agroforestry systems, trees outside forests are also a crucial com-
ponent of these systems. Services provided by agroforestry systems
vary between different climate regions and include woody and
non-woody forest products for commercial and subsistence use;
maintenance of soil fertility via organic matter input to the soil,
nitrogen fixation, and nutrient recycling (Szott and Palm 1996;
Buresh and Tian 1998); reduction of water and wind erosion
(Beer et al. 1998; Yukhnovsky 2003); conservation of water via
greater infiltration (Bharati et al. 2002); enhanced carbon capture
(Lopez et al. 1999); and maintenance and management of biodiv-
ersity in agricultural landscapes (Beer et al. 2003).

21.5.8 Discussion

While it is clear that the value of forest services is very high,
there are many gaps in scientific understanding and few practical
solutions to reconciling the conflicts that arise from the compet-
ing values that different user groups ascribe to different forest ser-
vices. Interests of landowners, local communities, governments,
and the private sector vary and frequently conflict in both spatial
and temporal terms. The time horizon for using individual forest
services is substantially different, for example, for forest-dependent
indigenous communities and large logging companies.

There are many similarities in the importance and use of forest
services in industrial and developing countries, as well as clear
geographical, national, and user group differences. For example,
the relative importance of wood production has been ranked as
‘‘high’’ and ‘‘medium’’ by 78% and 89% of respondents in United
States and France, respectively, but estimates for grazing were 33%
and 4%, and for nature protection 50% and 100% (Agarwal 1992).

Expert estimates presented in Tables 21.5 and 21.6 indicate,
to some extent, current understanding of the relative importance
of different forest services for tropical and non-tropical forests.
Although it is not easy to predict future trajectories of changes for
these estimates, demands on forests as sources of both fiber and
other services will undoubtedly grow significantly. Two central
factors of global change, however, will likely be determinative:
the extent to which development challenges are met and poverty
is reduced in many parts of the world (IIASA and FAO 2002) and

PAGE 607

the extent to which the direct and indirect impacts of climate
change on the capacity of forests to provide services might exceed
the resilience of forest ecosystems in many regions.

21.6 Drivers of Change in Forest Ecosystems
Understanding the drivers of change in forest condition at differ-
ent spatial and temporal scales is a complicated task. As a rule, such
changes are the result of interactions among many factors—social,
ecological, economic, climatic, and biophysical. (See Chapter 3.)
Rapid population growth, political instability, market forces, in-
stitutional strengths or weaknesses, natural and human-induced
disturbances, and many other factors may be important. Biophysi-
cal factors, such as a region’s history of landscape transformation
(Mertens and Lambin 2000), the high sensitivity of forest soils
to machinery used for logging (Protopopov 1979), or the high
flammability of boreal forests (Kasischke and Stocks 2000) can also
play a significant role (McConnell 2004).

21.6.1 Tropical Forest Ecosystems

Forest degradation and conversion to other land uses are the two
main processes of change occurring in natural tropical forest eco-
systems. Numerous studies have attempted to ascertain the direct
and indirect drivers of tropical deforestation and the relationships
among them, and broadly conclude that in many situations it is
impossible to isolate a single cause due to the complex socio-
economic processes involved, and the diverse circumstances in
which it occurs, which often obscures underlying patterns
(Walker 1987; Roper 1996). Despite this complexity, it is clear
that tropical deforestation is caused by a combination of direct
and indirect drivers, that these drivers interact with each other,
often synergistically, and that the specific combinations of drivers
vary between regions of the globe, countries, and even between
localities within countries.

The assessment of tropical deforestation provided by Geist and
Lambin (2001, 2002) and further elaborated in Lambin et al.
(2003) is presented here. It provides a comprehensive review and
synthesis of recent literature and draws on analysis of 152 sub-
national case studies.

21.6.1.1 Direct Drivers

Direct drivers of tropical deforestation are human activities or im-
mediate action at the local level, such as agricultural expansion,
that originate from intended land use and directly affect forest
cover (Geist and Lambin 2002). These direct drivers can be
broadly categorized into those related to agricultural expansion,
wood extraction, and infrastructure extension.

Agricultural expansion includes shifting cultivation (both tra-
ditional swidden agriculture and the more destructive ‘‘slash-and
burn’’ cultivation); permanent agriculture, which may be at large
or small scales and, in the latter case, for either commercial or
subsistence purposes; pasture creation for cattle ranching; and
sponsored resettlement programs with the objective of converting
forest to agriculture, estate crops, or timber plantations.

Wood extraction includes commercial wood extraction (state-
managed or private logging concessions), fuelwood extraction
and charcoal production for both domestic and industrial uses,
and polewood extraction for both domestic and urban uses. Most
timber extraction in tropical regions is done without effective
management, and logging often inflicts a great deal of damage on
the remaining forest stand (Verissimo et al. 2002; Schneider et al.
2002), although technologies of reduced impact logging have
been successful on an experimental scale (Sist et al. 1998; Ceder-
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Table 21.5. Major Services Provided by Tropical Forests and Woodlands to Various User Groups (Based on regional expert estimates)

User Group Freshwater Yield Fuel Timber and Pulp NWFP Biodiversity Amenities Carbon Storage

Local communities 5 5 3 4 2 4 2

Loggers 2 4 5 2 1 2 2

Downstream users
Cities
Agriculture
Industry

4
5
3

3
4
2

4
3
5

3
4
1

2
3
0

4
3
1

2
1
1

Timber traders 1 3 5 3 0 0 1

National 5 4 4 3 4 4 3

Global 3 4 3 4 5 3 3

Key:
5 – crucial 2 – moderately important
4 – very important 1 – sporadic use
3 – important 0 – not used

Table 21.6. Major Services Provided by Temperate Forests and Woodlands to Various User Groups (Based on regional expert estimates)

User Group Freshwater Yield Fuel Timber and Pulp NWFP Biodiversity Amenities Carbon Storage

Local communities 5 5 3 4 2 4 2

Loggers 2 4 5 2 1 2 2

Downstream users
Cities
Agriculture
Industry

4
5
3

3
4
2

4
3
5

3
4
1

2
3
0

4
3
1

2
1
1

Timber traders 1 3 5 3 0 0 1

National 5 4 4 3 4 4 3

Global 3 4 3 4 5 3 3

Key:
5 – crucial 2 – moderately important
4 – very important 1 – sporadic use
3 – important 0 – not used

gen 1996; Mårn and Jonkers 1981; Applegate et al. 2004) (See
also MA Policy Responses, Chapter 8.) Illegal logging is also a major
concern in many tropical countries. (See Chapter 9.) Illegal log-
ging drives harvesting above planned legal limits, thereby impair-
ing efforts at sustainable forest management, and is a powerful
element of organized crime (e.g., Curry et al. 2001; Tacconi et al.
2003). According to assessments by international institutions such
as the World Bank and WWF, about 70 countries have substantial
problems with illegal logging, leading to annual losses of govern-
ment income exceeding $5 billion and total economic losses of
about $10 billion (Pisarenko and Strakhov 2004).

Infrastructure extension includes transport infrastructure
(roads, railroads, and rivers); market infrastructure (such as saw-
mills and food markets); settlement expansion; and a variety of
resource extraction, energy, and industrial infrastructure (such as
hydropower, oil exploration, mining, and electrical grids).

Agricultural expansion is by far the most important direct
driver of deforestation (in as much as 96% of cases studied) (Geist
and Lambin 2002), and higher prices for agricultural products are
a key indirect driver (Angelsen and Kaimowitz 1999). There is
considerable regional variation in the kinds of agricultural expan-
sion affecting tropical forests. Slash-and-burn clearing in Asia, for
example, is more prevalent in uplands and foothills, whereas in
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Latin America, it is mainly limited to lowland areas. Pasture cre-
ation for cattle ranching is a major direct driver of forest loss in
mainland South America, but much less so in other regions.

Similar regional variation exists for commercial wood extrac-
tion, which was a factor in 67% of cases studied, but varied from
being a direct driver of deforestation in 78% of Asian cases to 40%
of Latin American cases and 26% of African cases. This is not
surprising, since significant industrial logging for the international
tropical timber trade now occurs only in seven Asian countries
(Indonesia, Malaysia, Myanmar, Cambodia, Laos, Papua New
Guinea, and the Solomon Islands), although many other countries
have commercial logging operations for domestic and interna-
tional markets (FAO 2002a). In some cases, large timber corpora-
tions have taken advantage of weaker or more corrupt governments
(Forests Monitor 2001), which have ceded large tracts of forests
to logging firms—for instance, 75% of Cameroon’s forest area
(WRI 2000b) and 50% of the forest area of Gabon (WRI 2000a).

By contrast to the relative importance of commercial logging
in Asia, fuelwood gathering for domestic use was found to be a
direct driver in 53% of African cases but only 33% of Asian and
18% of Latin American cases.

Infrastructure expansion was found to be a direct driver in
72% of cases overall, varying from 47% in Africa to 66% in Asia
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and 83% in Latin America. In particular, road extension was found
to be one of the main specific direct drivers of tropical deforesta-
tion, especially in Latin America. The extension of roads, rail, and
water transport now leaves 65% of forests in Africa 10 kilometers
or less from a transportation line (FAO 2001c). By contrast, the
development of private enterprise infrastructure (dams, mines, oil
exploration) appears to be a minor direct driver of tropical defor-
estation globally, although it is important in some regions (such as
hydropower development in Southeast Asia and oil development
in the Peruvian, Ecuadorian, and Colombian Amazonian low-
lands).

Tropical deforestation can rarely be explained by a single di-
rect driver. In the Geist and Lambin assessment, single direct driv-
ers only explained 6% of the cases. In particular, agricultural
expansion in tandem with infrastructure development and/or log-
ging are the most frequent combinations of direct drivers (‘‘tan-
dems’’) causing deforestation. The infrastructure-agriculture
tandem explained more than one third of the cases and was rela-
tively evenly distributed across regions. In 90% of these cases,
the extension of road networks caused extension of permanently
cropped land and cattle pasture, thereby resulting in deforestation.
The logging-agriculture tandem explained only 10% of all cases
in the study but was an important direct driver of deforestation in
Southeast Asia and parts of China: the leading specific driver in
most Asian cases is commercial, chiefly state-run logging activi-
ties, leading to the expansion of cropped land.

21.6.1.2 Indirect Drivers

Indirect drivers of deforestation are fundamental social processes,
such as human population dynamics or agricultural policies, that
underpin the direct drivers and either operate at the local level or
have an indirect impact from the national or global level (Geist
and Lambin 2002). These indirect drivers fall into five broad cate-
gories: economic, policy and institutional, technological, cultural/
sociopolitical, and demographic. Each of these is complex even at
the level of a general typology. (See Table 21.7.) They are of
course even more complex in particular countries and contexts,
and, like direct drivers, indirect drivers rarely function alone.

Economic factors, particularly those related to economic de-
velopment through a growing cash economy, are highly impor-
tant across many regions. Many cases are characterized by the
marginalization of farmers who have lost their resource entitle-
ments, combined with development brought about through pub-
lic or private investments (Geist and Lambin 2002).

Institutional factors are also frequently important and are
closely tied to economic drivers. These may involve formal pro-
deforestation policies and subsidies (for colonization, agricultural
expansion, or logging, for instance) as well as ‘‘policy failures’’
such as corruption or forestry sector mismanagement. Property
rights issues, although much discussed in the deforestation litera-
ture, were only a major indirect driver in the cases Geist and
Lambin analyzed for Asia and tended to have an ambiguous effect
on forest cover: both tenurial insecurity (such as open access con-
ditions and denial of indigenous land rights) and the legalization
of land titles (enhanced tenurial security) were reported to influ-
ence deforestation in a similar manner. While property rights is-
sues may not be the most dominant factors driving deforestation,
it is widely recognized that clear property rights are a fundamental
basis for instituting sustainable forest management. (See Box
21.5.)

Among demographic factors, only in-migration of colonists to
sparsely populated forest areas appeared to be significant; popula-
tion increase due to high fertility rates has not been a primary
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driver of deforestation at a local scale or over a few decades. Pop-
ulation increases are always combined with other factors (Geist
and Lambin 2002).

21.6.1.3 Summary of Drivers

In summary, while it is possible to identify with some certainty
the factors underlying tropical deforestation in a general sense, it
is very difficult to pinpoint a uniform set of drivers and their
relative contributions that can be said to apply generally at a global
or even regional level. In a separate review of 140 models analyz-
ing the causes of tropical deforestation, Angelsen and Kaimowitz
(1999) raised significant doubts about many conventional hypoth-
eses in the debate about deforestation; they found that more
roads, higher agricultural prices, lower wages, and a shortage of
off-farm employment generally lead to more deforestation, al-
though how technical change, agricultural input prices, house-
hold income levels, and tenure security affect deforestation
remains unknown. The role of macroeconomic factors such as
population growth, poverty reduction, national income, eco-
nomic growth and foreign debt was also found to be ambiguous.
Moreover, the study found that the ‘‘win-win’’ hypothesis that
economic growth and removal of market distortions will benefit
both people and forests is not well supported by the available
evidence. Rather, economic liberalization and currency devalua-
tions tend to yield higher agricultural and timber prices that, in
general, will promote deforestation (Angelsen and Kaimowitz
1999).

21.6.2 Temperate and Boreal Forest Ecosystems

Contrary to the situation in tropical forests, an important feature
of forest dynamics in temperate and boreal zones is natural refor-
estation and expansion of forests. This process has been typical for
the entire boreal zone during the last 40 years, and in Northern
Eurasia this was due largely to the great restoration potential of
boreal forests and the suppression of fire from the 1960s to the
mid-1990s (Shvidenko and Nilsson 2002). Data for North
America are less available, but fragmented satellite observations
suggest that reforestation and forest expansion has been common
for the entire circumpolar zone. Indeed, many temperate counties
have initiated programs of reforestation and improvement of ex-
isting forests (UNECE/FAO 2003), resulting in increased net for-
est cover in temperate and boreal forest ecosystems.

Drivers of increasing forest cover in temperate industrial
countries include the intensification of agriculture and agricultural
overproduction, resulting in set-aside policies; loss of soil fertility;
the increasing value of forests’ amenity services; climate protec-
tion and watershed protection uses; and growing public under-
standing of the environmental values of forests.

In Europe, many forests were cleared centuries ago to allow
agricultural expansion. Some of that agricultural land has become
uneconomic to farm (see Chapter 26); meanwhile, the values of
other forest services (amenity, conservation and protection, tim-
ber) have increased. Thus, the economically optimal land use has
changed over the last century and trees have been either replanted
or allowed to regenerate naturally. A number of countries in Eu-
rope have developed national polices aimed at conversion of some
agricultural and marginal land into forest. And in Russia, the eco-
nomic situation and social changes during the past decade have
led to abandonment of over 30 million hectares of arable land,
which is regenerating naturally into forest, trees, and bushes
(Kljuev 2001).

Forest quality, however, has not necessarily improved across
the temperate and boreal zones. Indeed, forests in Europe showed
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Table 21.7. Generalized Typology of the Indirect Drivers of Tropical Deforestation (Adapted from Geist and Lambin 2001)

Economic change 
(economic growth, 
development, 
commercialization)

market growth and 
commercialization

rapid market growth (especially exports), rise of cash economy, increasing commercialization, 

incorporation into global economy

increased market accessibility (especially of semi-urban and urban markets)

lucrative foreign exchange earnings

growth of demand for forest-related consumer goods due to rise in well-being

specific economic 
structures

large individual (mostly) speculative gains

poverty and related factors

economic downturn or crisis

indebtedness, heavy foreign debt

urbanization and 
industrialization

urbanization; growth of urban markets

industrialization: rapid expansion of new basic, heavy, and forest-based or forest-related industries

special economic 
parameters

comparative advantage due to cheap, abundant production factors in resource extraction and use

artificially low-cost production conditions (e.g., through subsidies)

price increases or decreases for cash crops, fuel, land

Policy and 
institutional factors

formal policies taxation, charges, tariffs, prices

credits, subsidies, licenses, concessions, logging bans

economic development (e.g., agriculture, land use policy, infrastructure)

finance, investment, trade

population (including migration and resettlement)

other forestry sector policies

informal policies 
(policy climate)

corruption and lawlessness

growth or development coalitions

bureaucratic mismanagement and poor performance

clientelism, vested (private) interests

role of civil society (e.g., NGOs)

property rights
regimes

insecure tenure and resulting open access in forest areas

privatization of public lands

state assertion of control over private, communal, or customary lands

inequality in land access, ownership, and control

Technological change agro-technological 
change

land use intensification

land use extensification

other changes (landholding, production orientation, etc.)

technological 
applications 
in the wood sector

damage and waste due to poor logging performance

waste in wood processing, poor industry performance

lack of cheap technological alternatives to fuelwood; poor industrial and domestic furnace performance

other production 
factors in agricul-
ture

low level of technological inputs

land-related factors (landlessness, land scarcity)

labor-related factors (limited availability)

capital-related factors (no credit, limited irrigation)

Cultural/socio-
political factors

public attitudes, 
values, and beliefs

public unconcern or lack of (public and political) support for forest protection and sustainable use; low educational
levels; frontier mentality; dominance of other public values (e.g., modernization, development)

unconcern about the welfare of others and future generations; low perception of public citizenship and responsibilities

beliefs about how environmental change affects other things that individuals value

individual and 
household behavior

unconcern by individuals about the environment as reflected in increasing levels of demands, aspirations, and con-
sumption, commonly associated with commercialization and increased income

situation-specific behavior of actors: rent-seeking, nonprofit orientation, extent of adherence to traditional resource
use modes

Human population
dynamics

population growth, density, spatial distribution, and life cycle features (e.g., age, gender structure)
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BOX 21.5

Influence of Property Rights on Forest Cover Change and Forest Management

From the colonial period until recently, governments have legally owned In the last decade or so, some governments have introduced reforms
most forests. The tradition of government ownership originated in medie- in forest ownership policies in favor of community access and ownership.
val Europe and was transported to most colonies and adopted by imperial These reforms were propelled by at least three factors: government recog-
states in the sixteenth and seventeenth centuries (White and Martin nition of the claims of indigenous and other local communities; growing
2002). Except for in the United States, Mexico, China, and Papua New evidence of the capacity of local communities to carry out sustainable
Guinea, government ownership of forests spread throughout Africa, the forest management, due to their traditional management practices and
Americas, and South and East Asia as new governments took rights from their direct stake in forest sustainability; and the increasing realization that
native peoples and centralized the control and management of forest re- governments and public forest agencies have often not been good man-
sources in public forest agencies. Currently, about half (51%) of forests gers of public forests (White and Martin 2002). Currently, small farms,
and other wooded lands are in public ownership in Europe (without Rus- communities, and indigenous people own or have usufruct rights over one
sia) and the rest is privately owned. National variation of ownership in fifth of forests in developing countries. India’s Joint Forest Management
temperate and boreal countries is significant: in a number of countries Programme can be cited as one generally positive example of implemen-
(such as Canada, Russia, Ukraine, and Bulgaria), forests and OWL are tation: over 35,000 village organizations now participate in the program,
almost exclusively owned publicly; in others, forests are owned privately covering 18% of all state forests where 147 million people live in and
(for example, 92% in Portugal, 82% in Austria, and 80% in Sweden) around forests (Forest Trends 2002), although the process is not simple
(UNECE/FAO 2003). and the results have not all been positive (Arnold 2001).

By 1982, over 80% of the closed forests in developing countries were Social conflicts often accompany the process of change and redistribu-
public land (FAO 1982). A 2002 study (White and Martin 2002) estimated tion of property rights, in particular use of lands of indigenous communi-
that about 77% of the world’s forest are owned and administered by gov- ties for industrial forestry and agricultural purposes, including forcible or
ernments based on national laws, at least 4% are reserved for communi- illegal seizure of land. Reservation of indigenous territories is considered
ties, at least 7% are owned by local communities, and approximately 12% an important tool for conserving natural forests in many countries, particu-
are owned by individuals. (See Table.) larly in the tropics. Recognized indigenous territories constitute 20% of the

In general, governments in countries with large amounts of forest have Brazilian Amazon, for example. Conflicts, however, between indigenous
traditionally opted to transfer access rights and management authority peoples in these territories and newcomers—such as illegal farmers asso-
to large-scale private industry through logging concessions. Gillis (1992) ciated with the Landless Rural Workers Movement—are quite common.
estimated that in 1980 about 90% of all industrial roundwood was derived There is no single, ‘‘correct’’ forest property rights regime for all cases.
from logging concessions. Data from 16 countries in Africa, the Americas, Each country must find its own balance among public, private, and com-
and Southeast Asia for which concession information is available reveal munity rights. Whatever particular balance a country strikes, however,
that 396 million hectares (44.2% of the total forest area) are under conces- forest property rights need to be clear and enforceable. Formal legal es-
sions. In some of these areas, particularly in Southeast Asia, the access tablishment of property rights does not guarantee their effective implemen-
and use rights granted to forest concessions have contributed to the mas- tation or enforcement. In many developing countries (and some countries
sive exploitation of forest resources and the marginalization of forest-de- in transition), forest property rights are legally mandated but are not imple-
pendent communities (Broad 1995; Kummer 1992). mented due to weak enforcement capacity or corruption.

Estimated Distribution of Forest Ownership for Selected Categories (White and Martin 2002)

Categories

Public Private 

Administered by
Governments

Reserved for Community
and Indigenous Groups Community/ Indigenous Individual/Firm

(percent of total)

Global forest estate 77 4 7 12

Developing countries 71 8 14 7

Developed countries 81 1 2 16

Tropical countries 71 6 13 10

Top 17 megadiverse countries 65 6 12 17

Top five roundwood products 80 7 6 7

a continuous deterioration from 1986 to 1995 due to air pollu-
tion, with the proportion of healthy trees falling from 69% in
1988 to 39% in 1995. Results for 1995–2001 show stabilization
at a high level of damage, with almost a quarter of the sample
trees rated as damaged due to air pollution (EC-UN/ECE 2002).
For example, sulfur from the world’s biggest source of sulfur
emissions, Norilsk in northern Siberia (about 2 million tons of
sulfur dioxide per year), caused tree mortality and degradation of
more than 2 million hectares of surrounding forest tundra land-
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scapes during the last four decades (Nilsson et al. 1998; Bruce et
al. 2004).

Air pollution induces changes in tree physiology, phenology,
and biochemical cycling. Among air pollutants affecting forest
health, sulfur, nitrogen, heavy metals, and ozone are the most
pervasive, although the complexity of forest decline in relation to
air pollution suggests that decline in condition has been due to
the combined impacts of eutrophication, acidification, and cli-
mate change (Nelleman and Thomsen 2001; see also Chapter 25).
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The impacts of pollution on forests are not confined to industrial
countries. Although anthropogenic emissions of sulfur dioxide
have recently declined in most industrial countries in Europe and
North America, emissions have increased in a number of coun-
tries of Asia, Africa, and Central and South America. Emissions of
nitrogen oxides due to human activities remain constant or have
increased over vast regions. (See Chapter 13.)

Pest outbreaks also seriously affect the quality of temperate
and boreal forest ecosystems. Between 2000 and 2003, harmful
forest insect outbreaks in Canada and Siberia affected more than
20 million hectares of boreal forests. The area affected by bark
beetles in British Columbia increased during 2002–03, doubling
to 4.2 million hectares (Berg and Henry 2003), from which the
expected loss of timber is estimated to be CAN$20 billion, in
addition to the increased risk of catastrophic fires. In northern
Siberia, more than 10 million hectares of larch forests were defoli-
ated by Siberian silkworm in 2001 and 2002 (MNR 2003). The
main underlying cause of these increases in natural disturbances in
the boreal zone was the extremely hot and dry summers and mild
winters that occurred between 1998 and 2003 (e.g., Ivanov
2003).

21.6.3 Fires in Forest Ecosystems

Fire is a crucial disturbance factor affecting tropical, temperate,
and boreal forests. In many regions (the boreal zone, for instance,
and savannas), fire is an essential and ecologically important proc-
ess that organizes structure and functioning of forest ecosystems
and substantially affects flows of energy and matter. For many
other forest ecosystems, however, fire is a negative factor that
severely damages forests and can lead to long-term degradation
(FAO 2001e; WGWF 2003).

The incidence and severity of forest fires appears to have ac-
celerated over the past few decades (Kasischke and Stocks 2000).
(See also Chapter 16.) Until recently, for example, fire in tropical
evergreen forests had a negligible distribution and impact. How-
ever, tropical rain forest conversion to rangeland and agricultural
systems, slash-and burn practices, and landscape fragmentation,
exacerbated by the El-Niño Southern Oscillation, have resulted
in the dramatic increase of wildfires in tropical rain forests during
the last two decades (Muller-Dombois and Goldammer 1990;
WGWF 2003; Mutch 2003).

The El Niño–driven fires of 1997–98 burned more than 20
million hectares in Latin America and Southeast Asia. The burnt
area in Kalimantan (Indonesian Borneo) alone was about 6.5 mil-
lion hectares, of which 3.2 million hectares was forest or forest
areas that had recently been severely degraded or converted to
plantations and other agricultural uses (Tacconi 2003). The com-
plete economic, social, and ecological consequences of these fires
have not been quantified, although some studies have yielded at
least partial estimates of lost wood and impacts on wildlife and
human health (e.g., Barber and Schweithelm 2000; WWF-
Indonesia and EEPSEA 1998). The cost of carbon loss from the
forests due to the 1998 fires in Latin America is roughly estimated
at $10–15 billion, and severe respiratory health problems together
with widespread transport disruption were estimated to cost $9.3
billion (WGWF 2003).

Increased fire activity has also been observed in other forest
biomes. During the last two decades, forest fires in boreal North
America (Canada and Alaska) have burned an average of 3 million
hectares annually (national statistics available from the Global Fire
Monitoring Center, www.fire.uni-freiburg.de). Apart from the
influence of weather, shortcomings in forest fire management
contributed to this increase. Human activities since 1900 have
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altered forest structure and fuel loadings to such an extent that
they have eliminated the natural fire regime on over half the land
area (260 million hectares) of the conterminous United States
(Schmidt et al. 2002). In 2002, about 3 million hectares of U.S.
forests burned, causing the deaths of 21 firefighters. In Russia,
about 15 million hectares of forest burned in 2003. In that same
year, forest fires destroyed 5% (386,000 hectares) of Portugal’s
forest and killed 20 people (the average annual burned area during
the previous decade was about 50,000 hectares (Baptista and Car-
valho 2002)), and the official estimate of economic damage of fire
in 2002 was about $1 billion.

Although an inventory of the global fire situation was pre-
pared as part of FRA-2000 (FAO 2001d), available national infor-
mation is incomplete, and the certainty of data for many regions
in unknown. The satellite-based Global Burned Area Product for
the year 2000 reported the global burned area of terrestrial vegeta-
tion to be 351 million hectares (JRC 2000). The reliability of this
estimate is not known, however, due to the coarse resolution of
the remote sensing data used and the absence of ground-truthing
for many large regions. Nevertheless, the main conclusion is evi-
dent: forest fires have become a global factor negatively affecting
the condition and functioning of terrestrial biota, and experiences
over the past decade show that the risk and threats of forest fires
are widespread across the globe.

21.6.4 Climate Change and Forests

During the last 30 years the world has experienced significant
temperature increases, particularly in northern high latitudes
(IPCC 2001a). (See Chapter 25.) The climatic scenarios consid-
ered by the Third Assessment Report of the IPCC projects the
increase in global annual average surface temperature by the year
2100 to be 1.4–5.8� Celsius higher than the mean over the period
1990 to 2001. In some regions, this projected warming will gen-
erate a climate not experienced in recent evolutionary history.
Western North America, for example, could be 2–5� Celsius
above the range of temperatures that have occurred over the past
1,000 years, and vast regions in Siberia could be warmer by 6–10�
Celsius. Moreover, temperatures are projected to continue to in-
crease beyond 2100 even if atmospheric concentrations of green-
house gases were to be stabilized by that time (Houghton et al.
2001).

As a whole, precipitation patterns are also predicted to in-
crease, although this is mostly expected in winter precipitation,
and many regions will face either a very small change or a decrease
in summer precipitation. In particular, the latter is expected in
regions of dry forests and woodlands. Finally, climate variability,
such as the frequency of extreme events and occurrence of dry
and hot periods, are expected to increase substantially (IPCC
2001a, 2001b).

These dramatic changes will be accompanied by the ‘‘fertiliza-
tion effect’’ of increasing CO2 concentration and nutrient deposi-
tion, which may substantially affect the state, functioning, and
dynamics of the world’s forests (Chapin et al. 2004). Although
there is a lack of knowledge on the adaptive capacity of tree spe-
cies, it is likely that an increase of temperature of a few degrees
may accelerate productivity of forests, but any further increase
will affect forest ecosystems in a clearly negative way (Walker et
al. 1999). In spite of the fact that many experiments with leaves,
shoots, and tree seedlings indicate a significant increase of produc-
tivity due to CO2 fertilization, these effects on forests will be
saturated in a short time (Scholes et al. 1999). There are also ex-
perimental data that do not support CO2 fertilization models
(Pacala 2004).
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In many regions, adaptation of some forests, such as those on
peat and wetlands covered by trees and shrubs, may be practically
impossible. Melting of permafrost at high latitudes will cause dra-
matic changes in hydrological regimes of huge areas (Chapin et
al. 2004). Satellite-based measures of the greenness of the boreal
forest zone indicate a lengthening of the growing season over the
past two decades (Nemani et al. 2003). In dry forests, net de-
creases in available soil moisture will decrease forest productivity.
Many of these regions are also affected by El Niño/La Niña and
other climatic extremes, and significant increases in land degrada-
tion and impoverishment of forests are likely (IPCC 2001a,
2001b).

Tropical montane cloud forests are especially vulnerable to cli-
mate change (Markham 1998). Various lines of evidence show
that these have already been affected by climate change (Bubb et
al. 2004), either through declines in the species they support
(Pounds et al. 1999) or through rising cloudbanks (Still et al.
1999), which are a consequence of both climate change and re-
gional land use change (e.g., see Lawton et al. 2001).

However, the degree to which changes in climate have already
affected (e.g., see Walther et al. 2002) and continue to affect (Aber
et al. 2001) productivity indicators of forests and their ability to
supply services varies across space and time. This is because of the
varying life cycles of forests, where climate changes within the
former life cycle have a more immediate effect on regeneration
success following disturbances (Price et al. 1999a, 1999b); differ-
ing values placed on forests by society (Spittlehouse 1997); dis-
agreement on whether impacts of climate change are positive or
negative (Körner and Arnone III 1992); and the varying priorities
of governments for addressing other impacts (Spittlehouse 1997).

The impacts of changing climate also vary among different
measures of ecosystem productivity. For example, because short
growing seasons and the sum of active temperatures are the main
factors limiting growth in boreal and alpine forests (Stewart et al.
1998), a projected increase in temperature may lead to higher net
primary productivity values in most of these forest stands (Bug-
mann 1997, but see possible limitations in Barber et al. 2000),
while net ecosystem productivity values will show decreases due
to increased decomposition (Valentini et al. 2000, but see Giar-
dina and Ryan 2000). On the other hand, should higher tempera-
tures together with lower summer precipitation values occur in
these forest stands, then harsher summer drought conditions may
decrease NPP values as a result of lowered photosynthetic rates
associated with reduced stomatal conductance (Sellers et al. 1997).
Such a scenario will lead to a further decrease in NEP values due
to decomposition.

The possible negative climatic effects caused by drought could
be partly or fully mitigated by elevated CO2 levels. High CO2

levels have been found to be associated with increased photosyn-
thetic rates and increased water use efficiency of various forest
species; this could potentially lead to increased forest productivity.
Evidence for this, however, is still inconclusive (Kirschbaum and
Fischlin 1996). In humid evergreen tropical forest in Costa Rica,
annual growth in the period 1984–2000 varied inversely with the
annual means of daily minimum temperature because of increased
respiration at night (Clark et al. 2003). On the other hand, a net-
work of Amazon forest inventory plots shows a carbon accumula-
tion rate of 1 ton of carbon per hectare per year since 1979 (Baker
et al. 2004). Tree recruitment and mortality have increased sig-
nificantly in the Amazon in the past two decades, with recruit-
ment consistently exceeding mortality (Phillips et al. 2004).

Finally, warmer and drier conditions will result in increased
forest and woodland fires (Laurance and Williamson 2001; Kasi-
schke and Stocks 2000), leading to reduced transpiration and in-
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creased carbon emissions and thus creating a positive feedback
whereby more-frequent and severe fires result in complete defor-
estation (Cochrane et al. 1999). It has been estimated that in
1997–98 net forest fire emissions (from biomass and soil losses)
may have released carbon that was equivalent to 41% of world-
wide fossil fuel use (Houghton et al. 2001). Therefore drier condi-
tions will clearly add pressure to both ecosystem services (such as
negative net biome productivity) (Apps et al. 2000) and the eco-
nomic potential of these natural resources (see Dixon et al. 1994
for the economic importance of forests) and will also affect human
health due to smoke-related impacts as a result of forest fires (Co-
chrane 2003).

Because climate change alters the spatial and temporal patterns
of temperature and precipitation (the two most fundamental fac-
tors determining the distribution and productivity of vegetation),
climate change will cause geographical shifts in the ranges of indi-
vidual species and vegetation zones. In West Africa, lower rainfall
and higher temperature due to climate change and desertification
have shifted the Sahel, Sudan, and Guinean vegetation zones
25–30 kilometers southwest toward areas of higher rainfall and
lower temperature in the period of about 1945–93 (Gonzalez
2001). In New Mexico in the United States, a 1954–58 drought
caused a permanent 2-kilometer shift of xeric piñon-juniper
woodland into mesic ponderosa pine forest (Allen and Breshears
1998), and some climate modeling shows extensive latitudinal and
altitudinal shifts of vegetation zones across North America and
Siberia (Iverson and Prasad 1998; Pan et al. 1998; Bachelet et al.
2001).

The dynamic nature of the environment within which sus-
tainable forest management must take place means that simple
representation of the more tangible forest elements, such as pro-
ductivity indicators, in static areas (such as protected areas) is un-
likely to be sufficient for long-term protection and hence
sustainability (Stewart et al. 1998; Rodrigues et al. 2000; Hannah
et al. 2002). Consequently, flexible forest and woodland manage-
ment will be needed to adapt to some of the effects of future
climate change, which will certainly have widespread affects on
forest and woodland systems (Dixon et al. 1994; Cohen and
Miller 2001; Spittlehouse and Stewart 2003).

21.7 Human Well-being and Forests and
Woodland Systems
Forests and woodlands supply essential services to human well-
being across the world, and human-forest interactions manifest
themselves in many direct and indirect ways, each depending var-
iously on the amount of forest, its condition, and its distribution
over the landscape.

More than 1.7 billion people live in the 40 nations with criti-
cally low levels of forest cover, in many cases hindering prospects
for sustainable development. The number of people living in low-
forest-cover nations will probably triple by 2025, reaching 4.6
billion, and 13 additional countries will experience forest re-
sources scarcity (Gardner-Outlaw and Engelman 1999). Human
population growth has drastically shrunk the forest-to-people
ratio from 1.2 hectares per capita in 1960 to 0.6 hectares per cap-
ita at present. By 2025, the ratio is predicted to decline further, to
0.4 hectares per capita (Gardner-Outlaw and Engelman 1999).

The expected decline in the per capita availability of forests in
developing countries generates additional problems for sustainable
development. In many parts of the developing world, direct har-
vesting of forest products by rural families contributes to more
than 50% of total consumption and other household needs (Cav-
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endish 2000; Hassan 2002; Hassan et al. 2002; Godoy and Bawa
1993; Kusters and Belcher 2004; Peters et al. 1989; Sheil and
Wunder 2002; Sunderland and Ndoye 2004). This large group of
people is particularly vulnerable to the negative impacts of declin-
ing forest cover.

Diminishing access to forest products significantly affects
human well-being in developing countries. Inadequate supplies
of paper could emerge as a significant impediment to develop-
ment during this century, and 80% of the world’s population has
yet to achieve the level of paper use deemed necessary to meet
basic needs for literacy and a minimal level of education and com-
munication (Gardner-Outlaw and Engelman 1999). About 2.4
billion people use energy derived from biomass, mostly from for-
ests and woodlands (Arnold et al. 2003; see also Chapter 9), and
most of the 240 million poor people in forested regions in devel-
oping countries depend heavily on forests and trees for their live-
lihoods (World Bank 2003).

Development of modern forest industries can generate local
employment and thereby improve the standard of living of forest
communities. Still, a significant proportion of wood harvested in
tropical countries is exported as unprocessed logs. For instance,
38–48% of unprocessed roundwood was imported from net ex-
port African member countries of the International Tropical Tim-
ber Organization during 1995–2000 (Buttoud et al. 2002), and
domestic demand for wood products in these countries remains
very low, at around 0.1 cubic meters per person a year for timber.

Population-related pressure on forests is greatest in countries
where per capita forest cover is low, and although forests are often
protected or planted as population pressures increase, this is usu-
ally only in high-productivity zones (such as Bangladesh, Java,
parts of Kenya, and India) but rarely in areas of low productivity
(Persson 2003). Many countries in the developing world are fac-
ing local woodfuel and NWFP scarcity, and the situation is ex-
pected to become more acute (FAO 2003a). Because it is often
women and children who search for fuel and edible forest prod-
ucts and so on, such shortages have particularly negative impacts
on these sectors of the population.

Of course, not all deforestation is necessarily undesirable, and
many areas of forest have been lost after the negative conse-
quences of such loss have been carefully considered and weighed
against the benefits. For many countries, past and present, con-
verting some forestlands to agricultural, infrastructural, industrial,
and urban uses has been a necessary and accepted mechanism for
economic development and progress. Unfortunately, deforesta-
tion, particularly in the tropics, has often resulted in conversion
to unsustainable land uses and has not delivered the anticipated
benefits to economic development.

It is projected that tropical deforestation will likely continue
unabated through 2020 and that demand for fuelwood will con-
tinue to rise in Africa and some other regions of the developing
world, watershed protection will continue to deteriorate, and
countries will not likely improve efforts to implement sustainable
forest management (FAO 2003a; Kaimowitz 2003). National for-
est services generally remain underequipped to counter these
trends. A survey of government expenditures in 24 African coun-
tries in 1999 showed that forest expenditures averaged 82¢ per
hectare, of which international financing accounted for 37¢ (FAO
2003a). Most national funding goes to staff salaries, while the in-
ternational component generally goes to investments in material
and information systems.

The condition of forests in individual countries and the well-
being of forest-dependent peoples are closely tied to economic
development levels and trends. Russia is an interesting and infor-
mative example, as the severe economic situation of the last 15
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years has led to large-scale decline of the forest sector. The pro-
duction of major forest products decreased between 1988 and
1998 by three- to fivefold (Bourdin et al. 2000), dramatically af-
fecting the well-being of about 3 million people in regions where
forests are a major source of employment and subsistence. Many
hundreds of forest settlements now suffer from unemployment
and a lack of basic living conditions; subsistence farming, gather-
ing mushrooms and wild berries and fruits, fishing, and poaching
have become major sources for subsistence in many forest regions.
This situation is heavily influenced by an inadequate forest policy,
although in recent years there has been a slow but evident restora-
tion of the Russian forest sector, driven largely by market mecha-
nisms (Shvidenko 2003).

The extent and distribution of forests are important at all spa-
tial levels, from the local to the continental. Even if a country as
a whole has a sufficient amount of forested area in the aggregate,
forest cover in particular regions or landscapes may still be insuf-
ficient to meet the demand for services. Redistribution of forest
cover over a landscape is difficult, however, and requires long-
term, consistent policies at the national level. Improving the con-
dition of forests and their contribution to human well-being is
an important and urgent task, both nationally and internationally.
Recent history, such as international efforts working with the
Tropical Forestry Action Plan (FAO 1985; Winterbottom 1990),
clearly shows both how difficult it is to achieve sustainable forest
management in the contemporary world and that many problems
remain to be solved in order to realize the potential benefits that
forests and woodlands have to offer.

References
Abdger, W.N., K. Brown, R. Cervigni, and D. Moran, 1995: Total economic

value of forests in Mexico. Ambio 24(5), 286–296.
Aber, J, R.P. Neilson, S. McNulty, J.M. Lenihan, D. Bachelet and R.J. Drapek,

2001: Forest processes and global environmental change: predicting the ef-
fects of individual and multiple stressors. BioScience, 51, 735–751.

Achard, F., H.D. Eva, H.-J. Stibig, P. Mayaux, J. Gallego, T. Richards, and
J.-P. Malingreau. 2002. Determination of deforestation rates of the world’s
humid tropical forests. Science, 297, 999–1002.

Agarwal, A. (ed), 1992: The Price of Forests. Proceedings of a seminar on the
Economics of the Sustainable Use of Forest Resources. Center for Science
and Environment, New Delhi, India, 364 pp.

Alexandrov, G.A., T. Oikawa, and G.Esser, 1999: Estimating terrestrial NPP:
what the data say and how they may be interpreted? Ecological Modeling, 117,
361–369.

Allen, C.D. and D.D. Breshears, 1998: Drought-induced shift of a forest–
woodland ecotone: Rapid landscape response to climate variation. Proceedings
of the National Academy of Sciences of the USA, 95, 14 839–14 842.

Allen, D.G, J.A. Harrison, R. Navarro, B.W. van Wilgen and M.W. Thomp-
son, 1997. The impact of commercial afforestation on bird populations in
Mpumalanga province, South Africa—Insights from bird atlas data. Biological
Conservation 79: 173–185.

Angelsen, A. and D. Kaimowitz, 1999: Rethinking the Causes of Deforesta-
tion: Lessons from Economic Models. The World Bank Research Observer, Vol.
14 No. 1. February, pp. 73–98.

Anonymous, 1994: European Criteria and Most Suitable Quantitative Indicators for
Sustainable Forest Management. Adopted by the first expert level follow-up
meeting of the Helsinki Conference. Geneva, 19 pp.

Anonymous, 1995: Criteria and Indicators for Conservation and Sustainable Manage-
ment of temperate and Boreal Forests. The Montreal Process, Canadian Forest
Service, Hull, Quebec, 25 pp.

Applegate, G., F.E. Putz, and L.K Snook, 2004: Who Pays and Who Benefits
from Improved Tinber Harvesting Practices in the Tropics. CIFOR, Bogor, 26 pp.

Apps, M.J., J.S. Bhatti, D. Halliwell, H. Jiang, and C. Peng, 2000: Simulated
carbon dynamics in the boreal forest of central Canada under uniform and
random disturbance regimes. In (Eds.) R. Lal, J.M. Kimble, B.A. Stewart. In:
Global Climate Change and Cold Regions Ecosystems, R. Lal, J.M. Kimble, and
B.A. Stewart (eds.). Advances in Soil Science, Lewis Publishers, Boca Raton,
pp. 107–121.

................. 11432$ CH21 10-11-05 15:04:28 PS



615Forest and Woodland Systems

Arnold, M. 2001: Forestry, Poverty and Aid. CIFOR Occasional Paper No.
33. CIFOR, Bogor, 17 pp.

Arnold, J.E.M., 1998: Socio-economic benefits and issue in non-wood forest
product use. Non-Wood Forest Products, Food and Agricultural Organiza-
tion of the United Nations, Rome, pp. 89–145.

Arnold, M., G. Kohlin, R. Persson, and G. Shepherd, 2003: Fuelwood Revisited:
What has Changed in the Last Decade? CIFOR Occasional Paper No 39,
Bogor, 35 pp.

Atlas, 2002: Atlas of Russia’s Intact Forest Landscapes. Biodiversity Conserva-
tion Center, Greenpeace Russia, International Socio-Ecological Union,
World Resource Institute, Moscow, 186 pp.

Atrokhin, V.G., K.K.Kalutskiy and F.T. Tjurikov, 1982: Tree Species of the
World. Volume 3. Tree Species of the USSR, Forest Industry, Moscow, 264 pp.
[in Russian].

Auclair, D., R. Prinsley and S. Davis, 2000: Trees on Farms in Industrialized
Countries: Silvicultural, environmental and Economics Issues. Kuala Lumpur, Ma-
laysia, IUFRO.

Bachelet, D., R.P. Neilson, J.M. Lenihan and R.J. Drapek. 2001: Climate
change effects on vegetation distribution and carbon budget in the United
States. Ecosystems 4, 164–185.

Baharuddin, K., and N. Abdul Rahim, 1994: Suspended sediment yield result-
ing from selective logging practices in a small watershed in Peninsular Malay-
sia. J. Tropical Forest Science 7, 286–295.

Baker, T.R., O.L. Phillips, Y. Malhi, S. Almeida, L. Arroyo, et al. 2004. In-
creasing biomass in Amazonian forest plots. Philosophical Transactions of the
Royal Society of London B, pp. 353–365.

Ball, J.B., 2001: Global Forest Resources: History and Dynamics. The Forest
Handbook. Oxford, Blackwell Science, 3–22 pp.

Baptista, M. and J. Carvalho. 2002: Fire situation in Portugal. International Forest
Fire News, No 27, pp. 65–67.

Barber, C.V., K.R. Miller and M. Boness (Eds.), 2004: Securing Protected Areas
in the Face of Global Change. Issues and Strategies. Gland, Switzerland and Cam-
bridge, UK, IUCN, 234 pp.

Barber, C.V. and J. Schweithelm, 2000: Trial by Fire. Forest Fires and Forestry
Policy in Indonesia’s Era of Crisis and Reform. World Resources Institute, Wash-
ington DC, 84 pp.

Barber, V. A., G. P. Juday, and B. P. Finney, 2000: Reduced growth of Alaskan
white spruce in the twentieth century from temperature-induced drought
stress. Nature, 405, 668–673.

Bass, S.M.J., 2003. International Commitments, Implementation and Coopera-
tion. In Congress Proceedings, Volume C. Proceedings of the 12th World For-
estry Congress, September 21 to 28, 2003 Quebec, Canada, pp. 257–264.

Battle, M., M.L. Bender, P.P. Tans, J.W.C. White, J.T. Ellis, T.Convey and
R.J. Francey, 2000: Global carbon sinks and their variability inferred from
atmospheric O2 and �13C. Science, 287, 2467–2470.

Beer, J., R.Muschler, D. Kass, and E. Somariba, 1998: Shade management in
coffee and cacao plantations. Agroforestry Systems 38, 139–164.

Beer, J., C.A.Harvey, M.Ibrahim, J.M. Harmand, E. Somariba and F. Jimenz,
2003: Service functions of agroforestry systems. In Congress Proceedings, Vol-
ume B. Proceedings of the 12th World Forestry Congress, September 21 to
28, 2003, Quebec, Canada, pp. 417–424.

Bennet, E.L., and J.G. Robinson, 2000: Hunting of Wildlife in Tropical Forests,
Implications for Biodiversity and Forest Peoples. Environment Department Papers,
No 76, Washington DC, World Bank, 56 pp.

Berg, E.E., and J.D. Henry, 2003: The history of spruce bark beetle outbreaks
in the Kluane region as determined from the dendrochronology of selected
forest stands Online at: http://alaska.fws.gov/nwrO/kenai/biology/index
.html.

Bethlehem, L., and M. Dlomo, 2003: Forests, economics, and the development
agenda. Proceedings of the 12th World Forestry Congress, Volume C, Que-
bec, Canada, pp. 3–9.

Bharati, L., K.H. Lee, T.M. Isenhart, and R.C. Schulz. 2002. Soil-water infil-
tration under crops, pasture, and established riparian buffer in Midwestern
USA. Agroforestry Systems. 56(3): 249–257.

Bhattarai, T., 2001: Trees Outside Forests: The Woodfuel Production Context.
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Main Messages

Drylands cover about 41% of Earth’s land surface and are inhabited by
more than 2 billion people (about one third of world population). Drylands
are limited by soil moisture, the result of low rainfall and high evaporation, and
show a gradient of increasing primary productivity, ranging from hyper-arid,
arid, and semiarid to dry subhumid areas. Deserts, grasslands, and woodlands
are the natural expression of this gradient.

Dryland populations on average lag far behind the rest of the world on
human well-being and development indicators (high certainty). The current
socioeconomic condition of dryland peoples, about 90% of whom are in devel-
oping countries, lags significantly behind that of people in other areas.

Existing water shortages in drylands are projected to increase over time
due to population increase, land cover change, and global climate
change. From 1960 to 2000, global use of fresh water (drylands included)
expanded at a mean rate of 25% per decade. The availability in drylands is
projected to decline further from the current average of 1,300 cubic meters per
person per year (in 2000), which is already below the threshold of 2,000 cubic
meters required for minimum human well-being and sustainable development.
This increased water stress will lead to reduced productivity of croplands and
availability of fresh water, resulting in further adverse impacts on human well-
being in drylands. There is a high degree of certainty that global climate
change, land use developments, and land cover changes will lead to an accel-
erated decline in water availability and biological production in drylands.

Transformation of rangelands and other silvipastoral systems to culti-
vated croplands is leading to significant, persistent decrease in overall
dryland plant productivity. Extreme reduction of rangeland vegetation cover
through grazing of forage and collection of fuelwood exposes the soil to ero-
sion. Transformation of rangelands to cultivated systems (approximately 15%
of dryland grasslands, the most valuable dryland range, were converted be-
tween 1950 and 2000), in combination with inappropriate dryland irrigation and
cultivation practices has led to soil salinization and erosion. These processes
reduce the provision of water-related services, which affects the provision of
many other significant dryland services and goods, culminating in persistent
reduction of primary production.

Among dryland subtypes, ecosystems and populations of semiarid areas
are the most vulnerable to loss of ecosystem services (medium certainty).
Population density within drylands decreases with increasing aridity from 10
persons per square kilometer in the hyper-arid drylands to 71 persons in dry
subhumid drylands. Conversely, the sensitivity of dryland ecosystems to
human impacts that contribute to land degradation increases with increasing
aridity. Therefore, the risk of land degradation is greatest in the median section
of the aridity gradient (mostly the semiarid drylands), where both sensitivity to
degradation and population pressure (expressed by population density) are of
intermediate values.

It is thought that some 10–20% of the world’s drylands suffer from one
or more forms of land degradation (medium certainty). Despite the global
concern aroused by desertification, the available data on the extent of land
degradation in drylands (also called desertification) are extremely limited. In
the early 1990s, the Global Assessment of Soil Degradation, based on expert
opinion, estimated that 20% of drylands (excluding hyper-arid areas) was af-
fected by soil degradation. A recent MA commissioned desk study (Lepers
2003) based on regional data sets (including hyper-arid drylands) derived from
literature reviews, erosion models, field assessments and remote sensing
found much lower levels of land degradation in drylands. Coverage was not
complete, but the main areas of degradation were estimated to cover 10% of
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global drylands. Most likely the true level of degradation lies somewhere be-
tween the 10% and 20% figures. To identify precisely where the problems
occur and the true extent of degradation will require a more in-depth follow-up
to these exploratory studies.

Desertification, which by definition occurs only in drylands, causes ad-
verse impacts on non-dryland ecosystems (high certainty). Desertification
has both direct and indirect impacts on non-dryland ecosystems and peoples.
For example, dust storms resulting from wind soil erosion, driven by degrada-
tion of the dryland vegetation cover, may affect people and ecosystems else-
where. Similarly, transport of sediments, pesticides, and nutrients from dryland
agricultural activities affects coastal ecosystems. Droughts and loss of land
productivity are considered predominant factors in the migration of people from
drylands to other areas (medium certainty).

Traditional and other current management practices contribute to the
sustainable use of ecosystem services. Many existing practices help pre-
vent desertification. These include enhanced and traditional water harvesting
techniques, water storage and conservation measures, reuse of safe and
treated wastewater for irrigation, afforestation for arresting soil erosion and
improving ground water recharge, conservation of agrobiodiversity through di-
versification of crop patterns, and intensification of agriculture using technolo-
gies that do not increase pressure on dryland services. Policies that involve
local participation and community institutions, improve access to transport and
market infrastructures, and enable land users to innovate are essential to the
success of these practices.

Alternative livelihoods have a lower impact on dryland ecosystem ser-
vices. These livelihoods still depend on the condition of drylands services but
rely less on vulnerable services and make use of the competitive advantages
drylands can offer over other systems. They can include dryland aquaculture for
production of high-value food and industrial compounds, controlled-environment
agriculture (such as greenhouses) that requires relatively little land, and tourism-
related activities.

Depending on the level of aridity, dryland biodiversity is relatively rich,
still relatively secure, and is critical for the provision of dryland services.
Of 25 global ‘‘biodiversity hotspots’’ identified by Conservation International, 8
are in drylands. The proportion of drylands designated as protected areas is
close to the global average, but the proportion of dryland threatened species
is lower than average. At least 30% of the world’s cultivated plants originated
in drylands and have progenitors and relatives in these areas. A high species
diversity of large mammals in semiarid drylands supports cultural services
(mainly tourism); a high functional diversity of invertebrate decomposers in arid
drylands supports nutrient cycling by processing most arid primary production;
a high structural diversity of plant cover (including microphyte diversity of soil
crusts in arid and semiarid areas) contributes to rainfall water regulation and
soil conservation, hence to primary production and its generated diversity of
the dryland wild and cultivated plants.

22.1 Introduction
This chapter describes the current condition of dryland systems
with respect to the services they provide and the drivers that de-
termine trends in their provision. Within the context of the
mounting global concern caused by land degradation in drylands
(defined as desertification in the text of the United Nations Con-
vention to Combat Desertification), the chapter assesses deserti-
fication as a persistent reduction in the services provided by
dryland ecosystems, leading to unsustainable use of the drylands
and their impaired development. The chapter also explores op-
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tions for the sustainable use of drylands and points to human and
societal responses that have succeeded or failed.

‘‘Desertification’’ means land degradation in arid, semiarid,
and dry subhumid areas resulting from various factors, including
climatic variations and human activities. Land degradation means
reduction of or loss in the biological or economic productivity
and complexity of rain-fed cropland, irrigated cropland, range,
pasture, forest, or woodlands resulting from land uses or from
processes arising from human activities and habitation patterns
(UNCCD 1992). Though this definition excludes the hyper-arid
drylands, this chapter explores land degradation in all global dry-
lands, including the hyper-arid areas.

22.1.1 Definition and Subtypes of Dryland Systems

Drylands are characterized by scarcity of water, which constrains
their two major interlinked services—primary production and
nutrient cycling. Over the long term, natural moisture inputs
(that is, precipitation) are counterbalanced by moisture losses
through evaporation from surfaces and transpiration by plants
(evapotranspiration). This potential water deficit affects both nat-
ural and managed ecosystems, which constrains the production of
crops, forage, and other plants and has great impacts on livestock
and humans.

Drylands are not uniform, however. They differ in the degree
of water limitation they experience. Following the UNEP termi-
nology, four dryland subtypes are recognized in this assessment—dry
subhumid, semiarid, arid, and hyper-arid—based on an increasing
level of aridity or moisture deficit. The level of aridity typical for
each of these subtypes is given by the ratio of its mean annual
precipitation to its mean annual evaporative demand, expressed as
potential evapotranspiration. The long-term mean of this ratio is
termed the aridity index.

This chapter follows the World Atlas of Desertification (Middleton
and Thomas 1997) and defines drylands as areas with an aridity
index value of less than 0.65. The UNCCD, although excluding
the hyper-arid dryland from its consideration, adopted the classi-
fication presented in the World Atlas, which is based on a global
coverage of mean annual precipitation and temperature data col-
lected between 1951 and 1980. The temperature data, together
with the average number of daylight hours by month, were used
to obtain a global coverage of corrected Thornthwaite’s potential
evapotranspiration values (Middleton and Thomas 1997). Aridity
index values lower than 1 indicate an annual moisture deficit, and
the World Atlas drylands are defined as areas with AI � 0.65—that
is, areas in which annual mean potential evapotranspiration is at
least �1.5 greater than annual mean precipitation.

Using index values, the four dryland subtypes can be posi-
tioned along a gradient of moisture deficit. Together, these cover
more than 6 billion hectares, or 41.3% of Earth’s land surface.
(See Table 22.1.) Though the classification of an area as a dryland
subtype is determined by its aridity index, which relates to the
mean values of precipitation, it is important to remember that
these areas do experience large between-year variability in precip-
itation.

Dryland subtypes can also be described in terms of their land
uses: rangelands, croplands, and urban areas. (See Table 22.2.)
Rangelands and croplands jointly account for 90% of dryland
areas and are often interwoven, supporting an integrated agropast-
oral livelihood.

Drylands occur on all continents (between 63� N and 55� S;
see Figure 22.1) and collectively comprise nearly half of the global
landmass. The rest of the land area is primarily taken up by polar
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and by forest and woodland systems (the latter overlapping with
the dryland system; see Box 22.1).

Drylands are not spread equally between poor and rich coun-
tries: 72% of the global dryland area occurs within developing
countries and only 28% within industrial ones. Furthermore, the
proportion of drylands occupied by developing countries in-
creases with aridity, reaching almost 100% for the hyper-arid
areas. (See Figure 22.2.) Consequently, the majority of dryland
peoples live in developing countries (that is, from 87% to 93%,
depending on how the former Soviet Union countries are catego-
rized), and only 7–15% reside in industrial countries. (See Figure
22.3.)

22.1.2 Ecosystems in Drylands

Although there are only four dryland subtypes, there are a greater
number of dryland ecosystems within the subtypes. These are ag-
gregated into large, higher-order units known as biomes, which
are characterized by distinctive life forms and principal plant spe-
cies (such as tundra, rainforest, grassland, or desert biomes).
Whereas the MA dryland subtype boundaries are determined by
two climatic factors (precipitation and evaporation), many envi-
ronmental factors are used to delineate the boundaries of the dif-
ferent biomes. Many different systems of biome classification are
presently used. Five well-recognized classification systems of ter-
restrial biomes identify 12–17 biomes within drylands, depending
on the scheme adopted. (See Chapter 4.)

This chapter uses the classification of the World Wide Fund
for Nature that designates terrestrial biomes as ‘‘terrestrial eco-
regions.’’ Each ecoregion delineates large land units containing a
distinct assemblage of ecosystems, with boundaries approximating
the extent of natural ecosystems prior to major land use change
(Olson et al. 2001). These are further aggregated into four
‘‘broad’’ dryland biomes—desert, grassland, Mediterranean
(mainly scrubland), and forest (mainly woodland)—that succes-
sively replace each other along the aridity gradient (see Figure
22.4), with decreased aridity leading to an increase in plant cover,
stature, and architectural complexity. However, there is no exact
match between the four dryland subtypes and the four broad dry-
land biomes, such that forest and grassland, for example, may
occur at different areas of the same dryland subtype. The number
of broad biomes that may occur within a dryland subtype in-
creases with reduced aridity, and the diversity of biomes peaks in
the semiarid subtype, which also covers the largest area of the
various subtypes.

The presence of different biomes within each dryland subtype
demonstrates that biological species respond not only to overall
moisture deficit but also to other environmental variables, such as
soils and geomorphological and landscape features. Furthermore,
a greater degree of species richness and diversity of ecosystem
services is observed as aridity declines. Although dryland services
are provided by the biomes’ ecosystems, the MA opted to report
on ecosystems, or simply ‘‘systems,’’ unified primarily by their
range of aridity. This approach is justified for two reasons. First,
it bypasses the many inherent differences in biome classification
systems. Second, it better reflects current trends, as many dryland
ecosystems have been and continue to be transformed into more
simplified, cultivated ecosystems whose functioning is over-
whelmingly dominated by the moisture deficit.

22.2 Ecosystem Services
The MA categorized ecosystem services into supporting, provi-
sioning, regulating, and cultural services. (See Chapter 1.) The
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Table 22.1. Statistical Profile of the Dryland System (Area from Deichmann and Eklundh 1991; global area based on Digital Chart of the
World data (147,573,196.6 sq. km; year 2000 population from CIESIN 2004)

Subtypes Aridity Index
Current Area Dominant Broad

Biome
Current Population

Size Share of Global Total Share of Global
(mill. sq. km.) (percent) (thousand) (percent)

Hyper-arid <0.05 9.8 6.6 desert 101,336 1.7

Arid 0.05–0.20 15.7 10.6 desert 242,780 4.1

Semiarid 0.20–0.50 22.6 15.2 grassland 855.333 14.4

Dry subhumid 0.50–0.65 12.8 8.7 forest 909,972 15.3

Total 60.9 41.3 2,109,421 35.5

Table 22.2. Land Uses in Drylands (MA core data)

Rangelandsa Cultivated Urban Othersb

Area
Share of 

Dryland Subtype Area
Share of 

Dryland Subtype Area
Share of 

Dryland Subtype Area
Share of 

Dryland Subtype
(sq. km) (percent) (sq. km) (percent) (sq. km) (percent) (sq. km) (percent)

Dry subhumid 4,344,897 34 6,096,558 47 457,851 4 l 1,971,907 16

Semiarid 12,170,274 54 7,992,020 35 556,515 2a 1,871,146 8

Arid 13,629,625 87 1,059,648 7 152,447 1a 822,075 5

Hyper-arid 9,497,407 97 55,592 0.6 74,050 1a 149,026 2

Total 39,642,202 65 15,203,818 25 2a 4,814,155 8

a Rangeland figures are based on available data on rangelands in drylands of developing countries (Reid et al. 2004; Thornton et al. 2002) and estimates
for rangeland areas in the remaining drylands based on the assumption of uniformity in the rangeland’s share of each dryland subtype.

b Inland water systems in drylands (3%) and other areas unaccounted for by the assessed land uses (5%).

1,240,863

Figure 22.1. Dryland Systems and Subtypes
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BOX 22.1

Forests in Drylands

This is not an oxymoron—forests do occur in drylands. Eighteen per-
cent of the area of the dryland system is occupied by the forest and
woodland system, though the probability of encountering forests in dry-
lands decreases with their aridity. Australia is a good example, as seen
in the Figure (which is a magnification of a section of Figure 20.1).

In general, aridity increases inland, and the forest and woodland sys-
tem prevails along the coasts. The dry subhumid dryland subtype that
is adjacent to the forest and woodland system has the greatest amount
of overlap between the two systems, as compared with other drylands
subtypes. But the distribution of forest in dry subhumid areas is patch-
ier than it is within the forest and woodland system outside the dry-
lands. Forests also occur in the much wider semiarid zone of Australia
but are there mostly confined to the less dry seaward direction.

Forests occur in the dry subhumid subtype in Africa but are very
scattered and rare in the semiarid zone. In China and India, with dry
subhumid areas wider than in Australia, forests penetrate deep into
dry subhumid areas. In Europe, where many dry subhumid areas are
surrounded by non-drylands, forests are scattered all over the dryland
areas. In the Americas, forests are patchily distributed in dry subhumid
and semiarid regions. If forests do occur in the relatively humid range
of the drylands and seem well adapted to these dryland conditions,
why is their distribution patchy and not contiguous? Do the dryland
forest patches occur in patches of locally less arid conditions, or is the
patchiness a result of human exploitation? Answers to these questions
may be critical for evaluating the use of the carbon sequestration ser-
vice of these two dryland subtypes, which constitute nearly a quarter
of Earth’s surface area.

condition of dryland-significant services in each of these groups
and the trends in their provision to dryland peoples are assessed in
this section. For many services, however, data about global condi-
tion and trends are not readily available, and only generic infor-
mation about processes governing the condition of these services
is provided.

22.2.1 Supporting Services

22.2.1.1 Soil Development: Formation and Conservation

Though primary production in drylands is constrained by water,
it is soil properties that determine how much of the rainfall will
be stored and subsequently become available during dry periods.
The availability of moisture in soil is also an important factor in
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developing

-

Figure 22.2. Dryland Subtypes and Socioeconomic–Political
Status. The relative share of developing and industrial countries in
the global drylands, by area and percentage taken up by developing
countries. (MA core data)

-

Figure 22.3. Population of Developing and Industrial Countries
in Different Dryland Subtypes and Population of Industrial
Countries in each Dryland Subtype as Percentage of Total
Global Dryland Population (CIESIN 2004)

nutrient cycling, a requisite for primary production. Therefore,
soil formation and soil conservation are key supporting services of
dryland ecosystems, the failure of which is one of the major driv-
ers of desertification.

The slow process of soil formation, in which plants and mi-
croorganisms are intimately involved, is frequently countered by
faster soil degradation expressed through erosion or salinization.
Hence the services of soil formation and conservation jointly de-
termine the rate of soil development and its quality. The rate of
soil formation (hundreds to thousands of years) (Rust 1983) and
its degree of development (depth of soil, infiltration depth, and
organic content) decline with aridity (Nettleton and Peterson
1983; Sombroek 1990).

In hyper-arid areas, surfaces are often capped with mineral
crusts that reduce infiltration and help generate soil-eroding
flashfloods. In many arid drylands, dispersed plant clumps are
often embedded in a matrix of apparently bare soil covered by a
thin crust of photosynthetic cyanobacteria, with mosses and li-
chens added in semiarid drylands (Büdel 2001). The crusts reduce
water penetration and thus channel runoff, sediments, nutrients,
and seeds to the plant clumps, which then become active sites of
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-

Figure 22.4. Global Area Covered by Dryland Subtypes and
Their Broad Biomes. The line, points, and figures stand for the
broad biome diversity index (Shannon’s H); the pie chart shows the
aggregated percentages for broad biomes by dryland subtypes.

soil formation and organic matter decomposition (Puigdefabregas
et al. 1999). These crusts are therefore instrumental in soil devel-
opment in and around the clumps and in soil conservation in the
surrounding matrix (Aguiar and Sala 1999). However, they de-
velop slowly and are sensitive to trampling or air pollution. Dry
subhumid soils, on the other hand, are protected from erosion by
multilayered, structurally complex vegetation (Poesen et al. 2003)
that permits high water infiltration and storage, as well as water
extraction by the same vegetation (Puigdefabregas and Mendiza-
bal 1998).

22.2.1.2 Nutrient Cycling

This service supports the services of soil development and primary
production through the breakdown of dead plant parts (thus en-
riching the soil with organic matter) and the regeneration of
mineral plant nutrients. Unlike non-drylands, where soil micro-
organisms are major players in nutrient cycling, invertebrate
macro-decomposers are the most important in drylands, and their
significance increases with aridity. The significance of microor-
ganisms, such as microbes and fungi, declines with aridity due to
their strict moisture dependence. In addition, the role of large
herbivores in nutrient cycling in arid and hyper-arid areas is lim-
ited due to lack of drinking water sources. Therefore macro-
decomposers such as termites, darkling beetles (Tenebrionidae), and
other invertebrates (many of which are soil dwellers) that are less
water-sensitive become important for nutrient cycling in dry-
lands. These organisms ‘‘prepare’’ the litter for microbial activity
and increase the soil infiltration capacity.

When arid drylands are used as rangelands, however, most of
the primary production takes place through the livestock rather
than the macro-decomposers. Due to the high metabolic needs
of mammalian herbivores (compared with cold-blooded macro-
decomposers), much of the organic carbon consumed by the live-
stock does not return to enrich the soil but is respired or extracted
from the ecosystem as meat, hair, milk, and other animal products.
In addition, while most of the excreta of macro-decomposers is
deposited within the soil, much of the livestock waste on the
surface is volatilized and removed from the soil nutrient pool.
Thus, livestock have the potential to gradually deplete the range-
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land nitrogen reserve and further exacerbate the nutrient limita-
tions for primary production in arid and hyper-arid rangelands
(Ayal et al. 2005). However, this depletion may be partially miti-
gated by biological nitrogen fixation and by dust deposition (Sha-
chak and Lovett 1998).

When drylands are used for crops, tillage and excessive use of
pesticides can reduce the role of soil-dwelling macro-decomposers.
This, together with low root biomass of annual crops, can impair
nutrient cycling and reduce soil organic carbon and its associated
nutrients. Whereas wastes from subsistence cropping systems in
drylands are locally recycled and only small proportions of crop
products are exported, cropping systems that export products lose
nutrients, hence their fertilizer inputs are high.

22.2.1.3 Primary Production

The net primary production for global drylands, based on satellite
observations at an 8-kilometer and 10-day resolution from 1981
to 2000, was 703�44 grams per square meter (Cao et al. 2004),
significantly lower than the values for the MA’s cultivated system
(1,098�48 grams) and the forest and woodland system (869�34
grams). But averaging over all the dryland subtypes masks the
effect of the aridity gradient.

The NPP of rangelands is mostly generated by the natural
dryland plant community, in contrast to cultivated drylands,
where the NPP is generated by agricultural crops and is often
elevated due to two imported inputs—irrigation water and fertil-
izers. Whereas the NPP of monitored rangeland sites was 40–90%
higher in non-dryland than in dryland countries, in the same years
the yield of wheat in the croplands was more than three times
greater in the non-dryland countries. (See Table 22.3.) Further
analysis that includes wheat yield data for more countries and
more years suggests a relative advantage of cultivation in non-
drylands, but at the same time highlights the significance of socio-
economic conditions, which apparently determine the amount of
resources that can be mobilized for promoting the service of pri-
mary production. On average, industrial dryland countries pro-
duced wheat yields nearly as high as those produced by non-
dryland developing countries. The yield of developing dryland
countries was low compared with that of non-dryland countries;
even among industrial countries, non-dryland ones did much bet-
ter than dryland ones.

In order to distinguish between the relatively low NPP of
drylands that is due to their inherent moisture deficit and the
additional decline in primary production due to land degradation,
rain use efficiency—the ratio of NPP to rainfall—can serve as a
measure of primary production service condition (Le Houerou
1984; Le Houerou et al. 1988; Pickup 1996): it separates out re-
duced NPP due to reduced rainfall from declines in NPP driven
by land degradation (Prince et al. 1998) and also separates in-
creased NPP due to increased rainfall from the effects of added
irrigation and fertilizer use.

Several global MA systems, drylands included, show a trend
of NPP increase for the period 1981 to 2000 (Cao et al. 2004).
The slope of the linear regression for drylands (regression coeffi-
cient � 5.2) does not significantly differ from those of cultivated
and forest and woodland systems. However, high seasonal and
interannual variations associated with climate variability occur
within this trend on the global scale. In the drylands, this variation
in NPP was negatively correlated with temperature and positively
with precipitation (Cao et al. 2004)—two drivers that are ex-
pected to further affect dryland primary production through
global anthropogenic climate change.
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Table 22.3. Primary Production Expressed in NPP of Rangelands and Wheat Yield in Croplands. The first Table shows the relations
between aboveground biomass in monitored rangelandsa and total wheat yield in each country’s croplandsb for the same year,c with dryland
countries compared with non-dryland ones. The second Table is a comparison of mean annual wheat yields for selected dryland countries
(in which most of the area is categorized as dryland) and temperate non-dryland countries, industrial and developing.b

Area
Country 
(year NPP measured)

Mean Annual Rainfall 
in Rangeland 

Mean Aboveground
Biomass in Rangeland Wheat Yield of Country 

(millimeters) (grams per sq. meter) (tons per hectare)

Dryland countriesd Mongolia (1990) 280 100 1.3

Kazakhstan (1978, 1992) 351 83 1.3

Non-dryland countriese Sweden (1968) 537 141 4.3

United Kingdom (1972) 858 188 4.2

Area Country Mean of Yields 1994–2003 
Mean Annual Yield for
Country Categories

(tons per hectare)

Dryland, developing Kazakhstan 0.9 1.3

Morocco 1.2

Iran 1.8

Dryland, industrial Australia 1.8 2.0

Israel 1.8

Spain 2.5

Non-dryland, developing Uruguay 2.2 2.2

Belarus 2.3

Bangladesh 2.1

Non-dryland, industrial Japan 3.6 5.7

Sweden 5.9

United Kingdom 7.7

a Data from NPP in grasslands database of Oak Ridge National Laboratory: http://daac.ornl.gov/NPP/html_docs/npp_site.html.
b Data from FAOSTAT: http://apps.fao.org/faostat.
c Except for Kazakhstan, where latest NPP are from 1978 and first-wheat yield data are from 1992.
d NPP measured in cold temperate steppes of both countries (modified Bailey ecoregion classification).
e NPP measured in rangelands within humid temperate forests (modified Bailey ecoregion classification).

22.2.2 Regulating Services

22.2.2.1 Water Regulation

Water is the limiting resource for dryland biological productivity,
and thus water regulation is of major significance. This regulation
determines the allocation of rainfall for primary production (en-
richment of soil moisture); for irrigation, livestock watering, and
domestic uses (storage in groundwater and surface reservoirs); and
for the occurrence of flashfloods and their associated damages (soil
erosion, reduced groundwater recharge, excessive clay and silt
loads in downstream water bodies). Vegetation cover modulates
the water regulation service, and its efficiency in intercepting
rainfall determines the fraction available for human use. In range-
lands, vegetation removal and livestock trampling can increase soil
water erosion through disintegration of the biological soil crust.
Similarly, in croplands tillage increases the risk of sealing and crus-
ting (Hoogmoed 1999). Water regulation may be augmented by
landscape management (terraces, small dams, and so on), which
slows down surface runoff, thereby promoting water infiltration
and flood avoidance.
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22.2.2.2 Climate Regulation

Dryland ecosystems regulate their own local climate to some ex-
tent as their vegetation cover determines the surface reflectance
of solar radiation as well as water evaporation rates. Drylands are
also involved in regulation of the global climate, through local
carbon sequestration by their vegetation. Both these phenomena
are described here in some detail.

22.2.2.2.1 Regulation of local climate through surface reflectance and
evaporation

The vegetative cover of drylands depends on inputs of incident
solar radiation and rainfall. Conversely, the outputs from drylands,
the fraction of the incident radiation reflected by the surface (the
albedo), and the fraction of soil water transpired and evaporated
(evapotranspiration) drive atmospheric energy- and water-balance
processes. The provision of this service becomes apparent when
it has either been degraded, as in the Sahel drought (Xue and
Dirmeyer 2004), or enhanced, as in the rainfall patterns in Israel
(Steinberger and Gazit-Yaari 1996) and the U.S. Great Plains
(Barnston and Schickedanz 1984). Vegetation cover in drylands
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can either reduce albedo, resulting in increased surface and near-
surface temperatures, or shade the surface leading to low surface
temperatures. Both contrasting effects may lead, through different
paths, to an identical effect on rainfall. (See Figure 22.5.)

The overexploitation of vegetation (Xue and Dirmeyer 2004)
and the removal of the crust by trampling in arid and semiarid
drylands (Warren and Eldridge 2001) lead to increased albedo,
lower surface temperatures, lower convective activity, and re-
duced rainfall (Charney et al. 1975). Albedo may also increase due
to surface dust cover, a result of dust storms promoted by greater
surface exposure after vegetation removal (Williams and Balling
1995). Thus, the conservation of vegetation cover promotes the
service of local climate regulation directly through its effect on
albedo and indirectly through arresting dust generation.

A degraded vegetation cover also leads to reduced shade, in-
creased surface and near-surface temperatures, and a rapid de-
crease in soil moisture, which leads to reduced evaporation. This
reduction in overall evaporation links to reduced rainfall genera-
tion—low evaporation, reduced water flux into the atmosphere,
a decrease in the amount of energy used to evaporate or transpire

Figure 22.5. The Service of Climate Regulation in Drylands. The
central grey box—the components of biodiversity involved in service
provision—maintenance of soil moisture (bottom left) and modula-
tion of rainfall (top). In bold—the major alternative/complementary
function involved in the effect of live vegetation cover on rainfall;
successive multiplication of signs along each trajectory generates an
increase in rainfall (�) when service is ameliorated and a decrease
in rainfall (–) when land is degraded. Land degradation (grey circle)
degrades the service through affecting surface temperature; when
surface temperatures increase along the albedo trajectory, it
decreases along the evaporation trajectory; this trend is reversed
when land is not degraded.
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water, and reduced convective heating all combine to produce
less rainfall (Williams and Balling 1995).

In climate modulated both by albedo and by evaporation,
lower rainfall further reduces soil moisture and vegetation cover
and induces further degradation in service provision. The preva-
lence of the climate regulation service is demonstrated by a few
amelioration cases, such as the 10–25% increase in rainfall in the
northern Negev of Israel attributed to reduced albedo resulting
from controlled grazing, afforestation, and irrigated agriculture in
a semiarid region (Otterman et al. 1990).

22.2.2.2.2 Regulation of global climate through carbon sequestration
Carbon sequestration (the uptake of atmospheric CO2 by ecosys-
tems and transformation into plant biomass) controls atmospheric
CO2 concentrations, which regulate the global climate through
the ‘‘greenhouse effect.’’ Part of the sequestered carbon is emitted
back to the atmosphere through the respiration of plants and de-
composers, but what is left—the live and the dead above- and
belowground plant parts—constitutes the addition to the organic
carbon reservoir. Some of the plant litter converts into recalcitrant
humus, thereby enhancing the soil organic carbon pool and the
formation of secondary carbonates through precipitation.

Plant biomass per unit area of drylands is low (about 6 kilo-
grams per square meter) compared with many terrestrial ecosys-
tems (about 10–18 kilograms). But the large surface area of
drylands gives dryland carbon sequestration a global significance.
Whereas organic carbon (in aboveground vegetation and soil) de-
clines with aridity, inorganic soil carbon increases as aridity in-
creases. (See Table 22.4.) Altogether, total dryland soil organic
and inorganic carbon reserves comprise, respectively, 27% and
97% of the global soil organic and soil inorganic global carbon
reserves.

22.2.2.3 Pollination and Seed Dispersal

Cases of tight associations between dryland plants and pollinators
are known (such as Agava and its pollinator) (Arizaga et al. 2000),
but the extent to which changes in land use in the drylands affect
the pollination service and the dependence of dryland plant spe-
cies on pollination has not been fully explored. Seeds of many
dryland plant species are dispersed by fruit-eating birds, often
prior to or after their cross-desert seasonal migration (for instance,
in the Mediterranean basin) (Izhaki et al. 1991). Domestic and
wild mammalian herbivores disperse seeds attached to their fur or
through consuming them and then defecating, which promotes
dispersal and enhances the chance of germination (as in African
acacia trees) (Ward 2003). Livestock and other animals may also
transfer seeds from improved pasture lands to neighboring non-
managed rangelands (CGIAR 1997). Thus the services of pollina-
tion and seed dispersal are of significance, but assessment of their
condition, importance, and trends requires more attention.

22.2.3 Provisioning Services

22.2.3.1 Provisions Derived from Biological Production

22.2.3.1.1 Food and fiber
The major dryland cereals and legumes (together with vegetable
and fruits) constitute the main crops and basic food for 800 mil-
lion farmers in drylands (CGIAR 1997). A large part of the dry-
land population depends on crop and livestock production as a
livelihood and contributes significantly to the gross domestic
product and trade. Livestock are raised mostly in rangelands or in
agropastoral systems, and they constitute a major source of protein
and income. Wool is provided by livestock and wild mammals
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Table 22.4. Estimates of Dryland Carbon Reserves

Biotica Totals Share of GlobalOrganicb Inorganicc

(gigatons of carbon) (percent)

Hyper-arid and arid 17 113 732 862 28

Semiarid and dry subhumid 66 318 184 568 18

Total in drylands 83 431 916 1,430 46

Global totalsd 576 1,583 946 3,104
(percent)

Share of global 14 27 97

a Adapted from IPCC 2001.
b Means of data of Eswaran et al. 2000 and Allen-Diaz et al. 1996 adapted to the dryland subtype classification by J. Puigdefabregas.
c Adapted from Eswaran et al. 2000.
d Means of values assembled from various sources by Jonathan Adams, Oak Ridge National Laboratory,

http://www.esd.ornl.gov/projects/qen/carbon2.html.

Soil

such as guanacos (Lama guanicoe) and vicunas (Vicugna vicugna) in
South America (Fernandez and Busso 1997).

Fiber is produced by both croplands and rangelands. For in-
stance, cotton (Gossypium spp.) and sisal (Agave sisalana) are widely
cultivated, while timber and silk are produced on a smaller scale.
Fiber, vegetable oil, vegetables, fruits, and nuts provisioned by
dryland ecosystems are also exported to non-dryland countries.
The food provision service of drylands may be impaired by soil
erosion (in rain-fed croplands, a long dry season with no plant
cover challenges the soil conservation service), salinization (in ir-
rigated croplands with poor drainage), and nutrient depletion (the
removal of commodity crops challenges the nutrient cycling ser-
vice). (For more on the condition and trends of food provision,
see Chapter 8.)

22.2.3.1.2 Woodfuel

Most woodfuel (the collective term for fuelwood, charcoal, and
other wood-derived fuels) is provided by trees or bushes inhabit-
ing natural dryland ecosystems that are also often used as range.
Hence the exploitation of this service is often a trade-off with
the provision of forage. Overexploitation for woodfuel harvesting
impairs the soil conservation service, and it leads to soil erosion
and hindered vegetation regeneration. This downward spiral of
service degradation encourages reforestation and afforestation for
woodfuel provisioning, using drought and salinity-tolerant tree
species and strains (Sauerhaft et al. 1998). Fuelwood is used pre-
dominantly at the household level, for cooking and heating
(Amous 1997), and may constitute a sizable proportion of the
energy consumed in many dryland countries—for example, 57%
in Senegal in 1999 (IEA 2001).

22.2.3.1.3 Biochemicals

Many species of dryland plants are used by dryland peoples for
medicinal and cosmetic purposes and as spices, which highlights
the significance of dryland plant biodiversity. However, excessive
exploitation puts many of these species at risk of extinction and
contributes to soil loss and consequent erosion. Attempts to cul-
tivate such species in order to reduce the pressure on natural
ecosystems often fail, because the production of the active com-
pounds by these plants is rather low under stress-reduced culti-
vation regimes. The adaptations of dryland plants to varying and
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extreme conditions are often derived from unique biochemicals
they produce that are the key to environmental tolerance or that
act to deter herbivores and parasites. Further investigation into
the generation and activity of these chemicals helps promote
drought- and salinity resistance in cultivated crops (Wang et al.
2002) and can lead to development of novel medicines, such as
anti-cancer (Haridas et al. 2001) and anti-malarial compounds
(Golan-Goldhirsh et al. 2000). Biochemicals are also manufac-
tured as part of dryland aquaculture, providing a source of alterna-
tive livelihoods, as described later in this chapter.

22.2.3.2 Freshwater Provisioning
The freshwater provisioning service is linked to supporting and
regulating services—soil development (conservation and forma-
tion), water regulation, and, to a lesser extent, climate regulation.
Vegetation cover and its structural diversity control much of the
water provisioning service. This vegetation depends on water
provisioning, but it is also instrumental in generating and main-
taining the quality of the service. The resultant water is used to
support rangeland and cropland vegetation and also livestock and
domestic needs. The water provision service is also critical for
maintaining wetlands within the drylands, to enable these ecosys-
tems to provide a package of services of great significance in dry-
lands.

However, the total renewable water supply from drylands is
estimated to constitute only around 8% of the global renewable
water supply (about 3.2 trillion cubic meters per year) (Vörösmarty
et al. 2005), and only about 88% of this is accessible for human
use. Thus, almost one third of the people in the world depend on
only 8% of the global renewable water resources, which makes
per capita availability in drylands just 1,300 cubic meters per year.
It is substantially less than the average global availability and even
lower than the 2,000 cubic meters regarded as a minimum by
FAO (FAO 1993).

To mitigate this shortage, exacerbated by the large within-
and between-years variability in rainfall, a variety of practices have
been developed. From the least to the most technology-laden
ones, these are:
• watershed management, including conservation and rehabili-

tation of degraded vegetation cover for generating and captur-
ing surface runoff for deep storage in the soil (protecting it
from evaporation) (Oweis 2000);
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• floodwater recharge and construction of dams and weirs for
minimizing impact of floods and water loss;

• irrigation, to circumvent the temporal variability in provision
(often based on extraction from aquifers, with frequent over-
pumping leading to salinization)—however, the transporta-
tion of water from other ecosystems that may be severely
affected and the salinization of the irrigated drylands often
make this option unsustainable;

• mining of nonrenewable fossil aquifers (which are quite com-
mon in drylands), for cultivation that is otherwise impossible;

• treatment of wastewater, mainly from urban sources, and reus-
ing it for irrigation—a promising practice provided that con-
cerns about adverse impacts on human health, crops, soils, and
groundwater can be overcome (Karajeh et al. 2000); and

• desalination of brackish water and seawater for all uses (which
is safe and uses renewable sources but has a high energy de-
mand and is relatively costly, and the accumulated brine often
poses a salinization risk).
These interventions are critical for relieving pressure on the

water systems of drylands.

22.2.4 Cultural Services

22.2.4.1 Cultural Identity and Diversity

Dryland peoples identify themselves with the use of their sur-
rounding ecosystem and create their own unique ecosystem-
inspired culture. (See Chapter 17.) Drylands have high cultural
diversity, in keeping with the ecosystem diversity along the aridity
gradient. One expression of this is that 24% of global languages
are associated with the drylands’ grassland, savanna, and shrubland
biomes. Typical to drylands are the diverse nomadic cultures that
have historically played a key role in development of dryland
farming systems (Hillel 1991). Ecosystem functions and diversity
generate cultural identity and diversity that in turn conserve eco-
system integrity and diversity. A negative feedback loop is there-
fore expected between land degradation and cultural degradation
in drylands.

22.2.4.2 Cultural Landscapes and Heritage Values

The term ‘‘cultural landscape’’ is a socioeconomic expression of
the biophysical features of ecosystems that mutually contribute to
the development of a characteristic landscape, and it signifies a
heritage value. (See Chapter 17.) In drylands, the heritage value
can be nurtured either by landscapes that reflect the human striv-
ing for ‘‘conquering the desert’’ or by ones reflecting aspirations
to ‘‘live with the desert.’’ Transformation of rural to urban ecosys-
tems is an expression of changed livelihoods that modify the land-
scape and its cultural values and often degrade cultural heritages.
Actions to conserve outstanding Cultural Heritage Sites that are
cultural landscapes are under way (UNESCO 2004), and 21 such
sites have been identified, of which 8 are in drylands.

22.2.4.3 Servicing Knowledge Systems

Dryland ecosystems also contribute to human culture through
both formal (‘‘scientific’’) and traditional knowledge systems. (See
Chapter 17.) Drylands have generated significant contributions to
global environmental sciences. Arid Cultural Heritage Sites (such
as Lake Turkana National Park and Ngorongo Conservation
Area) have generated knowledge of paleo-environments and of
human evolution (UNESCO 2004); studies of desert organisms
have revealed adaptations to extreme environmental stresses (e.g.,
Schmidt-Nielsen 1980); and studies of desert ecology have in-
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spired modern community and ecosystem ecology (e.g. Noy-
Meir 1973, 1974; Rosenzweig 1995).

Dryland traditional knowledge has co-evolved with the cul-
tural identity of dryland peoples and their environment and its
natural resources and has generated many unique systems of water
harvesting, cultivation practices, climate forecasting, and the use
of dryland medicinal plants. The degradation of this knowledge
in many cases has often led to adoption of unsustainable technolo-
gies. The exploration, conservation, and integration of dryland
traditional knowledge with adapted technologies have been iden-
tified as priority actions by the Committee of Science and Tech-
nology of the UNCCD (ICCD 2000).

22.2.4.4 Spiritual Services

Many groves, tree species, and individual trees have spiritual sig-
nificance to dryland peoples due to their relative rarity, high visi-
bility in the landscape, and ability to provide shade. In ancient
times in the Middle East and North Africa, spiritually significant
social and religious activities took place under tree canopies. The
sites of individual trees have been used for anointing rulers, host-
ing legal hearings, burial of community and religious dignitaries,
and religious rituals, and individual trees themselves have become
sacred and named after deities. For instance, the Hebrew names
of Quercus and Pistacia (the dominant species of the eastern Medi-
terranean shrubland and woodland biomes)—Alon and Ela—
derive from the words for God and Goddess respectively.
Protected from grazing and cutting, these sacred trees have
reached dimensions far larger than they ever attain in their natural
climax community (Zohary 1973: 505–07). These sacred groves
often conserve islands of indigenous ecosystems in a transformed
landscape and contribute to a unique cultural landscape. Similar
services are also provided by other drylands, such as the religious,
ceremonial, and historical sites of Native Americans (Williams and
Diebel 1996) and aboriginal Australians. (See Chapter 17.) In
hyper-arid drylands, trees are far rarer, and indigenous nomadic
people do not generally identify individual trees as sacred, al-
though they can have spiritual values.

22.2.4.5 Aesthetic and Inspirational Services

There are outstanding literary and historical examples for inspira-
tion generated by dryland landscapes (such as the Old and New
Testaments). The stark contrast between inland wetlands and sur-
rounding dryland areas, linked with the significance of water bod-
ies to the well-being of dryland people, could have generated the
association of the Mesopotamian marshlands with the Garden of
Eden (Hamblin 1987). Dryland ecosystems are also a source of
inspiration for non-dryland people. The 1950s Walt Disney film
‘‘The Living Desert’’ brought desert ecosystems and biodiversity
to the attention of millions prior to the television era and was
declared ‘‘culturally significant’’ in the year 2000 by the U.S. Li-
brary of Congress.

The popular conception of dryland peoples among non-
dryland groups is one of human struggle against harsh natural con-
ditions producing rich cultures nurtured by strong moral values,
as well as naive romantic notions of life in the desert (Fernandez
and Busso 1997). However, while the media has largely promoted
the conservation of desert heritage in recent years, others have
responded by trying to ‘‘green’’ desert areas or make them
‘‘bloom,’’ which has often resulted in an aesthetically appealing
landscapes of oasis-like patches of agricultural land set in sharply
contrasting surrounding desert (Safriel 1992)—but with a loss of
dryland biodiversity.
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22.2.4.6 Recreation and Tourism

Large, sparsely populated, low-pollution arid and hyper-arid areas
provide attractive holiday destinations for many. There are sig-
nificant constraints to dryland tourism, however, including the
general remoteness and isolation, which increases the cost of
travel; lack of recreation amenities and security; the harsh climate,
which means residential facilities have high energy demands; the
high water demand of tourists, which places already scarce water
under extra pressure; and often a direct competition with other
livelihoods over the use of natural resources and energy. These
issues are being addressed through various approaches, including
treatment and reuse of local wastewater (Oron 1996), construc-
tion and architectural solutions for passive cooling and heating
(Etzion et al. 1999), and the use of the dryland-abundant solar
energy as a power source (Faiman 1998).

Drylands are also attractive for cultural tourism associated with
historical and religious sites, for coastal tourism (such as Mediter-
ranean beaches), and for health-related tourism (such as the Dead
Sea). Dryland biodiversity is also a major draw for ecotourism.
Paradoxically, this is because most drylands are devoid of wood-
lands and dense high vegetation and hence free of obstructions to
view wildlife. For instance, African savanna safaris are generally
designed around a few ‘‘charismatic’’ large mammal species and
mass seasonal migrations of large herbivores, and many tourists
pack resorts along the route of the spectacular seasonal trans-
Saharan bird migration. The significance of the dryland cultural
service to tourism is demonstrated by Kenya, where 90% of tour-
ists visit a game park (White et al. 2000). Finally, although eco-
tourism generates income for dryland peoples, it often causes
habitat degradation, as described later (White et al. 2000).

22.2.5 Biodiversity and the Provision of Dryland
Services

22.2.5.1 Dimensions, Structure, and Composition of Dryland
Biodiversity

Species richness declines with decreasing primary productivity
(Rosenzweig and Abramsky 1993) and vice versa (Tilman et al.
2001); hence dryland species richness should decrease with aridity.
Indeed, the low number of flowering plant species in the hyper-
arid subtype rapidly increases with reduced aridity (in agreement
with an increase of between-‘‘broad biome’’ diversity) and peaks
in the dry subhumid subtype. However, contrary to expectation,
species diversity declines in non-dryland temperate humid areas.
But as might be expected, it is nearly half that of tropical areas.
(See Figure 22.6.) The significance of biodiversity for each of the
major dryland biomes is discussed in this section. (See also Chap-
ter 4.)

22.2.5.1.1 Deserts

Some 7,000 terrestrial amphibian, reptile, bird, and mammal spe-
cies live in the desert biome. This covers 25% of global terrestrial
fauna of these groups—22% of which also live in other biomes
and 3% are found exclusively in deserts. For comparison, the rich-
est terrestrial biome—tropical and sub-tropical moist broadleaf
forests—supports around 70% of global terrestrial fauna, 28% of
which are species endemic to that biome. Thus species richness
of desert vertebrates is as much as a third of the most vertebrate-
rich biome on Earth, signifying that desert biodiversity may be
quite high in spite of harsh conditions. Because functional groups
in deserts may each have only a few species, however, the redun-
dancy in service provision is low, and human pressure may reduce
it further (Huenneke 2001). Indeed, in spite of the remoteness
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Figure 22.6. Number of Species of Flowering Plants in Selected
Countries across the Aridity Gradient (per 1,000 sq. km). Each
column represents a mean of two countries. Selected dryland coun-
tries are at least 95% dryland, either of one subtype, or two of roughly
similar dimensions. Grey columns indicate non-dryland countries.
(WRI 2004; CIA 2004)

and isolation, human impact on deserts in the form of settlements
and infrastructure is mounting, and there has been a 6% loss of
habitat between 1950 and 1990.

22.2.5.1.2 Grasslands

Grasslands (the temperate grasslands, savannas, and shrubland
biome and the tropical and sub-tropical grasslands, savannas, and
shrubland biome) occur in the semiarid and the dry subhumid
dryland subtypes, and their biodiversity is richer than that of
deserts (12% and 28% respectively of the global terrestrial verte-
brate fauna are found in these two biomes). Much is known of
the functioning of natural grasslands, many of which function as
rangelands: plant diversity increases productivity (Tilman et al.
2001), and communities with many functional groups generate
higher production than those with fewer groups. Yet within a
grassland community a few abundant species account for a large
fraction of grassland ecosystem functions, whereas the many rare
species account for a small fraction of its functions (Sala et al.
1996; Solbrig et al. 1996).

It is important to note that the relationships between diversity
and function are not linear, and a threshold in species richness
has been identified below which ecosystem function declines and
above which it does not change (Vitousek and Hooper 1993).
Unfortunately, many natural grasslands have been transformed to
croplands and most dryland cultivated lands are in these biomes.
This transformation continues, and some 15% and 14% of the
natural habitats in the semiarid and dry subhumid subtypes were
transformed between 1950 and 1990.

22.2.5.1.3 Mediterranean forests, woodlands, and shrublands biome

The Mediterranean biome, comprising xeric woodlands and
shrublands, occurs within semiarid and dry subhumid areas with
a Mediterranean climate and is subjected to intensive human im-
pact, especially in the Mediterranean basin, resulting in plant ad-
aptations to clearing, grazing, fires, and drought (Davis et al.
1996). Species richness is high (Mooney et al. 2001), with the
Mediterranean basin supporting 25,000 vascular plants (10% of
global species), of which 60% are endemic; 10% of the global
vertebrates species inhabit the Mediterranean biome.

The biome’s biodiversity is threatened by its small geographic
coverage, fragmentation, high human population density, aban-
donment of traditional practices, tourism, continued habitat con-
version (2.5% of Mediterranean habitat was lost between 1950
and 1990), and invasive alien species (Mooney et al. 2001). Agri-
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culture, grazing, and frequent fires have decreased dryland forests,
converting many to grasslands (Solbrig et al. 1996). At the same
time, the abandonment of rangelands in the Mediterranean basin
has influenced secondary succession, which has eliminated open-
habitat species and reduced diversity. Consequently, many en-
demic and rare species are currently restricted to protected areas
surrounded by degraded or altered landscapes that act as a barrier
to migration in response to environmental change.

22.2.5.2 The Role of Biodiversity in the Provision of Dryland
Ecosystem Services

22.2.5.2.1 Involvement of biodiversity in packages of services

There are many dryland species that are directly involved in the
provision of a range of ecosystem services. One such example is
African acacia (Ashkenazi 1995), which provides for soil develop-
ment and conservation (roots, canopy, and litter), forage (leaves
and pods eaten by livestock), fuelwood (dead twigs), and food
(edible gums). It is also involved in nutrient cycling (symbiosis
with nitrogen-fixing bacteria) and generates cultural services (as
described earlier). And it supports other biodiversity: a large num-
ber of animal species depend on it for shelter, shade, nest sites,
and food. (Often this is of mutual benefit: wild and domestic
mammals disperse the seeds, thus determining the spatial distribu-
tion of the species.)

The numerous dryland plant species of different growth forms
jointly provide a package of services through their ground cover
and structure, which provide the drylands’ most important ser-
vices of water regulation and soil conservation as well as forage
and fuelwood provision and climate regulation. In arid and semi-
arid areas, clumps of bushes and annuals embedded in the matrix
of a biological soil crust—which consists of an assemblage of sev-
eral species of cyanobacteria (that provide the added benefit of
nitrogen fixation), microalgae, lichens, and mosses—jointly gen-
erate soil conservation and water regulation (Shachak and Pickett
1997). In many arid and semiarid areas, this biodiversity of ‘‘vege-
tation cover’’ and biological soil crusts is linked to a diversity of
arthropod species that process most of the living plant biomass,
constituting the first link of nutrient cycling.

22.2.5.2.2 Involvement of dryland biodiversity in a single service

Individual species can also be important providers of a single
service, such as individual dryland plant species serving as a ‘‘bio-
genetic resource’’ for cross-breeding and improvement of domes-
ticated species to which they are genetically related. These species
are either the progenitors of currently cultivated species that were
domesticated millennia ago (Higgs and Jarman 1972; Harlan
1977) or they are relatives of those progenitors. It is estimated that
29–45% of the world’s currently cultivated plants originated from
drylands (FAO 1998). The progenitors and wild relatives of these
originally dryland-cultivated plants (such as wheat, barley, rye,
millet, cabbage, sorghum, olive, and cotton) are an important
component of dryland biodiversity. However, only a few of them
inhabit dryland protected areas and enjoy active in situ conserva-
tion, and much of their potentially useful genetic diversity has not
yet been fully screened and may be under threat due to habitat
loss (Volis et al. 2004).

Assemblages of dryland species can also jointly generate a sin-
gle service, such as populations of large mammalian herbivores—
from antelopes to elephants—providing for the cultural service of
ecotourism, especially in the eastern and southern grasslands and
savannas of Africa. These now occur mainly in protected areas
and in ranches, and their management for the sustainable provi-
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sion of this service is a scientific, legal, and sociopolitical chal-
lenge.

22.2.5.2.3 Trends in the involvement of dryland biodiversity in service
provision

Evidence for human impacts on specific dryland biodiversity
components that affect service provision is associated with live-
stock grazing. Livestock often impair the service of forage provi-
sion when prime forage species are replaced by non-palatable,
often invasive species, leading to replacement of the grassland
vegetation by encroaching bush or the reduction of the litter-
decomposing termite populations, which impairs nutrient cy-
cling, primary production, and carbon sequestration (Zeidler et
al. 2002; Whitford and Parker 1989). Human-induced climate
change may also alter the primary production and other dryland
services, since plants of the three photosynthetic pathways (C3,
CAM, or C4) co-occur in drylands and are expected to respond
differently to climate change and to elevated atmospheric CO2

(Huenneke and Noble 1996).
The loss of biodiversity from drylands is not likely to affect all

services uniformly. Rather, primary production and the provi-
sioning services derived from it, as well as water provision, will be
more resilient than recreation and ecotourism. (See MA Scenarios,
Chapter 10.) This is based on the observation that ecosystem ser-
vices performed by top predators will be lost before those per-
formed by decomposers. The service of supporting biodiversity
(by generating and maintaining habitats of required value and
ample size) is expected to be degraded faster than the service of
provisioning biological products.

The direct threats to the service of supporting biodiversity
include not only land degradation but also habitat loss and frag-
mentation, competition from invasive alien species, poaching, and
the illegal trade in biodiversity products. Indirect threats include
the losses of the drylands-specific ‘‘keystone’’ species (Paine 1966)
and ‘‘ecosystem engineer’’ species (which modify the dryland en-
vironment for the benefit of other species) (Jones et al. 1994).
Finally, not only losses but also addition of species may impair
service provision. For example, Eucalyptus tree species intro-
duced to southern Africa have invaded entire catchments of natu-
ral vegetation, causing large-scale changes in water balance and
depriving water from lower catchments (Van Wilgen et al. 1998).

22.2.6 Integration: Services, Biodiversity,
Livelihoods, and Aridity

Figure 22.7 highlights the interrelationships between major eco-
system services, between services and biodiversity, and between
services and the livelihoods they support across the aridity gradi-
ent. Water regulation is the overarching dryland service, and its
effect cascades through the interrelated supporting services of soil
conservation and nutrient cycling to primary production and water
provision. Whereas the service of water provision is the most sig-
nificant one supporting the farming livelihoods prevailing in the
dry subhumid and the semiarid subtypes, the primary production-
dependent service of forage provision is the most significant ser-
vice for pastoralists. Other primary production-dependent services
are the provision of biochemicals and fuelwood, which serve both
farmers and pastoralists but also generate independent, alternative
livelihoods based on medicinal plants and biomass-generated en-
ergy. Forage, fuelwood, and biochemicals are goods produced by
a diversity of plant species, which are both a product and a gener-
ator of primary production.

The structural diversity of the vegetation cover is the most
significant dryland biodiversity component, since it is instrumen-
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Figure 22.7. Linkages between Services, Biodiversity, Livelihoods, and Dryland Subtypes. Rectangular boxes—services; rounded
boxes—components of biodiversity; three-dimensional boxes—livelihoods; dotted rectangles—dryland subtypes: DSH, SA, A, and HA—dry
subhumid, semiarid, arid, and hyper-arid, respectively; thin arrows—direct effects of services; thick arrows—involvement of biodiversity. Follow
the boxes in the order of their numbers, which streamlines with the text in section 22.2.6.

tal in the water regulation service. Plant structural diversity is also
involved in soil conservation and water regulation, as well as in
climate regulation. Plant biodiversity supports animal biodiversity
since secondary production directly depends on primary produc-
tion, and the diversity of animals is regulated by plant structural
diversity through provisions of a diversity of habitats and shelters
for animals. Critical components of dryland animal biodiversity
are the diversity of surface and soil decomposers (supporting nu-
trient cycling) and larger wildlife (supporting the cultural service
of tourism and recreation).

While pastoralists control the exploitation of rangeland ser-
vices through managing stocking rates and livestock species
composition, cropland cultivation constitutes more-intensive
management (tillage, irrigation, and so on) that often taxes bio-
diversity and does not always generate the expected increased
provision of services. While cultivation intends to increase service
provision, it sometimes impairs the provision of all three support-
ing services and affects the water regulation service. One way out
may then be turning to alternative livelihoods, as described later.
Whereas the prevalence of traditional livelihoods decreases with
aridity, existing and emerging alternative livelihoods, each sup-
ported by a different service, are expected to augment or even
replace traditional livelihoods and hence may increase with
aridity.
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22.3 Condition and Trends in Dryland Systems
This section assesses the issue of greatest concern—land degrada-
tion in the drylands. The condition of service provision to each
of the three major dryland livelihoods—pastoral, farming, and
‘‘alternative’’—is also considered. There is an overarching trend
toward further water scarcity, exacerbated by aridity, with reduc-
tions of 11%, 13%, 15%, and 18% in the annual per capita supplies
of surface runoff augmented by flows from outside each subtype
expected for the period 2000–10 in the dry subhumid, semiarid,
arid, and hyper-arid subtypes respectively (Vörösmarty et al.
2005).

22.3.1 Land Degradation

22.3.1.1 How Much of the Drylands Is Degraded?

The critical drivers of change in drylands are those leading to a
degraded condition of primary production. The process by which
this service is degraded, compared with its provision prior to
human pressures, is called ‘‘land degradation.’’ Land degradation
in drylands is termed ‘‘desertification’’ and can be viewed as an
expression of a persistent decline in the ability of a dryland ecosys-
tem to provide goods and services associated with primary pro-
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ductivity. Thus, an indicator of the condition of drylands is the
degree of ‘‘land degradation’’ or desertification. (See Box 22.2.)

Despite the global importance of desertification, the available
data on the extent of land degradation in drylands are limited. To
date, there are only two studies with global coverage and both
have considerable weakness. But in the absence of anything better
they have been widely used as a basis for national, regional, and
global environmental assessments.

The best known study is the Global Assessment of Soil Degra-
dation (Oldeman et al. 1991). Intended as an exploratory study, it
did not include any remote sensing or field measurements and was
based on expert opinion only. A more detailed assessment—Soil
Degradation in South and Southeast Asia—also relied heavily on
expert opinion (Middleton and Thomas 1997). A more thorough,
measurement-based global follow-up has not been conducted.
Additionally, these studies only considered soil degradation and
placed a strong emphasis on erosion, which is extremely hard to
measure. These studies also formed the basis of the data and maps
presented in the World Atlas of Desertification (Middleton and
Thomas 1997). A reported 20% of the world’s drylands (exclud-
ing hyper-arid areas) suffer from soil degradation, mainly caused
by water and wind erosion, which is presented as the prime cause
for 87% of the degraded land (Middleton and Thomas 1997; Ol-
deman and Van Lynden 1997; Lal 2001a).

The second study with global coverage is that of Dregne and
Chou (1992), which covers both soil and vegetation degradation.
It was based on secondary sources, which they qualified as fol-
lows: ‘‘The information base upon which the estimates in this
report were made is poor. Anecdotal accounts, research reports,
travelers’ descriptions, personal opinions, and local experience
provided most of the evidence for the various estimates.’’ This
study reported that some 70% of the world’s drylands (excluding
hyper-arid areas) were suffering from desertification (soil plus
vegetation degradation).

Recognizing the lack of adequate data on land degradation,
the MA commissioned a desk study (Lepers 2003; Lepers et al.
2005) that compiled more-detailed (and sometimes overlapping)
regional data sets derived from literature review, erosion models,
field assessments, and remote sensing. This study found less alarm-
ing levels of land degradation (soil plus vegetation) in the drylands
(including hyper-arid regions). Achieving only partial coverage,
and in some areas relying on a single data set, it estimated that

BOX 22.2

Desertification as Land Degradation

The UNCCD defines desertification as land degradation in the drylands non-human-induced factors such as rainfall variability and human factors
(‘‘ ‘Desertification’ means land degradation in arid, semi-arid and dry sub- such as low labor input. Thus a range of interacting variables that affect
humid areas’’), yet the two terms are often used as if they are distinct (for productivity should be addressed in order to assess land degradation ob-
example, ‘‘Land degradation and desertification in desert margins,’’ in Reich jectively and unambiguously.
et al. 2000). The UNCCD also defines ‘‘land’’ by its primary productivity Commonly considered degradation processes are vegetation degrada-
service (‘‘ ‘land’ means the terrestrial bio-productive system’’) and ‘‘land tion, water and wind erosion, salinization, soil compaction and crusting,
degradation’’ as an implicit loss of provision of this service (‘‘ ‘land degrada- and soil nutrient depletion. Pollution, acidification, alkalization, and water-
tion’ means reduction or loss . . . of the biological or economic productivity’’). logging are often important locally (Oldeman 1994; Lal 2001a; Dregne 2002).

The definition of biological productivity and economic benefit depends Field experiments, field measurements, field observations, remote sensing,
on users’ priorities. Transforming woodland to cropland may decrease and computer modeling are carried out to study these processes. The
biological productivity and degrade the economic benefit of firewood pro- higher the aggregation level in each of these study approaches, the more
duction, for example, but increase the economic benefit of food produc- problematic each of the methods becomes, either because of upscaling
tion. With respect to the mechanisms of land degradation, changes in the issues or because of questionable extrapolations and generalizations
properties of the land (soil, water, vegetation) do not correspond linearly (Stocking 1987; Scoones and Toulmin 1998; Matthews 2000; Mazzucato
to changes in productivity. Loss of productivity can also be attributed to and Niemeijer 2000b; Lal 2001a; Warren et al. 2001; Dregne 2002).
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only 10% of global drylands were degraded. This includes 17% of
drylands in Asia degraded, but in the Sahel region in Africa—an
area reported as highly degraded by the Global Assessment (Olde-
man et al. 1991) and by Dregne and Chou (1992)—few localities
with degradation were found. The global number of people who
live on lands determined by Lepers (2003) as degraded is about 20
million, much lower than the 117.5 million people living on lands
defined as degraded by GLASOD.

All these assessments have their weaknesses. Due to the poor
quality of the information sources, Dregne and Chou’s numbers
are most likely an overestimation. For example, they report fig-
ures as high as 80–90% for both rangeland and cropland degrada-
tion in the drylands of individual countries (such as Kenya and
Algeria). Such high levels are hard to reconcile with data from the
FAOSTAT database, which show that over the last 40 years the
average per hectare yields of major cereals cultivated in Kenya
and Algeria have increased 400–600 kilograms. Most likely the
true level of degradation lies somewhere between the figures re-
ported by GLASOD and those of Lepers (2003). This implies that
there is medium certainty that some 10–20% of the drylands are
suffering from one or more forms of land degradation. And the
livelihoods of millions of people, whether they actually reside in
the degraded areas or just depend on them, are affected by this
degradation, including a large portion of the poor in drylands.

Even if the most conservative estimate of 10% is used, how-
ever, a total land area of over 6 million square kilometers is af-
fected by desertification, an area roughly twice the size of India,
the seventh largest country in the world. It should be borne in
mind, however, that to determine the true extent of degradation
and identify precisely where the problems occur will require a
more in-depth follow-up to the three exploratory studies dis-
cussed here, combining analysis of satellite data with extensive
ground-truthing. (See Box 22.3.) The ongoing Land Degradation
Assessment in Drylands project, an international U.N. initiative
to assess the status of land degradation in the drylands, is an appro-
priate response to this daring challenge.

22.3.1.2 Land Use, Land Degradation, and the Aridity Gradient

Human populations and land uses change across the aridity gradi-
ent. The best way to express the effect of the gradient on dryland
peoples and their land use is through estimating the amount of
water per capita available in each dryland subtype. As expected,
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BOX 22.3

Satellite Remote Sensing and Desertification

Attempts to map desertification are often unsatisfactory. A key require- Persistent reduction in productivity is an expression of desertification
ment for mapping desertification is that the term is defined in a way that (Prince 2002), and it is routinely measured using satellite derived vegeta-
leads to objective and practical measurement criteria. Earth-observing in- tion indices (such as the normalized difference vegetation index). NDVI
struments carried on satellites (Prince 1999) routinely map land surface measures the amount of solar radiation absorbed by the vegetation, from
variables that respond to desertification, such as albedo, surface tempera- which simple methods can be used to estimate net primary production
ture, and vegetation cover—all with appropriate spatial resolution and reg- (Prince 1991). Prince (2002) has suggested that a persistent reduction of
ular global coverage. Unfortunately, factors that are not related to NPP below its potential, a reduction that does not disappear during wetter
desertification also affect these properties; for example, AVHRR data have periods, could identify areas that may be experiencing desertification, a
been used to monitor interannual changes of vegetation cover in dry re- measure that is both practical and based on the underlying mechanism.
gions (Tucker et al. 1991; Nicholson et al. 1998), but these are frequently In the absence of human impacts the NPP is set by climate, soils,
caused by rainfall fluctuations, not desertification (Prince 2002). vegetation productive capacity, and growing season weather conditions.

Figure A. Maps of Desertification in Zimbabwe. Map A. Local NPP Scaling (LNS) map.
Gray scale indicates the LNS value, from white (LNS�0–1%, i.e., desertified) to dark gray
(LNS�92%, near potential productivity). Note correspondence with fourth level administra-
tive boundaries (See Map D) and the correlation of low LNS with the overcrowded communal
lands that are known to be seriously degraded. LNS was calculated using NPP estimated
from SPOT VEGETATION 1 sq.km. satellite NDVI data, 1998–2002. Map B. Desertification
Risk Map (Eswaran and Reich 2003). This map is a combination of the NRCS global deserti-
fication map and a global population density map. Note that the spatial resolution is much
less than in Map A and the values of ‘‘risk’’ unfortunately cannot be validated. Map C.
Zimbabwe, excerpted from the Global Assessment of Soil Degradation (GLASOD) map
(Oldeman et al. 1990). Letter symbols: Wt-loss of topsoil by water erosion; Wd-terrain defor-
mation/mass movement by water erosion; Pc-physical deterioration by compaction/crusting;
f-deforestation and removal of the natural vegetation; g-overgrazing; a-agricultural activities;
e-overexploitation of vegetation for domestic use. Key to numeric symbols: x.y, where x
indicates degree of degradation (1-light; 2-moderate; 3-strong; 4-extreme) and y indicates
percentage of mapping unit affected (1-less than 5%; 2–5 to 10%; 3–10 to 25%; 4-more
than 50%); X-medium rate. As in Map B, the resolution is low and hard to validate on the
ground. Map D. Zimbabwe land tenure classes. Note the correspondence of communal lands
(white) and commercial farms (dark) to low and high LNS in Map A, respectively.
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BOX 22.3

continued

Unfortunately these cannot be measured at an adequate resolution in
most desertification-prone regions. An alternative, however, is to use the
NPP maps themselves and to employ a statistical method to estimate the
NPP of non- or less-degraded areas (Prince 2004). A large region can be
classified into homogeneous areas that consist of land having the same
climate, soils, and vegetation structure, in which only the human impacts
vary. The NPP of the grid cells (pixels) measured by the satellite instru-
ment that fall in each area can be normalized, and the highest NPP values
can be used to estimate the potential NPP. All other pixels in that area
can then be represented as a percentage of the potential NPP for the
same area.

In the example (Figure A), Zimbabwe was stratified into regions in
which the principal natural characteristics and existing vegetation types
are uniform, based on maps of land cover and rainfall. The regions varied
in area but were typically 1,000–10,000 square kilometers. Following the
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earlier outlined procedure, a percentage reduction from potential NPP was
calculated for each pixel. This method is known as the Local NPP scaling

Figure B. Interannual Variation in Net Primary Production of Neigh-
method. Other methods are possible, based on closer study of desertifi-

boring Non-degraded and Degraded Areas within the Same Land Po-
cation and NPP; under development is Local NPP Ranking, which de-

tential Class in South Africa. Primary production was estimated using
pends on the recent observation (Wessels et al. 2004) that the NPP of

satellite measurements of the Normalized Difference Vegetation Index
some long overused land in South Africa differs from non-degraded land

summed over the growing season. SNDVI is generally positively related
by a constant proportion. (See Figure B.)

to average rainfall. The SNDVI in the degraded areas relative to the non-
Satellite data are able to detect changes in the productivity of the

degraded was reduced by a near constant proportion. Also, in wetter
vegetation; hence, future synoptic primary production mapping is likely to

years, the SNDVI in degraded sites exceeded that of non-degraded sites
identify regions with persistent reductions in NPP, indicating changes that

in dry years (Wessels et al. 2004)
need closer investigation and ground verification. The definition of deserti-
fication used here is land that has suffered a shift to a reduced NPP, even
when rainfall is not limiting or is equally limiting on desertified and non-
desertified land. This newly emerging procedure detects shifts to reduced
NPP relative to the potential NPP. Its validity, utility, and practicality, how-
ever, have yet to be demonstrated for global-scale desertification moni-
toring.

human population decreases with aridity. (See Figure 22.8.) It is
also expected that annual runoff (as well as surface flows from
non-drylands into drylands) will decrease with aridity. However,
water supply per person also decreases with aridity (Vörösmarty et
al. 2005 Figure 20.8b). Namely, the rate of decrease in water sup-
ply with aridity is greater than the rate of decline of the human
population with aridity. This suggests that as aridity increases, the
ability of the ecosystem to provide the water required by the local
population decreases. Thus not only does water supply become
low with increased aridity, but there is a mismatch between the
supply and the number of people, and the increased aridity-linked
gap between supply and demand creates water scarcity. This pro-
vides added insight into the decline of human population, crop-
ping, and urbanization with aridity.

However, the most pronounced decrease of population and
cropland occur from the semiarid to arid drylands. This may be
partly due to the larger spatial extent of the global semiarid dry-
land compared with other subtypes. On the other hand, use of
rangeland peaks in the arid subtype; drier areas are not attractive
to livestock, and in areas with higher productivity pastoralism
gives way to farming. Thus other than urban areas (2%), most of
the world’s dryland area is divided by land cover and land use
between rangelands (65%) and croplands (25%), although some of
these are actually interwoven rangeland and croplands, supporting
a mixed, integrated agropastoral livelihood. Both pastoralism and
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farming and their combination are often implicated as drivers of
degradation.

It is likely that the sensitivity of dryland ecosystems to human
impact increases with aridity—a little human pressure may not
destabilize a dry subhumid ecosystem, but it will degrade the pro-
ductivity of a semiarid one. And even less pressure will destabilize
an arid dryland, in which the capacity of the inherent resilience
mechanisms is lower than in less arid drylands. On the other hand,
human population pressures and the associated pressure of live-
stock decrease with aridity, as Figure 22.8 indicates.

Much of the drylands have traditionally been used as range-
lands, but with the increase in dryland human populations, a grad-
ual transformation of rangelands to croplands has occurred.
Although a large proportion of the hyper-arid dryland is used as
range, the value of this range is low and so is livestock density. In
the dry-subhumid, the extent of rangeland is low since much of
it has been converted to cropland, but grazing pressure is reduced,
possibly due to the higher potential profitability of croplands.
(Note that human density is greater than livestock density only in
this subtype).

Unlike sensitivity to human pressure, which increases with
aridity, and human pressure, which decreases with aridity (from
70.7 persons per square kilometer in the dry subhumid to 10.4
persons in the hyper-arid drylands), land degradation—at least as
presented by GLASOD—follows a hump-shaped curve, with a
maximum in the arid and semiarid drylands. (See Figure 22.9.)
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Figure 22.8. Land Use, Human and Livestock Populations, and
Water Availability across the Aridity Gradient. Land use and
human population size (a) note the different scale for size of urban
area). Rangeland figures are based on available data on rangelands
in drylands of developing countries (Reid et al. 2004; Thornton et al.
2002) and estimates of rangeland areas in the remaining drylands
based on the assumption of uniformity in the rangeland’s share of
each dryland subtype. Human population densities (b) (CIESIN
2004) and livestock averages of mean densities for developing coun-
tries only (Thornton et al. 2002). Line-water supply per person: total
runoff generated by a dryland subtype and augmented by inflows
(e.g., rivers) from other subtypes or other MA systems, divided by the
number of people living in the subtype but taking into account the
position of humans along river corridors, in areas of higher (or lower)
runoff, etc. Thus, the points represent population-weighted means in
terms of the flows per person based on the populations served. (Fek-
ete et al. 2002; Vörösmarty et al. 2005)

This distribution of land degradation fits a model in which degra-
dation is a function of the product of sensitivity and pressure:
when sensitivity is linear but pressure increases exponentially with
aridity, the degradation curve is biased to the lower aridity sec-
tion. The peak is closer to the semiarid than to the arid section of
the gradient, and the value for the dry-subhumid subtype is
higher than that for the hyper-arid subtype.

These relationships between degradation, sensitivity, and pres-
sure emerge when sensitivity is expressed as an inverse function
of aridity and when pressure is a function of population density.
The peak in percentage degradation coincides with the peak in
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Figure 22.9. Dryland Degradation across the Aridity Gradient.
Effect of aridity (a) and effect of subtype global size (b). Sensitivity to
human pressure is 1-median of Aridity Index; sensitivity and pressure
are normalized, lowest values set to 10; land degradation is from
GLASOD (1990), excluding ‘‘low’’ degradation category, which may
be hard to distinguish from ‘‘no degradation.’’ (Population density data
from CIESIN 2004)

global dryland size, however—the semiarid dryland has the largest
global extent and the highest degradation percentage. Thus the
most extensive degradation occurs in the central section of Figure
22.9, which also happens to be the most extensive global dryland
subtype—the semiarid drylands. This subtype and the arid ecosys-
tems subtype—and especially the transition between the two—have
medium sensitivity and are driven by a medium anthropogenic
pressure, a combination that generates the highest vulnerability
and may result in desertification.

22.3.2 Condition and Trends of Rangelands

Dryland rangelands support approximately 50% of the world’s
livestock and also provide forage for wildlife (Allen-Diaz et al.
1996). Global data on the extent of rangelands within drylands
are available only for developing countries. Based on Reid et al.
(2004), rangelands occupy 69% of the drylands of the developing
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world. Their greatest extent is in the semiarid subtype (14 million
square kilometers) and the proportion of dryland they occupy in-
creases with aridity—from 34% in the dry-subhumid subtype to
54% in the semiarid, 87% in the arid, and up to 97% in the hyper-
arid subtype. Data on livestock numbers in drylands are available
only for industrial countries, where densities are calculated ac-
cording to land units, mostly administrative units (Thornton et al.
2002).

Combining data from Reid et al. (2004) and Thornton et al.
(2002), it is possible to estimate livestock densities per dryland
sub-type as well as for just the rangelands within those dryland
subtypes. Livestock densities for rangelands within the subhumid,
semiarid, and arid subtypes are relatively uniform (32–35 animals
per square kilometer of rangeland) but drop to a low 15 animals
in rangelands within the hyper-arid subtype. The combined den-
sities of sheep, goats, and cattle per dryland subtype area unit
steadily decline with aridity (53 animals per square kilometer in
dry subhumid to 31 animals in the hyper-arid subtype). The num-
ber of animals per unit area of a dryland subtype is greater than
those per rangeland unit area, especially in the hyper-arid and the
dry subhumid subtypes. This suggests that many animals (espe-
cially cattle) do not range freely in the dry subhumid areas, proba-
bly due to competition with cultivation, and are kept in fertile
areas within the low-productivity hyper-arid rangelands, such as
desert oases and along desert rivers—areas not classified as pas-
tures.

22.3.2.1 Semiarid Rangelands
Most of the arid drylands are used as rangeland, but during the
second half of the nineteenth century large-scale commercial
stockbreeding spread over the semiarid drylands of North and
South America, South Africa, and Australia. Both the type of her-
bivore and the grazing management applied (including fire pre-
vention) were new to these semiarid ecosystems. The resulting
disturbance created a ‘‘transition trigger’’ that, combined with
drought events, led to a progressive dominance of shrubs over
grass (Scholes and Hall 1996), a process that may have been facili-
tated by increasing atmospheric CO2 levels that differentially fa-
vored C3 shrubs over C4 grasses (Archer et al. 1995; Biggs et al.
2002). The transition of grasslands to shrublands (see Figure
22.10) is widely reported around the world. This transition gener-
ated a mosaic of plant clumps within a ‘‘matrix’’ devoid of much
vegetation, which encourages surface runoff, topsoil erosion, and
exposure of rocky surfaces (Abrahams et al. 1995; Safriel 1999).

Eventually, the degradation due to overstocking and range
mismanagement led to a decline in livestock numbers after peak-
ing at the beginning of the twentieth century—40% loss in New
Mexico (Fredrickson et al. 1998), 45% loss in western New South
Wales (Mitchell 1991) and 60% loss in Prince Albert District karoo
(Milton and Dean 1996)—and to substitution of sheep for cows,
as they are better adapted to graze on tussock grasses.

22.3.2.2 Dry Subhumid Rangelands
Two opposing trends in the global area of temperate grasslands
are evident: expansion at the expense of woodland and contrac-
tion due to the encroachment of cultivation. Examples of the first
process are the expansion at the expense of forests in North
America following European colonization (Walter 1968) and, in
the Caucasus, a 27% increase in the last century at the expense
of oak forest (Krenke et al. 1991). Grasslands’ natural primary
production generates high biomass of many species of herbaceous
forage plants, and the second transformation involved redirecting
the grasslands’ primary production service for maximizing the
production of seeds of a few species of domesticated grasses. The
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Figure 22.10. Transition of Grassland to Shrubland due to Stock-
breeding in Semiarid Rangelands. The figure shows the percent of
area occupied by dense (�55% of perennial plant composition) brush
cover of the major shrubs at various dates on the Jornada Plain of
the Jornada Experimental Range in New Mexico. (USDA-ARS 2003)

conversion of grasslands to grain crops occurred some millennia
ago in the loess region of north-central China, in the last three
centuries in the Russian Federation (162 million hectares), and
during the last century in the United States (121 million hectares)
(Ramankutty and Foley 1999). However, though temperate grass-
lands are fairly resilient to grazing, fire, and tillage that maintains
the topsoil (Lavrenko and Karamysheva 1992), more-intensive
cultivation dramatically reduces the provision of supporting ser-
vices.

Population increase is the main driver of the tropical savanna-
cropland transition, and the dry subhumid African savannas north
of the equator represent barely 14% of the original cover and are
retreating at an estimated rate of 0.15% (or 340 square kilometers)
per year (WRI 2004). Where human population in tropical sa-
vanna is relatively low but soil fertility high, fire is excluded, and
grazing is heavy, however, range degradation occurs due to top-
soil erosion driven by bush encroachment (Scholes and Hall
1996).

Rangelands of the Mediterranean xerophytic shrubland and
woodland are relatively resilient to human impact. The Mediter-
ranean landscape is of a fine-grained spatial heterogeneity, with
mosaics of cultivated fields and stands of different vegetation suc-
cession stages that result from the combined effect of fire, grazing,
and cropping. This dynamic mosaic of land uses maintains the soil
conservation service, though frequent and extensive alterations
may reduce it (Naveh 1991).

22.3.3 Condition and Trends of Cultivated Drylands

22.3.3.1 Oases in Hyper-arid and Arid Drylands
In the hyper-arid and arid drylands (the desert biome), most culti-
vation is either in oases or in croplands, where crops are irrigated
by fluvial, ground, or local water sources or by a combination of
these. Traditionally, oases were carefully managed by combining
crops and water regulations. Since the middle of the twentieth
century, oases have borne increasing demographic and investment
pressures resulting in larger water abstraction, which has led to
soil salinization and huge loss of surrounding vegetation through
overgrazing and fuelwood exploitation followed by soil erosion.

Two examples are indicative of these trends. Recent indirect
drivers of change in the Maghrebian oasis (northern border of the
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Sahara) have been population increase, policies to settle nomadic
populations, investments generated by migrants working abroad,
and transformation of self-sufficiency to open-market economies
in countries of the Maghreb. The expansion of cultivated areas
irrigated by water from deep aquifers and a lack of drainage (de
Haas et al. 2001) led to spreading shallow water tables and subse-
quent soil salinization (Mtimet and Hachicha 1995). In the Nile
delta, traditional water management of the summer flood kept the
water table at 5–7 meters below the surface during the low flow
season. But nineteenth- and twentieth-century water manage-
ment policies and practices, including construction of the Aswan
dam, enabled year-round irrigation and the growth of out-of-
season crops, such as cotton. These reduced the water table depth,
however, resulting in soil salinization and a dramatic decline in
crop yield (Ruf 1995).

22.3.3.2 Semiarid and Dry Subhumid Agriculture

Where massive agricultural encroachment into temperate grass-
lands has occurred, and where drylands are exposed to freezing
and thawing and suffer a relatively high recurrence of drought
and strong winds, topsoil is at risk of being lost and with it all the
provisioning services. This happened in the Chinese loess plateau
south of the Yellow River bend millennia ago and in North
American central plains in the first quarter of the twentieth cen-
tury. Once the topsoil is lost to wind, the underlying layers—rich
in calcium carbonate and poor in organic matter—develop crusts
that impede infiltration and foster further soil loss through gully
erosion (Mainguet 1996). In the United States, temperate grass-
land soils can lose up to 50% of their original carbon within the
first 50 years of cultivation (Conner et al. 2002). In parallel to
carbon loss, conversion of grasslands to croplands can result in
loss of fertility, increased soil erosion, and decreased water quality
through larger sedimentation and non-point chemical pollution
by salts, nutrients, and pesticides.

When agricultural encroachment of tropical savannas occurs,
there is a risk of soil impoverishment through erosion and nutri-
ent depletion (Stoorvogel and Smaling 1990; Drechsel et al. 2001)
unless nutrients and water are carefully managed. Subsequent ero-
sion may leave the subsurface soil horizon with its limited water
infiltration capacity exposed, resulting in further soil loss by gully
erosion. However, if land husbandry practices are properly ad-
justed, the increased crop production required to meet a growing
population does not necessarily have to lead to nutrient depletion
(Scoones 2001; Niemeijer and Mazzucato 2002; Mortimore and
Harris 2004).

The long, traditional agricultural use of Mediterranean shrub-
lands and woodlands in the Mediterranean basin has prevented
soil loss through sophisticated terrace systems used across hill
slopes. But the pulse of rural population increase that started at
the end of the nineteenth century occurred too fast to allow
widespread land conditioning, and it triggered extensive soil
losses. The outcome was large upstream areas of exposed rock
(Roquero 1990) and accretion pulses in river deltas (Hoffmann
1988).

22.3.4 Condition and Trends of Alternative
Livelihoods

Rather than grappling with drylands’ low biological productivity,
dryland peoples have explored ways to exploit other ecosystem
functions that can serve them better, even better than if they ex-
ploited the same functions in non-drylands. Such emerging ‘‘al-
ternative livelihoods’’ do not depend on traditional land uses and
are generally undemanding on land and natural resource use. Al-
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ternative livelihoods have minimal dependence on land primary
productivity for producing subsistence products; do not impair
the provision of other services of dryland ecosystems; generate
more income per investment from local dryland resources, com-
pared with the traditional, land biological production-dependent
livelihoods; and provide people with a competitive edge over
others who follow the same practices outside drylands. Five major
alternative livelihoods are discussed, in order of decreasing depen-
dence on land primary productivity and hence decreasing deserti-
fication risk and increasing likelihood of sustainability.

22.3.4.1 Dryland Afforestation

Silviculture and rain-fed horticulture are not very common in dry-
lands and depend on labor-intensive construction and maintenance
of runoff-harvesting structures (Evenari et al. 1982; Droppelmann
et al. 2000). However, dryland silviculture and horticulture pro-
vide better soil protection than agriculture because tree canopies
are denser and tree root system deeper and more extensive than
those of agricultural crops and because trees continue to provide
soil conservation after harvest, unlike agricultural crops, where
very little is left to cover the soil after harvest.

Dryland afforestation for firewood production is a livelihood
that depends on the biological production service. Unlike grazing
or cropping, afforestation provides a superb soil conservation ser-
vice for an area greater than that occupied by the forest itself
since flashfloods are not generated by dryland forests. Dryland
afforestation will qualify as an alternative livelihood if it generates
more income than a traditional dryland land use and, even better,
if it can generate more income than non-dryland silviculture.

Carbon sequestration by forests and their contribution to
above- and belowground carbon reserves and the recent emer-
gence of ‘‘carbon trading’’ under the Clean Development Mecha-
nism may make the required difference. This is because most
non-dryland ecosystems with good provision of the biological
productivity service are already either cultivated or afforested. On
the other hand, though the global drylands are less efficient than
non-drylands in carbon sequestration, their potential for further
carbon sequestration is high and has not yet been developed,
while non-dryland capacity is already close to the maximum. Ex-
periences in Israel have shown that a mean annual addition to the
carbon reserve of drylands of 150 grams of carbon per square
meter per year is possible, generated mainly during winter (rather
than during summer in non-drylands), thus storing twice as much
carbon as the adjacent nonforested rangeland (Gruenzweig et al.
2003).

Dryland afforestation only counters desertification in those
cases where it is used as an alternative for unsustainable cropping
and grazing practices. It is not a suitable alternative for rangelands,
agroforestry systems, and areas under natural plant cover, as these
offer equal or better protection against desertification. Also, in the
case of degraded croplands, the benefits are quickly lost if trees
are watered through irrigation (with its potential for salinization
and water resource depletion) rather than through runoff har-
vesting.

22.3.4.2 Controlled Environment’s Cash Crop Agriculture

There are dryland agriculture practices that can qualify as alterna-
tive livelihoods by employing plastic covers in agrotechnology.
The plastic cover allows nearly full light penetration and at the
same time offers options for locally manipulating many other
crop-relevant environmental factors (Arbel et al. 1990). This
practice ranges from covering individual rows of low-stature
crops, with no additional intervention and for only a part of the
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growing season (mainly in the least dry drylands), to covering
plots within ‘‘growth houses’’ or ‘‘greenhouses,’’ within which
several of the internal environmental conditions are artificially
manipulated to the extent that the crop is virtually separated from
the outer dryland environment (mainly in the driest drylands).
The plastic enclosure reduces evapotranspiration and thus maxi-
mizes water use efficiency (Pohoryles 2000); it reduces insecticide
use and makes CO2 fertilization feasible.

Often the crops are grown on artificial substrates, with nutri-
ents supplied and water provided by irrigation that incorporates
fertilizer application (‘‘fertigation’’), and pollination may be pro-
vided by commercially raised and marketed pollinators (BioBee
2000). Together these enable intensification of biological produc-
tivity while economizing on land resources. This approach uses
the dryland’s abundant incident light and winter warmth, but it is
otherwise nearly independent of local ecosystem services. Pro-
vided that it does not deplete local water resources and that salin-
ity is controlled and not allowed to leach into groundwater, this
practice does not generate desertification.

However, this livelihood requires investment in infrastructure,
such as energy for ventilation and cooling, making it more suit-
able for industrial countries. The intensification of crop growth
generates more yield per unit of investment, but the crops need
to have high market value—namely, cash crops. The production
of cash crops in drylands may be more profitable than in the non-
drylands, on account of two physical/climatic features of most
(but not all) drylands: high irradiation due to relatively infrequent
cloud cover and higher ambient winter temperatures relative to
those in the nearest non-dryland areas. Indeed, the gross value
added and the cash generated per unit area from that part of the
hyper-arid dryland of Israel in which intensive greenhouse agri-
culture is widely practiced is higher than those of all other types
of Israeli agriculture, including those of the least dry areas of the
country (Portnov and Safriel 2004).

22.3.4.3 Aquaculture in Drylands

Dryland aquaculture is inherently advantageous to dryland agri-
culture because although aquatic organisms live in water they do
not transpire it, so water losses from aquaculture are predomi-
nately from evaporation rather than raised evapotranspiration.
Furthermore, many more aquatic species than terrestrial crop spe-
cies are tolerant of salinity and even thrive in it. Thus, dryland
aquaculture can prosper on fossil aquifers (quite common in dry-
lands) whose high salinity greatly curtails their use by dryland
agriculture.

When dryland aquaculture borrows the technology of dryland
greenhouses (as just described), water conservation is even greater
than it is in agricultural greenhouses due to zero transpiration of
aquatic organisms. At the same time, dryland aquaculture does
not compete for water with dryland agriculture due to the diver-
gent salinity tolerances of terrestrial plants and aquatic organisms
(Kolkovsky et al. 2003). Since dryland aquaculture is always more
economic on land than dryland agriculture, land use as well as
water use efficiencies are high. Thus dryland aquaculture, like
dryland controlled-environment cash crop agriculture, does not
depend on local ecosystem services and need not cause desertifi-
cation.

Dryland aquaculture is based on aquatic animals and plants
(mostly micro-algae) or some combination of these. The produc-
tivity of aquatic animals is not light- and CO2-dependent, hence
the costs of feeding the animals are greater than those of fertilizing
the plants. There is, however, an added cost of water filtration
due to the enrichment of the water by the surplus organic load of
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animal feed and animal excretions. This cost can be reduced by
integrating animal and plant aquaculture, in which algae thrive on
the animal waste-enriched water, or the enriched water can be
used for irrigation of crops. Plant aquaculture is advantageous on
animal aquaculture in that feeding is not required and organic
load is not a problem. Also, given that most aquatic plants are
either very small or unicellular, their growth is much faster than
that of terrestrial plant crops, and the ratio of harvested to nonhar-
vested biomass of the crop is much higher than that of terrestrial
plants.

Dryland aquaculture of both plants and animals is more advan-
tageous than aquaculture elsewhere due to the abundance of light
for aquatic plants (Richmond 1986) and of winter warmth for
both plants and animals (Kolkovsky et al. 2003). An added benefit
is the higher availability and hence the lower price of land in
drylands than in non-drylands and the reduced competition with
agriculture on land in the drylands. Most of the products of dryland
aquaculture are cash crops, such as ornamental fish, high-quality
edible fish and crustaceans, and industrially valuable biochemicals
produced by micro-algae, such as pigments, food additives, health
food supplements, and pharmaceutical products.

22.3.4.4 Urban Livelihoods

Though ‘‘dryland development’’ and ‘‘rural development’’ are
often used synonymously, dryland cities as an alternative to dry-
land villages may be a sustainable option for settling more people
in drylands because the cities consume, and hence affect, fewer
land resources than dryland farming and pastoral livelihoods do.
However, this depends on the potential of dryland cities to pro-
vide livelihoods as well as living conditions that are advantageous
compared with those provided by other cities.

A combination of appropriate building materials, architectural
design (Etzion et al. 1999), and urban planning (Pearlmutter and
Berliner 1999) can provide living conditions in drylands that are
as comfortable as and much cheaper than those provided by non-
dryland cities. This is because drylands are endowed with two
climatic features that are highly conducive to ‘‘passive’’ (energy-
saving) climate control. The very low air humidity in the driest
drylands makes summer evaporative cooling very efficient and
cost-effective, and the low dryland cloud overcast means that solar
radiation (aided by appropriate positioning, dimensions, and tech-
nological design of glass windows) provides efficient and cost-
effective winter warming (Etzion and Erell 2000).

Thus the use of fossil fuels for cooling, and of fossil or biomass
fuels for warming, can be much lower in driest dryland cities than
elsewhere. Furthermore, fossil fuels can be nearly completely re-
placed by solar energy-generated power (Faiman 1998) due to
the high year-round intense solar radiation coupled with the low
overcast of many drylands. Given the potential (though rarely re-
alized) advantages of living in dryland cities and their relatively
low impact on dryland services, a policy of encouraging urban
livelihoods in appropriately designed and functioning dryland
cities could significantly contribute to sustainable dryland man-
agement. Dryland tourism may be one such livelihood.

22.3.4.5 Dryland Tourism

Dryland tourism is driven by the increasing affluence, free time,
and mobility of a relatively large segment of the global population
coupled with the growing craving for uncongested, unpolluted,
pastoral, pristine landscapes. Drylands offer many unique scenic,
wildlife, biodiversity, historical, cultural, and spiritual services.
Hence employment in the tourist industry may become an in-
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creasingly important alternative dryland livelihood for both rural
and urban dryland people.

Though urban and tourism-related dryland livelihoods are
economic on land use, their impact on dryland water resources
requires attention. Given the large water demand of dryland agri-
culture, the per capita water demand of a dryland city is likely to
be lower than that of a rural dryland village. However, the tourist
industry is a significant consumer of water. Irrespective of dryland
urban versus dryland rural development, the growing demand
versus the diminishing supply of renewable water in drylands has
catalyzed the improvement of technologies for recycling and
reuse of wastewater and for water desalination in drylands (NRC
1999). These are also helping to address the water demand in-
curred by the dryland tourist industry.

22.3.5 Condition and Trends of Dryland
Biodiversity

22.3.5.1 Species Endangerment and Extinction in the Drylands

Most available information on species threat status and extinctions
is listed by country, and no assessment has been made on overall
species status for drylands, let alone for specific dryland subtypes.
However, to gain some insight on the situation we selected three
relatively large countries (each more than half a million square
kilometers in size) that are virtually 100% drylands and are geo-
graphically isolated from each other as to minimize species iden-
tity: Kazakhstan in Central Asia (semiarid and arid), Mali in north
equatorial Africa (arid and hyper-arid), and Botswana in south
of equatorial Africa (semiarid and dry subhumid). The combined
number of terrestrial threatened and non-threatened vertebrate
species for these countries totals 1,593 species (IUCN 2004), oc-
curring over an area of more than 4.5 million square kilometers.
Only one species is known to be globally extinct (a mammal in
Kazakhstan), and 69 species (4.3%) are threatened (see Table
22.5), which appears to be much lower than global species endan-
germent (12–53% for different groups; see Chapter 4).

No correlation exists between the species richness of each
group and its proportion of threatened species, and it is likely that
threat status is more related to body size. The dryland birds and
mammals of these countries are more prone to extinction than
amphibians and reptiles are, and though there are many more bird
than mammal species, the highest proportion of threatened spe-
cies is among mammals. It is likely that this is because, on average,
mammals are larger than other vertebrates, have larger home
ranges, and hence are more affected by habitat loss or are subject
to greater hunting pressure or persecution by humans.

Analyzing a single country—Israel—by dryland subtype re-
veals 3% of the desert biome vertebrate and plant species (hyper-
arid and arid subtypes combined) are threatened, compared with

Table 22.5. Endangerment of Vertebrate Species in Three Dryland Countries. Data for all IUCN categories of endangerment combined.
(Data from IUCN 2004)

All Species Amphibians Reptiles Birds Mammals

Total Threatened Threatened within Each Group
(number) (number and percent) (percent)

Mali 340 20 (6) 0 1 3 9

Kazakhstan 462 35 (8) 7 4 4 10

Botswana 349 14 (4) 0 0 4 4

Total 1,593 69 (4) 2 1 3 8
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7.7% of the Mediterranean biome species (semiarid and dry sub-
humid subtypes), which suggests that, at least in Israel, threats
decline with aridity. These figures also include locally and globally
extinct species: five freshwater fish and one amphibian species lost
in Israel are globally extinct. Furthermore, 57% of the breeding
birds associated with wetlands and inland waters in Israel have
become locally extinct or are threatened (compared with only
27% of non-wetland birds) (Nathan et al. 1996). This is in agree-
ment with the global situation, whereby species of freshwater
habitats are at greatest risk of extinction (see Chapter 4), and it
demonstrates the intense pressures on wetlands in drylands.

22.3.5.2 Conservation of Biodiversity in Drylands

Protected areas occupy 8% of global drylands, which is close to
the global average for all systems (10.6%). The fraction of each
subtype area within protected areas declines with aridity: 9% of
dry subhumid drylands, 8% of the semiarid drylands, and 7% of
arid drylands, although the figure for the hyper-arid subtype is the
highest at 11%, just above the global average. The high degree of
protection provided in the dry subhumid subtype has two expla-
nations. First, greater political attention is focused on the conser-
vation of less-arid areas and, second, due to the high population
pressure in dry subhumid areas, there is a greater awareness of
conservation needs there. At the same time, the negligible popu-
lation pressure and low competition for dryland services make
hyper-arid drylands ideal for designation of protected areas, which
explains the high degree of protection there. Protected areas in
drylands are managed for three different reasons: to support bio-
diversity, to promote the provision of their cultural services, and
to promote biodiversity’s role in provisioning all other services.

Of the 25 global ‘‘biodiversity hotspots’’—terrestrial areas
where at least 0.5% or 1,500 of the world’s 300,000 plant species
are endemics and with habitat loss expressed in the decimation of
70% or more of their primary vegetation (Myers et al. 2000)—8
are in drylands. These are the Succulent Karoo and Cape Floristic
Province, both in southwestern Africa; the Brazilian Cerrado;
Central Chile; the California Floristic Province; the Mediterra-
nean Basin; the Caucasus; and parts of southwest Australia. (Note,
however, that most of these hotspots represent the Mediterranean
type biome only.) Of the 134 terrestrial ‘‘ecoregions’’ (200 global
ecoregions defined by Olson and Dinerstein 1998) identified as
priority conservation targets, 24 are within drylands. Almost 30%
of the global Centers of Plant Diversity (WWF/IUCN 1994)
contain, at least partially, drylands. Using the IUCN Protected
Area classification, dryland protected areas that are managed to
support biodiversity, and with the highest degree of protection
and least access to people, occur mainly in the semiarid drylands
and occupy 11.4% of all dryland protected areas.
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In protected areas maintained primarily for the provision of
cultural services, human exploitation and occupation are re-
stricted, but visitors are welcome and tourism is encouraged and
hence they offer potential economic benefits to local people. In
total, these account for 44.7% of all dryland protected areas com-
bined and are most common in the arid subtype. Many of these
are national parks or (officially non-protected) private game farms,
which provide many of the same cultural services. In many of the
national and private parks, especially in Africa, management is
geared to maximizing the number of large game species for visi-
tors, which may lead to trampling and overgrazing due to over-
population of game.

It is increasingly difficult to set aside formally protected areas
that largely exclude human populations, especially in dryland
countries with high poverty levels. In some regions, historically
protected areas have been associated with oppressive political re-
gimes and the exclusion of local inhabitants, where wildlife con-
servation goals have been put ahead of human needs. This image
of protected area use has been challenged over the past decade,
especially through increased efforts to promote community-based
natural resource management. Protected areas managed for their
provisioning services, which allow for controlled exploitation of
ecosystem goods, account for 43.9% of dryland protected areas
and are most common in the semiarid drylands.

22.4 Drivers of Change

22.4.1 Conceptual Framework of Dryland Drivers:
The Desertification Paradigm and Its Counterpart

The overarching change in drylands is land degradation defined
as a persistent decrease in provisioning of ecosystem services—also
frequently termed desertification, as described earlier. A number
of phenomena are tied in through various links, interactions, and
feedbacks, which jointly make up the ‘‘desertification paradigm.’’
This section assesses the validity of the desertification paradigm by
presenting the relevant direct and indirect drivers, including both
biophysical and socioeconomic drivers. More-recent research has
led to the development of an alternative ‘‘counter-paradigm’’
concerning drylands processes; this approach identifies interven-
tions that prevent the occurrence of desertification. Between the
two paradigms there is general agreement on the role of the direct
biophysical drivers discussed in the next section. Where the
common ‘‘desertification paradigm’’ and the emerging ‘‘counter-
paradigm’’ differ is in the proposed role of indirect drivers. This
is the subject of the subsequent two sections.

22.4.1.1 Direct Bioclimatic Drivers
The relatively low productivity and low soil moisture content of
drylands are often exacerbated by the uni-modal pattern of rain-
fall, resulting in a long period during which soil moisture falls.
Low and infrequent precipitation patterns and radiation-induced
evaporation jointly and directly drive a linear sequence of bio-
physical processes. In this cycle, low soil moisture leads to low
plant productivity, poor soil development, and high runoff, re-
sulting in a high susceptibility of drylands to soil erosion.

The same two bioclimatic factors that are drivers of vulnera-
bility to erosion are also drivers of vulnerability to salinization.
Low rainfall does not leach the surface salts into deeper soil layers,
down below the root zone of plants, hence the dryland topsoil is
vulnerable to salinization. These natural conditions make dryland
ecosystems vulnerable to land degradation, while both drought
and human activities can further exacerbate existing vulnerabili-
ties.
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22.4.1.2 The Desertification Paradigm
The desertification paradigm holds that bioclimatic drivers and
anthropogenic drivers that traditionally maintain dryland ecosys-
tems in a stable state become drivers of change, pushing the transi-
tion from sustainable exploitation of ecosystem goods and services
to a new ecosystem state of much lower level of service provision.
Extremes of direct bioclimatic drivers, rainfall fluctuations leading
to droughts, and extensive, intensive, and frequent fires, when
coupled with indirect anthropogenic drivers, jointly become
drivers of change that through an intricate chain of processes lead
to a downward spiral of productivity ending in irreversible land
degradation—that is, desertification.

Human population growth in drylands, which increased
18.5% between 1990 and 2000, has been the highest of any MA
system (CIESIN 2004). Increased aspirations for raised standards
of living are driving an increase in the exploitation of ecosystem
services, often accompanied by an increased use of labor and new
technologies. This is expressed as a proliferation of livestock and
expansion of agriculture and through the adoption of intensive
farming practices. The adverse impacts are further amplified when
intensification of human activities coincides with droughts, which
temporarily but drastically reduce soil and plant productivity.

Cropland in drylands has lower productivity than ‘‘wetter’’
croplands. Farmers attempt to address this through supplements
such as additional water, fertilizers, and pesticides. If they cannot
afford these, rain-fed dryland croplands are left fallow, but land
shortages reduce fallow length, often leaving the land insufficient
time to recover. Irrigation increases productivity, maintains vege-
tation cover, and helps protect soil from erosion. However, dry-
land irrigation accelerates soil salinization due to the often high
salinity of available irrigation water and high evaporation. Salini-
zation in croplands directly affects plant growth, dramatically im-
pairing the provision of the soil’s productivity service. Over time,
soil erosion and salinization reduce productivity to the point
where cropland has to be abandoned. In a similar way, rangelands
may be degraded due to overgrazing.

The indirect anthropogenic drivers of change in drylands are
diverse and act on several scales. They include demographic driv-
ers, such as local population growth or immigration resulting
from regional population growth; economic drivers, such as local
and global market trends; and sociopolitical drivers, such as local
and regional land tenure policies as well as scientific and techno-
logical innovations and transfer. According to the desertification
paradigm, these combined drivers intensify pressure on drylands
(in areas already in use and ‘‘virgin’’ territory) in anticipation of
increased provision of ecosystem services. However, this pressure
for increased productivity frequently fails and, worse, can lead to
decreased productivity.

The impact of reduced land productivity is manifest through
reduced income, malnutrition, and poor health, culminating in
famine and increased mortality rates. People frequently abandon
degraded land in order to avoid this impact and either intensify
the use of other intact but lower-quality land or transform more
rangeland to cropland, practices that may delay but not avoid fur-
ther land degradation. Since alternative livelihood opportunities
are few, migration from rural to urban areas and transfrontier mi-
gration often follows. These migrations often create environmen-
tal refugees, a situation that exacerbates poverty and urban sprawl
and can bring about internal and transboundary social, ethnic, and
political strife. These may encourage foreign intervention, which
has the potential for destabilizing local, regional, and even global
political and economic systems. This chain of processes driven by
anthropogenic drivers of change leads to a downward spiral of
productivity loss and increasing poverty.
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Furthermore, the paradigm implies that since soil degradation
and vegetation degradation are linked to increased aridity as part
of a negative feedback loop, desertification is practically irreversible,
and its inevitability increases with aridity (Cleaver and Schreiber
1994). And since desertification takes place mainly where agricul-
ture is the major source of local livelihoods, agricultural practices
are often blamed for desertification and the associated decline in
the provision of ecosystem services and rise of poverty. Finally,
the paradigm claims that investments are usually required to make
dryland agriculture sustainable, but these are generally in short
supply due to poverty. Thus poverty is not only a result of deserti-
fication but a cause of it.

22.4.1.3 The Counter-paradigm

According to the counter-paradigm, the drivers, processes, and
events described in the desertification paradigm do exist, but the
chain of events that leads to desertification and the chain-reaction
cycle of reduced ecosystem productivity and poverty are far from
inevitable. This section identifies the conceptual weaknesses of
the desertification paradigm and presents the counter-paradigm
approach.

The ‘‘desertification narrative’’ dates back to the 1920s and
1930s, when concerns about a presumed extension of the Sahara
began to be raised and when claims of harmful African farming
practices coincided with reports about the American ‘‘Dust
Bowl’’ experience (Anderson 1984; Swift 1996). So even before
the term ‘‘desertification’’ was coined, the narrative or paradigm
already existed (Swift 1996). Although large-scale drought-related
famines in drylands are not a new phenomenon (Nicholson
1979), however, there has always been a recovery after each
drought rather than the irreversible collapse implied by the desert-
ification paradigm. This suggests that the desertification paradigm
does not fully describe what is happening on the ground. In par-
ticular, as described in this section, there are problems with the
knowledge and understanding of dryland systems that form the
basis for the theoretical foundation of the paradigm; the evidence
for degradation on which the paradigm builds; and its assumptions
about human response to changes in the natural and socioeco-
nomic environment.

22.4.1.3.1 Inherent instability of drylands

The desertification paradigm assumes that natural dryland ecosys-
tems are in a stable state that can be disrupted by population
growth induced by overcultivation and overgrazing leading to a
degraded condition of the service of primary production. Based
on this assumption, measured deviations from a theoretical natural
stable state are considered degradation, so human and livestock
populations above calculated carrying capacities indicate degrada-
tion (Leach et al. 1999).

The notion of this ‘‘balance of nature’’ has been increasingly
challenged by twentieth century ecologists, however, and an in-
creasing number of studies in the last two decades have shown
that dryland systems exhibit large variability in space and time
and that many of them are far better described in terms of non-
equilibrium systems (Ellis and Swift 1988; Behnke et al. 1993;
Leach et al. 1999). A lot of this work has focused on African
savanna systems, but the principles are likely to apply to other
dryland regions. The basic premise is that irregular droughts pre-
vent the establishment of a stable equilibrium between plants and
livestock (Ellis and Swift 1988). Droughts, disease, and social up-
heaval have had similar disruptive impacts on many dryland farm-
ing systems, introducing elements of non-equilibrium systems
there as well. Misinterpreting these systems as in equilibrium leads
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to an overestimation of land degradation because each (tempo-
rary) shift in the balance of vegetation versus human and livestock
populations is interpreted as a sign of degradation.

22.4.1.3.2 Problems defining and detecting degradation of an unstable
system
Recent remote sensing studies (see Box 22.4), using multiyear
analyses of rain-use efficiencies and vegetation indices, have re-
vealed that the widely claimed land degradation in the Sahel may
have been a temporary phenomenon caused by the droughts of
the 1980s (Nicholson et al. 1998; Prince et al. 1998; Eklundh and
Olsson 2003). In contrast, traditional desertification assessments
have tended to be simple snapshots in time that have extrapolated
observations and measured rates of change linearly into the future.
To some extent that may be appropriate for equilibrium systems
undergoing a transition, but such linear extrapolations are not jus-
tifiable for non-equilibrium systems that undergo continuous
change (Niemeijer 1996).

While the understanding of the basic principles of the individ-
ual biophysical processes underlying the desertification paradigm
is essentially correct, the methods of assessing and quantifying the
processes have been problematic. Evidence for degradation has
been based on the assessment of vulnerabilities using national, re-
gional, and continental soil surveys and models of carrying capac-
ity, as well as experimental plot studies, expert opinion, and
nutrient balance models. While each method is sound in its own
right, findings cannot simply be extrapolated in time and space
to map out an essentially dynamic and spatially heterogeneous
phenomenon such as desertification (Stocking 1987; Mazzucato
and Niemeijer 2000b; Scoones 2001). To take just one example,
erosion, which is rightfully a major concern in the desertification
paradigm, is extremely difficult to measure accurately, let alone to
extrapolate to large areas given the high spatial variability of rain-
fall, geomorphology, and soils in most dryland environments. Due
to difficulties in measuring and extrapolating wind and water ero-
sion accurately, landscape-level erosion figures based on plot mea-
surements can lead to overestimation of the actual erosion by a
factor of 10 to 100 times (Stocking 1987, 1996; Warren et al.
2001).

22.4.1.3.3 Responses to keep ahead of degradation
The desertification paradigm is grounded in simplistic, mechanis-
tic thinking about human responses to the dryland environment
and the processes of desertification. This section presents the crux
of the counter-paradigm. An understanding of the dynamism of
human responses helps explain why degradation estimates based
on carrying capacity concepts of the desertification paradigm can
be somewhat misleading.

It is important to note that the paradigm has its root in the
environmental sciences (soil science, agronomy, and to a lesser
degree forestry) and is strongly influenced by Malthusian thinking
on the population-environment nexus. The sciences that deal
with human behavior have been largely ignored; as Swift (1999)
noted: ‘‘Soil science has been brilliantly informed by reductionist
physics and chemistry, poorly informed by biology, ecology and
geography and largely uninformed by the social sciences.’’ The
premise of the desertification paradigm is that land users, in re-
sponse to their needs, increase pressure on the land in unsustaina-
ble ways, leading to decreasing productivity and a downward
spiral of poverty and further degradation.

However, there is increasing evidence that these negative
feedback loops need not occur. Rather, dryland populations,
building on long-term experience with their dynamic environ-
ments as well as active innovation, can stay ahead of degradation
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BOX 22.4

How Much of the Dryland Is Degraded?

The top Figure shows the severity of soil degradation as it was reported in the late 1980s by
experts for the Global Assessment of Soil Degradation (Oldeman et al. 1991). Darker tones
indicated more severe land degradation. A band of high to very high soil degradation severity can
be seen across the Sahel, as well as similar degradation severity in northern and southern Africa.

The bottom Figure shows a map of the trend in primary production between 1982 and
2000. It was based on temporal analysis of satellite imagery (as described below). Dark tones
indicate an increase in vegetation productivity, medium tones a no-change situation, light tones
a decrease in productivity over time, and white areas are non-drylands and hyper-arid areas
left out of the analysis. This Figure suggests a vegetation recovery since the Sahelian droughts
of the 1970s and 1980s. Such a recovery would not be expected in areas of severe soil
degradation, because soil degradation reduces the capacity of the soil to absorb and store
rainwater, reduces soil nutrients for plant growth, and creates less suitable conditions for seed
germination.

It is difficult to reconcile the ‘‘greening’’ of Africa (bottom Figure) in often the very same
parts of dryland Africa reported as severely degraded in the 1980s (top Figure). What is more,
areas of high degradation in the top Figure do not necessarily coincide with similarly located
and shaped areas of decreasing vegetation productivity in the bottom Figure. While these
Africa-wide results are preliminary, they are corroborated by more detailed studies for the
Sahel region (Nicholson et al. 1998; Prince et al. 1998; Eklundh and Olsson 2003). These
results suggest that desertification may be much less pronounced than the GLASOD map
suggests, but more detailed analysis of the remote sensing material will be needed, especially
in relation to the correlation between rainfall dynamics and vegetation cover response.

Methods: For the bottom Figure, 18 years of continental normalized difference vegetation
index data (1982–2000, 1994 excluded) from the NOAA Pathfinder program were analyzed
and compiled into a single image. Yearly vegetation productivity (calculated as the sum of NDVI
values across the year: iNDVI) was calculated, resulting in a temporal linear regression of
productivity over time for each pixel. The result was subsequently smoothed to improve legibil-
ity. Hence the image illustrates the general trend in vegetation productivity. Assuming that
many areas in the drylands of Africa in the analyzed period experienced an increase in rainfall,
some of the slightly darker tones may indicate a no-change situation, and medium-toned areas
may indicate a decrease in vegetative response to rainfall. (Nielsen and Adriansen 2005;
Nielsen in prep)

by intensifying their agricultural practices and enhancing pastoral
mobility in a sustainable way (Prain et al. 1999; Niemeijer and
Mazzucato 2002; Mortimore and Harris 2004). In these scenarios,
population growth does not lead to degradation and poverty but
to a Boserupian-style intensification and improved environmental
management. (Esther Boserup (1965) analyzed different trends of
technological development of countries and continents over cen-
turies and concluded that population growth provides the impetus
for technological change. She found that the increased need for
food and land scarcity caused by population growth was com-
monly countered by an intensified use of technologies in which
more labor was used in conjunction with land improvement tech-
nologies.)

There is, for example, a mounting body of evidence that in
the African Sahel region, once considered the centerpiece of the
desertification paradigm, land users are achieving higher produc-
tivity by both intensifying and improving their land management
practices—capitalizing on improved organization of labor, more
extensive soil and water conservation, increased use of mineral
fertilizer and manure, and new market opportunities (Scoones
2001; Niemeijer and Mazzucato 2002; Tiffen and Mortimore
2002; Mortimore and Harris 2004).

These studies have shown that yields per hectare and food
output per capita and livestock sales are largely determined by
policies and market opportunities within the constraints posed by
the natural environment. It is also argued that population growth
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is not the overriding driver of either desertification or sustainable
land management, but that the impact of population growth is
largely determined by the rate of change and the way in which
people adjust to their increasing numbers, mediating the effect on
the environment and their own well-being through adaptations
of local informal institutions, technological innovations, income
diversification, and livelihood options and strategies (Mazzucato
and Niemeijer 2002; Mortimore and Harris 2004).

The message of the counter-paradigm is that the interacting
direct and indirect drivers combined with the local situation can
create a range of different outcomes and that raising a general
alarm based on questionable scientific evidence in the end is much
less effective than identifying individual problem areas where
large influxes of refugees or other complicating factors have led
to an unsustainable local response. It is also crucial to distinguish
between problems originating from the natural harsh and unpre-
dictable conditions of dryland ecosystems and problems caused by
unsustainable management of the environment, since the reme-
dies will often be different.

Figure 22.11 shows the interrelationship between the two
paradigms. The desertification paradigm focuses only on the
negative interactions (left side of figure), whereas the counter-
paradigm allows for both negative (left side of figure) and positive
interactions (right side), depending on how humans respond to
the direct and indirect biophysical and anthropogenic drivers.
The counter-paradigm offers a much more flexible approach in
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Figure 22.11. Desertification Paradigm and Counter-paradigm. The schematic shows the inter-relationships between the two paradigms:
The desertification paradigm focuses only on the negative interactions (left side of figure), leading to a downward spiral of desertification. The
right side shows the counter-paradigm, which entails developments that can help avoid or reduce desertification. In the counter-paradigm,
land users respond to stresses by improving their agricultural practices on currently used land. Both development pathways occur today in
various dryland areas.

that it allows for multiple sustainable development pathways and
does not impose a single, intervention-based development model
as the only way out.

22.4.2 Socioeconomic and Policy Drivers

22.4.2.1 Policy Drivers—Successes and Failures
Top-down policies with minimal participation of local communi-
ties often lead to land degradation, whereas policies encouraging
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participation and local institutions can induce a sustainable inten-
sification of primary production. For example, a study of eight
countries in West Asia and North Africa (Hazell et al. 2002) re-
vealed that past agricultural policies favoring only rich farmers
promoted agricultural growth that led to environmental degrada-
tion. On the other hand, policies that emphasize risk-reducing
strategies, that secure property rights, and that take into account
both technical and socioeconomic constraints do ensure adequate
incentives for participation in resource management and can thus
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avoid degradation (Sanders et al. 1996; Pender et al. 2001; Hazell
et al. 2002). Community-based land use decision-making and so-
cial networks also contribute to the success of non-degrading
agriculture in drylands (Mazzucato et al. 2001).

There are also examples for the Boserupian ‘‘induced innova-
tion’’ triggered by increasing needs and sustained by the commu-
nity’s investments in agricultural infrastructure, markets, and
conservation practices; in the Machakos (dry subhumid Kenya),
demand from the nearby growing city of Nairobi since the 1930s
has motivated farmers to restore degraded lands by terracing, pen-
ning, and feeding livestock; manuring croplands; planting high-
value trees; adopting labor-saving plows and new maize varieties;
and creating small-scale water harvesting and irrigation structures.
In Gombe (semiarid to dry subhumid north-central Nigeria),
farmers repeatedly changed their livelihoods base from livestock
to sorghum/groundnut, to cotton, and to maize as market access
and prices shifted and as fertilizer and new cultivation technolo-
gies became available through government programs since the
1940s (Tiffen and Mortimore 2002). In these two cases, market
demand increased returns on agricultural production, which stim-
ulated development toward a more labor-intensive system in
which labor-intensive soil and water conservation practices paid
off through higher yields and better prices at the market.

However, there are other situations where induced innovation
has not occurred and higher population has increased pressure on
the land, which has not been compensated for by more invest-
ment in soil and water conservation measures (Lopez 1998; Kates
and Haarmann 1992). A comparison of these successes and failures
suggests that critical drivers for successful indigenous dryland re-
habilitation include access to technologies that can increase labor
and land productivity faster than population growth and access to
markets (Pender and Kerr 1998; Pender et al. 2001).

Next to intensification, diversification away from a small list
of regular crops or mono-cropping systems provides economic
sustainability as well as maintenance of service provision. Trees
interspersed with crops provide year-round ground cover and
livestock feed, protecting soils from the degradation spiral. A
greater diversity of crops also provides a more consistent stream
of employment and income to the farm year-round, reducing the
incentive for out-migration and hedging against short-term
drought risk. Higher-value products provide farmers with the in-
come needed to reinvest in soil nutrient replacement, in turn
building soil organic matter. In some areas, such practices have
traditionally been an integral part of the system; in other areas,
they are currently being stimulated through development inter-
ventions.

22.4.2.2 Demographic Drivers

Population is an important driver; however, population growth
projections for drylands can be confounded by the impact of so-
cioeconomic and health problems, like HIV/AIDS. For example,
in Botswana, which is mostly semiarid and where one in three
adults is reported to be HIV-positive, a 20% decline in population
is predicted between 2000 and 2050 (UNFPA 2003). This situa-
tion could also apply to other dryland countries in Africa. Rapid
demographic changes—increases or decreases—make planning
resource management more problematic.

Migrating populations can be a source of additional pressure
on dryland environments and on resource management when
livestock temporarily concentrate at key resources such as water
points. Under these circumstances, conflicts over water often arise
between nomads and farmers (as in the dry subhumid part of Tan-
zania) (Mbonile 2005). A transition between migration as a tem-
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porary livelihood strategy to permanent migration creates
additional pressure on drylands, as described later.

Nomadism can be described as a rangeland management prac-
tice that over the centuries has proved to be sustainable and
within the carrying capacity of drylands. Sedentarisation of no-
mads and other policies and infrastructure that promote farming
in rangelands at the lower limit of cropping viability can act as
drivers of land degradation. The concentration of human and
livestock populations in particular areas can reduce the ability of
nomads to adjust their socioeconomic activities in the face of
stresses such as droughts, and a Convention on Nomadic Pastoral-
ism to protect pastoralists’ rights and empower them economi-
cally, socially, and politically has been suggested (CENESTA
2002). Sedentarization under the Tribal Grazing Land Policy in
Botswana has not yet caused large-scale environmental degrada-
tion, but it has reduced the resource base and options for both
environmental and societal resilience to natural environmental
variability (Thomas et al. 2000). Similarly, in Kenya’s semiarid
Laikipia District, sedentarization of the previously nomadic popu-
lation in a dryland wetland placed the people in an escalating
human-wildlife conflict (Thenya 2001).

22.4.2.3 Land Tenure Policies

Land tenure practices and policies in drylands can also act as indi-
rect drivers of land degradation. When farmers and herders lose
control or long-term security over the land they use, the incen-
tives for maintaining environmentally sustainable practices are
lost. Problems of water scarcity, groundwater depletion, sedimen-
tation, and salinity can all be symptoms of deeper policy and insti-
tutional failures, including a lack of well-defined, secure, tradable
property rights (Ahmad 2000). According to this argument, it is
essential that people perceive that they have secure ownership
over local natural resources for management to be effective.
However, security of tenure need not imply systems of private
property rights. For instance, long-established collective and
community-based management of village tank systems has been
more effective than the current proliferation of privately owned
boreholes (Gunnell and Krishnamurthy 2003).

22.4.2.4 Water Policies

Water policies are relevant to many provisioning and supporting
services in dryland areas. These policies include allocation sys-
tems, pricing, government investments in water resource devel-
opment, and priorities in conservation measures. Water allocation
for irrigation has caused degradation in some dryland areas where
flows in semiarid rivers used for irrigation, such as the River Ord
in Western Australia, are highly variable and unpredictable.
Therefore the proportionate water release strategies have been
found to be unsuitable and to cause detrimental effects to the
riverine ecosystem (Dupe and Pettit 2002). Irrigation policy deci-
sions also depend on other factors, such as water availability and
pricing and anticipated crop prices (Norwood and Dumler 2002).

Increasing water scarcity and degradation of quality are also
linked to water sharing between upstream-downstream riparian
users (Lundqvist 1999). A frequent policy focus on the aggregate
availability of water—more specifically, the ratio between the
number of people in a country or region and the amount of water
that is naturally available—hides how much of that water can and
is withdrawn and used by different people (Lundqvist 1999).
Therefore, a shift from the mindset of resource development to
one of resource management and conflict resolution is more use-
ful (Shah et al. 2001).
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Institutional reforms such as pricing of water have been slow
to materialize due in part to strong political interest groups resist-
ing policy changes in the water sector (Ahmad 2000). The Na-
tional Water Act of South Africa is an example of legislative
innovation attempting to address these issues (Kamara and Sally
2003).

22.4.2.5 Governance Approaches
Central or local government investments in infrastructure and ac-
cessibility to credit can also influence sustainability or vulnerability
of dryland livelihoods as well as determine human well-being in
these areas. Large-scale government-driven projects can facilitate
the sustainable development of drylands, as seen in developed dry-
land areas in Israel, California, and Australia. But if inappropriately
designed, implemented or managed, they can lead to desertifica-
tion, as in the Aral Sea region. Around the Mongolian-Chinese
borderland, increasing cooperation with the Chinese government
through development projects has led to both economic benefits
for the Mongol population and to changes and homogenization of
land forms, increasing sand dune encroachment and vulnerability
(Jiang 2004; Brogaard and Zhao 2002).

The failure of African governments to devolve power to af-
fected people and to link environmental degradation to economic
policy has been seen by some as a significant drawback in combat-
ing desertification and drought (Darkoh 1998). As a result of these
failings, many programs lack local support or are undermined by
conflicting trade and agricultural policies pursued by govern-
ments.

22.4.2.6 Economic Drivers: Local Markets and Globalization
International, national, and local market dynamics and private and
public-sector financial flows are treated as indirect drivers of pas-
toral and agricultural practices of dryland people, driving either
sustainable use of dryland natural resources or desertification. Re-
garding globalization, the increasing focus on raising production
for exports in Ghana (mostly semiarid) and Mexico (more than
half of the country arid to dry subhumid), for instance, has led to
increasing degradation (Barbier 2000). The negative impacts from
increased access to markets challenge the conclusion of Zaal and
Oostendorp (2002) that much of the explanation for the success-
ful intensification in the Kenyan Machakos may be attributed to
access to enlarged markets.

As far as local markets are concerned, these drive livestock
management decisions and determine the effects that land degra-
dation and droughts have on human well-being (Turner and Wil-
liams 2002). Local markets for off-farm labor also influence farm-
level resources and resource management decisions, particularly
regarding the use of fertilizers and land improvements (Lamb
2003; Pender and Kerr 1998).

22.4.3 Biophysical Indirect and Direct Drivers

22.4.3.1 Water Use
Freshwater resources like lakes, rivers, and aquifers are essential to
the transition of rangelands to croplands by providing fresh water
for irrigation. The intensity of this driver decreases with distance
of the dryland from the source. The proximity of fresh water
generates interventions in water transportation infrastructure,
which accelerate the use of the provisioning services. These inter-
ventions can cause a degradation of several dryland services.

22.4.3.2 Global Climate Change
Anthropogenically induced global warming has been detected in
the last 50 years (IPCC 2001). Dryland-specific and comprehen-
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sive information and predictions for the dryland system are not
readily available, but it can be inferred that global warming has
driven climate changes that have also affected many drylands.
These may include the 0.3% rainfall decrease per decade during
the twentieth century between 10� N to 30� N; the 2–4% in-
crease in the frequency of heavy precipitation events in mid-
latitudes of the Northern Hemisphere over the latter half of the
last century; the more frequent, persistent, and intense warm epi-
sodes of the El Niño-Southern Oscillation phenomenon since the
mid-1970s; and the increased frequency and intensity of droughts
in parts of Asia and Africa in recent decades. These trends are
expected to continue, whereas precipitation will either decrease
or increase in different regions (IPCC 2001).

The combination of global climate change induced by anthro-
pogenic emissions of greenhouse gases and the fact that carbon
dioxide is both the most significant greenhouse gas and an impor-
tant ingredient for primary production constitutes a potential
driver of dryland services. The service of biological productivity,
on which so many dryland peoples directly depend, is most sensi-
tive to this combined driver.

The water deficit by which dryland primary production is
constrained is caused by low precipitation but also high evapora-
tive demand of the dryland atmosphere, which makes plants lose
water each time they open their stomata to let in carbon dioxide,
a raw material for primary production. With increased CO2 con-
centration in the air, plants shorten the time of stomatal opening,
thus reducing water losses, or they maintain transpiration rate but
increase overall production, made possible by the increased CO2

concentration. Furthermore, rainfall may locally increase due to
climate change, which too may promote primary production.
However, increased temperatures may be above the optimum for
dryland plants and may also increase evaporation from soil sur-
faces, hence reducing soil moisture and even negating possible
increases in rainfall. Should plant cover decline, the service of
water regulation and hence also primary production will be dis-
rupted. Modeling projects decreases in grain and forage quality in
the drylands (IPCC 2001).

Climate change is also likely to drive changes in the water
provision service through reduction of water quality and due to
increased solubility of minerals with the temperature increase.
Since global climate change is expected to increase the intensity
of rainstorms, this together with the reduced plant cover will in-
crease the incidence of flashfloods. These increased freshwater
flows (Mirza et al. 1998) may offset the water quality degradation
but increase soil erosion. Also, the projected higher frequency
of dry spells might encourage dryland farmers to increase water
withdrawals for irrigation. Since sea level rise induced by global
warming will affect coastal drylands through salt-water intrusion
into coastal groundwater, the reduced water quality in already
overpumped aquifers will further impair primary production of
irrigated croplands.

Rangelands will be affected too, by projected changes in grass-
land/shrubland boundaries due to climate change driving changes
in plant community composition (Sala et al. 2000). On the other
hand, dryland scrublands and woodlands, used mostly for live-
stock grazing, will be affected by a greater frequency and extent
of fire (Howden et al. 1999). Climate change will also increase
habitat fragmentation and thus detrimentally affect dryland bio-
diversity (Neilson et al. 1998).

Overall, climate change is expected to exacerbate desertifica-
tion (Schlesinger et al. 1990). Furthermore, it is conceivable that
it might amplify the potential negative effects of an existing man-
agement regime on the services of interest, increase the risks of
land degradation, and raise the cost of intervention and reversal
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(Fernandez et al. 2002). However, climate change is expected to
have different effects on the various dryland subtypes; Canziani et
al. (1998) suggested that since plants and animals of fluctuating
environments are better adapted to environmental change, the
adaptability of biodiversity to climate change will increase with
aridity, since the drier dryland subtypes are also environmentally
less stable than the less dry subtypes.

22.4.3.3 Floods

Drylands are characterized by low, unpredictable, and erratic pre-
cipitation. The expected annual rainfall typically occurs in a lim-
ited number of intensive, highly erosive storms. This produces
overland flows that usually develop into violent floods. These
floods can be a major driver of soil erosion and soil loss, and the
dry spells between storms increase the risk of crop failure. How-
ever, these floodwaters can also replenish freshwater resources,
deposit fertile minerals and organic debris, and recharge ground-
water or the soil profile.

The prevalence of flash floods in drylands typically leads to a
number of responses from farmers directed at storage of runoff
and flood water, mainly for increasing crops and forage. These
include using catchments of up to several hectares (Pacey and
Cullis 1986) with or without mechanical or chemical treatment
to reduce infiltrability (UNEP 1983); creating micro-catchments
of several square meters around a single bush or tree; cultivating
wadis that are naturally flooded following rainstorms; spreading
the water over extensive tracts to reduce the kinetic energy and
enhance infiltration; constructing diversion channels, stone or
earth bunds, and even wood bunds to irrigate farmlands of hun-
dreds or even a few thousands hectares; and combinations of
several of these techniques (Reij et al. 1988; van Dijk 1995; Nie-
meijer 1999). Runoff farming is suitable in arid and semiarid areas
where direct rainfall is too low for cropping, but in dry subhumid
areas it would lead to extensive periods of waterlogging, causing
yield reduction. In many of the drier areas floodwaters are also
used to recharge wells and fill basins used for drinking water for
livestock and humans or for some dry season gardening.

22.4.3.4 Fires

Natural and induced fires are drivers of land cover, soil condition,
and biodiversity, especially in the dry subhumid and semiarid dry-
land subtype. With respect to soil condition, nitrogen and organic
carbon are largely lost to the atmosphere or converted to inert
forms (charcoal) by fire, while soil erodibility increases for a pe-
riod after the event. Thus highly recurrent fires can lead to soil
degradation.

Historically, land use and management changes have modified
the temporal and spatial patterns of fire occurrence and intensity,
with strong consequences on soil fertility and the composition of
the vegetation it supports. In general, traditional land users main-
tained a fine-grained spatial pattern of small fires with low on-site
recurrence, such as the aboriginal fire management in Australia
(Griffin and Friedel, 1984a, 1984b, 1985), which could be extra-
polated to other semiarid and dry subhumid dryland.

Dryland fires are often controlled by grazing and browsing of
either wild herbivores or livestock. The twentieth-century com-
mercial agricultural and stock breeding systems as well as wildlife
management regulations led to widespread fire prevention to-
gether with overstocking of rangelands. The outcome has been a
new pattern of larger patches of higher-intensity fires, which is
claimed to be one of the triggers for grass-shrub transition
(Scholes and Hall 1996). World carbon emissions from savanna
burning are estimated at 0.87 billion tons of carbon per year
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(Scholes and Hall 1996). In the northern Mediterranean basin, the
burned area has been increasing at an annual rate of 4.7% since
1960 due to vegetation regrowth after agricultural abandonment
(Le Houerou 1992).

22.5 Trade-offs, Synergies, and Interventions
This section compares and contrasts the major options available
for drylands management. Each category of options is assessed in
terms of trade-offs, as far as gains and losses of services with regard
to their impact on human well-being; synergies, where one type
of management option leads to multiple benefits; and vulnerabil-
ity (losses greater than gains and no synergies) and sustainability
(losses are equal to or smaller than gains).

22.5.1 Traditional Dryland Livelihoods

22.5.1.1 Woodland-Rangeland-Cropland Trade-offs and
Synergies

Historically, dryland livelihoods have been based on a flexible
combination of hunting, gathering, cropping, animal husbandry,
and fishing. Archeological records and anthropological studies
have revealed shifts in livelihood strategies over time in the same
location and often involving the same cultures. As a consequence,
land use changes both in time and space as an adaptation to new
economic possibilities, in response to environmental or climatic
changes, or as a result of war or drought-induced migration
(Robbins 1984; Berry 1993; Niemeijer 1996). Land use changes
are thus both responses to changes in the provision of ecosystem
goods and services and drivers of changes in this provision.

Population increase drives a growing tension between pastoral
rangeland and cultivated land use. This can lead to intercultural
conflicts and service degradation as herders and farmers claim ac-
cess to and use of the same land (van Driel 2001). Depending on
annual rainfall, supplemental or full irrigation may be introduced
for conversion to cultivated systems, often requiring capital in-
vestment by governments or farmers. In the long run, trade-offs
between the two land uses can also lead to a tighter cultural and
economic integration, with herders cultivating more land, farmers
holding more livestock, and an increased exchange of services
(Breusers et al. 1998; Mazzucato and Niemeijer 2003).

Woodlands are a source of wild fruits, edible plants, and wild-
life that can be important sources of food and off-farm income—
vital during years of drought. Woodlands also often have cultural
and religious significance for the local population, which protects
them to some degree against overexploitation. When woodlands
are transformed to croplands, the tree volume decreases. In many
traditional systems, however, certain trees and shrubs are not re-
moved because their fruits, leaves, or other products are used for
consumption or medication or are traded, as described earlier.
The species composition changes and the soil cover decreases fol-
lowing clearance, especially during the dry season, when no crops
are grown. The transformation negatively affects regulation and
cultural services and reduces biodiversity, but at the same time it
increases food production and creates multiple livelihood oppor-
tunities.

Woodlands that are increasingly used by livestock (and often
managed with fire) may develop into rangelands with a reduced
tree cover and increased grass or shrub cover. Over time, the
species composition changes as a result of grazing, browsing, and
fire (more fire-resistant species become dominant, for instance).
For herders, economic productivity increases, but for hunters and
gatherers the changes in species composition and the reduced
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habitat for wildlife negatively affects their livelihood. On a larger
scale, the disappearance or transformation of woodlands reduces
the service of supporting biodiversity by eliminating corridors for
migration and refuge from predation and disturbances.

In semiarid and dry-subhumid areas, different land uses meet
and there is the greatest potential for both trade-offs and synergies.
Afforestation, silvipastoral, and agropastoral systems develop in re-
sponse to population growth, environmental changes, and eco-
nomic and political developments. Natural biodiversity is replaced
by agrobiodiversity, where different species and landraces of live-
stock and crops are introduced. Synergies are found in mixed
farming practices, where a single farm household combines live-
stock rearing and cropping (Slingerland 2000).

Synergies are also found where different households or com-
munities engage in either livestock herding or farming and trade
food and services. Such interactions can decrease livestock pres-
sure on rangelands through fodder cultivation and provision of
stubble to supplement livestock feed during forage scarcity. At the
same time, cultivated systems benefit from manure provided by
livestock. Many West African farming systems are based on this
kind of integration of pastures and farmland (Prudencio 1993;
Steenhuijsen 1995; Mazzucato and Niemeijer 2000a; van Driel
2001). Growing crops in the most fertile areas and grazing live-
stock on the less fertile land can optimally exploit spatial and tem-
poral variability in service provision.

When used infrequently and controlled, fire plays an impor-
tant role in the management of most pastoral and cropping sys-
tems. Pastoralists use controlled fire to get fresh shoots that are
more digestible for their livestock. Farmers use fire to clear new
land or old fallows for cultivation and in some cases also to re-
move the remaining crop residue at the onset of the wet season.
In both cases, the use of fire promotes nutrient cycling essential
for maintaining the productivity of rangeland and cultivated land.
Although fire provides a temporary boost to the provisioning ser-
vices, carbon and nitrogen are lost to the atmosphere, and the
excessive and improper use of fire can also lead to land degrada-
tion.

22.5.1.2 Use of Water Resource for Cultivated Drylands

The relative scarcity of dryland water dictates trade-offs in land
use and often creates competition and conflicts between different
riparian users, as well as upstream-downstream conflicts. For ex-
ample, dryland-crossing rivers provide drinking water, irrigation,
and navigational uses for multiple countries. Water abstracted for
irrigation often conflicts with the downstream needs of wetland
areas of coastal or inland deltas. On a more local scale, farmers
and pastoralists may compete for use of water between irrigation
and livestock use. These competitive uses of water resources pose
political, economic, and ecological conflicts and trade-offs that
sometimes go back to ancient time.

Effective water harvesting and water conservation practices
reduce runoff and erosion and increase crop performance, but
they also reduce downstream water supply. This reduction in run-
off and erosion generally reduces flooding and siltation of fields
and water ways. More significant trade-offs need to be considered
when runoff farming and water harvesting include intentional
clearing of the catchment areas, by removing vegetation and
sometimes using artificial coatings to seal the soil. This helps in-
crease the amount of runoff that can be harvested from the catch-
ment, thereby increasing water availability in the run-on area for
crop production or livestock watering. However it leads to a loss
of ecosystem services for the catchment area itself. Such catch-
ment clearing is labor-intensive and not common in traditional

PAGE 652

runoff farming and soil and water conservation practices, except
in the arid and hyper-arid regions (Pacey and Cullis 1986; Reij et
al. 1996; Bruins et al. 1987).

22.5.2 Drylands and Other Systems

Six MA-defined systems overlap with the dryland system, some
of which overlap with each other. Cultivated systems (44% of
dryland area), inland water systems (rivers and wetlands, 28%),
coastal systems (9%), mountain systems (32%), forests (12%), and
urban systems (2%) are all embedded in drylands. These systems
generate services for the drylands in which they are embedded,
and often feedback loops and even synergies develop between
the drylands and the systems embedded in them. The trade-offs
and synergies between cultivated systems in drylands and other
land uses are discussed in previous sections. The linkages of dry-
land systems with coastal and mountain systems are important and
are discussed in the related chapters. Inland waters and urban sys-
tems are assessed in this section.

22.5.2.1 Inland Waters and Wetlands
Inland water systems—rivers, canals, lakes, and wetlands—are an
integral component of the dryland system and relate to provision
of many services, including freshwater provision and supporting
biodiversity. Rivers in drylands often feed dryland freshwater lakes
(such as the Aral Sea and Lake Chad), landlocked salty lakes (the
Dead Sea and Salt Lake in Utah), or end up in dryland deltaic
(such as the Mesopotamian marshlands) or landlocked marshes
(the Okavango, for example). There is a major trade-off and po-
tential for conflict here: increasing abstraction of water from rivers
is essential for agricultural production but it reduces the quantity
and quality of water reaching lakes and marshes, leading to reduc-
tion in surface area and increase in water salinity.

For example, the Aral Sea lost about 60% of its 68,000 square
kilometers between 1960 and 1998, a figure expected to rise to
about 70% by 2010, and its salinity increased from 10 to 45 grams
per liter (DFD 1996). This resulted in the total collapse of the
44,000 annual tonnage of the lake-based fishing industry and in
wind transport of the salt and pesticide-laden soil particles to other
parts of the Aral Sea basin, with severe health effects on the popu-
lation (DFD 1996).

The large-scale abstraction of water for irrigation is directly
expressed in shrinkage of wetlands; for example, the Mesopota-
mian marshlands lost 89% of 20,000 square kilometers between
1970 and 2000, which also affected fisheries of the Persian Gulf
(UNEP 2001). Similarly, Lake Chad lost 95% of its 25,000-
square-kilometer area from 1963 to 1997 due to irrigation appro-
priation and climate (USAID/FEWS 1997; ITAP 2003). Such
changes could have a significant impact on the 180 fish species
in Lake Chad, which are the second most important source of
household income in the Nigerian drylands (Sarch and Birkett
2000).

Water abstraction also affects the provision of other services of
dryland wetlands, including nutrient cycling, primary production,
soil formation away from wetlands, provision of food (both ani-
mal and wild food plants) (Brouwer and Mullié 1994), provision
of fuelwood and biochemicals, climate regulation through evapo-
rative cooling, and removal of several pollutants from water.
Many dryland wetlands are critical for survival of cross-desert mi-
gratory birds. Wetlands also provide cultural services (spiritual ser-
vices and tourism, for instance, as described earlier).

22.5.2.2 Urban Systems
The proportion of the global population living in urban areas is
expected to increase following a historical trend, with the urban
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fraction increasing to around 52% by 2010 (see Chapter 27) and
to 60% by 2030 (UN 2002). This projection implies that nearly
all the population growth over the next three decades will occur
in urban areas. Such growth has consequences for drylands, de-
pending on whether it is undertaken with proper planning and
provision of services, infrastructure, and facilities. In hyper-arid
drylands, a much larger fraction of the population is urbanized.
(See Figure 22.12.) This may be a result of concentration of liveli-
hood opportunities and better living conditions in otherwise
harsh settings (CIESIN 2004). Overall urban population density
increases with decreasing aridity, accompanied by a decreasing per
capita income (expressed by GNP, calculated as dollars per capita).
Such correlations with aridity can be linked to the reduction of
provision of services with increasing aridity. On the other hand,
the ‘‘ecological footprint’’ or impacts of dryland urban centers on
adjoining rangelands and cultivated systems cannot yet be as-
sessed.

22.5.2.3 Systems Away from Drylands—Dryland Dust

Drylands also affect non-dryland areas, indirectly at the sociopo-
litical level (through environmental refugees, for example, or im-
migration), and in various direct ways, such as the dust particles
carried by winds from the drylands. Dust from the Gobi desert is
carried to the Pacific coasts of America, and Saharan dust is carried
to the Caribbean islands (Prospero and Nees 1986) and the Ama-
zon basin (Swap et al. 1992). Chemical contaminants and bacterial
and fungal spores adhere to the surface of these dust particles,
which can be hazardous to people and are suspected to have al-
ready affected organisms of the Caribbean coral reefs (Smith et al.
1996). It is hypothesized that this and other recently emerging
coral reef degradation episodes are coincidental with the deserti-
fication-driven increased frequencies of Saharan dust storms
(Shinn et al. 2000).

22.5.3 Climate Change and Carbon Sequestration

During the last century, global drylands have experienced anthro-
pogenically induced climate changes that are predicted to con-
tinue and even to accelerate during the present century, as noted
earlier. Drylands ecosystems contribute carbon emissions to the
atmosphere (0.23–0.29 billion tons of carbon a year) as a result of
desertification and related vegetation destruction, through in-
creased soil erosion and a reduced carbon sink (Lal 2001b). This
latter effect is expected to intensify with climate change, but if

sq. km.

-

Figure 22.12. Impacts of Urbanization and Population Density
on Income Levels in Drylands (CIESIN 2004)
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they are properly managed, dryland systems have the potential to
function as a carbon sink.

Lal (2001b) estimated the potential of dryland ecosystems to
sequester up to 0.4–0.6 billion tons of carbon a year if eroded and
degraded dryland soils were restored and their further degradation
were arrested. Furthermore, Lal also pointed out that through
active ecosystem management, such as reclamation of saline soils
and formation of secondary carbonates, carbon sequestration can
be further enhanced. This will add sequestration of 0.5–1.3 billion
tons of carbon a year; similar magnitudes of potential carbon sink
capacity of dryland ecosystems have been estimated by Squires et
al. (1995) on a global scale. This restoration and enhancement of
dryland condition, if undertaken at a global scale, could have a
major impact on the global climate change patterns.

A significant change in the direction of national and local poli-
cies would be needed to implement such restoration and en-
hancement in the carbon sequestration service. Knowledge gaps
also need to be filled by collecting information on credible rates
of the extent and severity of soil degradation at different spatial
scales; biotic and soil carbon pools and fluxes; the impact of land
use changes and desertification on the carbon sequestration dy-
namics; and the cost-benefit ratio of soil improvement and carbon
sequestration practices for small landholders and subsistence farm-
ers in dryland ecosystems.

However, there are also numerous hidden costs of enhanced
soil carbon sequestration that must be considered (Schlesinger
1999). Such enhancements require the addition of mineral or or-
ganic fertilizer (especially nitrogen and phosphorus) and water,
which would need significant capital investment. An incentive to
further enhance the natural condition of the service even with the
costs involved and at the expense of other services is that drylands
can be instrumental in counter balancing the increased anthropo-
genic emissions of carbon dioxide to the atmosphere. In the con-
text of the Clean Development Mechanism proposed by the
Kyoto Protocol, developing countries can attract investments
from industrial countries and multinational industries. Such proj-
ects are expected to generate income through emerging interna-
tional carbon trading (World Bank 2003a, 2003b), which may
offset the expenses. The long-term impact of such projects in de-
veloping countries depends on the future of the Kyoto Protocol
and the Clean Development Mechanism.

22.6 Human Well-being in Dryland Systems

22.6.1 Indicators of Human Well-being in Drylands

In general, the human well-being of dryland peoples is lower than
that of people in other MA systems (see Chapter 5). Dryland peo-
ples have the highest infant mortality rates, and their economic
condition (as expressed by the GNP per capita) is the lowest. (See
Figure 22.13.) Though the two factors may be linked, the ques-
tion remains as to what drives the relative and absolute low
human well-being in drylands.

The MA defines human well-being as a composite of the basic
materials for a good life, freedom and choice, health, good social
relations, and security (MA 2003) and implies that these are di-
rectly or indirectly linked to the availability of ecosystem services.
One hypothesis is therefore that HWB in drylands is low because
the natural rate of provision of ecosystem services is inherently
low. Hence, the relatively low rate of water provision not only
reduces biological productivity on which most dryland peoples
depend, it also restricts people’s access to clean drinking water and
adequate sanitation, thus worsening their health.
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Figure 22.13. Comparison of Infant Mortality Rates and GNP
per Capita across the MA Systems in Asia (CIESIN 2004)

Another hypothesis is that land degradation in drylands further
reduces the natural rate of service provision, which either drives
or exacerbates HWB in the drylands. The degree to which these
dryland communities are reliant on dryland ecosystems to sustain
them (Webb and Harinarayan 1999; Nyariki et al. 2002) and the
extent to which their relatively low HWB is linked to services’
failure can be assessed by extending the analysis to subtypes of
drylands, with the underlying assumption that the level of aridity
is associated with the quality of ecosystem services as well as to
the level of stress or degradations observed in drylands. (See Fig-
ure 22.14.)

This correlation manifests itself when observable well-being
indicators are measured. The hunger rate in children under the
age of five and infant mortality rates in drylands demonstrate a
clear linkage to the level of aridity. It can be argued that semiarid
areas are worse off in terms of human well-being as a result of a
high degree of sensitivity and high degree of pressure, which also
generate the highest degree of land degradation. The region-to-
region variability is also significant, with drylands in sub-Saharan
Africa and Asia lagging well behind drylands in the rest of the
world, whereas the GNP per capita in OECD dryland countries
exceeds that of dryland countries in other regions almost by an
order of magnitude. This is not surprising, considering that eco-
nomic performance relates to many other governance and macro-
and microeconomic factors. Thus the economic status of dryland
societies is not entirely linked to the low availability of basic eco-
system services such as water and biological productivity. This
section assesses the contribution of ecosystem services versus so-
cioeconomic factor to components of HWB in the drylands.
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Figure 22.14. Human Well-being Statistics by Dryland Subtypes
(OECD countries excluded)
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22.6.2 Human Well-being Components in Drylands

The MA conceptual framework (MA 2003) broadly identifies five
key components of human well-being.
• Basic materials for a good life. The low biological production of

drylands, constrained by water, is the ecosystem condition that
limits the provision of basic materials for a good standard of
living. This also limits the livelihood opportunities in drylands
and often leads to practices, such as intensified cultivation, that
cannot be serviced due to low and further impaired nutrient
cycling and water regulation and provision, requiring adjust-
ments in management practices or the import of nutrients and
water provided by services of other ecosystems.

• Health. The two key factors contributing to poor health in
drylands are malnutrition and limited access to clean drinking
water, again reflecting their low biological production and
water provision. In Asia, for example, the fraction of children
under the age of five facing hunger is 36% in drylands com-
pared with 15% in the forest and woodland system (averaged
for the different subtypes of each of these systems) (WHO
2004). However, poor health is also exacerbated by poor
health-related infrastructures.

• Good social relations. The quality of social relations can be
gauged in terms of social strife (wars and political upheavals)
and refugees. Environmental refugees leave their homes due
to environmental degradation and lack of viable livelihoods.
And the sale of stock, wage labor, borrowing of cash for food,
and the sale of valuables all precede their migration (Black
2001). Other categories include people displaced for political
reasons that may affect the availability of services in drylands
to which they have been relocated. Thus demography and
sociopolitical drivers, more than the direct condition of eco-
system services, contribute to the quality of social relations.

• Security. Food security is an essential element of human well-
being in drylands and is related to socioeconomic marginaliza-
tion, lack of proper infrastructure and social amenities, and
often the lack of societal resilience. Climatic events like pro-
longed droughts and excessive floods also drive insecurity in
drylands. But sociopolitical drivers like land tenure practices
that relate to sharing and conservation of natural resources or
that generate land cover change that may limit traditional pas-
toral livelihood opportunities can greatly affect food security.
Snel and Bot (2002) proposed a list of socioeconomic indica-
tors of land degradation, including indicators to reflect insecu-
rity caused by land degradation. Other security attributes,
however, can be only indirectly related to the condition of
the ecosystem.

• Freedom and choice. Dryland people are not affected just by the
unique condition of the ecosystem but are also further re-
stricted by local and global political and economic factors,
which can exert major limitations on their freedom and life
choices. With the exception of OECD countries, dryland
peoples are mostly politically marginalized; that is, their role
in political decision-making processes is perceived as being
insignificant. Consequently, market factors that determine
dryland farmers’ decision-making and the effects on their
well-being are often critical (Turner and Williams 2002).
This discussion demonstrates that provisioning of ecosystem

services is not the only driver of low HWB in drylands. The lack
of a strong HWB-service correlation can be attributed to a num-
ber of exogenous factors, including political marginality, slow
growth of health and education infrastructure, facilities and ser-
vices, and so on. What needs to be assessed, though, is whether
or not there are thresholds in the provision of services that either
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independently or together with the exogenous factors cause
human well-being to drop to a level that crosses the poverty
threshold.

22.6.3 The Relative Dependence of Human Well-
being on Ecosystems and Socioeconomic Drivers

Natural climatic fluctuations can move the level of service provi-
sion to the point of crossing a threshold from a relatively high,
stable rate of provision to a lower yet relatively stable state of
provision. This can be a temporary transition, but a prolonged
drought or overexploitation can exert a persistent impact, result-
ing in a permanently reduced rate of service provision that does
not regain the previous level even when the impact is removed
(e.g., Puigdefabregas 1998).

The grassland/scrubland transition is an example of a dryland
ecosystem that moves from one relatively stable state with a high
provision of forage to a different relatively stable state with a
lower provision of forage due to human impact. Even when the
impact is removed, the lower-service state persists, as described
earlier. Whether such a threshold is associated with a threshold
in socioeconomic and political drivers and a resulting significant
change in human well-being is not certain. The Sahel drought of
the 1980s, for example, produced a devastating reduction in
HWB, yet the region reverted to its former state once the pro-
longed drought terminated. Thus it is likely that the issue of con-
cern is not that of thresholds but of vulnerability to a persistent
ecosystem change, coupled with concomitant, resultant, or driv-
ing socioeconomic and political changes.

The relative contribution of the condition of the dryland eco-
system and of socioeconomic drivers to poverty attributes—such
as per capita rural cereal production, the time spent by household
members collecting water and fuelwood, the quantity of annual
household consumption that is derived from common lands, the
percent of children under five who are underweight, wasted, or
stunted, and the percent of the rural population below the pov-
erty line (Shyamsundar 2002)—has not yet been adequately as-
sessed.

22.6.4 Responses to Improve Human Well-being in
Drylands

The section explores the response interventions that can mitigate
or reverse the effect of degraded ecosystem and service condition
on the well-being of dryland people. Experience has shown that
locally appropriate interventions can introduce dynamics of sus-
tainability and can improve human well-being by interrupting the
vicious circle of poverty leading to overexploitation of services
and to environmental degradation and desertification.

Traditionally, dryland societies have been able to cope with
their harsh environment through livelihood adaptations over ex-
tended periods. A number of commentators have explored the
‘‘failure’’ of dryland farmers in sub-Saharan Africa and elsewhere
to develop as quickly as farmers in non-dryland regions during
the Green Revolution (Singh 2004). Analyses conducted at the
smallholder level have concluded that while overall progress has
been compromised by widespread insecurity, significant achieve-
ments have been made by dryland farmers due to social resilience,
the evolution of knowledge over time, and successful farmer ad-
aptation (Bird and Shepherd 2003; Mortimore 2003). These
achievements are contrasted with the failures of non-dryland
farmers at comparable poverty levels (Mehta and Shah 2003). This
section assesses the relative role of traditional practices and mod-
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ern technologies in building capacities and public participation for
improving HWB in the drylands.

22.6.4.1 Traditional Knowledge

Traditional response options combine tested approaches for re-
source management based on insights into the local natural and
socioeconomic environment with continuous experimentation to
deal with changes in that environment (Prain et al. 1999). Such
approaches have enabled communities to live in the harsh dryland
environments for millennia. In oases, for example, traditional
management approaches are based on the appropriate usage of the
physical and geomorphological factors. These include production
and distribution systems for water management, architectures that
regulate micro-climate, cultivation of salinity-tolerant fruit spe-
cies such as the date palm, waste recycling systems, and sand dune
stabilization techniques.

Traditional methods of water harvesting allow the replenish-
ment of the resource and its long-term availability. They make
effective use of local topographic and soil characteristics. In some
cases, horizontal underground tunnels drain water from the sur-
face of the groundwater table. Vertical ventilation shafts augment
supplies by capturing night-time humidity. Locally adapted archi-
tectural innovations are also used to facilitate water conservation
by condensing atmospheric water, including stone heaps, dry
walls, little cavities, and depressions in the soil, thus allowing the
plants to overcome periods of high drought.

Contrary to the literal implication of the term, however, ‘‘tra-
ditional’’ knowledge is not static but evolves over time, incorpo-
rating elements of local experimentation and integrating new
ideas and technologies brought from outside or observed during
seasonal or temporary migrations (Mazzucato and Niemeijer
2000b). Local knowledge can significantly contribute to human
well-being because it has the benefit of integrating the multiple
constraints posed by the natural and social environment in ways
that are often lacking with introduced technologies. Where local
approaches are failing, it is important to distinguish cases where
the technologies themselves are fine but need a more enabling
political or socioeconomic environment from those cases where a
technological solution is needed in the form of improved local
technologies or the introduction of new technologies.

22.6.4.2 Adaptation of New Technologies

The gradual introduction, trial, and development of new technol-
ogies have allowed considerable progress to be made in some dry-
land farming communities (Chapman et al. 1996). The adaptation
of new techniques is entirely dependent upon the skill and envi-
ronmental awareness of dryland farmers (Twomlow et al. 1999).
Integration of new technologies with tested management ap-
proaches is a measure that can improve human well-being at vari-
ous levels. Three such examples are:
• Integrated water resource management approaches include

consideration of the full extent of water resources available
within a catchment. Even in hyper-arid areas, opportunities
can often be identified to use additional water sources, such as
rainwater, seasonal floodwaters, and wastewaters, to supple-
ment over-reliance on groundwater or variable rainfalls. Cu-
mulative uses of water in a catchment are also considered in
order to prevent overuse of water by multiple users over time
and the resulting depletion of aquifers.

• Integrated water and farming approaches highlight the impor-
tance of considering water management in relation to other
factors in the dryland production system. For example, the
potential to economically irrigate a crop of turnips to provide
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an additional source of nutritional value for lactating dairy
cows is considerably affected by sowing dates, soil type, and
insect damage (Jacobs et al. 2004).

• Farming systems approaches (e.g., Singh 1998) look into the
whole production and farming system for synergies among its
components, such as arable cropping, livestock management,
alternative land use systems, and management of village com-
mons or degraded lands.

22.6.4.3 Capacity Building and Public Participation

Dynamically evolving local and ‘‘traditional’’ practices into which
adapted new technologies are integrated have the potential to
build capacity for improving HWB in drylands. However, this
potential is not always realized. For example, the Indian National
Demonstration Programme, which was coupled to training and
visiting system (beginning in the 1960s), was unsuccessful in the
drylands of India (Singh 1998). This was in contrast to the Green
Revolution that occurred elsewhere, with the instant adoption of
the technology package over large areas in high-capacity irrigated
regions. Singh (1998) concludes that this was because the dryland
farmers were less willing to take risks and invest in the new tech-
nologies since they were poorer to start with and suffered from
water-related constraints and uncertainties in the production
process and because the demonstration approach could not con-
vince them that the technologies were appropriate to their needs.
Following such experiences, more-recent approaches to capacity
development in drylands have adopted a more participatory ap-
proach to capacity development, working with farmers as they
develop their knowledge, according to their needs and percep-
tions, rather than demonstrating to them what they could or
should do.

Similarly, participatory learning approaches have been used to
facilitate the transfer of technologies. In Australia, for example,
increasing use is being made of on-farm experiments for capacity
development (e.g., Foale et al. 2004; Lawrence et al. 2000). Pub-
lic participation in resource-use decision-making in drylands is
increasingly seen as a key to demand-management for scarce
water resources (Kulkarni et al. 2004) and biodiversity conserva-
tion (Solh et al. 2003). Participation in dryland decision-making
is generally structured according to the prevailing system of land
and water rights. For instance, ‘‘community-based’’ projects in
Sudano-Sahelian West Africa have often attempted to improve
resource management by spatially delimiting appropriate land
uses, strengthening the community’s exclusionary powers, and
clarifying specific claims to village resources. However, such
moves can also increase social conflicts (Turner 1999). Thus, fur-
ther experimentation and experience in merging ‘‘traditional’’
with advanced knowledge as a tool for capacity building for in-
creasing HWB in the drylands may still be required.

22.6.5 Services, Degradation, and Human Well-
being

This chapter is an attempt to present ‘‘drylands’’ and ‘‘dryland
peoples’’ not as homogenous entities but as a continuum of eco-
systems and their human inhabitants arranged along a global arid-
ity gradient in which life and livelihoods are constrained by water.
The magnitude of this constraint determines the makeup of the
suite of services provided by the ecosystems and, accordingly, the
land uses by people and their respective livelihoods. The chapter
also examines the mutual interactions between ecosystems and
people across this gradient and explores the degree to which the
services provided by the ecosystems are used sustainably or are
overexploited.
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The findings are that both sustainable use and overexploita-
tion occur, but they depend more on socioeconomic drivers than
on the degree of water constraint and the resulting dimensions
and qualities of the provided ecosystem services. Thus the greatest
pressure on ecosystem services takes place at intermediate aridity
and not, as might be expected, in the least arid drylands where
population density is highest, or in the most arid areas, where
population is lowest. The high overexploitation of services is in-
ferred by physical, biological, and social phenomena—soil erosion
and salinization, reduced biodiversity and biological productivity,
and reduced income expressed by reduced human well-being—
and it is reflected by the highest rate of infant mortality and hun-
ger among children. It can therefore be suggested that where
aridity is intermediate, on average, there is a mismatch between
the rate of service provision and the intensity of exploitation. But
there are deviations from this average, expressed in sustainable use
of the ecosystems.

Two interlinked drivers are involved in generating this sus-
tainability. The first one is a selective use of services depending
on their divergent condition in different areas. For example, in
areas where the quality and provision of cultural services are high,
local people choose livelihoods served by cultural services (such
as ecotourism in the African savanna). And in areas where the
quality of provisioning services is high, people choose livelihoods
served by these services (such as food crops in natural or managed
desert oases). The second factor that promotes sustainability is the
adaptation of sociocultural institutions and practices to the pre-
vailing natural condition of the services and the implementation
of policies that recognize the natural constraints and create eco-
nomic instruments that provide for sustainability of the use of
services, combined with the promotion of good human well-
being.

This assessment also highlights the significance of dryland bio-
diversity as a whole rather than just individual, selected species in
the provision of every single dryland service. It is therefore im-
plied that livelihoods and human well-being depend on biodiver-
sity just as they depend on services. Thus in addition to protected
areas, most dryland management, land uses, and livelihoods that
maintain biodiversity in drylands will contribute significantly to
the well-being of dryland peoples. Also, the chapter suggests that
some natural attributes of the drylands have the potential, already
realized in some places, to provide dryland peoples with a com-
petitive edge economically (through ‘‘alternative livelihoods,’’ for
example). Together with policies based on sociocultural and so-
cioeconomic considerations, all dryland livelihoods—pastoral,
farming, and ‘‘alternative’’—can contribute to alleviation of the
current high relative poverty and low human-well being of dry-
land peoples.
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dalusischen Mittelmeerküste. 2. Berichte aus dem Fachbereich Gewissenschaften
der Universitas Bremen.

Hoogmoed, W., 1999: Tillage for soil and water conservation in the semi-arid
tropics, Tropical Resource Management Papers, 24. Wageningen University and
Research Center, Wageningen.

PAGE 658

Howden, S.M., P.J. Reyenga, H. Meinke, and G.M. McKeon, 1999: Inte-
grated Global Change Impact Assessment on Australian Terrestrial Ecosys-
tems: Overview Report. Working Paper Series 99/14, CSIRO Wildlife and
Ecology, Canberra, Australia, 51 pp.

Huenneke, L.F., 2001: Deserts. In: F.S. Chapin III, O.E. Sala, and E. Huber-
Sannwald, (eds.), Global biodiversity in a changing environment—scenarios for the
21st century, Springer Verlag, New York, pp. 201–222.

Huenneke, L.F. and I. Noble, 1996: Ecosystem function of biodiversity in arid
ecosystems. In Functional roles of biodiversity: a global perspective H.A., Mooney,
J.H. Cushman, E. Medina, O.E. Sala, and E.D. Schulze, (eds.), SCOPE/
UNEP. John Wiley and Sons, Chichester. pp. 99–128.

ICCD (Convention to Combat Desertification), 2000: Traditional Knowledge:
Report of the ad hoc Panel, ICCD/COP (4)/CST/2 [On line] Cited 28
October 2004. Available at http://www.unccd.int/cop/officialdocs/cop4/
pdf/cst2eng.pdf.

IEA (International Energy Agency) 2001: Energy Balances of Non-OECD Coun-
tries (2001 Edition), Organisation for Economic Co-operation and Develop-
ment, Paris.

IPCC (Intergovernmental Panel on Climate Change), 2001: Climate Change
2001: Working Group I: The Scientific Basis, Summary for Policymakers, Cam-
bridge University Press, Cambridge.

ITAP (International Technical Advisory Panel), 2003: Restoration Planning
Workshop, Building a Scientific Basis for the Restoration of the Mesopotamian Mars-
hlands. Convened by Eden Again Project and The Iraq Foundation, 68 pp.

IUCN (World Conservation Union), 2004: 2004 IUCN Red List of Threatened
Species[Online]Cited 24 November 2004. Available at www.redlist.org

Izhaki, I, P.B. Walton and U.N. Safriel, 1991: Seed shadows generated by fru-
givorous birds in an eastern Mediterranean scrub. Journal of Ecology, 79, 575–
590.

Jacobs, J.L., G.N. Ward, and G. Kearney, 2004: Effects of irrigation strategies
and nitrogen fertiliser on turnip dry matter yield, water use efficiency, nutri-
tive characteristics and mineral content in western Victoria. Australian Journal
of Experimental Agriculture, 44 (1), 13–26 2004.

Jiang, H., 2004: Cooperation, land use, and the environment in Uxin Ju: The
changing landscape of a Mongolian-Chinese borderland in China. Annals of
the Association of American Gegoraphers, 94 (1), 117–139.

Jones, C. G., J. H. Lawton, and M. Shachak, 1994: Organisms as Ecosystem
engineers, Oikos, 69, 373–386.

Kamara, A. and H. Sally, 2003: Water for food, livelihoods and nature: simula-
tions for policy dialogue in South Africa. Physics and chemistry of the Earth,
28(20–27), 1085–1094.

Karajeh, F., A. Saporov, V. Petrunin and T. Nugaeva, 2000: Use of treated
wastewater from Almaty for fee-crop irrigation. In: New Approaches to Water
Management in Central Asia, Adeel, Z. (Ed.), UNU Desertification Series No.
3, United Nations University, Tokyo.

Kates, R. and V. Haarmann, 1992: Where the poor live: Are the assumptions
correct? Environment, 34, 4–28.

Kolkovsky, S., G. Hulata, Y. Simon, R. Segev and A. Koren, 2003: Integration of
Agri-Aquaculture Systems—The Israeli Experience, In; Integrated Agri-Aquaculture
Systems, A Resource Handbook for Australian Industry Development, G.J.
Gooley and F.M. Gavine (eds.), Rural Industries Research and Development
Corporation, RIRDC Publication, Kingston, ACT, Australia, pp. 14–23.

Krenke, A. N., G. M. Nikolaeva, and A.B. Shmarin, 1991: The effects of
natural and anthropogenic changes on heat and water budgets in the central
Caucasus, USSR. Mountain Research and Development, 11, 173–182.

Kulkarni H., P.S.V. Shankar, S.B. Deolankar and M. Shah, 2004: Groundwater
demand management at local scale in rural areas of India: a strategy to ensure
water well sustainability based on aquifer diffusivity and community partici-
pation. Hydrogeology Journal, 12 (2), 184–196 .

Lal, R., 2001a: Soil degradation by erosion. Land Degradation & Development,
12, 519–539.

Lal, R. 2001b: Potential of desertification control to sequester carbon and miti-
gate the greenhouse effect. Climatic Change, 51, 35–72.

Lamb, R.L., 2003: Fertilizer use, risk, and off-farm labor markets in the semi-
arid tropics of India. American Journal of Agronomic Economy, 85 (2), 359–371.

Lavrenko, E. M. and Z.V. Karamysheva, 1992: Developing answers and learn-
ing in extension for dryland nitrogen management. Steppes of the former
Soviet Union and Mongolia, In: Natural Grassland, R.T. Coupland (ed.),
Elsevier, Amsterdam, pp. 3–59.

Lawrence D.N., S.T. Cawley and P.T. Hayman, 2000: Developing answers and
learning in extension for dryland nitrogen management. Australian Journal of
Exmperimantal Agriculture, 40 (4), 527–539.

................. 11432$ CH22 10-11-05 15:06:25 PS



659Dryland Systems

Leach, M., R. Mearns, and I. Scoones, 1999: Environmental entitlements: dy-
namics and institutions in community-based natural resource management.
World Development, 27 (2), 225–247.

Le Houerou, H. N. 1992: Vegetation and Land Use in the Mediterranean Basin
by the Year 2050: A Prospective Study. In: Climatic Change and the Mediterra-
nean J. D. M. L. Jeftic, and G. Sestini (eds.), London: Edward Arnold (Hod-
der & Stoughton), pp. 175–231.

Le Houerou, H.N., 1984: Rain use efficiency: a unifying concept in arid-land
ecology. Journal of Arid Environments, 7, 213–247.

Le Houerou, H.N., R.L. Bingham, and W. Skerbek, 1988: Relationship be-
tween the variability of primary production and variability of annual precipi-
tation in world arid lands. Journal of Arid Environments, 15, 1–18.

Lepers, E., 2003: Synthesis of the Main Areas of Land-cover and Land-use
Change. Millennium Ecosystem Assessment, Final Report. Available at
www.geo.ucl.ac.be/LUCC/lucc.html.

Lepers, E., E.F. Lambin, A.C. Janetos, R. DeFries, F. Achard, et al. 2005: A
synthesis of rapid land-cover change information for the 1981–2000 period.
BioScience, 55 (2), 19–26.

Lopez, R. E. 1998: Where development can or cannot go: the role of poverty-environment
linkages. 1997 Annual World Bank Conference on Development Economics.
The World Bank, Washington, D.C.

Lundqvist, J., 1999: Rules and roles in water policy and management—classification of
rights and obligations. In: Proceedings of the SIWI/IWRA Seminar ‘‘Towards
Upstream/Downstream Hydrosolidarity’’, Stockholm. pp. 61–67.

MA (Millennium Ecosystem Assessment), 2003: Ecosystems and Human Well-
being; A Framework for Assessment. Island Press, Washington DC.

Mainguet, M., 1996: Aridite, secheresse et degradation dans les aires sechs de
Chine. Secheresse, 1(7), 41–50.

Matthews, E., 2000: Understanding the FRA 2000. Forest Briefing, 1, World
Resources Institute, Washington, D.C.

Mazzucato, V. and D. Niemeijer, 2000a: The Cultural Economy of Soil and
Water Conservation: Market Principles and Social Networks in Eastern Bur-
kina Faso. Development and Change, 31(4), 831–855.

Mazzucato, V. and D. Niemeijer, 2000b: Rethinking soil and water conservation
in a changing society: A case study in eastern Burkina Faso, Tropical Resource
Management Papers, 32. Wageningen University, Wageningen.

Mazzucato, V., D. Niemeijer, L. Stroosnijder, and R. Röling, 2001: Social
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Main Messages . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 665

23.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 665
23.1.1 Overview
23.1.2 Definitions and Categorization
23.1.3 Insularity

23.2 Condition and Trends in Island Ecosystem Services . . . . . . . . . . . . . 667
23.2.1 Island Biodiversity
23.2.2 Fisheries
23.2.3 Fresh Water
23.2.4 Forestry and Vegetation Cover
23.2.5 Cultural Services

23.3 Drivers of Change in Island Systems . . . . . . . . . . . . . . . . . . . . . . . . 672
23.3.1 Population Issues
23.3.2 Energy Issues
23.3.3 Invasive Alien Species
23.3.4 Habitat Loss, Pollution, and Land Degradation
23.3.5 Economic Changes
23.3.6 Short-term Disturbances and Natural Events
23.3.7 Climate Change and Sea Level Rise

23.4 Human Well-being in Island Systems . . . . . . . . . . . . . . . . . . . . . . . . 676
23.4.1 Vulnerability and Adaptation
23.4.2 Integrated Island Systems Management

REFERENCES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 678

PAGE 663

663

................. 11432$ CH23 10-11-05 15:06:53 PS



664 Ecosystems and Human Well-being: Current State and Trends

BOXES

23.1 Traditional Knowledge That Is Important to Environmental
Management

FIGURES

23.1 Fishing Pressure in Coastal Areas Based on the Number of
People Actively Fishing per Kilometer of Coastline*

23.2 Sewage Pollution Index for Coastal Areas*

*This appears in Appendix A at the end of this volume.

PAGE 664

23.3 Ranges of Uncertainty for the Average Rate of Sea Level
Rise and Estimated Contributions from Different Processes,
1910–90

TABLES

23.1 Tourist Arrivals and Tourism Expenditures as Share of GNP,
2001

23.2 Potential Energy Outcomes from Ocean Sources

................. 11432$ CH23 10-11-05 15:06:53 PS



665Island Systems

Main Messages

The coastal, marine, and inland ecosystems of islands provide valuable
regulating, provisioning, and cultural services to more than 500 million
people. Many small islands have a strong traditional dependence on marine
and coastal biodiversity for their food, tools, industry, medicine, transport, and
waste disposal. With increasing human population pressures through high mi-
gration and reproductive rates, island systems face several serious issues both
in the immediate and the near future.

Islands systems, in spite of size, category, climate, and social conditions,
share a commonality, identified here as the ‘‘isola effect.’’ This represents
the physical seclusion of islands as isolated pieces of land exposed to different
kinds of marine and climatic disturbances and with a more limited access to
space, products, and services when compared with most continental land-
masses. In addition, subjective issues such as the perceptions and attitudes of
islanders themselves on their conditions and their future on the island are
incorporated into the ‘‘isola effect.’’

Coastal fisheries, a particularly important and traditional source of food,
protein, and employment on many islands, are seriously depleted. Over-
fishing has already deprived island communities of subsistence fishing and
caused conflicts in many tropical islands across Asia. Island states and their
exclusive economic zones comprise 40% of the world’s oceans and earn sig-
nificant foreign exchange from the sale of offshore fishery licenses, but this
situation cannot last forever.

Watershed modification on islands has had a negative impact on water
resources in terms of water quality and quantity as well as flow regime.
Despite limited coverage on some islands, forested watersheds are critical
regulators of island hydrology. Without adequate freshwater resources, small
islands depend on desalinated or imported water. Island water supply is often
threatened by pollution, particularly from poorly treated sewage.

The natural land cover of island systems has changed drastically under
the pressure of growing human populations and consequent exploitation
of the landmass. On some islands, the impact has exceeded critical
thresholds, particularly along the coastal fringe. Anthropogenic changes
range from deforestation for cropland to urbanization and the abandonment of
degraded land. All these have immediate repercussions on habitat destruction
and loss of biodiversity. One conspicuous effect of natural and anthropogenic
actions in the coastal zone threatening islands systems is the erosion of soft
coastlines (sandy and muddy beaches).

Island systems are highly dependent on outside sources for food, fuel,
and even employment, which together increase the economic fragility of
many islands. At the same time, island resources are increasingly affected by
globalization and trade liberalization. It is questionable whether regional or
international groupings of islands, such as the small island developing states,
can respond adequately to such pressures.

Energy constraints are particularly critical in island systems. The usually
limited size of islands, their constrained capacity to provide ecosystem services
(in spite of type or size), and often their distance from large-scale energy
supply systems are key factors to explain why energy issues are an important
factor in island systems. However, oceans—through currents, tides, waves,
and thermal and salinity gradients—offer a source of new renewable forms of
energy that remain underexplored.

Low-lying island systems are under threat from climate change and pre-
dicted sea level rise. These in turn are expected to have serious conse-
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quences on flooding, coastal erosion, water supply, food production,
health, tourism, and habitat depletion. The sea level rise would be severe
or devastating to millions of people living on low-lying islands and atolls. The
projected changes in temperature and rainfall could disrupt terrestrial and ma-
rine ecosystems on most islands, especially small ones. Increased flooding
and coastal erosion will have serious consequences for the tourism industry.
The incidence of dengue fever has been correlated to the Southern Oscillation
Index, and extremes in rainfall are likely to exacerbate diarrheal illnesses.
Islands need to develop appropriate coastal assessments and management so
as to adapt to these changes in a sustainable manner.

The coastal systems of islands, such as coastal forests, dunes, man-
groves, coral reefs, and seagrass meadows, are being altered through
agriculture, aquaculture, coastal urban sprawl, industrialization, and re-
sort development. In addition, these changes produce further stresses on the
island systems, such as the production of sewage, solid waste, and water
pollution. These alterations exacerbate the fragility of island systems.

23.1 Introduction
This chapter presents an overview of the status of and trends in
island ecosystem services. Its aim is to recognize the services that
islands, as a composite of ecosystems, provide to human well-
being, to discuss the drivers of change on island systems, and to
offer a critical assessment of these drivers in light of the trade-offs
between change and ecosystem services.

23.1.1 Overview

Islands differ in their geological and geomorphologic settings and
geography, in their physical, biological, climatic, social, political,
cultural, and ethnic characteristics, and in their stage of economic
development. Yet they share several characteristics that not only
unify them as a distinct category but underscore their overall vul-
nerability in the context of sustainable development (Maul 1993;
Leatherman 1997).

As islands and island chains are associated with specific geo-
physical settings, they are strongly influenced by the surrounding
ocean and atmosphere. Their geophysical conditions may result
in economic strength for some, but they can pose hazards that
threaten the economic viability of others. Some islands are
densely populated, and islanders rely on the sea for sustenance and
economic viability, but many islands do not have the material or
human resources to address the issues that are central to human
well-being.

Islands generally have a distinct character or uniqueness,
though these component characteristics are difficult to define
(Granger 1993). One prevalent idea is that many islands can be
defined by their small size and isolation in relation to the main-
land, thus justifying a special and differential treatment to small
island countries. On the other hand, Srinivasan (1986) has pre-
sented an alternate view that ‘‘many of the alleged problems of
small economies are either not peculiar to small economies or can
be addressed through suitable policy measures’’ and that ‘‘causes
of economic and social stagnation in some of these economies
cannot be attributed to their smallness.’’

This chapter addresses the environmental issues relevant to
the ecosystem services that fit the technical and legal descriptions
pertaining to islands and that are unique to these island systems.
This uniqueness is here called the ‘‘isola effect,’’ which takes into
account the particular physical seclusion of islands as isolated
pieces of land exposed to different kinds of marine and climatic
disturbances and with a more limited access to space, products,
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and services when compared with most continental landmasses.
In addition, subjective issues such as the perceptions and attitudes
of islanders themselves on their conditions and on their future on
the island are incorporated into the ‘‘isola effect.’’

Some emphasis is placed on small island developing states, as
they are most at risk from projected global changes. Like other
small islands, SIDS share limited physical size; generally limited
natural resources; high susceptibility to climatic changes and natu-
ral hazards such as tropical cyclones (hurricanes) and associated
storm surges, droughts, tsunamis, and volcanic eruptions; and rel-
atively thin fresh water supplies that are highly sensitive to sea
level changes. The vulnerability of islands or island economies can
be attributed not only to smallness itself but also to the dispropor-
tionate impacts of natural disasters. Smaller island systems tend to
have limited fertile soils and an unreliable water supply, and natu-
ral hazards can seriously affect their economic base. Ecological
constraints such as sea level rise, salinization of coastal aquifers,
and changes in rainfall distribution are exacerbated in such systems
and are expected to increase with climate change and its antici-
pated oceanic impacts.

Small island developing states, in particular, experience even
more specific challenges and vulnerabilities arising from the inter-
play of socioeconomic and environmental factors, such as small
populations and economies, weak public- and private-sector insti-
tutional capacities, remoteness from and dependence on interna-
tional markets, high cost of transportation, limited diversification
in production and exports, export concentration, and income
volatility and vulnerability due to exogenous economic shocks,
leading to greater volatility than in other countries (Nurse et al.
2001; CBD 2004).

23.1.2 Definitions and Categorization

Islands can be defined and categorized in a number of ways, each
useful for some purposes, but no single definition or categoriza-
tion fits all needs. Most available definitions on islands tend to
incorporate the size factor (Granger 1993). Additional threshold
criteria include remoteness and morphology, population size, and
gross domestic product, but their validity remains questionable.

Islands are usually defined as pieces of land surrounded by
water, formally smaller than Greenland, which has 2.2 million
square kilometers (Gorman 1979). As such, they can include in-
dependent island states, archipelagic states, and islands associated
with large countries.

Combinations of area and population have been proposed to
define islands, such as 13,000–20,000 square kilometers with
fewer than 1.0–1.2 million people. The UNESCO Man and the
Biosphere Programme consider ‘‘small islands’’ to be 10,000
square kilometers or less in surface area and to have 500,000 or
fewer residents (Hess 1990). Additional criteria, including surface
area, GNP, and population size, were used to define Pacific island
systems as ‘‘small,’’ ‘‘very small,’’ and ‘‘micro’’ (Lillis 1993). The
Commonwealth Secretariat uses a threshold of 1.5 million people
to define ‘‘smallness,’’ which is accepted by UNESCO. Of the
developing countries and territories with populations below 1
million, 60 are islands and only 16 are not (UN 2002).

From a biological perspective, many islands are small biotopes,
with terrestrial (nonmigratory) fauna that have been sufficiently
isolated from continents that there have been little if any move-
ments or genetic exchanges with continental populations, leading
to local adaptation and endemism (Rosenzweig 1995; Vicente
1999). For migratory species, however, island landmasses are not
difficult to reach, and island ecosystems can provide critical habi-
tat for species that are not genetically unique to that island (such as
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breeding beaches for marine turtles and stopover sites for migrant
birds).

Islands can be categorized by physical aspects such as latitude
(tropical, temperate, or Arctic), underlying geology or island
structure (continental islands and oceanic islands, with the latter
subdivided into volcanic islands and carbonate islands), hydrology
(a runoff basin area), altitude (high versus low islands) and habitat
(suitable habitats for an organism that are surrounded by unsuit-
able areas, such as mountaintops, lakes, caves, or host plants), land
area, or human population or by some political (such as former
colonial affiliation) or economic index (GDP). Islands can also be
grouped by sociocultural categories—either at the centre or at the
periphery of a culture, an economy, or some other national or
regional designation. Human colonization patterns provide an-
other distinction. In the Caribbean, for instance, few of the origi-
nal peoples remain, whereas the peoples of Pacific have been
there for at least 2,000 years.

According to Article 121 of Part VII of the International Con-
vention on the Law of the Sea, an island is a naturally formed
piece of land surrounded by water on all sides, emerging above
the surface of the sea at the highest tide, capable of sustaining
human habitation or economic life on its own, and with dimen-
sions that are smaller than that of a continent.

Conceptually, the MA defines islands as lands isolated by sur-
rounding water and with a high proportion of coast to hinterland.
The degree of isolation of an island from the mainland in terms
of natural and social aspects leads to the ‘‘isola effect.’’

For mapping and statistical purposes, the MA uses the ESRI
ArcWorld Country Boundary dataset, which contains nearly
12,000 islands, including islands belonging to the Association of
Small Island States and in the Small Island Developing States Net-
work. In this chapter, populated islands with more than 0.15
square kilometers of surface area, up to the size of Greenland, are
considered islands. In addition, islands had to be separated from
the mainland by at least a distance of 2 kilometers, and only when
the isolation or the perceptions of the islanders could be verified.

23.1.3 Insularity

Insularity is a distinguishing feature of islands and is influenced by
their size to some extent. For example, islands cannot materially
modify their macro-climate because of their size, with the excep-
tion of the largest, such as Greenland, New Guinea, Borneo, Su-
matra, Hispaniola, Madagascar, and Sri Lanka (Granger 1993).
Island systems have highly coupled terrestrial and marine ecosys-
tems due to their large ratios of coastline lengths to land area. In
such contexts, the impacts of natural or anthropogenic changes
are much more immediately visible than for larger continental
systems (Brookfield 1990). Moreover, islands with limited areas
have limited capacity to buffer or trade off natural hazards or an-
thropogenic disturbance.

Although insularity is clearly increased by geographic, socio-
economic, and political isolation (Granger 1993), sociocultural
factors are probably more important in defining the insular char-
acteristics of islands. The more powerful the links with the outside
world, the less pronounced will be insularity, no matter the size
of the island.

The perception that islanders have of themselves can be ex-
plored further to refine the uniqueness and peculiarities of islands.
Human sciences consider ‘‘islands’’ as places where the inhabitants
see themselves as islanders. The German Brockhaus Encyclope-
dia’s definition of islands includes not only the conventional idea
of a piece of land surrounded by water on all sides, but also the
idea that water, and especially the sea, permeates the whole of the
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island—physically and culturally—and that the island is submitted
to some kind of insular marine condition leading to the ‘‘isola
effect.’’

23.2 Condition and Trends in Island Ecosystem
Services
Island systems provide important ecosystem services, such as bio-
diversity, fisheries, energy, fresh water, vegetation cover, tradi-
tional ecological knowledge, and tourism. Insularity leads to an
obvious strengthening of the linkages between island ecosystem
services and people. Over time, these linkages have been further
affected by human pressure, which has contributed to an increase
in the vulnerability of island ecosystems and to a reduction of
species diversity (Baldacchino 2004).

23.2.1 Island Biodiversity

23.2.1.1 Isolation

Surrounded by water, which functions as a barrier to terrestrial
animal and plant dispersion, islands provide a clear example of
ecological isolation where biodiversity issues assume critical im-
portance through endemism. (See also Chapter 4.) The size, dis-
tance, and period of isolation from large landmasses often
culminate in high levels of adaptive specialization and thus high
levels of endemism. Isolation, as a by-product of biogeographic
insulation, is a key factor of evolutionary change, for it allows the
genetic reservoir of a population to become distinct from that of
other populations. Island isolation has usually led to a high level
of plant and animal specializations associated with high endemism,
and this is especially true for small isolated oceanic islands (Whit-
taker 1998; Dullo et al. 2002).

The very nature of isolation is, however, important to humans
and biodiversity, for it is their isolation that has often excluded
threatening processes from causing the extinction of many spe-
cies. For example, the red fox in continental Australia has had a
devastating impact on native mammals, yet its absence from many
of Australia’s offshore islands allows mammals that are endangered
or extinct on the adjacent mainland to persist (Algar et al. 2002).

23.2.1.2 Dispersal, Speciation, and Extinction in Islands

The isolation of oceanic islands lends itself to another important
phenomenon for nonmigratory species: low or no dispersal. Island
species, particularly those on small islands, evolved in competition
with a relatively low number of other species under the influence
of natural selective forces peculiar to insular conditions (CBD
2004). Therefore, the flora and fauna have reduced competitive
ability, small populations, and narrow distributional ranges com-
pared with continental areas (Dullo et al. 2002). This is not neces-
sarily true for continental islands (that is, within the influence of
continents or large landmasses), which have a more complete
fauna that fills the available habitats and closely resembles that of
the adjacent mainland portion of the continent (Gibbons 1990).
This is the case, for instance, for recently formed forests in Puerto
Rico, which are composed of both native and alien species (Lugo
and Helmer 2004).

The difficulties in dispersal and the isolation of populations in
small isolated islands is due to the barrier that the sea presents to
the dispersal of terrestrial species. The number of species on an
island is therefore a consequence of area, the distance from conti-
nental landmasses, impoverishment, and in some cases competi-
tion with species that have become established earlier. The surface
of a given region allows us to predict, with a high level of cer-
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tainty, the number of present species based on the species-area
relationship of MacArthur and Wilson (1967). Nevertheless, other
authors, having analyzed the influence of constraints other than
area, have found alternative variables that help to explain regional
predictions of the number or richness of species for particular tax-
onomic groups, such as the number of vascular plants, vegetation
height, or number of soil types (Case 1975; Dueser and Brown
1980).

Rapid speciation is frequent, and morphological and physio-
logical change and adaptation are inevitable in many insular taxa.
Adaptive radiation will proceed to the extent that new niches
become available, particularly following disturbance events, such
as land clearing. General mechanisms that promote population
‘‘smallness’’ (sensu Caughley 1994) include local catastrophes such
as fire, anthropogenic change, direct or indirect killing, intro-
duced predators and competitors, and introduced diseases. Each
of these parameters will affect the biota that has become special-
ized to an insular ecosystem, increasing the probabilities of extinc-
tion. Island ecosystems are especially sensitive to disturbances and
vulnerable to extinction, which can occur at rates that often ex-
ceed those of continental systems. As such, islands have been sites
of concentrated extinction: of the 724 known animal extinctions
in the last 400 years, about half were of island species, and at least
90% of bird species that became extinct in that period were island
dwellers (CBD 2004).

23.2.1.3 Islands as Biodiversity Hotspots

Since island species tend to be concentrated in small areas, the
contribution of islands to biodiversity is out of proportion to their
land area, and many of them are considered biodiversity ‘‘hot
spots’’ in global terms (Mittermeier et al. 1998). Although islands
constitute less than 7% of the land surface of the world, one in six
of Earth’s known plant species occur on oceanic islands (Fisher
2004). In addition, endemism is typically high on islands. For in-
stance, more than 80% of vascular plants of Saint Helena and the
Hawaiian Islands are endemic (Rosabal 2004). High altitudinal
ranges coupled with aridity (among Mediterranean islands) or
tropical climes (among equatorial islands) further encourage ende-
mism.

23.2.1.4 Island Biodiversity and Human Well-being

The health and wealth of island ecosystems and the conservation
of biodiversity have important implications for the ecological, so-
cial, and economic well-being of island populations. Island sys-
tems provide habitats for plant, animal, and microbial species
inhabiting both marine and terrestrial environments. Together
with geological features, these habitats have particular value due
to their high endemism or their absence on nearby mainland
areas, making islands important refuges for many species.

Marine and coastal biodiversity still remain essential for many
islanders, particularly those living in traditional societies, to meet
their daily needs for food, tools, industry, medicine, transport, and
waste disposal, in spite of new technologies and lifestyles. This is
the case for many of the Pacific islands, including the Marshall
Islands, Kiribati, and Tuvalu, which together contain some of the
highest coastal biodiversity in the world (UNEP 2004c). Biodiv-
ersity is a particularly essential component of food security in
small, isolated islands.

23.2.2 Fisheries

For many islands, and especially small oceanic islands and island
states, fish provide an almost indispensable source of animal pro-
tein. In the Philippines, some 1,500 coastal communities (70% of
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the population) account for 40–60% of the national fish capture
(www.oneocean.org). Traditional methods do not generally de-
plete the fish stocks. However, modern fishing methods, pollu-
tion, and the impacts of natural hazards have meant that the limits
of sustainable fishing have been reached on many small islands or
areas of larger islands. (See also Chapter 18.)

The small islands of the Pacific, Caribbean, and Indian oceans
have narrow coastal shelves surrounded by deep waters. A simple
fishing pressure index based on estimates of the number of people
actively fishing (according to FAO) per kilometer of coastline
suggests that fishing pressure is greatest in the China-Philippines
area. (See Figure 23.1 in Appendix A.) Overfishing in the near
shore of these islands has led artisanal fishers to venture further
offshore for access to pelagic resources such as the large tunas.
This has led to encounters and conflict with the already well es-
tablished industrial factory ships of more industrialized countries
or other island states fishing in these waters using longlines or
purse seines. These conflicts over marine resources are increas-
ingly being arbitrated through the provisions of the United Na-
tions Convention on the Law of the Sea.

The importance of fisheries can be illustrated by reference to
the Caribbean, though there are similarities with other regions.
The FAO database shows that in both Central America and the
Caribbean, about 500,000 people were actively fishing in the
1990s (or less than 0.1% of a total the population of 145 million),
with fish protein contributing about 7% of total protein consump-
tion. The export value of fish and fisheries products increased
from $400.6 million in 1976 to $1.6 billion in 2000. Per capita
annual consumption of fish in the Caribbean is approximately 15
kilograms, which is approximately three times as much as in the
United States.

Consumption in several SIDS in the Caribbean is higher than
local production and has to be satisfied by imports. These are very
high in the insular states and account for the majority of the fish
supplied for human consumption—such as in Haiti (70%), Ja-
maica (78%), and Martinique (80%). The composition of imports
in the small island states is dominated by dried, salted, and smoked
fish but fresh, chilled, and frozen products are also imported,
mainly by countries with a tourism industry. The FAO database
shows that exports of fish from the Caribbean (mostly for the U.S.
market) have also been growing steadily and in 2000 were valued
at approximately $1.2 billion. Export products are dominated by
high-value commodities such as shrimp Penaeus sp., spiny lobster
(Panulirus sp.), tunas (Thunnus sp.), snappers (Lutjanidae), and
queen conch (Strombus gigas), which command premium prices
on the international market.

Perhaps one of the most important roles of fisheries is the
employment opportunities they offer for thousands of people in a
region where the high levels of unemployment continue to be a
major concern. The fisheries sector provides stable full-time and
part-time direct employment for more than 200,000 people and
indirect employment for another approximately 100,000 in the
secondary sector (processing and marketing), boat building, net
making, and other support industries. In addition, it is estimated
that each person in the fisheries industry has five dependents,
making the total number of people who depend on fisheries for
their livelihood approximately 1.5 million. Those engaged in
fishing often have low levels of formal education, limited access
to capital, and limited occupational and geographical mobility.

Further information on fisheries can be found in Chapter 18.

23.2.3 Fresh Water

The issue of freshwater resources on islands involves many of the
same problems facing developing countries in general, including
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inadequate human and financial resources. However, islands also
have unique physical, demographic, and economic features, in-
cluding relatively limited surface areas and natural resource bases
(arable land, fresh water, mineral resources, conventional energy
sources), greater sensitivity to natural disasters (typhoons, hurri-
canes, cyclones, earthquakes, volcanoes), and an isolation from
mainland systems—all of which contribute to the vulnerability of
their water resources. These all lead to the impact of the sur-
rounding sea being more pronounced for small islands than for
large islands and mainland areas.

23.2.3.1 Physical Conditions
Fresh water is scarce in many small islands, which mainly rely on
rainfall harvesting, surface reservoirs and flows, or groundwater
lens floating on top of the salt water for the majority of their
resources. Severe water shortages are often experienced on atolls
and raised limestone islands where there are no rivers. The
amount of fresh water available on islands is dependant on rainfall,
and this varies according to the geographic location of the island
and its climate conditions. Natural events, such as El Niño, can
result in a shift of expected rainfall patterns so that islands that
normally have abundant rain, such as some of the central Pacific
islands, may also experience periods of drought.

Vanuatu, for instance, experienced major droughts in 1978
and 1983; Samoa had the same experience in 1971 and 1989; and
Fiji in 1987, 1992, and 1997. The 1987 Fiji drought was one of
the worst in a century, beginning in the 1986 dry season and
extending through the 1986/87 wet season.

The El Niño event in 1997/98 brought some of the worst
droughts on record to the Northern Mariana Islands, Guam, the
Marshall Islands, Nauru, Papua New Guinea, Fiji, Tonga, Samoa,
and American Samoa. The Marshall Islands received slightly over
two inches of rain from January to March 1998, just 8% of the
norm. After more than four months of the El Niño–caused
drought, the Marshall Islands government declared the country a
disaster area. Desalination plants were sent to Majuro and Ebeye,
the two main urban centers, while smaller water makers were
installed on ships to provide fresh water to the outer islands. From
August 1997 to March 1998, the highlands of PNG experienced
one of the worst droughts on record, creating a national crisis and
the need for an airlift of emergency food and water supplies (Lean
2004).

One of the main natural sources of fresh water on islands and
in coastal areas is groundwater reservoirs. Water balance is not
easy to determine, and average groundwater recharge normally
requires in the region of 20–25% of rainfall, which is not easily
retained on islands. Although there are several technologies avail-
able, islands cannot expect to develop their groundwater re-
sources easily. Overpumping of groundwater through bore holes
can lead to salination problems, which can have serious conse-
quences for food production and human well-being. Also, salina-
tion may be enhanced by natural hazards, such as sea level rise,
that cause higher penetration of sea water into the freshwater
aquifers.

In several SIDS, freshwater shortage is amplified by the lack
of effective water delivery systems and waste treatment, coupled
with increasing human populations and expanding tourism, both
of which may result in the overabstraction of water, contamina-
tion through poor sanitation and leaching from solid waste, and
the use of pesticides and fertilizers (Bridgewater 2004).

23.2.3.2 Desalination
Desalination of the surrounding seawater to provide a source of
fresh water is an option that has been explored by a number of
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islands, but expensive existing technologies mean this it is still a
very costly way of supplementing the freshwater supply. Technol-
ogy to implement reverse osmosis that leads to seawater desalina-
tion is proving a useful alternative to improving freshwater supply
(Veza 2001). Ocean thermal energy conversion plants are also
being proposed for island states not only to generate energy from
thermal gradients but to help with the desalination process. (See
Chapter 7 of MA Policy Responses for more on desalination).

23.2.3.3 Water Quality

Lack of safe drinking water and sanitation is one of the major
causes of disease and death worldwide (WHO 2001). On islands,
particularly small islands with rugged interiors (such as islands off
the east coast of Peninsular Malaysia), people tend to be concen-
trated on the more gently sloping lands along a coastline. The
resulting high population densities can cause problems for the
safety of water supplies, which can easily become polluted by
poor sanitation facilities or by facilities that are sited too close to
the source. Also, the increased use of pesticides and fertilizers and
leaching from solid waste disposal sites pose additional pollution
hazards to ground and surface water on many islands. (See also
Chapter 15.)

23.2.4 Forestry and Vegetation Cover

The extent of forest cover varies greatly among islands (Dulloo et
al. 2002; CBD 2004). The forest cover of SIDS represents less
than 1% of the forest area of the world. Insular Africa has 0.006%,
insular Asia 4%, insular Caribbean 0.15%, and insular Oceania
0.9% of the total forest surface of the world (FAO 2001). In spite
of the relatively small area of forest cover in global terms, some
tropical and sub-tropical islands have significant forest cover and
are characterized by comparatively short distances between up-
land and coastal forest areas.

Forest is estimated to cover a total of 75 million hectares, or
about 63% of the combined land area of 41 SIDS, compared with
the world average of 29.6% (CBD 2004). Under such conditions,
island forests are critical regulators of freshwater supply for con-
sumption, irrigation, and industrial uses. Forests also contribute
directly to food security through the provision of food and animal
products. Also on many tropical islands, mangroves are an impor-
tant source of fuelwood and household products, provide a nurs-
ery for many marine fish and invertebrate species, and protect the
coast from erosion.

For many of the larger islands, such as Borneo, forests also
contribute significantly to the national economy and to the inter-
national trade in wood and non-timber forest products (Wilkie et
al. 2002). In addition, forest cover buffers against natural hazards
and anthropogenic disturbance. The prevention of erosion by for-
est cover has a direct impact on the health of coastal and marine
systems by reducing the sediment load. Forests also play a buffer-
ing role, particularly in small tropical islands, against the impacts
of tropical storms, hurricanes, and cyclones combined with high
rainfall levels (Wilkie et al. 2002). On Hainan Island, where rub-
ber plantations have replaced the local forests, it has been found
that the plantations can still have an important hydrological eco-
service function (Jiang and Wang 2003).

Although the overall rate of island deforestation appears to
have slowed down in the last decade, annual deforestation on
islands is almost three times the world average rate (0.8% com-
pared with 0.3%) (FAO 1999). The main causes of deforestation
include conversion for agricultural use and for infrastructure de-
velopment such as roads, ports, housing, and tourism develop-
ment (CBD 2004).
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Regarding global biodiversity, loss of forests in island systems
often has more serious impacts than forest loss in continents due
to intensified interactions of various activities within a limited
geographic space and to the loss of endemic species and rare eco-
systems (FAO 1999).

23.2.5 Cultural Services

23.2.5.1 Traditional Ecological Knowledge

The term traditional ecological knowledge commonly refers to
the knowledge that indigenous peoples have about their environ-
ment, which is used to sustain themselves and to maintain their
cultural identity. TEK covers a wide range of subjects, from agri-
culture, fishing, plants, and forests to general aspects of culture.
(See Box 23.1 and Chapter 17.) Local cultivators, fishers, and
other resource users often have a profound knowledge of the
highly varied environments that could be better tapped in assess-
ing the potential use of locally available resources and the sustain-
able development opportunities of their environments.

TEK is an integral part of the dynamics of island systems and
the islanders who live there. For example, Indonesia has strong
traditional medicine and many varieties are practiced, the oldest
being the Jamu system of herbal medicine (Erdelen et al. 1999).
Some 10% of Indonesia’s total flora is estimated to have a medical
value, and some 40 million Indonesians depend directly on bio-
diversity (Erdelen et al. 1999).

In addition, many stories and beliefs of islanders show the role
of traditional villages and communities in improving the marine
environment. For example, the Balinese believe in the harmony
between God, communities, and nature for coastal management,
and the traditional village has many roles, including protecting the
coastal region from destruction by outsiders, promoting availabil-
ity of knowledge to communities, assessing problems caused by
populations, and maintaining healthy natural resources for the
next generation (sustainable development) (Sudji 2003).

The greatest use of TEK on islands relates to sustainable use
and management within customary inshore fishing grounds, for
example in Fiji (Veitayaki 2004), in the customary prohibition on
the use of resources (ra’ui) in Rarotonga in the Cook Islands, and
in the village reserves in Samoa in the Pacific (MacKay 2001).
Traditional ecological knowledge and customary sea tenure are
also integrated into the conservation management of bumphead
parrotfish (Bolbometopon muricatum) in Roviana Lagoon in the Sol-
omon Islands (Aswani and Hamilton 2004).

TEK has also been of direct benefit in the protection of reefs
from adverse impacts from commercial and recreational fisheries,
scuba diving, snorkeling, aquarium fish collection, and onshore
development (Calamia 1996). It has helped ensure sustainable de-
velopment of the intertidal zone, with a focus on shellfish gather-
ing and marine tenure in the atoll communities of western
Kiribati, Micronesia, which are under pressure from population
growth, urbanization, extractive technologies, and expanding
market opportunities (Thomas 2001). While it is possible to inte-
grate local and scientific knowledge in fisheries (Mackinson
2001), policy-makers and managers find TEK generally unsys-
tematic and its generally unstructured nature makes its difficult to
use in regional and national decision-making.

Traditional ecological knowledge has also served as a founda-
tion for the conservation of trees outside forests in small island
states of the Pacific Ocean (Thaman 2002). In addition, the
knowledge of traditional agroforestry systems and associated tradi-
tional knowledge can serve as basis for addressing deforestation,
forest degradation, agro-deforestation, and loss of diversity. In
Pagbilao, Philippines, ecological knowledge has been shown to
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BOX 23.1

Traditional Knowledge That Is Important to Environmental Management (Unit B5 1998)

Agriculture • Controls or limitations on hunting: taboo areas, special times for hunting
• The many different varieties of crop plants and their utilization and restrictions to special occasions or special ranks
• The best places, conditions, and times for planting, caring for, and

harvesting crops Plants and the Forest
• Food storage techniques • Useful trees and the qualities and uses of their woods
• Control of crop sicknesses, insects, and other pests • Techniques for cutting and hauling trees from the forest
• Management of agricultural land, both seasonally and from year to year; • Edible plants and plant parts (nuts, leaves, bark, roots, and so on)

planting sequences or rotations; periods of fallow to allow the land to • Medicinal plants and their uses
recover; techniques for soil improvement • Genetic resources, varieties, or special features of plants; loss of varie-

• Control of erosion and wind damage ties
• Identification or classification of soils • Changes in the forest, loss of forest cover (where the forest used to
• Water management and irrigation, including complex systems of aque- be)

ducts and irrigated terraces
• Controls on land use and access to land General

• Traditional names for and classifications of species and communities
Fishing • Calendars related to the weather, to celestial bodies (solar and lunar
• Fishing methods and materials cycles, appearance or movement of stars), or to association with natural
• Knowledge of fish species and their behavior, migration, and reproduction events such as the flowering or fruiting of trees or the migration of birds
• Best fishing locations, times, and techniques for each species • Weather patterns and prediction, cycles of rain and drought, changes
• Controls on fishing: limited access to fishing areas, taboo areas or in climate

seasons, catch restrictions • Natural catastrophes, cyclones, tsunamis, floods; signs and warnings;
• Changes in fishing resources, effects of overfishing, ‘‘how things used effects and areas affected

to be’’ • Changes in the environment, past extent of the forest and agricultural
areas, former locations and populations of villages

Animals and Hunting • Environmental knowledge: who possessed it, how it was used and
• Behavior of species and hunting or trapping methods transmitted

improve economic assessment of the mangroves (Ronnback and
Primavera 2000), and in the Marshall Islands and atolls, traditional
knowledge of medicinal plants serves as an inexpensive way to
maintain human health (Nandwani and Dasilva 2003).

TEK has provided new biological and ecological insights, is
useful in resource management and environmental assessment, has
been used for protected areas and conservation education, and
benefits development agencies by providing a more realistic eval-
uation of the environment in development planning (Berkes
1993; Calamia 1996).

UNESCO’s work on the TEK of islands has emphasized that
recording and applying traditional ecological knowledge provides
one approach to making more effective use of global biological
wealth, particularly as a starting point for strategies of integrated
conservation and sustainable development. It also recognized that
there may be considerable scope for information on techniques
and practices refined over generations in one part of a particular
geographical ecological region, to be tested and adapted to other
localities.

On some tourist islands, the commercial value of traditional
knowledge and cultural property is already well recognized
through its contribution to income from tourism, arts, and crafts.
However, many islanders are justly concerned about the unautho-
rized and uncompensated use of their heritage, including the ap-
propriation of indigenous arts and cultural expression, similar to
the ongoing appropriation of indigenous biodiversity material or
knowledge by industrial-world companies and researchers (so-
called biopiracy). They are also concerned about the introduction
of ‘‘modern’’ agricultural, fishing, and medicinal practices that
threaten to replace traditional ways. Biopiracy has been recorded
in areas used for ecotourism, and the Maldives and Pacific Island
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states have been particularly vulnerable to such thefts (GRAIN
and Kalpavriksh 2002). UNESCO has recognized that much of
the TEK and cultural knowledge is unrecorded and unexploited,
and every year part of this knowledge is lost through the loss
of natural habitats and transformation of local cultures. (See also
Chapter 17.)

Much of the traditional island cultures and environmental
knowledge has already been lost in recent decades. For instance,
in Pohnpei information on components of Micronesian life—
such as planting taro, the use of plants to stun and capture fish,
fermentation methods for breadfruits, and construction of outrig-
ger canoes—has been lost as older generations have died (Lee
et al. 2001). Traditional knowledge on canoe making and turtle
catching are under the greatest risk of loss (Balick 2003).

23.2.5.2 Tourism

Globally, tourist arrivals increased from 25 million in 1950 to 700
million in 2003 and are expected to double by 2020 (Christ et al.
2003). Despite multiple international crises (economic recession,
SARS, terrorist attacks, and the war on terrorism), international
tourism has grown 4–5% in the past decade (WTO 2001). Tour-
ism is an important contributor to or dominates the economies of
many small island states. (See Table 23.1.) The Caribbean is the
most tourism-dependent region in the world and accounts for
about 50% of world cruise tourism berths, while the Maldives is
the most tourism-dependent country.

Tourism based on the natural environment is a fast-growing
component of the tourism industry. In the last decade, nature (or
eco-) tourism, which can be defined as travel to unspoiled places
to enjoy nature, has emerged as the fastest growing segment of
the industry, with an estimated growth rate of 10–30% annually
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Table 23.1. Tourist Arrivals and Tourism Expenditures as Share
of GNP, 2001 (Scott 2003; WTO 2003)

Country Tourists Tourism Expenditure
(thousand) (percent)

Anguilla 47.9 65.1a

Antigua and Barbuda 93.1 43.8
Aruba 691.4 42.7a

Bahamas 1,428.2 40.0b

Bahrain 2420 8.3a

Barbados 507.0 28.8b

Bermuda 274.9 23.0a

British Virgin Islands 296.0 41.3c

Cape Verde 115 4.0a

Cayman Islands 334 71.7c

Comoros 24b 7.0b

Cyprus 2697 20.2b

Dominica 67.9 20.2b

Dominican Republic 2,868.9 14.2
Fiji 348.0 12.3
French Polynesia 228.0 10.1a

Grenada 123.3 17.1
Guam 1,124.1 71.5
Haiti 142 1.4
Iceland 303.0b 4.1
Indonesia 5,153.6 2.4
Ireland 6,749.0 3.1
Jamaica 1,276.5 17.0
Japan 4,771.6 0.1
Kiribati 4.6 4.2
Madagascar 160 2.8
Maldives 461 57.3
Malta 1180 17.3b

Marshall Islands 5.4 3.5b

Mauritius 660 13.6
Montserrat 10b 32.4a

New Caledonia 100.5 0.3b

New Zealand 1,909.4 4.7
Papua New Guinea 54.2 3.3
Philippines 1,796.8 1.5
Puerto Rico 3551 6.5d

St Kitts and Nevis 74.2 22.0
St Lucia 250.1 36.9
St Vincent and Grenadines 70.6 25.6
Samoa 88.3 15.0
San Tome and Principe 7.6 18.7
Seychelles 129 20.1b

Singapore 7,518.6 6.1b

Solomon Islands 3.4 2.0a 
Sri Lanka 336.8 12.5
Taiwan 2,562.5 1.2a

Tonga 32.4 4.5
Trinidad and Tobago 383 2.8
United Kingdom 22,833 1.1
Vanuatu 53.2 21.7

a1999    b2000    c1998    d1997
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(Conservation International 2002). Of the various forms of nature
tourism, coastal/marine tourism, including islands, is the largest
component. Biodiversity plays a key role in the nature tourism
development of many islands and is the major tourism attraction
for islands such as Madagascar and Borneo (Christ et al. 2003).
Ecotourism extends as far as the subantarctic islands, where special
voyages give tourists the experience of a variety of marine and
pelagic fauna, using the islands as a base.

There is a great potential in many SIDS for the further devel-
opment of ecotourism, which is often a small but rapidly growing
share of their market economy. Ecotourism can provide employ-
ment and generate income while helping to protect and conserve
natural resources and contributing to the implementation of na-
tional biodiversity action plans (ECOSOC 2004).

Tourism has a great potential for biodiversity conservation and
the promotion of the sustainable use of natural resources. In the
Seychelles, for instance, tourism has been a major force and source
of funding for biodiversity management and conservation, as well
as ecosystem rehabilitation. In many cases, tourism is the only
means by which a management infrastructure can be put in place
on isolated islands to enable conservation activities. Indeed, well-
informed tourists are increasingly the driving force behind the
tourism industry’s involvement in biodiversity management
(Chafe 2004).

Rapid and uncontrolled tourism growth can be a major cause
of ecosystem degradation and destruction, however, and can lead
to the loss of cultural diversity. Often, such destructive develop-
ment paths start with tourists discovering a destination that rapidly
develops beyond its carrying capacity and eventually fails to meet
tourism demands and expectations. Such developments have been
spontaneous or frequently without adequate enforcement of plan-
ning laws and guidelines. Alternatively, tourism can be developed
in a more careful, planned manner, with government input and a
more responsible approach by developers. Smaller resorts, such as
the island resorts in the Maldives (Domroes 2001) and other small
tourist enterprises on many islands, have been developed success-
fully. Large integrated developments, such as Nusa Dua in Bali
and Bintan Beach International Resort on Bintan, both in Indo-
nesia, require large investments, depend on large tourist flows,
and are more difficult to implement.

Tourism development without proper planning and manage-
ment standards and guidelines poses a threat to biodiversity
(Christ et al. 2003). This is compounded by the fact that environ-
mental impacts are often not clearly visible until their cumulative
effects have destroyed or severely degraded the natural resources
that attract tourists in the first place, and some destinations have
only recognized the costs of environmental damage after signifi-
cant and often irreversible damage has been done. As a conse-
quence, many SIDS have embarked on initiatives aimed at
building a wider, more sustainable support base for the tourism
industry among the local population, promoting participatory ac-
tion and a sense of ownership in order to ensure the success of
the industry (ECOSOC 2004). Key measures suggested include
ensuring that integrated planning policies and implementation
plans provide for environmental impact assessments for all tourism
projects and cultural impact assessments for all large tourism oper-
ations (ECOSOC 2004).

Within the Caribbean region, fisheries are important not only
as a source of food and employment for commercial and subsis-
tence fishers but also for a growing population of recreational
fishers—those fishing for pleasure and relaxation rather than for
commercial gain or subsistence. Dozens of international, regional,
and national fishing tournaments are held each year throughout
the region. In most Caribbean countries sport fishing is promoted
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by tourism interests and is neither monitored nor regulated by the
national fisheries administrations. In addition, watching coral reef
fishes and other marine life has always been an important leisure
activity of thousands of locals and tourists, and skin divers and
scuba divers in the Caribbean. Over the past two decades, several
countries have established marine parks and aquaria to use these
resources and to promote education and conservation of their ma-
rine resource systems.

23.3 Drivers of Change in Island Systems
The stresses imposed on island systems are the result of the inter-
play of environmental and sociocultural factors that together have
the potential to increase the impact and reduce the resilience or
ability of the islands to cope with changes relative to mainland
ecosystems. Like continental populations, people on islands must
be able to survive the stochastic variations in their environment.
However, natural hazards and anthropogenic disturbance, such as
deforestation, unsustainable agricultural practices, mariculture,
habitat loss, and biodiversity loss, may assume a disproportionate
importance in island systems for several reasons, often depending
on the latitude.

For example, some equatorial islands (such as those in the Ca-
ribbean) can have rapid rates of vegetation regeneration, as evi-
denced after cyclones, whereas many arid islands (such as those in
the Mediterranean) do not. These differences in responses to
change reflect rainfall patterns and the degree of isolation. Con-
trary to what happens on continents, where species immigration
generally occurs rapidly, leading to recolonization, catastrophic
events on some islands can have long-term effects because extinc-
tion rates are higher and rates of recolonization are much lower
(Vitousek et al. 1997; Courchamp et al. 2003). Small populations
are also far more prone to random nonadaptive changes in their
genetic pool and consequently to chance extinction. The main
drivers of island ecosystems are both natural and anthropogeni-
cally induced, and both are addressed in this section.

23.3.1 Population Issues

It is estimated that by 2025, 75% of the world’s population will
live within 60 kilometers of the sea, which can be considered
‘‘the global coastal zone,’’ where more than 70% of the world’s
metropolises are located (UN 2002). A high proportion of this
occupancy will be on islands of developing countries. (See also
Chapter 19.)

Population growth in cities contributes to urbanization, and
this is a serious and growing problem for some islands, particularly
among those in Asia, such as Java and Luzon. Many cities on
these highly populated islands cannot currently provide the basic
resources for the well-being of the inhabitants. Among the Pacific
islands, populations are small, but growth and rapid urbanization
are also putting pressure on limited resources (Zann et al. 2000)

For many islands in the tropics, the traditional activities of
the coastal population have been subsistence production, such as
fishing and agriculture. With rising numbers of people moving to
coastal areas and islands, conflicts over coastal resources and
human values and expectations will increase in the years to come.
These are further accelerated by the sociopolitical, cultural, and
economic differences between the traditional inhabitants and the
newly arrived populations. These differences are more evident
among developing countries (where most of the tropical islands
occur), which may be subject to huge and rapid internal migra-
tions.
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23.3.1.1 Outmigration

Outmigration has been a familiar process for many islands and
affects the population balance beyond those related to natural
birth and death rates. Outmigration may be due to the impact of
outside forces or internal drivers, as when an island’s economy is
based on a single specialized crop that fails due to disease or mar-
ket changes. For example, the Asian economic crisis of 1997–98
influenced the extent and nature of population movement be-
tween Java and the Outer Islands of Indonesia (Hugo 2000). It
may in part be a response to environmental constraints at home
and perceived opportunities elsewhere. For instance, migrations
from many of the small island states of the South Pacific and the
Caribbean have been to metropolitan countries (Connell and
Conway 2000).

On many small islands dependent on fisheries, the combina-
tion of overfishing and environmental stress has led to outmigra-
tion, mainly of young adults. This can alter the size of an island’s
population, leading to a shift in age groups toward an older soci-
ety (Hamilton et al. 2004).

However, the benefits of out-migration have also been re-
corded. One study on the Samoan Islands in the Pacific suggests
that out-migration from rural regions generally tends to preserve
the local natural environment, leading not only to a more satisfac-
tory use of agricultural and grazing land but also to a greater reten-
tion of native species diversity (Baker and Hanna 1986). Yet
people who migrate from developing rural societies to urban soci-
eties generally suffer a decline in many physical and psychological
aspects of health, even though life expectancy may rise.

23.3.1.2 Role of Gender

Gender issues have not been clearly identified as affecting island
societies, but this does not mean that islands have no problems
related to gender inequality. Indeed, they exist and seem to be
related to the same kind of issues that promote gender inequalities
in continental societies. Nevertheless, the ‘‘isola effect’’ could in-
crease the problems. For example, in some islands matriarchal so-
cieties appear to be driven by isolation together with other factors
(such as out-migration by males). Gender inequalities are most
clearly related to socioeconomic underdevelopment, a common
condition of many island populations (Browne 2001; Lewis
1998).

23.3.2 Energy Issues

Although ecosystem services provide low amounts of energy
nowadays (wood, biomass, and so on), energy issues are critical
for islands, as unanimously recognized at the SIDS conference in
Mauritius in January 2005. The availability, constraints, or scarcity
of energy sources are important drivers of changes for island eco-
systems and human well-being, particularly enhanced under the
‘‘isola effect.’’ Some islands have developed around the fossil fuel
industry, but in many islands the import bill for fuel alone exceeds
earnings from exports (Roper 2005), lowering the capacity of im-
proving human well-being and, consequently, increasing the
pressure over natural ecosystems. Also, the potential hazard to
islands linked with the operation of power plants not based on
renewable sources (fossil fuels and nuclear power), where size is a
factor, could outweigh the benefits of these sources to the island’s
people and ecosystems.

With imported petroleum being the main source of primary
commercial energy (ECOSOC 2004), developing further renew-
able and unconventional energy sources for islands is a key issue.
Islands are usually well suited to use combinations of modern re-
newable energy technologies and energy efficiency due to the
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availability of renewable energy resources and current energy
consumption patterns (Roper 2005). New technologies have
been developed (Cavanagh et al. 1993) that harness the energy of
the sun, the wind, the earth, and the ocean, and these can be
specifically targeted for usage among island systems.

The world’s oceans, where islands are interspersed, represent
an enormous and virtually untapped source of clean, non-polluting
renewable energy (see Table 23.2). Among the facilities that the
ocean offers to islanders, renewable sources of energy can be listed
at the top, including the capacity of ocean tides, waves, and cur-
rents to generate energy and the extraction of power from the
thermal gradient of sea water (Penny and Bharatan 1987; Sanders
1991). Technological breakthroughs, standardized plant designs,
increased fossil fuel prices, market instabilities, and increased
world concern over environmental issues such as climate change
will increase the pace at which ocean biomass, wave, tides, the
current, and ocean thermal energy conversion systems are tapped.

In a number of SIDS, small-scale solar photovoltaic power
systems have been used to provide electricity in rural areas on a
pilot scale, but more work on financing and institutional arrange-
ments is needed to realize their full potential. Moreover, there is
a need for technology transfer and national and regional capacity
building in renewable energy and energy efficiency (ECOSOC
2004).

23.3.3 Invasive Alien Species

A major threat to oceanic island biota today is the increasing
breakdown of the insularization of their habitats (Whittaker
1998). Invasive alien species are one of the primary threats to
biodiversity on most islands and have caused serious ecological
and economic damage and high social costs (e.g., Courchamp et
al. 2003; Veitch and Clout 2002). Invasive plant and animal spe-
cies often outcompete native insular species directly or indirectly
for common resources and can alter the ecosystem processes of an
island.

Overgrazing by introduced stock, for example, has had an ad-
verse impact on Mediterranean islands because of the aridness of
the land. The introduction of the brush-tail possum (Trichosurus
vulpecula) to New Zealand and its offshore islands has had devas-
tating impacts on forest systems (Atkinson 1992). Sub-Antarctic
Macquarie Island, 1,500 kilometers south of Australia, has seen a
host of exotic species (particularly cats, rats, rabbits, and mice)
introduced either directly or indirectly by sealers (Cumpston
1968), and the impacts of these species on endemic birds and flora
has been significant (Taylor 1979; Copson and Whinam 1998).
Another example of the impact of invasive species is the introduc-
tion of the brown snake (Bioga irregularis) into the formerly snake-
free island of Guam in the 1940s. This led to the loss of 10–13

Table 23.2. Potential Energy Outcomes from Ocean Sources
(POEMS 2004)

Resource Power Energy Densitya

(terawatts) (meters)

Ocean currents 0.05 0.05 

Ocean waves 2.7 1.5 

Tides .03 10 

Thermal gradient 2.0 210 

Salinity gradient 2.6 240 
a Expressed as proportional to the length of the water column.
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species of native forest birds and several lizard species, and power
outages occur frequently as the snakes contact electrical lines and
generation facilities. The cost to the island’s economy from the
establishment of this single invasive alien species is estimated at $5
million a year (Fritts 2002).

The invasion of exotic species onto islands is a worldwide
phenomenon, but it is uncertain whether islands are more suscep-
tible to invasion than mainland sites (e.g. Sol 2000). The level of
invasion depends on how and to what degree the native biotic
community is disrupted and on the resilience of an island’s ecosys-
tems. In theory, the ecological impacts of invasive alien species on
islands can occur in the same manner as on mainland ecosystems.
However, these impacts are usually more rapid and more pro-
nounced on islands due to their vulnerabilities (CBD 2004). Ap-
proximately 80% of documented introductions (planned or
unplanned) of birds and mammals have been to islands (Ebenhard
1988). The effects of such introductions have often been so devas-
tating on the native flora and fauna that it is claimed that invasive
alien species are among the main environmental hazards to island
systems (Vitousek et al. 1997) and have an ability to create an
ecological homogenization of the island’s ecosystem in addition
to influencing other agents of global change (Mack et al. 2000).

Diseases and their impact on native flora and fauna have often
been associated with recent island invasions, yet they remain un-
derstudied in insular environments. Avian malaria, introduced
into Hawaii in exotic birds by settlers, spread through the en-
demic bird populations following the introduction of the south-
ern house mosquito (Culex quinquefasciatus), which acted as
vectors for the waterborne parasite (Van Riper et al. 1986). Simi-
larly, the invasion of black rats (Rattus rattus) onto Christmas Is-
land is believed to be responsible for the extinction of the bulldog
rat R. nativitatis (Day 1981). The speed of introduction and spread
is increasing. On the Galapagos Islands, the number of introduced
plants has doubled since 1990 from 240 species to 483, now rep-
resenting 45% of the total flora. In Hawaii, naturalized species
account for about 47% of the flowering plant flora (CBD 2004).

There is a realization that invasions of alien species can some-
times be managed with adequate human intervention through
good planning, adequate techniques, and sustained effort (Clout
and Veitch 2002). However, the feasibility of eradications of inva-
sive aliens on islands will depend on the size of the island, avail-
able resources, the public will to undertake control programs and
ensure effective quarantine, and the secondary effects of the eradi-
cation action on non-target species and other benign alien species
on the island. For example, ecological release may allow one alien
species to become invasive following the removal of another in-
vasive species, with no net benefit to native populations (Zavaleta
2002).

Three main issues have been identified that can help assess
whether islands are subject to a higher risk of invasion than main-
land areas: the opportunities for exotic species to reach islands,
whether exotic species are more likely to establish on islands, and
whether exotic species have a greater impact on island systems
(D’Antonio and Dudley 1995). An analysis of those criteria sug-
gests that some island systems are more likely to be invaded by
alien species than similar mainland systems because there are fewer
resources to deal with risk management (D’Antonio and Dudley
1995). However, it has also been argued that not all islands show
evidence of higher invasion than mainland sites (Sol 2000).

Response measures needed to prevent and minimize the im-
pacts of invasive alien species are generally known, though many
island nations and territories lack material or human resources to
prevent the introduction of or to control or eradicate alien species
that threaten ecosystems, habitats, or other species (Veitch and
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Clout 2002). The key to quarantine of invasive species is to use
early detection mechanisms together with rapid-response mecha-
nisms that can be managed with sufficient funds and powers to see
eradication campaigns through to completion (Simberloff 2000).

23.3.4 Habitat Loss, Pollution, and Land
Degradation

Island biodiversity has unique biological characteristics, since iso-
lated islands provide ideal conditions for the development of new
species with specialized traits. Habitat loss, through pollution,
land clearing, and natural hazards, is clearly associated with bio-
diversity loss, expressed either as population declines or species
extinctions.

Chemicals imported for agriculture, industry, transportation,
health services, and households are a growing source of pollution
among populated islands. Poorly treated sewage emptying into
coastal areas is the major chronic pollutant and contributes to
coastal nitrogen and phosphorus eutrophication and harmful algal
blooms. On islands, the cumulative impact of household runoff
from baths and sinks that eventually drains into the sea is also a
major contributor to ecosystem decline but is frequently over-
looked. This condition occurs because most people living within
the coastal zone and the majority of the hinterland population in
most island developing states are not connected to centralized
sewage treatment facilities. A complementary problem is wide-
spread bacteriological contamination of groundwater from soak-
a-way septic systems. Added to this severe nutrient and bacterial
pollutant load in coastal areas and groundwater is the addition of
fertilizers and pesticides from industrial and agricultural activities.

Due to the short-term nature of the numerous pollution stud-
ies carried out on islands, it is difficult to assess the overall pollu-
tion condition or trend. However, a proxy indicator may be used,
such as a simple sewage pollution index based on the number of
people without access to safe sanitation per kilometer of coastline
(equivalent to the density of a population living within 100 ki-
lometers of the coast without access to safe sanitation divided by
the length of coast).

Because of the complexity of initial attempts to use topogra-
phy to define the extent of the coastal zone, this study assessed
the level of direct human modification of the coastal zone by
examining the population within 100 kilometers of the coast. The
estimate was derived for the World Resources Institute using a
spatially explicit database reflecting global human population
(CIESIN et al. 2000). Figure 23.2 (in Appendix A) suggests that
coastal sewage pollution is a ubiquitous problem around the
world except for industrial countries in North America, Australia,
and Europe. Regionally, the Philippines, Latin American, Carib-
bean, and African and Asian islands stand out as having significant
problems.

Although the deleterious effects of pollution are generally rec-
ognized, the focus of attention is usually on the immediate aes-
thetic affects of very visible pollutants, such as garbage and oil
spills, or on the human health effects of bathing in contaminated
marine waters rather than the long-term deleterious effects of the
decline in the ability of an ecosystem to sustainably provide ser-
vices such as fish or coastal protection. Yet in the long term it is
the chronic rather than episodic pollution that has the greatest
impact on the limited ecosystem services of islands (Mohammed
2002; Burke et al. 2001).

Increased amounts of hazardous waste are often associated
with limited facilities for waste disposal in island systems. As such,
many inhabited and uninhabited islands face increasing problems
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of coastal pollution of land origin, as well as external pollution
threats, which may include hydrocarbon pollution originating
from local and international shipping and offshore activities and
the fast-growing threat of disposal of the toxic wastes of industrial
nations in the exclusive economic zones of developing islands and
at land sites from which coastal waters can become contaminated.
Incidents of dangerous and illegal pollutants being discharged into
streams and oceans have increased on islands, with growing ur-
banization and establishment of manufacturing industries, as a re-
sult of, among other factors, inappropriately sited and poorly
managed garbage dumps, poorly planned development, inade-
quate disposal methods, and destruction of and encroachment
onto coastal habitats (UNEP 2004a, 2004c). Moreover, the use
of agrochemicals has become standard practice in the agricultural
production systems in SIDS to respond to export requirements
(CBD 2004). The fertilizers, pesticides, and herbicides required
to maintain high crop yields contaminate aquifers and affect the
biology of sensitive riverine and coastal ecosystems (UNEP
2004b).

Islands are also facing increased problems of coastal and beach
erosion due to inappropriate forms of coastline engineering and
tourism development that often use coral and beach sand as build-
ing material. The degradation of critical ecosystems like coral
reefs, mangrove forests, and seagrass meadows reduces the natural
defenses of the coast, increasing the potential of erosion from hur-
ricanes and storms. Coastal problems are aggravated by the vul-
nerability to environmental change of many coastal habitats, such
as coral reefs, seagrass beds, and mangroves. Deterioration in coral
reefs, for example, is caused by sewage discharge, often aggravated
by tourism, and by land runoff in the form of erosion products
and chemical fertilizers and pesticides. (See Chapter 19.)

23.3.5 Economic Changes

The issues and priorities relating to economic development differ
from one island group to another and reflect the nature of the
island systems and the extent of use of island resources. For many
small island states, constraints to economic development include
a small population size, with limitations in terms of trained and
skilled personnel; limited exploitable land; an often weak infra-
structure (transport, energy, communications and the basic service
sectors, and health and education); distance from foreign markets;
a restricted and undiversified natural resource base; heavy depen-
dence on international trade; and often amorphous exclusive eco-
nomic zones with little or no protection from poaching by
foreign fishing or from mineral exploration interests.

23.3.5.1 Land Ownership

Land ownership can be an important driver of island ecosystem
change. For example, customary land tenure in island countries
such as Samoa, Papua New Guinea, or the Solomon Islands makes
it difficult to lease land for tourism, forestry, mining, or extensive
farming. Within the Pacific, land is a particularly sensitive issue,
especially in the tourism sector (Samoa 2003).

23.3.5.2 Access and Transportation

The geographical isolation of an island has a number of implica-
tions for its economy. The sourcing of raw materials and inputs
from overseas markets can be costly when minimum volumes are
required for orders. Due to this isolation from major markets,
downstream processing of local products—such as agricultural
produce and the drying, salting, and smoking of fish—is necessary.
Increased isolation for many islands has meant more reliance on
the local environment and resources.
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For some remote islands, the provision of transport service by
ferries and other forms of communication is expected to play a
crucial role in influencing island population levels, economy, and
quality of life (Cross and Nutley 1999).

23.3.5.3 Economic Diversification

Many island states have attempted to diversify their economies.
One approach adopted has been the development of island eco-
tourism, which currently has a small share of the global tourism
market but is growing rapidly, as noted earlier. The development
of offshore financial services sectors as a means to diversify island
economies has also occurred in a number of islands. This is not an
easy measure, however, as experienced by the Seychelles, where
substantial and complex levels of legislation and reporting mecha-
nisms have to be in place before an offshore center is deemed
internationally acceptable (Seychelles 2003).

Despite their geographical isolation, some islanders have mi-
grated to other islands or countries. Contrary to early concep-
tions, research has shown remittances and associated spending by
returning islanders are not unproductive expenditure but can be
a significant form of private transfer of capital. Returning migrants
represent people endowed with capital and new skills, which can
enrich the economic, social, and cultural capital stocks of island
communities, offering better prospects for development than
those offered solely by domestic economic opportunities (Connell
and Conway 2000). Compared with purely foreign investors,
capital from return migrants can be channeled into projects that
rehabilitate the island systems, such as capacity building, reforesta-
tion, integrated coastal management, policies and programs to ad-
dress beach erosion, sand mining, and coral reef conservation and
protection.

23.3.5.4 Globalization and International Trade

Globalization presents both difficulties and opportunities and has
direct and indirect impacts on the biodiversity of islands. Various
forms or types of globalization have distinct consequences for is-
land systems (Read 2004).

With increasing globalization, many SIDS are concerned with
their growing vulnerability as a whole. This is the result of their
size and persistent economic structural weaknesses, as small islands
face enormous difficulties integrating into the global economy.
Trade liberalization accompanied by the progressive removal of
trade preferences (tariffs) has severe impacts. SIDS can be margin-
alized in a world economy, as they are unable to compete due to
high costs arising from their small size and geographical isolation.

For some islands with natural and primary resources, global-
ization presents an opportunity to gain access to new markets,
facilitate the transfer of new technologies, and increase productiv-
ity. Their development is therefore dependent on the country’s
capacity to participate in a world economy, especially in agricul-
ture and tourism. For economic development in many small is-
lands, the choice is to be part of the global economy (Prasad
2001). Their governments encourage investments through trans-
national firms and policies, but these are sometimes influenced by
international agencies such as the International Monetary Fund
and the World Bank (Prasad 2001).

Globalization has had negative impacts on many island re-
sources, however, particularly fisheries and agriculture. For exam-
ple, longline fishery operations opened to foreign investors have
negative impacts on migratory species, such as tuna. Increasing
fishing efforts and new technology have depleted many local
fisheries (Hunt 2003). This is compounded by often-illegal access
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to and overexploitation of the marine resources in the exclusive
economic zones of many island states.

The global agro-food complex has increasingly embraced the
most isolated and peripheral small island nations in the Pacific
since the 1980s. This has had a negative impact on the environ-
ment. In Tonga, for instance, foreign investment has boosted the
commercial production of squash pumpkin for Japan, with dire
environmental consequences through the excess use of pesticides.
And on Niue, taro production for the New Zealand market has
destroyed biodiversity, disturbed animal habitats, and depleted soil
nutrients, while fertilizers and insecticides have had an enormous
impact on the water resource of the atolls (Murray 2001).

Globalization has implications for both individual and groups
of island nations. Both have to restructure their economies to
tackle mounting globalization, and one way is through the cre-
ation of regional markets or partnerships (Read 2004). CARI-
COM is one example of a successful association of small states.

23.3.6 Short-term Disturbances and Natural Events

Natural hazards, as extreme events such as earthquakes, droughts,
floods, volcanic eruptions, hurricanes, and their follow-on effects
such as storm surges or tsunamis, have a major impact on natural
environments and human well-being at a global scale. The conse-
quences of those same hazards are enhanced by the ‘‘isola effect,’’
and they can have an even more critical impact on an island’s
systems and the well-being of its inhabitants.

Those islands located barely above sea level, such as the Mal-
dives, are among the most vulnerable to the effects of extreme
weather conditions and other natural hazards. The limited area of
islands and their isolation due to the surrounding sea further in-
creases their vulnerability to natural hazards. The changes in tem-
perature and rainfall projected by the IPCC, for instance, could
disrupt terrestrial and marine ecosystems of most islands, especially
small ones (Lal et al. 2002).

The low coastal elevations also make the populations vulnerable
to vector-borne diseases associated with waterlogged conditions,
such as dengue and malaria. For instance, positive correlations
between the El Niño/Southern Oscillation Index and dengue
fever have been reported in 10 island countries of the South Pa-
cific (Hales et al. 1999). In addition, global changes resulting in
extremes of rainfall seem likely to have exacerbated diarrhea ill-
ness in many Pacific islands (Singh et al. 2001).

The impacts of cyclones on native wildlife include, among
other things, high mortality due to the cyclone itself, starvation as
a result of the disappearance of food and feed for long periods after
the cyclone, predation of grounded wildlife by domestic animals,
hunting by humans, failure to breed, and degraded health of habi-
tats and ecosystems (UNEP 2004a).

Many islands situated near geological subduction zones, such
as the islands of Indonesia and the Philippines, are prone to disas-
ters associated with earthquakes and volcanic eruptions. Others,
such as islands in the Pacific and Caribbean, are in regions that are
subject to tsunamis. Low-lying islands are especially vulnerable to
climate-induced hazards from sea level rise and tropical storm
surge because of their high coastal-zone-to-land ratio, thereby re-
ducing environmental security.

In general, nature and society are adapted to local climatic
conditions. While climate is often considered in terms of averages,
the extremes are at least as important in determining a region’s
climate. For instance, it is becoming clear that a warmer atmo-
sphere will result in a greater number of extreme heat waves. In
addition, a warmer atmosphere can hold more moisture, so
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changes in the hydrological cycle could alter flood and drought
patterns at all scales, including islands of any size.

It is already known that tropical cyclones are the major cause
of storm surges that affect small islands in the Atlantic, Pacific, and
Indian Oceans. The devastating effects of recent hurricanes have
received extensive coverage by the media. As mean sea level rises,
present extreme levels will be attained more frequently, and new
higher levels will result in significant increases in the area threat-
ened with flooding. This will be especially true in areas where the
height between sea surge and populated areas is low—in other
words, there is a small surge envelope, which is typical for most
small islands. Under such circumstances, even incrementally small
elevations in sea level would have severely negative effects on
atolls and low islands (Forbes and Solomon 1997; Nicholls et al.
1999).

23.3.7 Climate Change and Sea Level Rise

Many islands are likely to be among the communities most ad-
versely affected by climate change as a result of their small size,
their economic dependence on a limited number of natural
resource–based sectors (particularly agriculture, tourism, and ex-
tractive industries), and their limited human and financial capaci-
ties (IPCC 2001). Although the full impact of climate change on
islands is far from certain, adverse consequences are predicted
under probable scenarios for several systems (IPCC 2001). One
of the most significant impacts of current climate change is sea
level rise. This is predicted to lead to inundation of coastal areas
and islands; shoreline erosion and the destruction of important
island ecosystems such as coral reefs, wetlands, and mangroves;
soil salinization; and the intrusion of saltwater into groundwater
aquifers.

The IPCC Third Assessment Report indicated a sea level rise
of as little as 1 millimeter a year during the twentieth century
(IPCC 2001). During the last hundred years, the sea level has
risen 100–150 millimeters, and a further rise in global sea level in
the range of 350–1,100 millimeters between 1990 and 2100 is
predicted, although local rates may vary from negative to positive
values, depending on other localized effects (IPCC 2001). The
‘‘best estimate’’ in this range results in a 660-millimeter rise by
2100. This is mainly attributed to thermal expansion of the upper
ocean layers and to melting of glaciers and small ice caps. There
are, however, many uncertainties in identifying and assessing the
causes of sea level trends. (See Figure 23.3.)

As most islands belong to developing countries, they are espe-
cially vulnerable to sea level rise due to their limited financial
resources to respond to this and other natural hazards. Several
small islands, such as the Maldives in the Indian Ocean and the
Marshall Islands and Tuvalu in the Pacific, could face total inun-
dation within this century if rates of sea level rise accelerate. This
impact is also predicted for archipelagos such as the Philippines
and Indonesia, where millions of inhabitants face displacement
from their homes from sea level rise. Most of their populations
live very close to the sea, and a rise of as little as a meter could
prove devastating. Before their lands are lost underwater, some
will face loss of their freshwater supply due to saltwater intrusion,
contributing to an increasing shortage of the water supply. Sea
level rise will also cause increased pressure on forest reserves due
to loss of coastal agricultural land by salination and will lead to
migration or loss of wildlife species.

Projected global temperature increases are not expected to
have widespread adverse consequences on the terrestrial ecosys-
tems in tropical SIDS (IPCC 2001). Some changes are likely to
occur, however, especially alteration of species ranges, an increase
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Figure 23.3. Ranges of Uncertainty for the Average Rate of Sea
Level Rise and Estimated Contributions from Different
Processes, 1910–90 (IPPC 2001)

in forest pest and diseases, reduction of food and water available
for wildlife, and an increase in forest fire frequency, especially
where precipitation remains the same or is reduced. The quantity
and quality of available water supplies can affect agricultural pro-
duction and human health. Similarly, changes in sea surface tem-
perature, ocean circulation, and upwellings could affect coastal
organisms such as corals, mangroves, seagrasses, and fish stocks.
Tourism could also be affected through beach erosion, loss of
land, and degraded reef ecosystems, as well as changes in seasonal
patterns of rainfall (Nurse et al. 2001).

The SIDS account for less than 1% of global greenhouse gas
emissions but are among the most vulnerable of all areas to the
potential adverse effects of climate change and sea level rise (Jones
1998; Nurse et al. 1998).

Among many relevant examples, Pacific islands provide a clear
case study on the issue of climate change and sea level rise. De-
spite having persistent trade winds and convergence zones, the
climate of the Pacific Islands region continues to be dominated
by interannual variability associated with El Niño/Southern Os-
cillation events and by extreme events such as tropical cyclones,
floods, and drought. Due to the enhanced greenhouse effect, the
region will likely warm by 0.6–3.5� Celsius and the climate may
become a more El Niño–type, with the central and eastern equa-
torial Pacific warming more than the western Pacific and with a
corresponding mean eastward shift of precipitation.

Future ENSO events are likely to result in anomalously wet
areas becoming even wetter and unusually dry areas becoming
even drier (Hay et al. 2003). Also a general increase in tropical
cyclone intensity is likely with an eastward extension of their area
of formation. With climate change, the Pacific will also experi-
ence a rising sea level. However, interannual variations in sea level
associated with ENSO and storm surges associated with tropical
storms are likely to be of greater significance than a longer-term
sea level rise over decades. (See also Chapter 19.)

23.4 Human Well-being in Island Systems
Islands are not being treated here as one global ecosystem. Islands
are recognized as systems each with a variety of ecosystems, and
thus of ecosystem services. Combining islands of similar geo-
graphic latitudes allows for recognition of similarities in ecosys-
tems on islands. But as there is no global ‘‘island ecosystem,’’
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common conditions as well as common trends cannot be pre-
sented at a global scale.

Another issue faced in the assessment of conditions and trends
in this chapter is that only a few examples have been selected from
particular islands and island groups. It was impossible to include
all global islands in this assessment. However, an assessment of
certain groups of islands—such as small islands off California,
Mexico, and Australia as well as Pacific tropical islands (the Philip-
pines and Indonesia) or subantarctic islands—does allow for gen-
eral conclusions to be drawn. As people are a major presence in
the coastal zones of islands, see also the information on coastal
communities and human well-being in Chapter 19.

23.4.1 Vulnerability and Adaptation

The small size of many islands makes the people living there gen-
erally more vulnerable environmentally, economically, and so-
cially. Their vulnerability arises from islands’ limited resources,
export concentration, high dependence on strategic imports, re-
moteness and high transportation costs, external shocks beyond
their control, structural handicaps, and susceptibility to natural
disasters exacerbated by climate change and sea level rise.

23.4.1.1 Adaptation to Sea Level Rise

Owing to their high vulnerability and low adaptive capacity to
climate change, island communities have legitimate concerns
about their future on the basis of the past and present climate
model projections. Economic development, quality of life, and
alleviation of poverty presently constitute the most pressing con-
cerns of many small island states. Thus, with limited resources and
low adaptive capacity, these islands face the considerable challenge
of charting development paths that are sustainable and that control
greenhouse gas emissions, without jeopardizing prospects for eco-
nomic development and improvements in human welfare (Mu-
nasinghe 2000; Toth 2000). At the same time, islands are forced
to find resources to implement strategies to adapt to increasing
threats resulting from climate change, a process to which they
contribute very little (Hay and Sem 1999; Sachs 2000). Conse-
quently, the already meager resources of these island states will be
placed under further pressure.

One of the most serious considerations for some small islands
is whether they will have adequate potential to adapt to sea level
rise within their own national boundaries (Nurse 1992; IPCC
1998). For islands where physical space is already very scarce, ad-
aptation measures such as retreat to higher ground or a set distance
separating structures from the shore would appear to have little
practical utility. In extreme circumstances, sea level rise and its
associated consequences could trigger abandonment and signifi-
cant out-migration at great economic and social costs (Leather-
man 1997; Nicholls and Mimura 1998).

23.4.1.2 Island Vulnerability

Many studies have tried to assess the ecological and economic
vulnerability of island systems along different spatial scales (e.g.
Sax 2001; Courchamp et al. 2003). The results of such exercises
are somewhat contradictory. Many authors have suggested that
the main issues are not isolation and smallness themselves, but
development problems, which may be proportionately larger for
island systems. According to Farrell (1991), essential problems of
small island states have little to do with their smallness and may
be more a matter of degree, although he admits that smallness
may exacerbate the problem and its effects. An alternative view
on the viability-size issue was presented by Dommen (1980), who
compared a sample of small island countries with a similar set of
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continental countries with respect to a number of social and natu-
ral characteristics and concluded that size was an important factor.

While all developing countries face challenges in addition to
the general problems of development, such as political interfer-
ence, requirements for environmental friendliness, and sustain-
ability, island nations experience specific problems arising from
their limited area of land and thus have a higher exposure to inter-
actions and exchanges of materials and energy flows than conti-
nental nations do. This vulnerability is presumed to be negatively
correlated with size but is also affected by a suite of other factors:
remoteness, geographical dispersion, proneness to natural disas-
ters, the vulnerability of ecosystems to disturbance and human
effects, constraints on transport and communication, isolation
from markets, exposure to exogenous economic and financial
shocks, a highly limited internal market, lack of land natural re-
sources, limited freshwater supplies, heavy dependence on im-
ports and limited commodities, depletion of nonrenewable
resources, migration (particularly of skilled personnel), and a lim-
ited ability to diversify and to reap the benefits of economies of
scale.

Recently, economic hegemony and new communications
technology are seriously challenging these concepts of insularity.
In economic terms, island-based societies like Aruba, Iceland,
Bermuda, and French Polynesia are counted among the world’s
richest people, while those of São Tomé and Principe, Vanuatu,
and the Maldives are counted amongst the poorest (Baldacchino
2004). In short, some islands with a large area but sparse human
population and a limited economy that may be classified as small,
while others, small in area, have gross disposable products as large
as or larger than some continental economies.

There are exceptions to the typical pattern of island vulnera-
bility as defined in terms of size, population, or GDP. For exam-
ple, Singapore and Barbados have demonstrated that being
physically small and lacking significant natural resources are not
necessarily limitations to economic growth and prosperity. Also,
some of the richest islands are heavily dependent on one or two
exports such as tourism and financial services to generate consid-
erable growth. However, all remain vulnerable to external shocks
(Clayton 2004; Crowards 2004).

There have been efforts to develop a vulnerability index for
small islands for a number of years, as a relatively high GNP per
capita gives the impression of economic strength when in reality
island economies depend on and are determined by external
forces (Briguglio 1995; UWICED 2002). All SIDS have favored
the development of appropriate vulnerability sub-indices as mea-
sures of the new index. Currently, the vulnerability index has yet
to be accepted as an alternative to the dominant GDP per capita
measure (Seychelles 2004).

Among some islands, exposure to natural hazards reflects the
degree of their vulnerability to change; on others, however, this
relationship is not applicable because vulnerability can be reduced
through appropriate planning and preparation—as illustrated by
reduced casualties from hurricanes in Cuba, which has a high level
of planning and state-led provision for cyclones (Clayton 2004).

Some island states have argued for a more positive approach
to the concept of vulnerability of island systems through advocat-
ing the concept of resilience—that is, increased resilience means
decreased vulnerability, and vice versa (Barnett 2001). By recog-
nizing their vulnerability, communities can build their resilience
through appropriate actions and programs. Many instances of suc-
cessful resilience could be emulated; they arise from a combina-
tion of factors from good governance, sound macroeconomic
framework, market reform, labor productivity, social cohesion,
and protection and sustainable management of the environment,
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including increased energy efficiency, promotion of waste man-
agement, improvement of freshwater resources management, and
promotion of sustainable use of biodiversity and natural resources
(Report 2004).

23.4.2 Integrated Island Systems Management

For island States, the island systems management approach, as a
multidisciplinary, integrated mechanism, offers an adaptive man-
agement strategy that both addresses the issue of resource-use
conflict and provides the necessary policy orientation to control
the impacts of human intervention on the physical environment
of islands. It was developed by the Organization of the Eastern
Caribbean States and adopted by the First Ministerial Meeting on
the Implementation of the Barbados Programme of Action (held
in Barbados in November 1997). However, its effectiveness de-
pends on an institutional and legal framework that coordinates the
initiatives of all sectors, both public and private, to ensure the
achievement of common goals through a unified approach.

The long-term development objectives of islands also need to
be considered. Despite physical and natural resource limitations,
important consideration will need to be given to integrated plan-
ning, social cohesion, increased attention to managing biodiver-
sity (in particular, invasive species), and a strengthening of
territorial planning if islands are to become economically, socially,
and ecologically resilient and self-sufficient.
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Main Messages

Half of the human population depends on mountains. Defined by elevation
above sea level (minimum between 300 and 1000 meters, depending on lati-
tude), steepness of slope (at least 2� over 25 kilometers, on the 30 arc-second
grid), and excluding large plateaus, mountains occupy about one fifth of the
terrestrial surface. Twenty percent (1.2 billion) of the world’s human population
lives in mountains or at their edges, and half of humankind depends in one
way or the other on mountain resources (largely water).

Mountains are characterized by high biodiversity. Because of the compres-
sion of climatic life zones with altitude and small-scale habitat diversity caused
by different topoclimates, mountain regions are commonly more diverse than
lowlands and are thus of prime conservation value. They support about one
quarter of terrestrial biodiversity, with nearly half of the world’s biodiversity hot
spots concentrated in mountains. Geographically fragmented mountains sup-
port a high ethnocultural diversity. For many societies, mountains have spiritual
significance, and scenic landscapes and clean air make mountains target re-
gions for recreation and tourism. Thirty-two percent of protected areas are in
mountains (9,345 mountain protected areas covering about 1.7 million square
kilometers).

Mountain ecosystems are exceptionally fragile. Mountains are subject to
both natural and anthropogenic drivers of change. These range from volcanic
and seismic events and flooding to global climate change and the loss of
vegetation and soils because of inappropriate agricultural and forestry prac-
tices and extractive industries. Mountain biota are adapted to relatively narrow
ranges of temperature (and hence altitude) and precipitation. Because of the
sloping terrain and the relatively thin soils, the recovery of mountain ecosys-
tems from disturbances is typically slow or does not occur.

Human well-being depends on mountain resources. These ecosystems are
particularly important for the provision of clean water, and their ecological in-
tegrity is key to the safety of settlements and transport routes. They harbor
rich biodiversity and contribute substantially to global plant and animal produc-
tion. All these services depend on slope stability and erosion control provided
by a healthy vegetative cover. As ‘‘water towers,’’ mountains supply water to
nearly half the human population, including some regions far from mountains,
and mountain agriculture provides subsistence for about half a billion people.
Key mountain resources and services include water for hydroelectricity, flood
control, mineral resources, timber, and medicinal plants. Mountain populations
have evolved a high diversity of cultures, including languages, and traditional
agricultural knowledge commonly promotes sustainable production systems. In
many mountain areas, tourism is a special form of highland-lowland interaction
and forms the backbone of regional as well as national economies.

In general, both poverty and ethnic diversity are higher in mountain re-
gions, and people are often more vulnerable than people elsewhere.
Ninety percent of the global mountain population of about 1.2 billion people
lives in developing countries and countries in transition—with one third of these
in China and half in the Asia-Pacific region. Some 90 million mountain peo-
ple—and almost everyone living above 2500 meters—live in poverty and are
considered especially vulnerable to food insecurity. Land use pressure puts
mountain ecosystem integrity at risk in many parts of the world. Industrial use,
forest destruction, overgrazing, and inappropriate cropping practices lead to
irreversible losses of soil and ecosystem function, with increased environmen-
tal risks in both mountains and adjacent lowland areas.

Mountains often represent political borders, restrict transport to narrow
corridors, and are refuges for minorities and political opposition. As such
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they are often focal areas of armed conflicts. Further conflicts arise from the
commercial exploitation of natural resources, usually by outside interests, and
from ambiguity regarding traditional land use rights. Profits from extractive in-
dustries in mountains are not systematically reinvested either in the manage-
ment of upland resources or the provision of benefits to mountain communities.
Both poverty and remoteness are responsible for poor medical care and edu-
cation systems in many mountain regions.

Strengthened highland-lowland linkages improve sustainability for both
upstream and downstream populations. Lowland-highland relationships,
whether formal or informal, have the potential to pay for investments in protec-
tion and sustainable use of mountain resources. When full costs are taken into
account, stewardship of upland resources generally yields greater and more
sustainable economic returns both to the people living in the mountain areas
and to the immediate downstream economies when compared with extractive
activities. In many cases, the focal point of such interactions has been based
on providing a sustainable and clean supply of water, the most important and
increasingly limiting mountain resource. In steep terrain, more than anywhere
else, catchment quality is intimately linked to ecosystem integrity and function-
ing. Thus environmental conservation and sustainable land use in the world’s
mountains are not only a necessary condition for sustainable local livelihoods,
they are also key to human well-being for nearly half the world’s population
who live downstream and depend on mountain resources.

24.1 Introduction and Scope of Global Mountain
Systems
Since its existence, the surface of Earth has always been subject to
tectonic forces that with the action of gravity and the erosive
power of water have shaped landscapes into mountains, hills, low-
land forelands, and old tableland. (See Figures 24.1–24.4.) Moun-
tains are very attractive to outsiders, but the physical conditions
challenge those living in these regions. Of the approximately 1.2
billion mountain people worldwide (20% of world population),
only 8% inhabit places above 2,500 meters elevation. The key
functions of mountains for humanity are frequently overlooked,
such as the headwaters of river systems that supply nearly half of
humanity with water. This chapter assesses the available knowl-
edge on physical, biological, economic, and social conditions in
the world’s mountain areas and describes their likely future.

24.1.1 Definitions of Mountains and Altitude Belts

Since the transition from lowland plains to mountain terrain is
usually gradual, the definition of mountains is based on conven-
tion. For the purpose of this assessment, inclusive rather than se-
lective criteria were adopted to define the mountain system. The
three major problems that needed to be resolved were latitudinal
differences in climate from the equator to the poles and thus the
variable altitude of different life zones (hill, montane, alpine,
nival); the relative importance of elevation versus slope (high alti-
tude plains versus steep slopes of lowland hills, for example); and,
tied to both these, the definition of the lower limit for mountain
terrain. For practical reasons, local climatic and topographic pecu-
liarities could not be accommodated.

One common definition (and the one adopted by the United
Nations Environment Programme World Conservation Monitor-
ing Centre) is a lower limit of 300 meters (Kapos et al. 2000). (See
Box 24.1 here and Figure 24.5 in Appendix A.) Alternatively, the
lower limit has been set at 1,000 meters at the equator (the upper
limit of many tropical plant species including the coconut palm),
gradually decreasing to about 300 meters at the 65� northern and
55� southern latitude, reaching sea level at a short distance beyond
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Figures 24.1–4. Mountains of the World. From top to bottom:
Cradle Mountains, Tasmania, at 1,100 meters; Monte Rosa Glacier
near Matterhorn, Switzerland, in the Central Alps at 3,000 meters;
World Heritage Site Sichuan, Northwest China; Paddy field slope
agriculture and deciduous montane forest (background) near
Kathmandu, Nepal, at 1,200 meters.
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BOX 24.1

Defining Mountains by Topography Only

Kapos et al. (2000) used criteria based on altitude and slope in combi-
nation to represent the world’s mountain environments. Topographical
data from the GTOPO30 global digital elevation model (USGS EROS
Data Centre 1996) were used to generate slope and local elevation
range on a 30 arc-second (about 1 kilometer) grid of the world. These
parameters were combined with elevation to arrive at empirically de-
rived definitions of six elevation classes. To reduce projection distortion
in the original data set, analysis was based on continental subsets in
equidistant conic projection. The global mountain area thus defined is
almost 40 million square kilometers, or 27% of Earth’s surface. Assum-
ing a lower mountain boundary of 1,000 meters at the equator and a
linear reduction of this boundary to 300 meters at 67�N and 55�S
reduced the total ‘‘mountain’’ land area by 5.4 million square kilometers
or 3.7 % of the global land.

Class 1, elevation � 4,500 meters
Class 2, elevation 3,500–4,500 meters
Class 3, elevation 2,500–3,500 meters
Class 4, elevation 1,500–2,500 meters and slope � 2
Class 5, elevation 1,000–1,500 meters and slope � 5 or local ele-

vation range (7 kilometer radius) �300 meters
Class 6, elevation 300–1,000 meters and local elevation range (7

kilometer radius) �300 meters outside 23�N—19�S
Class 7, isolated inner basins and plateaus less than 25 square

kilometers in extent that are surrounded by mountains but do not
themselves meet criteria 1–6 (this seventh class was introduced
in the 2002 revision of the original 2000 system)

these latitudes, where the alpine merges with the polar life zones.
Ideally, however, the lower mountain limit should be defined cli-
matically, irrespective of latitude. But this would require a world
topoclimate map, which is currently not available.

The choice of convention is important because it has a large
influence on the global mountain area. The UNEP-WCMC
definition gives the global mountain area at about 23%, whereas
under the second definition it accounts for about 19% of the
global land area. For this review, flat terrain (basins or plateaus)
below 2,500 meters elevation was excluded if the aerial extent of
such plains exceeded 25 square kilometers. In essence, the defini-
tion used here followed that by Kapos et al. (2000).

In this global assessment, three belts were distinguished for
mountain regions where precipitation regimes allow forest
growth. In treeless arid or semiarid regions, analogues to these
belts can be defined. (See Figure 24.6.)
• The montane belt (see Figure 24.7) extends from the lower

mountain limit to the upper thermal limit of forest (irrespec-
tive of whether forest is present or not). This limit has a mean
growing season temperature of 6.7 � 0.8�C globally, but is
closer to 5.5�C near the equator and to 7.5�C at temperate
latitudes. Between 40�N and 30� S, this belt covers a range of
2,000–3,000 meters of elevation. Note the difference between
mountain and montane.

• The alpine belt (see Figure 24.8) is the treeless region between
the natural climatic forest limit and the snow line. The term
‘‘alpine’’ has many meanings, but here it refers strictly to a
temperature-driven treeless high-altitude life zone that occurs
worldwide and not solely in the European Alps (the term
‘‘alp’’ is of pre-Indo Germanic origin). Some synonyms such
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Figure 24.6. Classic Humboldt Profile of the Latitudinal Position of Altitude Belts in Mountains across the Globe and Compression
of Thermal Zones on Mountains, Altitude for Latitude. Grey is montane; black is alpine; white is the nival belt. (Körner 2003)

Figure 24.7. Montane Rainforest, Kilimanjaro, at 2,600 Meters

Figure 24.8. Alpine Grassland in the North Argentinean Andes
at 4,100 Meters
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as ‘‘andean’’ and ‘‘afro-alpine’’ are in common scientific use.
Land cover is dominated by grassland or low stature shrub-
land. Outside subpolar regions (�60�N, �50�S), the alpine
belt extends over an elevation range of 800–1,200 meters,
with its lower boundary varying from about 500–4,000 me-
ters above sea level, depending on latitude.

• The nival belt (see Figure 24.9) is the terrain above the snow-
line, which is defined as the lowest elevation where snow is
commonly present all year round (though not necessarily with
full cover). While the lower part of the nival belt is still rich
in living organisms, usually very little plant and animal life is
found beyond 1,000–2,000 meters above the tree line, al-
though animals and flowering plants can be found up to
around 6,000 meters in some parts of the world.
The critical bioclimatic reference line that permits global

comparison and ‘‘calibration’’ is the high elevation tree line. The
thermal limit for forest growth is surprisingly consistent world-
wide and holds as a reference for all mountains where moisture
permits tree growth. It is important to note that this may not be
a visible line in many mountains, because forests have been re-

Figure 24.9. Snow and Rock Fields in the Nival Zone in the
Swiss Alps at 2,700 Meters
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placed by pastures or cropland. These alternative land cover types
are still categorized as ‘‘montane’’ when they occur below the
thermal forest limit. Within the montane belt, different altitude-
specific forest belts can be distinguished at lower latitudes, and the
number of belts decreases toward higher latitudes. These belts are
often referred to as lower-, mid-, and upper-montane.

24.1.2 Aerial Extent and Main Mountain Ranges

The Eurasian landmass has by far the largest mountain area of all
continents; all of the world’s mountains above 7,000 meters are in
Asia, and all peaks above 8,000 meters are situated in the Greater
Himalaya range. The Tibet (Qing Zang) Plateau is the most ex-
tensive inhabited land area above 2,500 meters elevation. Exclud-
ing Antarctica, South America has the second most extensive area
of high elevation land, and the world’s highest point outside Asia
(Aconcagua, at 6,962 meters). Antarctica and Greenland also fig-
ure prominently, in part due to the extent and thickness of their
icecaps.

Most of the world’s mountain areas are found in the Northern
Hemisphere and in temperate–sub-tropical latitudes (the Eurasian
ranges and the North American cordilleras). (See Tables 24.1 and
24.2.) In addition, there are extensive mountain systems in the
boreal (for example, Altai) and the subpolar (northeast Siberia, for
instance) zones. In the Southern Hemisphere, the largest moun-
tain systems are the Andes and the mountains of the Southeast
Asian archipelago (such as New Guinea). Important but compara-
tively smaller mountain systems are also found in Africa, Australia,
and New Zealand. More than a third of the montane belt is cov-
ered by forest, and perhaps as much as half could be potentially
be covered by forest—that is, the cover is not limited by climate
(see Table 24.3)—but has been converted to more open vegeta-
tion and agricultural lands by logging, fire, and grazing.

Table 24.1. Estimated Global Mountain Area by Continent Based on Topography Alone (Kapos et al. 2000)

Region >4,500 Meters 
3,500–4,500

Meters
2,500–3,500

Meters

1,500–2,500
Meters and
Slope > 2°

1,000–1,500
Meters and

Slope >5° or
Local Elevation

Range >300
Meters

300–1,000
Meters and

Local
Elevation

Range > 300
Meters

Total
Mountain

Area
(square kilometers)

North America 197 11,417 200,830 1,092,881 1,104,529 1,840,140 4,249,994

Central America 38 968 67,127 353,586 259,367 412,215 1,093,301

Caribbean 32 2,809 5,528 38,322 46,691

South America 154,542 583,848 374,380 454,417 465,061 970,707 3,002,955

Europe 225 497,886 145,838 345,255 1,222,104 2,211,308

Africa 73 4,859 101,058 559,559 947,066 1,348,382 2,960,997

Middle East 40,363 128,790 339,954 906,461 721,135 733,836 2,870,539

Russian Federation 31 1,122 31,360 360,503 947,368 2,961,976 4,302,360

Far East 1,409,259 741,876 627,342 895,837 683,221 1,329,942 5,687,477

Continental Southeast Asia 170,445 107,974 97,754 211,425 330,574 931,217 1,849,389

Insular Southeast Asia 22 4,366 34,376 120,405 157,970 599,756 916,895

Australia 385 18,718 158,645 177,748

Oceania 41 7,745 29,842 118,010 155,638

Antarctica 17 1,119,112 4,530,978 165,674 144,524 327,840 6,288,145

Total 1,774,987 2,704,557 6,903,118 5,277,525 6,160,158 12,993,092 35,813,437
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Slope, aspect, and altitude determine many of the fundamental
characteristics of mountain environments. Gravity-driven topo-
graphic diversity adds significantly to the small-scale variation in
life conditions. Geographic position such as latitude and distance
from oceans affects climate and local weather patterns, making
some mountains almost permanently wet, others dry, and some
highly seasonal. Geological substratum adds a further dimension
of geo-diversity and influences soil type and development, ero-
sion processes, and vegetation cover.

Mountain climate shows a number of common features glob-
ally, but it can vary greatly regionally and locally. Several factors
relevant to life processes change predictably with altitude and un-
derlie the marked environmental gradients typical of high moun-
tains. The most important common components are reduced
pressure and reduced air temperature, with the associated reduc-
tion of water vapor pressure deficit. On average, temperature de-
clines by 5.5 K per kilometer of elevation (but differs diurnally,
seasonally, latitudinally, and from region to region), and air pres-
sure (and with it, the partial pressures of oxygen and carbon diox-
ide) decreases by about 10% for every kilometer of elevation.
Clear sky solar radiation increases with altitude, and higher maxi-
mum radiation and a greater short wave radiation (UV) are typical
for higher elevations. However, clouds and fog may reverse altitu-
dinal trends in solar radiation (Yoshino 1975; Barry 1992; Körner
2003).

Physical processes, in large part related to gravity, include ero-
sion, landslides, mud flows, avalanches, and rockfall, and these
determine life conditions in many parts of the world’s mountains.
At a more regional scale, volcanism and the associated sedimenta-
tion and slope processes affect biota and can have dramatic impact
on people’s life conditions. These physical phenomena of the
mountain environment become enhanced when seismic activity
comes into play, which is particularly the case in geologically
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Table 24.2. Global Mountain Area Based on Broad Biomes in Mountains, Using Different Classification Schemes (FAO 2001;
Holdridge 1967; Ramankutty and Foley 1999; Udvardy 1975; Olson et al. 2001)

Broad Mountain Biome

Area Share of Total

FAO Holdridge
Ramankutty
and Foley Udvardy Olson FAO Holdridge

Ramankutty
and Foley Udvardy Olson

(thousand square kilometers) (percent)

Desert 4,276 7,453 2,968 7,590 5,227 12.9 22.6 9.2 22.9 15.8

Forest and woodland 8,159a 15,476 14,248 13,428 15,819 24.7 46.9 44.3 40.6 47.8

Grassland, savanna, steppe 2,334 5,773 11,224 1,420 7,970 7.0 17.5 34.9 4.3 24.0

Mixed 1,834 0 0 8,470 1,213 55.4 0.0 0.0 25.6 3.7

Treeless alpine 0 4,291 3,729 2,206 2,899 0 13.0 11.6 6.7 8.8

Total 33,104 32,993 32,168 33,113 33,128 100 100 100 100 100

a The FAO mountain forest fraction is smaller because of a broadly defined “mixed land cover” category, which includes fragmented tree cover that is
treated as forest in other statistics.

Table 24.3. Altitudinal Distribution of Land Area and Forest Cover for World’s Mountains (Modified from Kapos et al. 2000)

Elevation Class
Global Land 

Area
Share of 

Global Total
Global Mountain 

Area
Share of 

Global Land Area
Mountain 

Forest Area 

(mill. sq. km) (percent) (mill. sq. km) (percent) (thousand sq. km)

>4,500 meters 1.8 1.0 1.8 1.2 23.3a

3,500–4,500 meters 2.7 2.3 2.7 1.8 141.4

2,500–3,500 meters 6.9 7.8 6.9 4.7 450.8

1,500–2,500 meters 11.9 9.5 5.3 3.6 1,551.3

1,000–1,500 meters 15.1 9.9 6.2 4.2 2,133.0

300–1,000 meters 53.3 33.6 13.0 8.8 5,179.4

0–300 meters 55.7 35.9 0.0 0.0 0

Total 147.6 100.0 35.9 24.3 9,479.2
a In large fragmented elfin wood forests by Polylepis (Andes) and Juniperus (Himalayas).

young and thus steep mountains. Economic consequences and
the death toll can be dramatic, as exemplified by catastrophic
events in the recent history of Rwanda, the Philippines, Nepal,
India, Italy, and the United States.

24.1.3 Biota

Vegetation on lower mountain slopes may be broadly similar to
that of surrounding lowlands. However, environmental gradients
linked with elevation typically lead to marked zonation. In less
humid regions, the availability of moisture may at first increase
with elevation. In drylands, this can allow tree growth on moun-
tains that emerge from treeless semi-desert plains. In humid re-
gions, epiphyte-rich evergreen cloud forest may occur above
more seasonal forest. With further elevation, temperature de-
creases to a point where tree growth cannot be sustained. There
is no common altitudinal trend of precipitation. In the temperate
zone it commonly increases with altitude, but in the tropics it
often decreases beyond a montane maximum, often leading to
semi-deserts above 4,000 meters (such as in the altiplano in the
Andes or the semiarid top of Kilimanjaro).

The altitudinal temperature gradient in mountains is about
600–1,000 times higher than the corresponding latitudinal gradi-
ent. Discernible vegetation belts on mountains may commonly
span an elevation range of 1,000 meters. Over such a range, the
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temperature change is about 5–6 K, enough to cause a full biocli-
matic vegetation belt to be replaced by another (alpine by mon-
tane forest, for example). The latitudinal increase in seasonality
and the annual temperature amplitude are mainly due to decreas-
ing winter temperature, which limits the poleward extension of
lower latitude species. Similarly, the colder climate of successive
altitude belts restricts the growth of species from lower and warmer
belts. One consequence of this is that ecosystems situated on
mountain tops, with a species composition currently restricted by
cold climate, are likely to disappear as a result of climate change.

Because of the compression of climatic zones along an eleva-
tion gradient, exposure effects, and large habitat diversity, species
richness in mountains commonly exceeds that in the lowlands at
small scales (such as hundred square meters). Within mountain
regions, species richness decreases with increasing altitude, largely
in proportion to the available land area (Körner 2000), but ende-
mism often increases, due partly to topographic isolation (Gentry
1988; Peterson et al. 1993) and the often rapid formation and loss
of links (corridors) in geological time.

Tree species diversity within a habitat commonly decreases
with altitude; for example, in the tropical Andes there is an aver-
age decrease of nine species per 100 meters increase in altitude
(Gentry 1988). Tropical mountain forests have 10 times higher
species richness than temperate ones. Globally, there are some
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10,000 species of flowering plants in the alpine belt alone—
representing about 4% of all known species and covering about
3% of the vegetated land area (Körner 1995). Some groups of
organisms (amphibia, for example, and bryophytes) may reach
their highest taxonomic diversity in the montane belt. Two types
of endemism can be prominent in mountain areas: palaeo-endemism
(the survival of evolutionary old taxa in isolated refugia, exempli-
fied by Tertiary relics of primitive angiosperms of the genera Da-
vidia, Tetracentron, Trochodendron in Southeast Asia) and neo-
endemism (more-recent speciation, for instance following the
creation of new habitats due to volcanism or other major distur-
bances).

Thirty-two percent of all protected areas are located in moun-
tainous regions, providing habitats for rare, relict, and endangered
plants and animals (UNEP-WCMC 2002). Many species that
survive in such refuges—pandas, tigers, takins, golden langurs,
condors, and tapirs, for instance—are at risk from habitat frag-
mentation, however. Extended mountain ranges with continuous
habitats provide a corridor for high altitude and cloud forest
species, avoiding densely populated lowlands.

Ecological corridors that link isolated habitats are essential for
many migrating species, which have extensive hunting or feeding
territory requirements. Corridors can also facilitate species radia-
tion, as shown for example in Espeletia, a giant rosette plant, in
the Northern Cordilleras of the Andes (Cuatrecasas 1986). Con-
necting remote nature reserves, such corridors are effective tools
to compensate for natural and human-induced fragmentation of
habitats. Bhutan, for example, has nine protected areas covering
26% of the land (all in mountains), and all protected areas are
linked by corridors, which cover another 9% of land area where
land uses are compatible with conservation objectives (Dorji
2000).

24.1.4 Social and Economic Conditions

Twenty percent of the world’s population—about 1.2 billion
people—live in mountains. Most of them inhabit lower montane
elevations, and almost half are concentrated in the Asia-Pacific
region. Of the 8% living above 2,500 meters, almost all—about
90 million—live in poverty and are considered highly vulnerable
to food insecurity. However, they have significant impact on
larger populations living at lower elevations through their influ-
ence on catchments.

Low temperatures become prohibitive for people above 2,000
meters in temperate latitudes and above 3,500 meters in tropical
latitudes (although there are exceptions up to 4,200 m), and
human activities rarely occur above 4,500 meters. Special efforts
and techniques are required to sustain agricultural production at
altitudes close to the upper tree line level.

There are many historical examples of flourishing mountain
economies based on mountain ecosystem services (including Ber-
bers, Afghan and Caucasian tribes, Tibetans, Mongolians, High-
land Papuas, Incas, and Aztecs), and many of these cultures still
survive and in some cases even thrive. Lowland economies have
generally dominated, however, because of intensive sedentary
agriculture, manufacturing based on larger scales, easier transpor-
tation and trade, urbanization and associated better education, and
the broader reach of common language and culture.

In most parts of the world, mountain areas are perceived as
economically backward and culturally inferior. But there are some
exceptions. In industrial countries, mountain areas have been
rapidly transformed economically with improved access and the
proliferation of recreational activities. In Africa, for instance,
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highland areas that grow tea and other high-value crops are more
prosperous than lowlands. More often, however, mountain re-
sources are extracted without benefit to local communities in
order to support lowland economies, thereby contributing to the
further marginalization of mountain people. Where extractive in-
dustries have been developed, mountain communities have often
become dependent on wages for their livelihoods, and asset values
and rents are usually allocated elsewhere.

With notable exceptions, particularly in areas where tourism
and amenities migration (the movement of people because of a
perceived high incidence of attractive or cultural resources) have
created pockets of wealth, mountain communities suffer dispro-
portionately from poverty and often lack even basic social services
such as education and health care facilities. This, in part, has
caused a counter movement in several mountain areas (the Andes
and Himalayas) that is strongly linked to control over mountain
resources (such as the movement of water in Bolivia).

Mountain communities are also insufficiently recognized as
rich reservoirs of traditional knowledge and cultural and spiritual
resources.

24.2 Mountain Ecosystem Services
For the purposes of this assessment, three main types of mountain
ecosystem services are addressed:
• Provisioning services: extractive resources that primarily benefit

lowland populations (water for drinking and irrigation, tim-
ber, and so on) and ecosystem production (agricultural pro-
duction for local subsistence and for export; pharmaceuticals
and medicinal plants; and non-timber forest products);

• Regulating and supporting services, such as biodiversity, water-
shed and hazard prevention, climate modulation, migration
(transport barriers/routes), soil fertility, soil as storage reservoir
for water and carbon, and so on; and

• Cultural services: spiritual role of mountains, biodiversity, recre-
ation, and cultural and ethnological diversity.
Each of these mountain ecosystem services makes specific

contributions to lowland and highland economies. Mountains
play a key role in the water cycle, with feedback to the regional
climate and by modulating the runoff regime. Tropical cloud for-
ests are particularly significant in the latter respect. Mountain veg-
etation and soils play a significant role in reducing or mitigating
risks from natural hazards. Mountain forests, for instance, protect
from avalanches and rockfall; their waterholding capacity reduces
peak stream flow; they are an important carbon pool; and they
provide timber for fuelwood and non-timber products, including
game and medicinal plants. Mountains are also used for grazing
and subsistence farming. Mountain ecosystems are significant for
global biodiversity, as noted earlier, and in addition they have
intrinsic spiritual and aesthetic value (Bernbaum 1998; Daniggelis
1997).

Table 24.4 rates ecosystem services per unit of specific type of
land area. This definition avoids a rating by the abundance of
certain land types.

24.3 Condition and Trends of Mountain Systems

24.3.1 Atmospheric Conditions

Mountains extract moisture from the atmosphere through the
orographic uplift of air masses that pass over mountain ranges. In
this sense, mountains act as ‘‘water pumps’’ by pulling moisture
from the atmosphere. Mountains also act as ‘‘water towers’’ by
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Table 24.4. Ecosystem Services in Mountains

Mountain
Type

Downslope
Safety Water Food Fiber Medicinal Cultural

Safety Dams Fresh water Energy Grazing Crop Fuel Timber Wild Cultivars (Recreational, etc.)

Alpine terrestrial +++ +++ +++ +++ ++ ● ● ● +++ ● ++

aquatic ● + +++ +++ ● ● ● ● ● ● +

Montane terrestrial +++ + +++ +++ +++ +++ ++ ++ +++ +++ ++

aquatic ● + +++ +++ ● + ● ● ● ● ++

Hills and
plateaus

terrestrial + + + + +++ o ++ ++ + + +++

aquatic ● ● + + ● ++ ● ● ● ● +

Key: ● not relevant; + relevant; ++ important; +++ very important

storing water in mountain glaciers, permafrost, snowpacks, soil,
or groundwater.

There are conflicting predictions about the rate of tropo-
spheric warming. General circulation models predict a warming
in high northern latitudes and also in the mid to upper tropo-
sphere in the tropics and sub-tropics. Many tropical and sub-
tropical mountain ranges reach the levels of the troposphere
where the warming is predicted, and the retreat of many of the
world’s glaciers is consistent with warming at higher elevations.
However, reliable assessments of the status of mountain atmo-
spheric conditions are currently limited to relatively few high-
elevation meteorological stations. For example, a transect along
the Cordilleras of the Americas shows that there are currently no
meteorological stations positioned at elevations high enough to
address the issue of potential warming in the mid-troposphere in
the tropics and sub-tropics.

24.3.1.1 Trends in Atmospheric Physics (Climate)

24.3.1.1.1 Temperature trends
Temperature changes in 1951–89 between 30� and 70� N show
that mean maximum temperatures increased slightly between 500
and 1,500 meters, with minor changes at higher elevations, while
mean minimum temperatures rose by about 0.2 K per decade
from 500 meters to above 2,500 meters (Diaz and Bradley 1997).
In the tropical and sub-tropical Andes, mean annual temperature
trends for 268 stations between 1� N and 23� S during 1939–98
(Vuille and Bradley 2000) showed an overall warming of about
0.1 K per decade, but the rate has tripled over the last 25 years to
0.33 K per decade. The warming trend declined with elevation,
especially on the Pacific slopes of the Andes, whereas in the cen-
tral Himalaya the warming trend increased with altitude (Shrestha
et al. 1999). In the Swiss Alps, temperatures increased by a total
of 1 K during the twentieth century, and milder winters now
occur (Beniston and Rebetez 1996). Temperature effects appear
to be stronger at night than during the day.

In many locations for which high-elevation monitoring data
are available, the rate at which the atmosphere cools with increas-
ing altitude (lapse rates) has shown an increase because of faster
warming at lower altitudes. However, there are exceptions. For
example, in the Colorado Front Range of the Rocky Mountains
there has been an overall cooling at 3,750 meters but warming
between 2,500 and 3,100 meters since 1952 (Pepin 2000). Gener-
ally, the increase of air temperature lapse rate on mountains at the
mid-latitudes is greater in winter than in summer (Yoshino 2002).

There have also been remarkable trends in permafrost temper-
atures. In the Swiss Alps, for example, permafrost warmed by
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about 1 K between 1880 and 1950, then stabilized, before warm-
ing accelerated between 1980 and 1994, followed by rapid cool-
ing in 1994–96, which largely offset the previous warming
(Vonder Mühll et al. 1998). Permafrost temperatures in the north-
ern Tien Shan have risen by 0.2–0.3 K over the last 25 years
(Gorbunov et al. 2000).

The position of the snow line has been similarly affected. The
snowline in mountainous areas within 10� of the equator retreated
by 100–150 meters between 1970 and 1986, which has been cor-
related with a warming of the sea surface over the eastern tropical
Pacific (Diaz and Graham 1996). On the Quelccaya Ice Cap in
Peru (14� S), meltwater penetration obliterated the uppermost
part of an important climatic record provided by the ice core that
Thompson et al. (1993) had collected only a few years earlier.
Thus, some paleo records that are vital for our understanding of
human-environment interactions are vanishing fast.

24.3.1.1.2 Precipitation and snowpack trends
Precipitation in mountain regions is best assessed through hydro-
logical budgets of catchments. This is because precipitation is
highly variable and strongly influenced by dominant wind direc-
tion (slope/aspect effects) and because precipitation analysis is
complicated by seasonality and the occurrence of extreme events
whose statistics are difficult. Records for the Alps (Gurtz et al.
2003; Beniston et al. 2003) suggest a future trend toward higher
winter and lower summer precipitation and an increase in the
altitude at which freezing occurs, with largest relative changes
occurring in alpine catchments. Less summer precipitation in
combination with higher evapotranspiration rates will lead to a
reduction in soil moisture and groundwater recharge.

Trends in snowpack and snow duration reflect the interplay
between temperature and precipitation. Snowpack has already di-
minished in montane altitudes and is likely to continue to do so,
while there may even be an increase in snowpack at upper alpine/
nival elevations due to increased solid precipitations (Beniston
2003). On average, glaciers lost 6,000 to 7,000 millimeters of
water from 1980 to 2000 (250–300 millimeters per year, based on
the glacier area). (See Figure 24.10.) Unfortunately, few meteoro-
logical stations are situated at high altitudes that could address the
extent to which the observed changes in mass balance represent
increasing summer ablation of ice and snow or a decrease in the
accumulation of solid precipitation.

24.3.1.2 Trends in Atmospheric Chemistry

24.3.1.2.1 Atmospheric deposition of nutrients and pollutants
Atmospheric processes control the deposition of long-distance
pollutants in mountain environments (nutrient enrichment of
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Figure 24.10. Mean Net Balance and Cumulative Mean Net Balance Continuously Measured for 1980–99 on 30 Glaciers in Nine
Mountain Ranges. Data for 2000 are for 29 glaciers in eight mountain ranges and preliminary results for 2001 are for 23 glaciers in six
mountain ranges. (World Glacier Monitoring Service, at http://www.geo.unizh.ch/wgms/)

mountain ecosystems and impacts on water quality). Atmospheric
deposition of nitrogen and sulfur compounds, persistent organic
pollutants, and metals such as mercury in mountainous areas is
enhanced by proximity to anthropogenic sources and precipita-
tion. For semi-volatile POPs, volatilization in warmer tempera-
tures and condensation in colder temperatures results in increased
deposition at high altitudes. For instance, semi-volatile organo-
chlorine compound deposition increased 10- to 100-fold in
snowpack with altitude (770–3,100 meters above sea level) in the
Canadian Rockies (Blais et al. 1998).

Atmospheric deposition of acids, nutrients, organochlorines,
and metals affect all components of mountain ecosystems. The
loss of acid-neutralizing capacity in soils caused by the deposition
of sulfur and nitrogen compounds reduces soil fertility and bio-
diversity and acidifies water bodies, leading to alterations in
aquatic species composition. Excess nitrogen is undesirable be-
cause it induces changes in plant species composition and nutrient
cycling, and it affects the ability of plants to withstand stress. Ni-
trogen enrichment can also increase non-native species invasions
in mountainous aquatic or wetland habitats. On the other hand,
nitrogen’s fertilizing action can be a benefit in areas where en-
hanced productivity is desired, such as in commercial mountain
forests. Rare or endemic species, often found in oligotrophic hab-
itats, are likely to become suppressed by more vigorous species of
wider distribution.

A preliminary examination indicates a pattern of biological
accumulation of POPs in animals and foliage at high altitudes
(Schindler 1999). The occurrence of the insecticide toxaphene in
fish increased by 1,000-fold over a 1,500-meter elevation range
in the Canadian Rockies, and similar patterns have been observed
in the Alps for polychlorinated biphenyl concentrations (Grimalt
et al. 2001). Organochlorines and metals are harmful to fish health
and reproductive ability, and bioaccumulation transfers poisons to
waterfowl, wildlife, and humans.

Atmospheric deposition in conjunction with other distur-
bances (such as unsuitable land use practices and floods) can create
many problems, such as losses of soil nutrients or the accumula-
tion of xenobiotic substances. For example, water from glacial
catchments was recently shown to be the dominant sources of
POPs in the mountain rivers of Alberta, Canada (Blais et al.
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2001). At the same time, however, processes such as N enrich-
ment may increase species invasions in mountainous aquatic or
wetland habitats. Glacial runoff in summer becomes channelized
on the glacier surface, funneling POPs rapidly to alpine and subal-
pine waters. Glacial meltwater also showed evidence of the accu-
mulation of tritium in glacial ice during atmospheric nuclear tests
in the 1960s and 1970s (Blais et al. 2001). There is a high proba-
bility that under a scenario of increasing global temperatures, gla-
cial melt will lead to unexpectedly high concentrations of POPs
in montane waters.

24.3.1.2.2 Carbon dioxide
Globally, mountain ecosystems at temperate latitudes are among
the largest biotic carbon reserves because these mountains tend to
be forested, accounting for, for instance, 25–50% of the contribu-
tion to the total U.S. carbon stock and up to 75% of the western
U.S. carbon stock (Schimel et al. 2002). The effects of elevated
CO2 concentration on montane forests vary with nutrient avail-
ability and species. Haettenschwiler and Körner (1998) found no
effect of elevated CO2 on the growth of montane Picea abies (Nor-
way spruce), and no effect was found in Pinus uncinata (mountain
pine) after three years of in situ free air CO2-enrichment (FACE)
at the Swiss tree line. However, deciduous larch Larix decidua
showed a continuous response, provided trees were not affected
by larch bud moth. If this trend in differential growth continues
over the long term, it would provide a clear example for CO2-
driven biodiversity effects (Handa et al. in press). Studies of eco-
system productivity in alpine grasslands in the Swiss Alps found
no detectable increase after four years of double-ambient CO2

concentration. However, higher CO2 concentrations reduced
forage quality, increased (compensatory) herbivory by grasshop-
pers during certain periods, and altered the plant community
composition (Körner et al. 1997).

24.3.1.3 Consequences of Atmospheric Changes

Environmental conditions change rapidly with elevation because
of the steep temperature and precipitation gradients. Thus, rapid
changes in life zones occur over short vertical distances, and rela-
tively small changes of the climate can induce large changes in the
area available for a given life zone (cf. Theurillat and Guisan
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2001). Because topographic effects have a greater influence than
elevation effects over conditions for life above the tree line, biota
do not necessarily occur at higher altitudes, but may form new
mosaics, with the distribution of snow often being far more in-
fluential than temperature (Gottfried et al. 1999).

Climatic change may enhance or reduce precipitation, de-
pending on the region. A reduction of moisture in already dry
mountain regions (such as the upper Erica belt on Kilimanjaro)
will enhance fire frequency. Some mountain forelands will re-
ceive less water, with disastrous consequences for marginal semi-
arid lowlands. Enhanced activities such as El Niño may in turn
expose other tropical and sub-tropical regions to excessive precip-
itation followed by floods and mudslides, as occurred recently in
Peru, Ecuador, and Colombia. In many cases, mountains are the
primary source of fresh water in these regions.

The reduction in glacier volumes is expected to have a strong
impact on dry-season river flows in rivers fed largely by ice melt
(Haeberli and Beniston 1998). This will very likely affect the
provision of downstream water for drinking, hydropower, and
irrigation. Over 65 countries use more than 75% of their available
fresh water for agriculture. These include countries with large
populations such as Egypt, India, and China, which rely heavily
on mountain discharge (Viviroli et al. 2003). Unfortunately,
mitigation efforts such as constructing dams and reservoirs are
problematic in tectonically active regions where slope stability is
further compromised by glacier recession and melting permafrost
(Haeberli and Beniston 1998). Conversely, it is likely that some
maritime mountain regions may experience increased precipita-
tion under warmer conditions, which may lead to slope instabil-
ity, mass movement, and accelerated erosion.

In the Himalayas of Nepal and Bhutan, glacier lake outburst
floods are increasing in frequency due to the rapid recession of
glaciers. It is anticipated that such events could reach rates of one
significant glacier outburst flood each year by 2010 (Kaeaeb et al.
2005), which will impose a substantial risk to downstream com-
munities and hydroelectric power schemes.

Winter tourism is particularly vulnerable to climatic change in
areas near the lower winter snowline. For example, it is likely that
a number of winter resorts in the European Alps situated below
1,500 meters above sea level will be forced to close in the near
future, which in turn will increase demand on high-elevation re-
sorts.

24.3.2 Mountain Biota

24.3.2.1 Overview of Land Cover in Mountains

Table 24.5 provides a summary of land cover in mountain areas,
obtained by overlaying the global land cover data set for 2000
(Bartholome and Belward 2004) with the modified mountain
map of Kapos et al. (2000). Based on this data set, 13.3% of the
mountain area is cultivated, while the urban (‘‘artificial’’) land
area amounts to 0.05%, or 15,400 square kilometer, making it
nearly negligible at the global scale.

Overall, it is very likely that about half of the global mountain
area is under some sort of human land use (we assume that unveg-
etated or bare land and wetlands and other water bodies, which
together amount to 14% of the global mountain area, are mostly
unaffected by humans). A considerable proportion of forests, in-
cluding plantation forests, woodlands, and shrubland as well as
herbaceous vegetation in mountains are under various human
land uses, such as silvicultural interventions and grazing. Probably
half of all temperate/boreal forests and two thirds of all tropical
mountain forests are under some sort of management (from selec-
tive logging and shifting cultivation to plantation forest).
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Wildlife—and free-roaming domestic animals—can have a
dramatic impact on land cover. For instance, much of the initial
fragmentation of montane forest on Mt. Kenya was a conse-
quence of free elephant access. By contrast, deep canyons prevent
elephant access to much of the montane cloud forest on Kiliman-
jaro, which has remained largely intact. Through wildlife man-
agement, including hunting and the extensive use of fire, wildlife
influences have been modified and have often become less impor-
tant than those of domestic animals.

24.3.2.2 Mountain Forests

Mountain forests account for 26.5% or 9.5 x 106 square kilometer
(using the 300 meters low elevation threshold in the tropics) of
the global closed forest area (Kapos et al. 2000). (See Table 24.6.)
The upper forest limit lies at around 4,000 meters in the tropics;
it gradually decreases toward the poles and ends near sea level at
the polar forest limit. On a large scale, both the mountain and
polar tree lines are set by temperature during the growing season
(Ohsawa 1990; Körner and Paulsen 2004).

In the Southern Hemisphere, current forests often do not
reach the potential climatic limit for tree growth that is predicted
for the Northern Hemisphere. (In the Southern Hemisphere, in-
troduced northern temperate trees can grow even above the in-
digenous species (Nothofagus)’s upper limit (cf. Wardle 1971).)
So native species do not always reach their life-form limit. Since
there is no land in the extreme south, deciduous and coniferous
boreal forests are absent in the Southern Hemisphere, and ever-
green temperate trees form the southern forest limit.

A continuous zonation of humid forests from the equator to
the poleward forest limit can be observed in the mountain chains
from humid, monsoon Southeast Asia to East Asia, and from the
Northern to Southern Andes. In the other parts of the world, the
forest area is interrupted by drylands between the equatorial and
the temperate mountains.

The number of distinct elevational belts within the montane
forest belt decreases toward higher latitudes (Holdrige 1967;
Brown et al. 1991). Humid tropical montane forests are domi-
nated by evergreen broad-leaved trees, from the foothills to the
upper forest limit. (See Figure 24.11.) In temperate mountains, a
marked altitudinal sequence of evergreen, deciduous, and conifer-
ous forests can be found, but this varies from continent to conti-
nent. In North America and Europe, the evergreen broad leaf
component is missing, while New Zealand has no conifer or de-
ciduous belt. The presence or absence of conifers and deciduous
trees in tropical versus temperate mountains suggests large differ-
ences in ecosystem functioning (seasonality, water, and nutrient
relations).

24.3.2.2.1 Natural, unmanaged forests

Natural, unmanaged mountain forests are becoming rare. They
are often isolated or fragmented but host a rich and original flora
and fauna. What is commonly termed ‘‘natural’’ may still include
some human activities, but these do not normally alter the abun-
dance and composition of forest species. Many of these forests
are relicts with varied protection status. Nearly 10% of the global
mountain forests are under some sort of protection (UNEP-
WCMC 2002). Recent networks of protected areas in many parts
of the world aim at establishing connections using ecological cor-
ridor systems (for example, Bhutan). These forests are essential to
protect fragile mountain slopes from erosion and leaching proc-
esses and as reservoirs of species for resettlement of deforested,
fragmented, or newly created habitats affected by anthropogenic
or natural disturbances.
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Table 24.5. Land Cover in Mountains. The share of different land use types in each biogeographical zone is provided in parentheses.
(Bartholome and Belward 2004, UNEP-WCMC updated by Thonell using the formation categorization by Ohsawa (1995 modified)) The criteria
for the humid life zones are as follows (WI is defined as the sum of monthly mean temperature above 5� Celsius (Kira 1948), CMT is defined
as the coldest monthly mean temperature (Ohsawa, unpublished)):
– Tropical life zone (latitude below 20–30� N/S): WI �15 (CMT � �1�C) � above limit of tropical forest; 15 � WI � 85 (CMT � 6�C) �
tropical upper montane zone; 85 � WI �240 (CMT �12�C) � tropical lower montane zone; WI � 240 (CMT � 18�C) � tropical hill zone
if elevation is above 300 m, otherwise not mountainous.
– Sub-tropical/temperate life zone (latitude above ca. 30� N/S): WI�15 � above limit of temperate forest; CMT � �7�C � temperate
upper montane zone; �1�C � CMT � �7�C (WI � 15) � temperate lower montane zone; 6�C� CMT � �1�C, 12�C � CMT � –1�C
and WI � 85 � temperate hill zone.
– For dry life zones, the Holdridge life zone classes (scrub, steppe, woodlands, dry tundra, and desert vegetation) have been used.
(Holdridge 1967)

Biogeographical
Zone

Forest and
Woodland

Cover

Shrub,
Herbaceous

Cover Cultivated

Wetlands
(mires,

swamps,
river

basins)

Bare Areas
(rock, gravel,

etc.)

Water Bodies
(including

snow and ice)

Artificial
(urban,

industrial,
etc.)

No
Data Total

(square kilometers and percent of total area)

Humid tropical hill 525,415 (56) 155,115 (15) 255,130 (27) 1,392 (0) 2,052 (0) 3,125 (0) 188 (0) 118 (0) 942,535

Humid tropical lower
montane

3,003,963 (53) 1,208,793 (21) 1,421,357 (25) 13,927 (0) 13,477 (0) 28,234 (0) 2,444 (0) 3,757 (0) 5,695,952

Humid tropical upper
montane

73,604 (34) 97,726 (46) 37,814 (18) 367 (0) 2,999 (1) 1,319 (1) 71 (0) – 213,900

Humid temperate hill and 
lower montane

2,001,526 (51) 1,120,418 (29) 638,096 (17) 4,428 (0) 68,035 (2) 36,152 (1) 4,701 (0) 114 (0) 3,918,620

Humid temperate lower/
mid-montane

964,836 (60) 342,793 (21) 227,184 (14) 12,998 (1) 13,687 (1) 41,466 (3) 2,480 (0) – 1,605,558

Humid temperate 
upper montane

3,448,322 (67) 1,080,996 (21) 267,071 (5) 70,520 (1) 178,840 (3) 135,509 (3) 642 (0) 167 (0) 5,181,900

Humid temperate
alpine/nival

411,790 (25) 960,857 (58) 16,817 (1) 23,474 (1) 104,307 (6) 143,254 (9) 46 (0) 627 (0) 1,660,712

Humid tropical
alpine/nival

22,027 (13) 101,128 (61) 4,070 (2) 1,744 (1) 13,486 (8) 21,648 (13) 1 (0) 164,731

Dry tropical hill 42,093 (9) 170,368 (36) 88,317 (19) 559 (0) 164,465 (35) 1,927 (0) 170 (0) – 467,899

Dry sub-tropical hill 141,055 (7) 789,890 (38) 113,898 (5) 1,409 (0) 1,035,832 (5) 2,508 (0) 1,138 (0) – 2,085,730

Dry warm temperate
lower montane

146,996 (11) 743,592 (54) 117,200 (9) 380 (0) 353,788 (26) 5,521 (0) 650 (0) – 1,368,127

Dry cool temperate 
montane

526,173 (18) 1,547,610 (53) 430,737 (15) 3,658 (0) 419,257 (14) 16,593 (1) 3,227 (0) – 2,947,255

Dry boreal/sub-alpine 250,670 (25) 420,964 (42) 92,869 (9) 4,821 (0) 207,577 (21) 34,253 (3) 279 (0) – 1,011,533

Dry subpolar/alpine 115,462 (36) 121,795 (38) 938 (0) 1,634 (1) 59,846 (19) 22,798 (7) 114 (0) – 322,587

Polar/nival 458,843 (8) 2,952,626 )56) 69,345 (1) 20,717 (0) 771,042 (14) 1,305,532 (23) 52 (0) – 5,578,157

Total area 12,132,775 (37) 11,814,671 (36) 3,825,843 (12) 162,028 (0) 3,408,690 (10) 1,799,839 (5) 16,303 (0) – 33,165,196

24.3.2.2.2 Semi-natural forests

Human use has turned most natural forests into semi-natural for-
ests, a process often completed several centuries ago in Europe
but still going on in other mountain areas of the world. Thus
semi-natural forests have become part of ecosystems in many parts
of the world and are essential for local people to obtain both
timber and non-timber forest products.

Large-scale forest statistics (e.g., FAO 2001) do not differenti-
ate between high and low human impacts on forests, however.
Sustainably managed semi-natural forests provide many ecosystem
services, including tradable products such as timber and various
non-timber products, and at the same time retain high biodiver-
sity (Peterken 1981). But heavily disturbed or damaged montane
forests are often invaded by fast-growing, early successional tree
or shrub species. These pioneers often endanger relic species of
the Tertiary (e.g., the Dove tree Tetracentron in western China, cf.
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Tang and Ohsawa 2002). On the other hand, such species may
be crucial for the conservation of disturbed mountain ecosystems
through their role of covering and stabilizing steep slopes and
facilitating forest regeneration (cf. Bormann and Likens 1979).

The invasion of unpalatable herbs into overgrazed pastures
and of small trees/shrubs into clearings is often regarded as nox-
ious, but, again, these species may reduce nutrient loss, enhance
the resilience of the ecosystem, and facilitate restoration (Callaway
et al. 2000). In some cases alien species even invade pristine forests
once established in disturbed areas (e.g., exotic Myrica faya invades
undisturbed Metrosideros forests in Hawaii). Shifting agriculture
systems in areas of low population density can maintain ecosystem
integrity similar to coppiced forest systems, provided the replen-
ishment of soil nutrients is achieved by allowing sufficient fallow
periods. Exploitative farming systems with too short a fallow pe-
riod (as is the case in systems where human population density is
increasing) are not sustainable.
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Table 24.6. Areas of Different Forest Types Occurring in Each Mountain Class (UNEP-WCMC 2003; FAO 2003)

Elevation Class

Temperate and
Boreal Evergreen

Needleleaf 
Forests

Temperate and
Boreal Deciduous

Needleleaf 
Forests

Temperate and
Boreal Deciduous

Broadleaf and
Mixed Forests

Tropical (and
Sub-tropical)
Dry Forests

Tropical (and
Sub-tropical)
Moist Forests Total

Forest Area/
Mountain

Area
(thousand square kilometers) (percent)

Above 3,500 meters 25.0 1.7 0.2 19.4 23.3 1.3

2,500–3,500 meters 151.8 1.2 122.9 35.3 138.8 450.8 6.5

1,500–2,500 meters 548.0 76.2 476.9 50.6 277.0 1,551.3 29.4

1,000–1,500 meters 788.7 313.9 441.1 107.3 545.7 2,133.0 34.6

300–1,000 meters 1,377.1 985.6 1,275.7 343.4 1,173.0 5,179.4 39.9

Total 2,890.5 1,377.0 2,338.0 551.8 2,333.0 9,479.2 26.5
(percent)dddddd

Share of total mountain
forests

30.4 14.5 24.7 5.8 24.6 100.0

Location North America,
Europe, Central
Asia, Himalaya

Central Asia, 
Northeast Asia

North America,
Southern Andes,

Europe, Himalaya,
Eastern Asia

South Africa,
India

Trop. Andes,
Central

America, 
East Africa,
Madagascar,

Southeast Asia

Figure 24.11. Potential Forest Life Zone Model Overlaid on Mountain Profile of Southeast to East Asia. (Ohsawa 1990, 1995) Note
maximum of five sub-belts at 23�N and the latitudinal reduction of sub-belts to one at �47�N.

24.3.2.2.3 Plantations
Forest plantations occur mainly in temperate countries (75% of
the global area of plantation forest); the rest are found in tropical
countries. In sub-tropical and tropical humid mountains, the
slow-growing natural hardwood forests are often replaced by fast-
growing softwood species, and such plantations extract more
water and reduce catchment yields, such as in South Africa, New
Zealand, and some parts of the Andes (Hofstede et al. 2002; Mor-
ris 1997). In some cases, exotic plantations or ornamental trees
introduce diseases and pests.

Large-scale monospecific plantations may exclude wild or do-
mesticated herbivores and lead to a shift in their habitat selection
toward the remaining natural or semi-natural forest fragments,
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thus causing excessive animal densities and deterioration in these
more natural forests. When introduced species invade natural for-
ests, they may suppress the regeneration of native species that
protect soils from erosion and are important for biodiversity con-
servation. Recent trends in industrial countries suggest that pro-
ductive exotic tree plantations can be converted back into less
productive but lower risk systems dominated by native trees (FAO
2003). However, plantations can also have an important role in
the process of restoring degraded land, as in Ethiopia (Yirdaw
2001), and act as catalysts for succession of native tree species at
low population densities.

Recent changes in how forest services are valued, with a shift
from simple timber production toward biodiversity, aesthetic,
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spiritual, and recreational aspects, may help change forest planta-
tions to more natural forest in some cases.

24.3.2.2.4 Trends in mountain forests

Considerable changes are taking place in mountain forests as a
result of overgrazing, pathogens, fire, and direct transformation of
forest into other uses, such as plantations and agriculture. Devel-
opment projects, such as dams, hydropower plants, roads, tourist
infrastructure, and urbanization, also contribute to forest loss. In
their global forest statistics, FAO (2003) distinguishes three types
of new forest area: reforestation, afforestation, and natural expan-
sion of forest. A comprehensive analysis of the change in forest
area for the period 1990–2000 showed that natural forest area
decreased by 6.8% in the tropics, while in temperate areas it ex-
panded by 1.2%, mainly due to increases in forest cover in the
mountainous countries of Europe (FAO 2001). (See also Chapter
21.)

24.3.2.3 Agricultural Systems

According to a recent FAO estimate, 78% of the world’s moun-
tain area is unsuitable or only marginally suitable for growing
crops (Huddleston et al. 2003). Pastoralism and forestry are the
predominant uses of mountain land in all regions. Nevertheless,
agriculture remains important for a large number of people who
will continue to depend on it as their main source of livelihood
for the foreseeable future (see later sections on traditional use and
vulnerability). Mountain livelihood systems are generally diverse
within a variety of agricultural and nonagricultural activities. Typ-
ical mountain dwellers grow a wide range of crops and often mul-
tiple varieties of each crop. Small-scale livestock production,
timber, hunting, fishing, and non-timber forest product collection
complement food production. Nonagricultural activities fre-
quently include seasonal migration of men to other areas and
tourism, such as mountain guiding and nature conservation work.

In developing and transition countries, 7% of the total moun-
tain area is currently classified as cropland; forest and grazing land
cover about 25% each, and the rest is barren (33%) or within
protected areas (10%) (Huddleston et al. 2003).

Above 2,500 meters, 88% of the total mountain area repre-
sents a mix of grazing land and sparsely vegetated or barren land.
Sparsely vegetated high lands support about 5 million people; 29
million live off grazing land, interspersed with other land cover
types; and 4 million live in protected areas. Forests above 2,500
meters provide home for another 2 million people. Mixed land
use patterns—such as crop agriculture combined with exploita-
tion of forest resources and herding of small livestock—are char-
acteristic of some locations between 2,500 and 3,500 meters
(mountain class 3) in Central and South America, in the East Afri-
can and Ethiopian Highlands, and in Nepal. Although mountain
people in these locations are increasingly vulnerable, their num-
bers are quite small. Two million people live in rural areas above
2,500 meters, which are mainly classified as cropland or mixed
use. Cropland at higher elevations constitutes only 3% of the total
mountain area.

Below 2,500 meters, grazing land interspersed with other land
cover types accounts for 45% of the land, with a further 20%
classified as mainly barren land. Around 300 million people, or
two thirds of the rural mountain population below 2,500 meters,
inhabit these areas and rely on livestock for income with some
crop agriculture (Huddleston et al. 2003).

These findings confirm the importance of pastoralism for
mountain people at all elevations. However, the loss of traditional
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trade routes and patterns of goods exchange, degradation of land
resulting from population growth and increase in livestock num-
bers, and the impact of frequent, severe droughts in recent years
have all greatly increased the vulnerability of this livelihood sys-
tem, with mountaineering, tourism, or seasonal migration offer-
ing the only major alternatives for income generation. In the
absence of men, women are forced back into crop agriculture,
which is barely suited to the land.

FAO has identified 17 distinct farming systems that are sig-
nificant in mountain areas at elevations above 1,000 meters. (See
Table 24.7.) Together, these systems account for 67% of the total
mountain area and include 82% of the total rural mountain popu-
lation in developing and transition countries. The ‘‘intensive
mixed highland farming system,’’ a livestock-dependent system,
is by far the most important. Stretching from northern Africa to
Southeast Asia and beyond, this system has many variants that are
specific to local cultures and conditions. In the Ethiopian High-
lands (1,800–3,000 meters), Near East and North Africa (300–
2,000 meters), Hindu Kush–Himalaya (1,500–2,500 meters), and
central Andes (1,500–3,000 meters), the main features of the sys-
tem usually include cereals, legumes, potatoes, fodder trees and
crops, ruminant livestock, coffee, and horticultural tree crops,
with the sale of wool, meat, and tree fruits constituting the main
sources of income. By contrast, in western China (500–1,500 me-
ters) rice is important, and income is derived mainly from the sale
of vegetables, fruits, pigs, and poultry.

24.3.2.3.1 Mountain crops

The major mountain crops grown at high elevation are potatoes
and cereals (such as barley), in some tropical and sub-tropical re-
gions grown up to 4,000 meters (and locally even higher). One
cash crop of the high Andes is quinoa. At lower elevations, maize
(corn), rice, beans, peas, and sweet potato as well as cabbage are
important as staple foods globally. At the lowest tropical montane
elevations, crops such as taro (Xanthosoma, Colocasia), yams
(Dioscorea), cassava (Manihot), bananas, and papayas are grown.
Various forms of millet and sorghum play a key role in African
mountain agriculture.

Major plantation crops grown in the lower montane belt are
tea and coffee: the latter at higher altitudes in Colombia and in
montane regions of Brazil, Costa Rica, Guatemala, Viet Nam,
and elsewhere, while tea is grown extensively in hill areas and the
highlands of Africa and Asia. The presence of traditional crops,
which can also be used to produce illegal crops (marijuana, coca,
poppy) are a major socioeconomic and political problem in parts
of the Andes, Atlas, Afghanistan, and Central and Southeast Asia.
In some parts of the high Andes, industrial potato production is
threatening the Parámo flora, which is rich in species and ende-
mism.

24.3.2.3.2 Mountain rangeland

Mountain rangelands may be natural (vegetation above the tree
line) or of anthropogenic origin (below the tree line). In the Alps,
for example, a 60-kilometer North-South transect across the main
divide revealed that 57% of the land is covered by meadows, pas-
tures, and other types of palatable low-stature vegetation (Körner
1989). The vegetation of these rangelands is composed of species
formerly found along rivers, in naturally disturbed areas and pock-
ets grazed by wild herbivores. These species underwent selective
pressure from human land use and assembled into highly adapted
plant communities, which over millennia have formed closed and
extensive ground cover on nonforested land.
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Table 24.7. Main Mountain Farming Systems in Developing and Transition Countries: Location, Characteristics, Area, and Rural
Population. Population numbers refer to number of people living in these areas. (Huddleston et al. 2003; definition of farming systems, Dixon
et al. 2001)

Mountain Farming 
System Categories Farming Systems Elevation and Geographical Location 

(mill. sq. km.) (million)

Other not specified 7.4 88.2 Below 1,000 meters—all regions

Irrigated irrigated rice 1.0 38.6 300–2,500 meters—Madagascar and some mountain riverbanks in
Africa; coastal areas of Chile, Ecuador, and Peru and of Caspian and
Aral Seas; terraced hills of Mexico, and South and Southeast Asia

Maize mixed rice-tree crop 1.4 26.1 300–2,500 meters—uplands of Kenya, Lesotho, Malawi, South Africa,
Swaziland, Tanzania, Zambia, and Zimbabwe; Central Mexico, Costa
Rica, El Salvador, Guatemala, Honduras, Nicaragua, and Panama

Tree crop/sparse
forest

maize mixed

maize-bean

3.5 37.3 300–1,500 meters—hilly areas of West African coastal countries from
Côte d’Ivoire to Angola; 500–3,000 meters—highlands of Burundi,
Ethiopia, Rwanda, and Uganda; Indonesia, Malaysia, Mongolia,
Myanmar, Pacific Islands, northern Argentina and southern Chile,
western Chile

Pastoral tree-crop

highland perennial

sparse (forest)

0.3 6.4 all elevations—semiarid and arid areas in all regions; important in
Central Asian CIS countries and in Hindu Kush-Himalaya highlands
and plateaus

Small-scale 
cereal-livestock

small-scale cereal livestock 3.5 224.3 300–2,500 meters—Turkey

Highland intensive
mixed

highland temperate mixed

highland mixed

upland intensive mixed

intensive highland mixed

2.0 50.7 300–3,000 meters—Ethiopian Highlands and small pockets in Angola,
Cameroon, Eritrea, Lesotho, and Nigeria; Himalayan, South Asian,
Near Eastern and North African hills; Indonesia, northern Thailand,
Philippines, South China, and Viet Nam; Colombia, Ecuador, and
Venezuela

Highland extensive
mixed

upland extensive mixed

high altitude mixed

2.3 11.1 800–4,500 meters and above—Cambodia, Indonesia, Laos, Myanmar,
northern Thailand, Philippines, southeastern China, Viet Nam; Bolivia,
northern Chile, northwestern Argentina, and Peru

Sparse sparse (arid)

sparse (mountain)

1.0 7.3 All elevations—arid areas throughout North Africa and Near East, and
in China, Kazakhstan, Mongolia, Pakistan, Turkmenistan, and
Uzbekistan; Above 3,000 meters—middle and upper Himalaya slopes 

Total 22.4 490.0

Area 
Rural 

Population

Present in the upper montane and alpine belt across the globe,
these ecosystems reflect traditional, sustainable land use and repre-
sent biota of high ecological, conservation, and economic value.
In many places they host unique and species rich assemblages of
plants and wildlife and can often support 50 species or more of
higher plants in a 100-square-meter area. The best examples of
such rangeland assemblages are found in Europe, including the
Caucasus, and across the Himalayas into western China. These
high-altitude rangeland systems and their sustained productivity
depend on appropriate land use (see vulnerability section later)
and represent a cultural heritage that deserves protection. As with
forests, increasingly intensive use is occurring over ever increasing
areas in many parts of the world, causing loss of sustainability, land
transformation with associated changes in ecosystem function,
and, in extreme cases, a loss of ecosystem integrity and soils.

The general trends reflect the common economic, develop-
mental, and demographic differences between industrial and devel-
oping countries. While abandonment of high-elevation rangelands
is common in the former (in France, for instance), overexploita-
tion has reached dramatic dimensions in many developing coun-
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tries (Ethiopia and Nepal, to name two), a result of unprecedented
population pressure. The long-term consequences will very likely
be similar to those seen today in part of the Mediterranean coastal
mountains, where overutilization has often been followed by cat-
astrophic erosion, complete loss of soils, and conversion of flora
and fauna (van der Knaap and van Leeuwen 1995).

The key to sustainable management of high-elevation range-
land has proved to be strict control of grazing. Prevention of loss
of soil (productivity) has high potential as a policy-making inter-
vention. In the Kosciusko National Park and Biosphere Reserve
in the Snowy Mountains of Australia, for example, phasing out
inappropriate grazing helped protect vegetation in an upland
catchment, increasing the value for hydroelectric generation. In
the absence of urgent measures, it is very likely that developing
countries risk large-scale environmental degradation from over-
grazing of mountain rangeland, with stark consequences for a
large fraction of their current and future populations.

Through the abandonment of traditional grazing lands, indus-
trial countries also risk a decrease in the landscape value of their
mountains and the loss of a resource for quality food production.
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In 30–50 years, abandoned pastures revert back, through scrub,
to montane forest as long as seed sources are present. It is nearly
impossible to reverse this process, because of both high costs and
the loss of traditional knowledge. Abandonment of grazing man-
agement in mountain ecosystems that have a long history of graz-
ing can also have adverse effects on the survival of some native
plant species, many of which may be endemic. Traditional use is
affordable only if all benefits are accounted for.

A remarkable secondary benefit of maintaining good quality
grazing land is the benefit to hydro-schemes. The extra value in
hydropower often exceeds the monetary value of the agricultural
yield. In the Alps, and similarly for the Caucasus, the monetary
value of an intact, high-elevation, short grass pasture in terms of
hydroelectric yield was estimated to be about 150 Euro per hect-
are, higher than that of abandoned long grass turf or forest
(Körner 1989).

24.3.2.4 Alpine Biota

The area of alpine land above the natural climatic tree line ac-
counts for about 3% of the planet’s land surface. Depending on
region, most arctic-alpine vegetation north of 65–70� is probably
better included in the term ‘‘arctic.’’ The alpine belt alone sup-
ports about 10,000 plant species worldwide (Körner 1995), corre-
sponding to 4% of the total number of known species of flowering
plants. Local flora of individual mountains (except for isolated
volcanic peaks) throughout the world consist of 200–300 species,
a surprisingly constant number (Körner 1995). The compression
of climatic zones, high fragmentation and topographically diverse
habitats, geographic isolation, glaciation, and varied history of
species migration or evolution have led to high degrees of taxo-
nomic richness (including endemism) in alpine biota (Nagy et al.
2003; Körner 2004).

Treeless by definition, the alpine belt is in large part composed
of dwarf shrub heath and grassland, a vegetation that dominates
the headwaters of most major river systems. In the tropics and
sub-tropics, but also in the oceanic Southern Hemisphere tem-
perate and subpolar zone, tall tussock grasses represent the domi-
nant life form. In most parts of the world the wild ungulate
grazers of this life zone have been replaced by domestic species.
Animal trampling of fragile soils on steep terrain and fire manage-
ment of tussock grasses are the major threats to the biota. In fact,
the overdominance of tussocks versus more palatable low-stature
grass cover has been interpreted as a consequence of excessive
land use (Hofstede 1995). Inter-tussock surface erosion is a major
problem associated with insufficient or weakened inter-tussock
vegetation.

Since soil development is very slow at these elevations, reveg-
etation after the loss of substrate is nearly impossible. In many
parts of the world, alpine vegetation extends to below the climatic
tree limit because of forest destruction. Together with forest pres-
ervation, the sustained integrity of these highland ecosystems is
key to the quality and quantity of catchment discharge. Indeed,
the ecosystem engineering role of species-rich alpine biota has
become a focal area of internationally coordinated research
(Körner and Spehn 2002; Spehn et al. 2005).

With respect to ecosystem productivity, neither atmospheric
CO2-enriched nor moderate climatic warming appear to exert
significant effects on alpine systems. It seems that productivity is
not limited by the availability of CO2, and thermal conditions in
the low stature ground cover are much more controlled by radia-
tive solar heating than is the case in trees and forests, which are
aerodynamically well coupled to atmospheric circulation (Körner
2003). At high latitudes, temporal and spatial patterns of alpine
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snow pack exert strong influences on vegetation, with patterns of
precipitation, particularly during the cold season, being poten-
tially more significant than summer temperatures. In addition to
changes in precipitation and snow pack, major global threats in
the alpine belt are regional nitrogen deposition and land use.
Warming can open higher elevation habitats for organisms from
lower altitudes, provided the summits are high enough (Grabherr
et al. 1994).

24.3.2.5 Aquatic Biota
Mountain lakes, ponds, and streams provide important ecosystem
services—including drinking water, fish, recreation, and aesthetic
values. The productivity and diversity of algae, invertebrates, and
fish decline significantly with increasing altitude because of the
more extreme environmental conditions, such as low tempera-
tures, short season, and low nutrient concentrations, and the isola-
tion (Vinebrooke and Leavitt 1999), causing such biota to be
more sensitive to any change in environmental conditions (Don-
ald et al. 2001).Consequently, the migratory responses of moun-
tain aquatic biota are closely tied to changes in the environment
(e.g., Donald et al. 2001). Human actions, such as widespread
introduction of exotic fish, led to significant biological impover-
ishment of montane and alpine lakes and streams during the
twentieth century, which may require decades to recover from
(Donald et al. 2001; Schindler and Parker 2002).

Oligotrophic aquatic ecosystems in mountains rely heavily on
external inputs of nutrients (Vinebrooke and Leavitt 1998), which
make them highly sensitive to human land use practices and air
pollution. For example, nitrogen deposition impacts have been
documented from oligotrophic mountain lakes in the western
United States (Baron et al. 2000) and from streams in the Hindu-
Kush Himalayas (Jenkins 2002). Cold climate aquatic biota also
show pronounced accumulation of mercury and organochlorine
compounds at higher elevations as a result of low temperature
condensation of emissions originating from lower elevations and
of release from melting glaciers in both North America (Blais et
al. 2001) and Europe (Rognerud et al. 2002). However, the sensi-
tivity of species-poor mountain aquatic ecosystems makes them
excellent early indicators of environmental change.

Climate warming and drought have pronounced impacts on
biota in non-glacial lakes and streams as they become clearer,
warmer, less acidic, and more ephemeral because of reduced
snowpack and increased mineralization rates (Sommaruga-Wö-
grath et al. 1997). Interactions between multiple environmental
stressors, such as introduction of exotic species, air pollution, cli-
mate warming, and human land use, determine the cumulative
impact of global change on aquatic mountain biota (Battarbee et
al. 2002).

24.3.3 Mountain Watersheds

The relationship between vegetation, soil, and water is best ex-
pressed in the functioning of the hydrologic unit—the watershed.
Watersheds integrate conditions and processes over large areas and
determine the functionality of their ecosystems and the water
yield for river systems, which provide essential fresh water for
aquatic life (including fisheries), agriculture, hydropower genera-
tion, and industrial and domestic use for growing populations
both in the mountains and in the lowlands. More than 3 billion
people depend directly or indirectly on water from mountains.

24.3.3.1 The Hydrological Importance of Mountains
One of the most important services from mountain ecosystems is
the provision of clean water. In 2000, the Second World Water
Forum in The Hague declared that major challenges included:
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• protecting the ecosystems that supply water—that is, the
mountains, the water towers;

• managing the risks that have an impact on water supply and
distribution—that is, the drivers of change; and

• increasing the valuation and improving the governance of
water resources and watersheds.
Mountain areas typically produce about twice the discharge

that could be expected from the land area they cover (Viviroli et
al. 2003). Mountains account for 20–50% of the total discharge in
humid areas, rising to 50–90% in semiarid and arid areas moun-
tain watersheds (with extremes over 95% in the Nile, Colorado,
Orange, Syr Darya, Amu Darya, and Rio Negro). (See also Box
24.2.) The drier the lowlands, the greater the importance of the
linked and more humid mountain areas that supply them (Viviroli
et al. 2003; Liniger et al. 1998). (See Figures 24.12 and 24.13.)
Moreover, discharge from mountain areas greatly reduces the in-
tra- and inter-annual variation in total discharge.

24.3.3.2 Hydrology and Forests

Natural forests are hydrologically the most effective land cover in
mountain watersheds. They can reduce runoff peaks and local
flooding, but this influence decreases with the increasing size of
the watershed and distance from the headwaters (Hamilton with
King 1983). On very shallow soil in mountains, however, runoff
peaks may not be reduced. In monsoon climates, with very high
amounts and intensity of precipitation, landslips and mass earth
failures may occur even with full forest cover, although the
incidence of landslips is greater with other types of land cover.
Low-stature vegetation, such as lightly grazed grassland and well-
constructed and maintained terraced cropland, is also effective in
maintaining a good and balanced runoff regime.

While removal of forests may increase total water yield, such
removal and subsequent land use commonly has a host of undesir-

BOX 24.2

Overutilization of Water from Mountain Areas Leading to
Desertification

The Aral Sea Basin is an example of the importance of mountain water
resources and ice and snow storage (Spreafico 1997). The basin in-
cludes parts of Afghanistan, Kazakhstan, Kyrgyzstan, Tadjikistan, Turk-
menistan, and Uzbekistan and has an area of about 690,000 square
kilometers with a population of 32 million.

Home to many civilizations since 6,000 BC, irrigation agriculture has
been practiced for millennia (today, it covers over 8 million hectares).
In the high mountains of the Tien Shan and Pamir, the annual precipita-
tion ranges from 600 to over 2,000 millimeters, with 30% falling as
snow and 60% of the total precipitation falling between December and
May. The lowland deserts that cover most of the basin and are charac-
terized by low rainfall (less than 100 millimeters a year) and high evap-
oration (potential evaporation as much as 1,500 millimeters a year).

In the summer, snow and glacial melt contribute to the flow of the
two main rivers—the Amu Darya in the south and the Syr Darya in the
north. The total annual runoff of the rivers in the basin is about 120
cubic kilometers, of which approximately 116 cubic kilometers originate
in mountain areas (about 77 cubic kilometers contributed by the Amu
Darya, and 39 by the Syr Darya). Thus the mountains provide more
than 95% of the basin’s fresh water. More than half a century of over-
utilization and high evaporative losses have resulted in a massive
shrinking of the Aral Sea and in large-scale desertification. (See also
in Chapter 20.)
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able consequences that offset the additional water gain, and forest
removal is not usually viewed as a sustainable management op-
tion. Because of lower evapotranspiration losses, well-maintained
grazing lands can yield more total water than forested land. How-
ever, sustainable grazing regimes and well-constructed and main-
tained terraces are rare. Moreover, erosion can become a serious
problem with other land uses.

Under most conditions, continued forest cover in watersheds
is essential for the maintenance of hydrological integrity, although
caution is needed with plantations of exotic fast-growing species,
which often use more water than native forests. Many of the
world’s biggest cities, including New York, Jakarta, Tokyo,
Mumbai, Rio de Janeiro, Los Angeles, Barcelona, Nairobi, Mel-
bourne, Bogota, La Paz, and Mexico City rely on protected for-
ests in catchment areas for much of their drinking water (e.g.,
Velázquez 2003). In fact, 33 of the world’s 105 largest cities get
their drinking water directly from formally protected areas (Dud-
ley and Stolten 2003).

Montane cloud forests capture fog or cloud water (horizontal
precipitation), which can add substantial amounts of water to the
hydrologic system, especially for dry climates with dependable
clouds intersecting the mountains (Bruijnzeel and Proctor 1995).
This process is mimicked in some dry coastal ranges (in Peru and
Chile, for example) where trees or artificial nets have been estab-
lished to capture this otherwise unused and unavailable water
from fog.

24.3.3.3 Erosion and Sediments

Leaf litter, understory vegetation, and forest debris protect the
soil from splash erosion—reducing surface, rill, and gully erosion.
Moreover the shear strength provided to the soil by tree roots
protects against slumping and landslips (O’Loughlin and Ziemer
1982). Soil compaction is less under forest than under other kinds
of land cover. Grasslands provide an excellent cover too, but
poorly controlled grazing can impair watershed quality. The qual-
ity of water delivered from a watershed may also be adversely
affected by surface erosion from cropland and by the use of fertil-
izers and pesticides. Sediments from eroded watersheds impair
water quality for many uses, affect aquatic life, and reduce reser-
voirs’ capacity for storage, flood control (see Box 24.3), hydro-
power generation, and low flow augmentation.

Conservative grazing, horticulture, and cropping, using well-
tested soil conservation techniques such as terracing, can result in
low surface erosion rates and reduced sediment production
(Whiteman 1988). Agroforestry systems, fruit orchards, and coffee
plantations can reduce shallow landslip incidence by increasing
root shear strength. The impact of traditional shifting agriculture
depends on the length of fallow periods (full forest recovery), the
size of the areas cleared, and the pattern in the landscape (Hamil-
ton with King 1983). Vegetated riparian buffer zones are espe-
cially important in mountain watersheds as they act as sediment/
nutrient traps, stream bank stabilizers, and a good habitat for many
species of wildlife (Hamilton and Bruijnzeel 1997).

24.3.3.4 Dams for Hydropower Production and Irrigation

The number of reservoirs in upper watersheds and river basins,
built largely for the benefit of lowland dwellers, is still increasing,
although in industrial countries most of the best sites have already
been exploited. Dams change the hydrology of rivers, sediment
loads, riparian vegetation, patterns of stream bank erosion, migra-
tion of fish, and water temperature and have a multitude of socio-
economic impacts, often including the displacement of local
inhabitants. Dams may reduce downstream flooding.
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Figure 24.12. Mean Contribution (Importance) in Percent of Mountain Catchments to the Total Discharge per River System. The
vertical lines denote the minimum and maximum contribution. Grey bars illustrate the areal contribution in percent of mountain area to the
total area of the river system. Aridity declines from left to right. (Viviroli et al. 2003) Reprinted with the Permission of Mountain Research and
Development.

Figure 24.13. Example of the Ewaso Ng’iro River Catchment,
Originating from the Slopes of Mount Kenya. Some 90% of the
river flow comes from the upper montane zone (above 2,400 m) of
Mount Kenya, supplying the semiarid plateau and the arid lowlands,
where water resources are critically scarce during the dry season.

Often, the lifespan of a dam is shorter than calculated, and the
cost performance (if one includes all indirect costs) is rather low
due to siltation. Policies that provide compensation for environ-
mental services provided by mountain communities (through tar-
iffs on the sale of water or of hydropower, for example) have been
shown to have high economic benefits. The water bodies created
behind dams can also benefit tourism enterprises or support a res-
ervoir fishery.

24.3.3.5 Watershed Management
Watersheds are fragile environments that depend on a careful bal-
ance among many different elements, including soil, water, and
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BOX 24.3

Floods, Landslides, and Reservoirs

On 19–20 July 1993, an extraordinary flood, which it was estimated
would happen only once in 50–100 years, took place in eastern and
central Nepal—with catastrophic effects (DHITAL et al. 1993). Several
districts were affected by floods and landslides, a number of dams and
roads were damaged, many people died, and many more became
homeless. The high sedimentation during the flood halved the life span
of the Kulekhani-Reservoir, which is located to the south of Kathmandu
in the Bagmati watershed, cutting it from 50 to about 25 years.

both wild and agricultural plant and animal species. Population
growth, particularly in cities, is increasing the pressure on water-
shed areas to provide water and food. As a result, nearly half of
the world’s population is affected by the degradation of watershed
areas, which results from changes in water quantity and quality,
sedimentation in lakes and reservoirs, loss of biodiversity, and eco-
logical imbalances. Land abandonment following damming leaves
behind complex environmental problems. In the developing
world, degraded watersheds are among the most serious con-
straints to sustainable development.

Emigration has also played a crucial role in determining cur-
rent watershed condition in developing countries. Demographic
changes introduced by migrations strongly affect economic activi-
ties and trigger land use change processes that are most severe at
upper watershed slopes (Li and Sun 1997).

While recognizing that watershed boundaries do not coin-
cide with political units, there are nonetheless compelling rea-
sons for planning and managing resources with due attention
to this hydrologic unit. Easter and Hufschmidt (1985) provided
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this summary of the rational for a watershed approach to rural
development:
• The watershed is a functional region defined by physical proper-

ties and boundaries.
• The watershed approach allows for evaluation of the biophysi-

cal interactions between upland and lowland activities that are
linked through the hydrological cycle.

• The watershed approach is holistic and considers multiple facets
of resource use and adopts an ecosystem view.

• Land use and natural phenomena in the highlands often result
in a chain of environmental reactions downstream that can be
readily examined in the watershed context.

• The watershed approach has a strong economic logic. Many of
the externalities involved with alternative land management
practices on an individual farm are internalized when the wa-
tershed is managed as a unit.

• The watershed provides a framework for analyzing interac-
tions between people and the environment. Environmental
impacts due to human activity within a watershed feed back
to the socioeconomic system.

• The watershed approach can be integrated with programs of for-
est management, soil conservation, rural and community de-
velopment, and farming systems.
As catchment limits rarely coincide with political boundaries,

transboundary collaboration is normally required for sound catch-
ment management. Effective watershed management requires ac-
counting for interrelationships between highland and lowland
areas and needs to involve local populations, as indicated in
Agenda 21 (UNCED 1992): ‘‘Promoting integrated watershed
development programmes through effective participation of local
people is a key to preventing further ecological imbalance. An
integrated approach is needed for conserving, upgrading and
using the natural resource base of land, water, plant, animal and
human resources.’’

24.3.4 Socioeconomy in Mountains

24.3.4.1 Population

The global mountain population was estimated in 2000 to be 1.2
billion, or 20% of the total global population. (See Tables 24.8
and 24.9.) Nearly half (49%) of these people live in the Asia-
Pacific region. About 30% of the mountain population occurs in
each of two biogeographical zones—humid tropical lower mon-
tane and humid temperate hill and lower montane. Another 12%
live in the dry cool temperate montane zone. (See Table 24.10.)
Over 70% of the global mountain population lives below 1,500
meters, mainly in China. While just 8% live above 2,500 meters,

Table 24.8. Global Mountain Population Estimate and Share That
Is Urban (CIESIN et al. 2004a, 2004b)

Mountain Area Class Population Urban
(thousand) (percent)

>4,500 meters 5,405 4.6

3,500–4,500 meters 20,541 18.8

2,500–3,500 meters 63,373 27.7

1,500–2,500 meters 22,700 26.8

1,000–1,500 meters 226,292 30.3

300–1,000 meters 574,797 31.4

Total 1,113,108 29.7
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Table 24.9. Mountain Population by Region and Average
Mountain Population Density (CIESIN et al. 2004a)

Region Population
Share of

Total Density
(thousand) (percent) (people/sq. km.)

Asia 597,714 49 65.2

Former Soviet Union 34,851 3 6.4

Latin America 173,549 14 37.7

Northern Africa 141,113 12 52.3

OECD 119,559 10 18.3

Sub-Saharan Africa 152,613 13 43.1

World 1,219,399 100 38.2

this still amounts to about 90 million people, almost all considered
extremely vulnerable. (See Figures 24.14–24.17 for photographs
of mountain dwellers in various parts of the world.)

Most mountain people are rural, particularly in the Asia-Pacific
and sub-Saharan Africa regions. Globally, 30% of mountain peo-
ple are urban, and settlements in and adjacent to mountain areas
are expanding. The urban proportion is particularly high in the
humid tropical upper montane, dry cool temperate montane, dry
sub-tropical hill, and humid temperate lower-mid montane zones
(52%, 43%, 39%, and 37%, respectively). The populations of the
two zones with the greatest numbers of people are more than one
quarter urban.

Mountain population density generally decreases with alti-
tude. The total population at 1,500–2,500 meters is only slightly
lower than that at 1,000–1,500 meters, however, reflecting more
moderate climates and healthier environments above 1,500 me-
ters in tropical mountains. Outside of urban areas, the highest
overall density in mountains occurs in the humid temperate hill
and lower montane biogoegraphical zone (96 people per square
kilometer), which is also the zone with the greatest population.
High densities (57–74 people) are also found in other humid
zones, both temperate and tropical. The next highest densities
occur in the widespread dry cool temperate montane zone (49
people per square kilometer), while the lowest densities (under 9
people) are found in alpine and nival zones.

Population growth rates vary considerably between biogeo-
graphical zones, with an average global rate of 16% from 1990 to
2000. The highest rates are generally in dry biogeographical zones
(tropical hill, sub-tropical hill, warm temperate lower montane),
which have population densities somewhat lower than the aver-
age of 38 people per square kilometer. Of the two zones with the
highest populations, the growth rate in the humid tropical lower
montane is above the average (22%), while that in the humid
temperate hill and lower montane—the most densely popu-
lated—is below it (11%). Many of the zones with high population
growth rates also have infant mortality rates above the global aver-
age for mountain populations (58 deaths per 1,000). Rates are also
particularly high in the dry boreal subalpine and the humid tropi-
cal lower montane (respectively, 85 and 74 deaths per 1,000).

Migration has been characteristic for many mountain peoples
since the earliest historical times. The numerous wars affecting
mountain regions have led to massive movements of people.
While comparison of data between censuses may show gross pat-
terns of change, demographic flows are also often recorded within
statistical reporting districts and within annual cycles. Conse-
quently, although the spatial distribution of the population may
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Table 24.10. Global Mountain Population, Share That Is Urban, Population Density, Population Growth, and Infant Mortality Rate by
Biogeographical Zone (CIESIN et al. 2004a, 2004b)

Biogeographical Zone Population Urban Density

Population
Growth Rate
1990–2000

Infant Mortality
Rate

(thousand) (percent) (people/sq. km.) (percent) (deaths/1,000)

Humid tropical hill 53,940 18.2 60.2 18.6 55.4

Humid tropical lower montane 345,082 28.5 61.4 22.0 73.5

Humid tropical upper montane 12,130 52.0 74.4 22.2 35.1

Humid temperate hill and lower montane 349,308 26.4 95.9 11.2 42.8

Humid temperate lower–mid montane 79,949 37.1 57.3 5.4 29.8

Humid temperate upper montane and pan-mixed 49,947 22.2 10.4 7.7 39.1

Humid temperate alpine nival 4,426 4.7 2.8 17.4 51.1

Humid tropical alpine nival 1,103 18.5 8.8 14.4 39.7

Dry tropical hill 14,000 17.9 33.3 24.6 73.8

Dry sub-tropical hill 45,071 38.7 22.5 31.5 58.3

Dry warm temperate lower montane 43,575 35.6 33.1 24.8 60.5

Dry cool temperate montane 139,405 42.8 49.3 18.1 54.2

Dry boreal subalpine 11,178 29.7 10.4 23.7 85.2

Dry subpolar alpine 1,317 14.2 3.7 29.8 5.8

Polar nival 10,588 13.0 2.5 19.0 48.1

Total 1,161,019a 30.0a 38.2 16.3 57.9

a Difference from Tables 24.8 and 24.9 due to rounding errors.

change considerably, the level of data aggregation often hides
these movements. Trends show both increased land use pressure
at high elevation as well as increasing trends of urbanization (and
a decrease in rural population) (Preston 1996).

In developing countries, mountain populations are generally
growing, and some of the highest global rural population densities
are found in tropical mountain areas (in Central American and
Ethiopian highlands, for instance). This endogenous growth,
complemented by immigration, has led to conflicts over land and
other resources and the introduction of inappropriate land man-
agement practices and invasive alien species. In some mountain
areas, such as in Latin America, there is increasing urbanization,
with the total number of people in rural areas decreasing over the
last two decades.

In industrial countries, one factor that stabilizes populations in
mountain regions, or that encourages growth, is tourism, which
is increasingly linked to amenity migration (Moss 1994). This
phenomenon is becoming evident in many mountain regions.
But amenity migrants and other immigrants may not spend all,
or even much, of their working time in mountain communities.
Indeed, the number of mountain commuters is also growing as
travel times to urban and industrial centers decrease. These trends
are leading to a blurring of rural/urban populations as mountain
areas, and their inhabitants, become more integrated into the
mainstream economy in many areas.

24.3.4.2 Economic Conditions
Of the main economic resources of mountains, extractive re-
sources are generally thought to have the highest economic value.
National economic policies therefore generally favor extractive
industries over other resources and services in mountain areas.

Economic cost-benefit analyses of extractive resources are de-
ficient, however, because they fail to take account of indirect costs
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or the distribution of benefits that largely accrue to firms and
agents located far from the area of extractive activity. Indeed, the
opportunities for local people to generate sustainable livelihoods
are often restricted. Timber and mining in West Virginia in the
United States are notable examples of this (U.S. Census Bureau
and Lewis 1998, in Pratt and Shilling 2002). The Grasberg mine
of PT-Freeport in Indonesia is a particularly egregious example
(Kennedy et al. 1998, in Pratt and Shilling 2002).

Distortions in the distribution of benefits are evident in na-
tional accounts data. Foreign investment in Peru, for example,
focuses mainly on the mining industry, with projected foreign
investment of $9 billion for the period 1999–2007. This accounts
for about 40–50% of exports, representing approximately 5.4%
of the gross national product in 1998, and contributing 13% to
government tax revenues (CONITE 1999). Little of this revenue,
however, is redistributed to the mountain communities affected
in the mining regions. Another example is Western New Guinea
(Irian Jaya, Indonesia), a mountainous province rich in natural
resources, particularly forests. On a provincial GDP basis, its per
capita income is the highest in Indonesia, but its GNP per capita
is the lowest. The nearly threefold difference between GDP and
GNP clearly demonstrates the level of inequality between total
production from the area and the proportion of goods and ser-
vices that accrues to local residents.

These examples illustrate a general problem in assessing eco-
nomic and social conditions in mountains: data collection is rarely
undertaken on a spatial basis, and this represents a critical gap.
Because mountain ecosystems and production systems are closely
interrelated, geographically referenced data are essential to enable
sound management. Most data linked solely to coordinates have
proved to be insufficient for sound decision management. Natural
entities, such as geomorphologic units as watersheds, are crucial
to understanding processes in mountain regions and should form
the basis for management decisions (Bocco et al. 2001).
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Figures 24.14–17. Mountain People. Top left: Shifting agriculture in montane tropical forests, Papua New Guinea, at 1,200 meters. Top
right: Mountain village in the Atlas Mountains, Morocco, at 1,400 meters. Bottom left: Pastoralism in the Tien Shan Mountains, South
Kazakhstan, at 2,550 meters. Bottom right: A local market in Otavalo, Ecuador, at 2,000 meters.

Mountain areas tend to have greater poverty and lower levels
of development than lowland areas. Starr (2004) noted that,
‘‘Poverty has long been a feature of life in many high altitude
communities. But the poverty that prevails in many mountain
areas today is of a peculiarly modern sort, in that it arises from a
growing dependence on lowland metropolitan centers rather than
from age-old self-sufficiency in a harsh environment.’’

Using standard economic criteria, relative poverty in many
mountain areas is high—from the Appalachians in the United
States to the Amerindians in the Andes and the inhabitants of the
Pamirs and Caucasuses in Eurasia. Initial work by the Interna-
tional Livestock Research Institute in Kenya has suggested that
mountain areas tend to have relatively high poverty, though the
use of relatively low-resolution data does not allow strong conclu-
sions.

The Aga Khan Rural Support Programme and the U.N. Food
and Agriculture Organization have each begun to assess mountain
poverty (Rasmussen and Parvez 2002; Huddleston et al. 2003).
AKRSP found that the status of people in mountain areas reflects
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the overall level of income of the country in which they live. The
higher the national income, the higher the income of mountain
people. Yet most available intra-country studies indicate that
mountain people do economically less well than lowland popula-
tions. There are notable exceptions, however. The mountain
areas of the European Alps underwent a rapid economic transfor-
mation following improved accessibility. Similarly, traders in-
volved in long-distance trade across some mountain barriers, such
as the Himalayas, are quite rich compared with local subsistence
farming communities. Noncommercial values such as better ac-
cess to water, better air quality, and fewer pests such as malarial
mosquitoes also add to the benefits of life in the mountains.

Traditionally, dispersion and fragmentation of mountain com-
munities is associated with language differences (for instance,
more than 800 different languages in the mountain areas of Papua
New Guinea), which further inhibits cooperation on larger-scale
activities that could help the improve living standards of mountain
people. Mountain roads are expensive to build and maintain, and
they generally serve few people per kilometer. A comparison of
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mountain and non-mountain areas in several countries confirms
that mountain populations are more isolated, as measured by dis-
tance from roads (Huddleston et al. 2003).

Settlement fragmentation in mountain areas makes it difficult
to provide basic social services, medical care, or schooling. There
is evidence that malnutrition, particularly micronutrient defi-
ciencies, is higher among mountain inhabitants than in lowland
populations (Huddleston et al. 2003). Migration provides impor-
tant—though often socially negative—connections between up-
land and lowland areas, and remittances constitute an important
source of income for mountain families.

Mountain and lowland economies are interdependent today.
Lowland populations depend on environmental services provided
by mountain ecosystems and people, including watershed protec-
tion and recreation. Mountain populations in turn are increasingly
affected by global markets, particularly where commodities are
concerned—whether these be agricultural products (coffee, tea,
medicinal plants), minerals, or hydropower. There is a high level
of consensus that the key to achieving sustainable and acceptable
standards of living in mountains has been to transfer to local peo-
ple more control over mountain assets and the means to negotiate
more equitable allocations of benefits. In part, this requires im-
proving access to education and health services. This, in turn,
depends on building more equitable relations with lowland politi-
cal institutions and assuring a better distribution of public services.
Enlightened self-interest on the part of lowland institutions and
well-coordinated actions on the part of mountain people are re-
quired to achieve progress in this area.

24.3.4.2.1 Types of mountain economies

Almost all adverse environmental and social impacts of economic
activities in lowlands have their mountain equivalent. What is
different about mountain regions is that the constellation of ad-
verse ecosystem and social impacts is characteristic, rather than
exceptional. Anthropogenic impacts often result in permanent, or
at least very long-lasting, destruction of biodiversity and produc-
tive potential. Given that every mountain range is different in the
specificity, complexity, and economic potential of its ecosystem
resources and services, methods that help assess the impacts of
alternative management choices will need to be developed.

Forest management professionals, mining engineers, policy-
makers, and environmentalists often face conflicts about how to
manage mountain resources. Separating economic values and en-
vironmental service values can help management choices. (See
Figure 24.18.) In all but one of the cases that follow, actions
needed to balance conservation and development interests are
quite specific, both in nature and in terms of which actors have
primary responsibility.
• Low Export and Low In Situ Value. The Ethiopian highlands,

Tibetan plateau, and Andean altiplano exemplify the case of
low export and low in situ value, where subsistence farmers
have no access to markets and have poor soil and other re-
sources. In such cases, some economic improvement is possi-
ble with appropriate technologies, when combined with some
restoration of ecosystem functions. Ecosystem restoration is
critical, as lowland economies simply cannot absorb the
mountain populations that would be forced to migrate in the
absence of a viable environment. Downstream populations
benefit economically when mountain ecosystems and ecosys-
tem services remain intact. In some cases, if transportation ac-
cess is provided a region can even shift to high export value if
it can find markets for its minerals, timber, or agricultural pro-
duce. Even the most minimal transportation access can help
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communities gain access to local markets. In extreme cases,
however, subsidies continue to be justified on humanitarian
grounds.

• Low Export and High In Situ Value. In some of the world’s most
scenic ranges, such as the Cascades Park in North America
and Makalu Barun National Park in Nepal, the biodiversity,
watershed protection, and recreational values are clear. Low
export values may result from inaccessibility to markets, mak-
ing resource extraction prohibitive; but at the same time the
inaccessibility enhances scenic and recreational value. Tourism
is a major resource for such mountain economies, and studies
in many regions have shown that protection of watersheds
provides greater economic value than resource extraction
(The Mountain Institute 1998). Conservation is often com-
patible with tourism, and generates revenue for government
in addition to local employment and income. Bhutan and
Rwanda, for example, have established high fees, generating
substantial funds for conservation and sustainable develop-
ment. And Nepal and Peru have begun using community-
based tourism to improve livelihoods of local people. How-
ever, conservation and the creation of parks and protected
areas are not the only choice. Management for sustainable use
in agro-forestry-grazing systems has been practiced in the Alps
for at least eight centuries. Such systems, however, require
strong links to downstream markets.

• High Export and Low In Situ Value. In areas with low biodiver-
sity, where extractive potential is high (mineral resources or
hydropower, for example, and managed timber), export of re-
sources is appropriate, such as in the arid mountains of the
Peruvian Andes. Adverse environmental impacts can be ad-
dressed in environmental impact assessments, provided that
mitigating measures and social safeguards are implemented. In
practice, however, indigenous communities receive an equita-
ble share of revenues only in exceptional cases, either from
corporations or through government programs funded by
taxes from the extractive enterprise.

• High Export and High In Situ Value. Areas where extractive
potential and environmental benefits are both high, such as in
old-growth mountain forests, are classic examples of conflict,
with mining in Papua New Guinea often singled out for par-
ticular attention. In such cases, decision-makers—corporate,
governmental, and civil society—encounter expensive and
extended negotiations with stakeholders and are faced with
difficult trade-offs in the attempt to satisfy the needs and de-
mands of all stakeholders.

24.3.4.2.2 Economic contribution of ecosystem services

Ecosystem services of mountains, often ignored, provide greater
economic benefits than extractive resource use in most cases. In-
tact biodiversity protects watersheds and attracts tourism, as well
as furnishing rich natural resources for key industries. When mea-
sured, watershed protection values have been found to signifi-
cantly outweigh extractive resource use.

While mountain people play essential roles in maintaining
cultural landscapes and traditions, they may not derive significant
benefits from tourism, particularly when most investments come
from outside and when revenues leave the area. Governments,
nonprofit organizations, and private companies have the potential
to ensure benefits to local communities through investments, sub-
sidies, low-interest loans, or training to those involved in promot-
ing tourism and maintaining cultural landscapes and traditions.

The concept of payment for ecosystem services has received
much attention in various countries as an innovative tool for the
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Figure 24.18. A Typology of Mountain Economies. In situ values are ecosystem services provided by the mountain environment in its
natural state (such as flood mitigation, water purification, and carbon sequestration. The top left (Lake Powell Reservoir, Utah) represents an
area where water existing at high altitudes could be tapped for hydropower or irrigation downstream, but where access problems make it all
but impossible for humans to reap economic benefits in situ. The top right (a montane tropical forest in Wau, Papua New Guinea) indicated
the main areas of conflict, as represented symbolically by a rich montane forest with shifting cultivation supplying all local needs coming in
conflict with a major cash crop, coffee, and the need to clear the forest to grow it. The high, barren landscape in the bottom left (Bolivian
Altiplano at 4,200 meters; no export of water, minerals, timber, etc., and marginal local pastoralism) shows that some mountain areas have
few natural resources available to inhabitants, and fewer resources that could be profitably exported. A combination of high in situ value but
low economic export (bottom right, Langtang valley, Nepal Himalaya; rich forest and gardens at lower montane altitudes, but little to no
export) is generally found in areas where lack of access makes export of natural resources too difficult or expensive or where legal or
regulatory restrictions have been established that prohibit export of resources, as in national parks.

financing of sustainable management of land and water resources
in watersheds. PES schemes consist of a payment or direct com-
pensation by the users to the providers of the service for the main-
tenance or provision of an environmental service. In watersheds,
this usually relates to water supply, availability, or quality. Until
now, PES systems in watersheds have been applied at very differ-
ent stages of the process and for various reasons, from the micro-
watershed level—focusing on a very specific service—and usually
managed by an NGO or local government to national programs
controlled by the State.

Recent reviews of PES experiences in Latin America (FAO
2004; FAO/REDLACH 2004) show that such schemes can be
sustainable in the long term if they are funded by local resources
and if the service as well as the users and providers are well de-
fined. They can contribute to conflict-solving processes by pro-
viding platforms for negotiations. Furthermore, they may transfer
resources to socially and economically vulnerable sectors in upper
watersheds, which offer environmental services. Important limita-
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tions to the application of the PES concept include the high trans-
action costs during design and implementation of the scheme
(biophysical studies, for instance, and assessment and system in-
stallation) and the significant uncertainties regarding the cause-
effect relationships between land use and the environmental ser-
vices, particularly forest-water linkages (FAO 2002b).

Modern transportation gives tourists access to almost all
mountain regions. Mountain tourism is very unevenly distributed,
however. For example, in the Alps 40% of communities have no
tourism and only 10% have major tourist infrastructure. Gener-
ally, the former are losing population, while the latter have stable
or growing populations. Mountain tourism is highly diverse, in-
volving many often seasonal activities, and is highly competitive
and sensitive to political tensions. Thus its benefits are unevenly
distributed and unpredictable. Flexibility and strategic perspec-
tives are essential, and where income from tourism is reinvested
it provides livelihoods for mountain people and helps maintain
environmental quality.
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Finally, mountains help protect against hazards (erosion con-
trol, slope stability) and contribute to soil fertility (volcanic ashes,
carbon fixation), as well as modulating climate through several
mechanisms discussed earlier. The vertical upthrust of mountains
captures precipitation, often creating rain shadows on one side of
the range and wet areas on the other. Seasonal snowpack melting
and mountain bog ecosystems are critical sources of water for
agriculture as well as for drinking water.

The economic impact of these climate-modulating effects is
taken for granted and implicitly factored into the costs and bene-
fits of water use. Major changes in the ability of mountains to
provide such environmental services, however, would create sig-
nificant and potentially disastrous cost increases. For example, the
retreat of glaciers caused by climate change is likely to cause short-
term increases in water availability, leading to increased invest-
ments in irrigation and enabling the growth of downstream cities.
In the medium term, however, the water supply from meltwater
is likely to be markedly reduced if glaciers continue to recede,
negating the value of massive infrastructure investments.

24.3.4.2.3 Extractive industries and public utilities

Mountains provide the largest share of resources for mining, for-
estry, water for drinking and irrigation, and hydropower, and they
generate an increasing amount of wind power as well.

Water is becoming a limiting constraint to development in
many parts of the world, and in some cases to life itself. The
critical importance of mountain ecosystems in regulating water
quality and quantity cannot be overstated. In addition, the specific
economic value of hydropower depends largely on mountain
water, which in turn depends on conserving mountain water-
sheds.

Some 6% of the world’s energy and 15% of its electricity is
produced from hydropower. Aside from a few hydropower proj-
ects built on swiftly flowing rivers that require no dams, most
hydro projects inundate large areas for reservoirs. In mountains,
the massive weight of such holdings creates a risk of induced seis-
mic events and dam failure, sometimes resulting in catastrophic
flooding. The benefits of hydropower—in terms of access to elec-
tricity and profits—accrue mostly to the lowlands. Those in
mountains often suffer losses from inundation, diversion of water
flows, and disruption of traditional production.

Yet mountain communities and downstream beneficiaries
share a common interest in protecting upstream watersheds to
assure continued productivity of both hydropower sites and up-
land production systems. This has proved to be one avenue to
joint stewardship arrangements. Properly managed, water supply
and hydropower can be a sustainable use of mountain resources.
But extra efforts are usually needed to ensure that mountain peo-
ple get a fair share of benefits and, in the case of hydropower
projects, a connection to the power grid.

Globally, forests are probably the second most important eco-
nomic resource provided by mountains, although this varies
across mountain regions. Since most logging is done in pristine
forests, little or nothing is paid for production costs. However,
standing timber also provides valuable services—stabilization of
water flow, protection of biodiversity, carbon sequestration, pro-
vision of amenities, and many non-timber products. Several stud-
ies have calculated that the economic value for such services
exceeds that of the timber extracted. Harvesting primary forests is
therefore like mining a resource without compensatory reinvest-
ment. And as with hydropower and mining, many of the eco-
nomic benefits do not remain in the region that provides the
resource.
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The loss of trees significantly alters the ecosystems of moun-
tain areas and leads to the loss of alternative sources of income—
non-timber forest products, biodiversity, tourism, and so on.
Losses of ecosystem benefits are often hard to measure, however,
as they are not priced or traded in markets. But some local studies
have shown that such benefits often far outweigh the value of
timber from logging. In Indonesia, for example, the value of alter-
native uses exceeds the value of logging by more than 50% (Con-
servation International 1999).

Communal forestry is a critical element in integrative partici-
patory forest management in many regions. In large parts of
mountainous areas in Latin America, Africa, and South and
Southeast Asia, collective forest management has proved to be a
successful alternative to government or commercial control. Poli-
cies that undermine these collective systems have promoted the
abandonment of traditional farming systems, often with large, ad-
verse environmental consequences.

Mineral extraction contributes a relatively small part of global
GDP, but mineral revenues are often important in mountainous
countries. Minerals account for 45% of Chile’s exports, 49% of
those from Peru, 64% of Zambian exports, and 62% of Papua
New Guinea’s. While some of the world’s largest and most pro-
ductive mines are found in low-lying areas, mines tend to cluster
along mountain ranges. An exception is the Himalayan area,
which is not yet cluttered with mines, where ruggedness and dis-
tance from markets—in addition to strong local opposition—
makes it harder to justify mining operations. Cases in the Supreme
Courts of India and Nepal against mining in the fragile Himalayan
watersheds drew attention to the risks of mining in these areas
(Bandyopadhyay and Shiva 1985). China is nevertheless expand-
ing exploration in some areas on the northern side of the Hima-
laya.

Mines are nearly always highly destructive to the local envi-
ronment and displace people living in the immediate area (Pratt
2001). More threatening still are the pollution and toxic wastes
produced or accidentally released by mine operations. Toxic pol-
lution from mines has often been recorded leaching out and con-
taminating large areas downstream, especially in developing
countries.

There is a high level of consensus that significant benefits are
obtained from better stewardship of upland resources and the ap-
propriate reinvestment of profits from extractive industries into
resource management in a way that benefits local communities.
For instance, the Sierra Nevada in California produces some $2.2
billion per year in commodities and services. Water resources
constitute 61% of the total, yet reinvestment in watershed man-
agement is basically zero, since water rights are not taxed as prop-
erty, and commercial real estate assessments are low compared
with revenues generated. In contrast, recreation and residential
use provide 21%, timber 14%, and grazing 2% of total value, but
reinvestment amounts to $10 million, $23 million, and $7 million
(in the latter case, as subsidies) (The Mountain Institute, Investing
in Mountains, 1997).

Mountain farming systems involve multiple land use activities
and diversified production systems that adapt/amend the natural
resources (such as through water harvesting or terracing). This
has resulted in diversified and context-specific farming systems
characterized by positive social system–ecosystem links. In nearly
all mountain regions, non-timber forest products are an important
adjunct to traditional agriculture, often providing the sole or
major source of medicine for local people, as well as supplying
key nutritional supplements. With globalization, the production
of nuts, fruits, off-season vegetables, flowers, and cosmetic and
medicinal plants has opened new economic opportunities for
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mountain communities. However, the value added by mountain
dwellers will likely remain proportionally small unless local proc-
essing replaces the export of raw produce (Jodha 2002).

With closer integration of mountain and lowland economies,
enhanced administrative interventions, and population growth,
the connection of mountain communities to natural resources has
declined (Berkes and Folke 2002). Increased poverty, inequity,
and dependence on external support in most areas is a major con-
sequence. Interventions to address such problems have not proved
effective because they lack a mountain perspective—that is, sensi-
tivity to mountain-specific conditions that take into account the
fragility, marginality, limited accessibility, and diversity of moun-
tain systems. Based on studies in developing countries, the Inter-
national Centre for Integrated Mountain Development has
identified over 50 indicators of unsustainable mountain agricul-
ture and resource use that are emerging in these areas (Jodha
2001). These range from reduced crop productivity to a decline
in the range and quality of sustenance options (excluding areas
with better access and infrastructure, and where inaccessibility en-
courages cultivation of illicit crops). These trends are likely to
accelerate as market forces gain primacy.

The rise in global demand for mountain herbs and other or-
ganic and non-timber forest products is leading to over-extraction.
Disregard of customary rights, collective risk sharing arrange-
ments, and reduced social transfers (subsidies) have increased vul-
nerabilities. While some mountain areas have benefited from the
process, others have to face the deleterious effects of globalization
(Jodha 2000). In general, agricultural production systems in
mountain areas are likely to be driven and controlled by market
forces rather than people’s sustenance needs and preferences.

24.3.4.2.4 Relationships between drivers and changes in ecosystem
condition

All the impacts just described are exacerbated by the development
of modern economic infrastructures, such as highways and com-
munications towers that interrupt conservation corridors, reduce
scenic values, and contribute to erosion and pollution from traffic.
Although roads reduce remoteness and inaccessibility of highland
communities, inappropriate siting, construction, and maintenance
often have serious adverse impacts in steep upper watersheds
(Cassells 1996; Hamilton and Bruijnzeel 1997). Location in land-
slip- or landslide-prone environments creates both on-site and
downstream sediment problems. Roads run the risk of crossing
groundwater aquifers, altering hydrologic stability and interfering
with water supply for both upstream and downstream watershed
residents. Sealed surfaces enhance runoff, increasing the risk of
flash flooding. Cut-and-fill situations are particularly erosion-
prone. Soil erosion problems demand frequent and costly mainte-
nance. To lessen hazards, the construction of underpasses and
overpasses for road users and animals has proved effective. Con-
struction or mining camps or towns for workers create environ-
mental disturbances and also serve as a major vector for HIV/
AIDS and other diseases.

24.3.4.2.5 Implications for human well-being

This assessment indicates that when full costs are taken into ac-
count, stewardship of upland resources generally yields greater
and more sustainable economic returns both to the people living
in the mountain areas and to the immediate downstream econo-
mies when compared with extractive activities, in cases where
there is competition between the two. For mountain communi-
ties, protecting the ecosystem that they depend on requires inter-
ventions: regulatory protection has a high potential to ensure that
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full costs are included in project design and implementation, and
promoting solid links between upstream and downstream markets
creates economic opportunities that generate mutual benefits. In
the long term, there is a consensus that upland and lowland eco-
systems, and the economic resources and services they provide,
depend on populations in both regions supporting stewardship of
mountain environments. The challenge for investment and policy
action has been to bridge short- and long-term interests.

The failure to protect and manage mountain resources sustain-
ably has dire consequences that become visible only when it is
already too late. Among the most important economic conse-
quences are impacts on employment and sustainability. Conserva-
tion programs that protect environmental services have been
shown to create employment for local people and, in the best
cases, to strengthen cultural identity and security (for example,
the UNESCO Biosphere Reserve concept). Mismanaged conser-
vation programs can drive local people out by force or when
competition for land and housing drives up prices. Those driven
out tend to place burdens on nearby urban areas through unem-
ployment and demands for public services. They are often consid-
ered ‘‘different’’ from local people, contributing to discrimination
and ethnic violence.

Extractive industries are particularly problematic in moun-
tains. Hydro projects frequently disrupt aquatic ecosystems but
rarely offer long-term jobs for local people. Forestry provides
greater local job opportunities, but mountain forests regenerate
slowly or not at all, and employment disappears once the timber
is gone. The loss of forest also eliminates traditional lifestyles that
use hunting, fishing, and non-timber forest products to supple-
ment farming. Mining has serious environmental consequences;
but modern mining often provides scant local employment. Min-
ing companies have shown increasing willingness to provide so-
cial services, but the benefits tend to last only until the mine is
exhausted, while environmental damage is persistent.

Greater attention to conservation and to strengthening tradi-
tional production systems has the potential to generate greater
economic value. Managing trade-offs among uses is often limited
because most data on resource extraction and ecosystem pro-
duction and services are not spatially referenced, masking the
contributions of mountain regions, and leading to ecosystem
degradation and economic inequities. The availability of spatially
referenced data is thus a critical gap.

24.3.4.3 Cultural Issues

Many mountain communities are ethnically or culturally distinct
from lowland populations, and local highland communities are
often highly distinct from each other. The significance of moun-
tains for human cultural diversity is demonstrated by the great
ethnic and linguistic diversity of some mountain regions, such as
the Caucasuses, the Himalaya, and the mountains of New Guinea
(Association des populations des montagnes du monde 2003). In-
digenous mountain populations often exhibit genotypic physio-
logical adaptations to altitude (Beall 2002).

In mountain ranges throughout the world, traditional cultures
and conservation have evolved together over the ages. Sustainable
natural resource management is driven by the beliefs and behav-
iors of human communities, and local cultures are strengthened
by their intimate connections to the natural environment that sus-
tains them. Sacred and spiritual values are thus integral to moun-
tain cultures; mountains are considered sacred by more than 1
billion people (Bernbaum 1998). (See also Chapter 17.)

The value of place-based mountain cultures today is in their
continuing stewardship of watersheds and other mountain re-
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sources and in the wisdom they have to impart regarding the re-
quirements for sustainability of mountain ecosystems (Pratt 1998).
A major cultural element of life in the mountains is tied to animal
husbandry, which also is by far the most influential form of land
use (in terms of area). Quite often this involves the use of fire
(Price 1999). The U.N. Commission on Sustainable Develop-
ment has stated that ‘‘support is needed to recover and foster the
cultural expression of mountain populations because mountain
cultural diversity is a strong and valid basis for sustainable use and
conservation of mountain resources’’ (Commission on Sustainable
Development 1995). And the need to protect and support the
cultural diversity of mountains has been emphasized in the decla-
rations of numerous major international meetings (e.g., Associa-
tion des populations des montagnes du monde 2003).

24.4 Drivers of Change in Mountain Systems
Environmental and economic change is a constant and familiar
factor in mountains, but the magnitude and rate of change and its
influence on social systems in recent times threatens to over-
whelm mountain ecosystems—with serious consequences for the
well-being of mountain communities as well as hundreds of mil-
lions of people downstream. Mountain systems are changing more
rapidly than at any time in human history. The core issue is that
more than half of humanity depends on mountains for water to
drink, to grow food, to produce electricity, and to generate indus-
try. In addition, mountain ranges represent important challenges
for transportation, communications, and access.

Natural forces such as volcanic and seismic events, landslides,
and flooding devastate large areas of mountainous ecosystems
every year. Such changes, though vast and visible, are nevertheless
dwarfed by deleterious anthropogenic changes, such as intensifi-
cation of land use and overexploitation of natural resources (Mes-
serli and Hurni 2000; FAO 2002a; Pratt and Shilling 2002).

24.4.1 Direct Drivers

Because mountains are formed by tectonic forces, it is not surpris-
ing that mountain regions are particularly susceptible to damage
from earthquakes and volcanoes, which in many cases results in a
significant loss of life and property. Climate change is another
direct driver with special significance for mountains and serious
implications for human well-being. Mountains are particularly
susceptible to climate change because their biota are adapted to
specific often narrow altitudinal zones, and diseases have proved
to be able to move more quickly than plants and animals can
adapt. Conversion of land in mountains, largely through pasture
practices, the use of fire, and animal husbandry is another major
driver.

Large-scale mining can massively overburden steep terrain,
and often pollutes streams and damages aquatic and other wildlife.
Construction of roads in mountain areas often leads to slope insta-
bility, land slides, and erosion. The large-scale building of vacation
homes and resorts has had mixed impacts in mountains, while
in many regions, out-migration of mountain farmers has led to
reforestation and loss of alpine pastures. Elsewhere, forest is
cleared for commercial timber. Such loss of vegetative cover—
regardless of the cause—can have a significant adverse impact on
water quality and quantity both in mountain regions and below.
Threats to human well-being from these drivers range from in-
creased risk of avalanche to loss of income from tourism.

These drivers of change are not new—there are historical ac-
counts of human impacts on mountain environments, with
drought and famine, dating back millennia (such as the felling of
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mountain cedar forests in Palestine and Lebanon 5,000 years ago).
Forest destruction continues, however. Major drivers of the direct
anthropogenic impacts are the lack of public awareness and
knowledge and indirect socioeconomic forces.

24.4.2 Indirect Drivers

Indirect drivers affecting mountains can be complex. In mountain
areas from Jamaica to Nepal, mountain forests are destroyed as
population increases in the lowlands, forcing poorer people into
the mountains, where they cultivate marginal land for subsistence.
Economic development often results in land use changes such as
those just described, with consequent degradation of ecosystem
services. More difficult to measure, but nonetheless important,
economic development in mountains usually leads to a weaken-
ing of traditional cultures and religions that have provided the
underpinnings for local sustainability.

Science and technology, on the other hand, have frequently
had positive impacts in mountain areas and have the potential to
provide solutions to a number of critical problems. Solar and wind
energy, and especially small-scale hydropower, have brought
enormous benefits in regions where they have been introduced
and where extension of transmission lines is otherwise prohibi-
tively expensive. Information technology is perhaps the single
most promising technology for mountain communities, with po-
tential to overcome access barriers that currently limit educational
opportunities for tens of millions of mountain families.

The sectorally based organization of governments hampers the
implementation of more holistic or ecosystem-based approaches
to mountain ecosystem management (Rodgers 2002; Pratt and
Shilling 2002). Overall, flawed institutional responses (lack of
mandates, policies, and political will) are pervasive indirect drivers
of change in mountains. The lack of structural mechanisms that
can deal holistically with mountain areas has made it difficult or
impossible to prevent or mitigate adverse impacts of key drivers.
This can be seen in the lessons from decades of mountain water
conservation initiatives that have generally failed due to sectoral
fragmentation of institutional responsibilities, political interfer-
ence, over-reliance on technocrats at the planning stage, too little
involvement of landowners and local communities, an overem-
phasis on maximal instead of sustainable resource use, and a lack
of knowledge on adequate farming systems (many introduced sys-
tems were originally developed for lower altitudes).

Other indirect drivers are the lack of public awareness, lack of
real valuation of resources and services, and lack of knowledge
transfer. Empowered and well informed local communities have
proved to be key to managing changes imposed from outside; in
the case of biodiversity, a functional network of protected areas is
an essential starting point for genetic reservoirs and monitoring
stations (Dhar 1997).

For many drivers, indicators and monitoring programs are in
place, like the recent worldwide installation of monitoring sites
in mountain summit regions—the Global Observation Research
Initiative in Alpine Environments (Pauli et al. 2004, 2005). What
is missing is the sociopolitical and economic understanding of
how scientific insights can be applied and how local stakeholders
can be involved on a continuing basis.

24.4.3 Property Rights to Mountains

In most mountains outside Western Europe and the United
States, legal ownership of the land is retained by the state. Moun-
tain lands are also covered with customary use rights for members
of local communities (de facto ownership). Major challenges for
resource governance in many parts of the world include encour-
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aging governments to recognize customary rights and finding
ways of recording and enforcing such rights. (See Box 24.4.) Over
a dozen countries have enacted specific legislation related to
mountains (Lynch and Maggio 2000).

Property rights to mountains are often poorly defined because
mountain areas for most of history have been seen to contain few
resources. Now, however, market forces are reaching into remote
mountain communities, and government interest in managing
ecosystems and their services has increased. Indigenous (or non-
capitalist) cultures have usually developed customary law similar
to property rights for specific material resources. Property rights
claimed by the state have led to discrimination against indigenous
peoples in some parts of the world, making their customary rights
harder to defend.

The early modern states tended to pursue a policy of bundling
‘‘ground,’’ ‘‘remainder,’’ and specific resources (see definitions in
Box 24.5) into one owner unit in their legal systems. This ‘‘do-
minium plenum’’ position on ownership and its assumed benefi-
cial economic consequences led to the processes of enclosure and
land consolidation. Applied to mountains and other areas where
local people were interested only in specific resources and socio-

BOX 24.4

An Institutional Definition of Property Rights

Property rights provide legitimate allocation to particular owners, with
material or immaterial objects supplying income or satisfaction to the
owner. They comprise a detailed specification of rights and duties,
liberties, and immunities citizens have to observe. These are defined
partly by law and partly by cultural conventions, and they are different
for owners and non-owners. Property rights are ultimately guaranteed
by the legitimate use of power.

The dynamics and performance of economic systems are intimately
linked to the kind of property rights a state is able to enforce.

BOX 24.5

A Legal Definition of Resources (Black 1990)

The technical details in the specifications of property rights are many
and are important to the dynamic of the economy. They are changing
through time and across space and are in general moving toward
greater diversity and more detail. For management purposes, legal
reasoning will divide resources into 3 types:

• the ground (sometimes called the soil), meaning the abstract
bounded area;

• the specific material resources embedded in the ground, attached
to the ground, or flowing over the ground (in general there are
limits on how far into the ground and how far above the ground
the rights reach); and

• the remainder, meaning the future interest in resources not yet
discovered or not yet capable of being exploited.

These three types of resources are usually included in discussions of
who owns what and are routinely recognized by mature legal institu-
tions. Landlords are, at a minimum, owners of the ground and are then
entitled to the ground rent. It must be emphasized that in principle
there may be different owners to the ground, to every single well-
specified resource, and to the remainder.
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cultural symbols, this practice has tended to create conflicts, most
notably for timber and other commercially valued resources.

Social and technological change creates new specific resources
usually seen as belonging to the owner of the remainder (such as
the generation of hydroelectric power), and this also leads to new
regulation of ecosystem services. Such developments often con-
flict with customary use rights. Thus the potential for conflict is
rising and is often precipitated by government interventions—for
example, to protect mountain resources. Since states have made
little or no effort to enforce their claims to property rights (except
for timber, hydroelectric power, and mining rights), most cus-
tomary uses have continued more or less uninterrupted. While
the viability of local cultures depends on traditional resource use,
it has often proved hard for mountain people to get recognition
of their de facto and customary property rights. It should also be
noted that customary systems of rights are vulnerable to the im-
pact of market forces. For instance, the makers of local rules may
respond too slowly to rapid changes in harvesting of local re-
sources that have acquired market value.

Current trends in international law put greater emphasis on de
facto rights as these are expressed in customary uses of an area
(such as ILO Convention 169 concerning Indigenous and Tribal
Peoples in Independent Countries). International conventions on
human rights and indigenous peoples have sought to award prop-
erty rights (by implication, probably in the dominium plenum
tradition) to those who have, through traditional usages of an
area, established use rights to specific resources.

Statistics on ownership of mountain resources do not yet exist
for the world as a whole. Neither do available sub-regional figures
conform to ecological boundaries or to social realities of moun-
tain communities. Furthermore, publicly available statistics on
property rights only report de jure rights. The plethora of de facto
use rights is often found in separate records, if they are recorded
at all.

Most land registers are based on the dominium plenum own-
ership concept and only register owners of the land itself (not its
use). Even if approximate figures for de jure owners were col-
lected (nations, local states, towns, collectives, or individuals), the
lack of reliable information on de facto ownership of specific re-
sources would make the presentation of de jure figures more mis-
leading than helpful. Developments in international law, such as
ILO convention 169, have tended to put emphasis on de facto
possession rather on de jure claims. (See Box 24.6.) Theoretical
developments in the management of complex resource systems
tend to support the allocation of a high degree of autonomy to
local user groups protected by property rules.

Starting with the Roman law assumption that all lands have a
landlord, medieval states in Europe tried to gain control of nonar-
able lands. Unclaimed lands became crown lands. In many cases
the early modern states (notably Sweden, Germany, and France)
introduced state ownership of forestlands and strengthened the
state control of the lands without owners. The result was often
state ownership of mountains.

‘‘New nations’’ (including the United States) have at least
since 1776 routinely claimed state ownership of unimproved
lands. ‘‘Improvement’’ (such as industrial activity or agricultural
use of arable land) was needed to justify privatization. This ‘‘im-
provement’’ policy for awarding title to land has in most cases led
to state property rights to mountains. Socialist states in 1917–89
routinely nationalized land. In the restitution period after 1989,
many of these states either neglected to include mountain areas
(outside settlements) in the process or expressly reserved these
areas for state control. Likewise, many new nations created
through decolonization since 1945 have nationalized land, or at
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BOX 24.6

Emerging Collectively Owned Resources

Environmental legislation is at the outset independent of ownership,
but it is increasingly seen to change the meaning and content of owner-
ship by defining and taking control over two additional types of re-
sources that can be seen as emerging from the remainder:

• ecosystem services, such as water control, disaster mitigation,
local climate control, biodiversity, and so on, and

• sociocultural symbols vested in a landscape (often attached to
amenity and heritage sites).

Ecosystem services are usually managed through government regula-
tions. Sociocultural symbols are created and sustained by the local
culture but now increasingly taken over by national and international
bureaucracies. (See Buck 1996 and Lowenthal 1985 for more about
environmental management and sociocultural symbols.)

least unimproved lands. Mountains and less accessible land or
lands assumed to be less valuable have tended to remain in state
ownership even where other lands were privatized.

24.4.4 Wars and Other Conflicts

In 1999, 23 of the 27 major armed conflicts were in mountains
(FAO 2002a). Due to their usual situation of relative inaccessibil-
ity and remoteness from centers of population and government,
mountains are often used by those who wish to escape the estab-
lished authority. In countries where there are guerrilla movements
or rebels, it is the mountains that are often their sanctuary (as in
Afghanistan, Chechnya, and Colombia), and many illegal drugs
are produced from crops such as coca, poppy, and marijuana
grown in highland regions.

For most of the past 500 years, the main source of conflict in
mountainous countries was the effort of emerging states to extend
their power over mountain peoples. Starr (2004) states ‘‘Any gov-
ernment that thinks it can bludgeon mountain people into sub-
mission is engaging in a most destructive form of self-deception.
The sense of territoriality, independence and cohesive social
(often clan) relationships formed in isolated upland valleys are per-
fectly suited to sustain conflicts over the long haul.’’

Mountain ranges are often borders between nations or other
political jurisdictions. Tensions along borders are common, and in
some cases the location of the border has been in dispute, such as
in the Peru-Ecuador conflict of 1995 in the Cordillera del Con-
dor (Peace Parks in this area are described in the next section).
Many conflicts have also arisen over natural resources in moun-
tains, often based on issues of property rights, such as over logging
on customarily used lands. The Chipko forest conservation
movement in the Himalayas is a good example of such a dispute
(Bandyopadhyay 1997).

24.4.5 Mountain Protected Areas

24.4.5.1 Global Network

Biological diversity, water resources, soil, and geological, cultural,
and spiritual values of mountains are all maintained best in some
kind of protected area situation. Protected areas in this sense are
those without unbridled exploitation, where some degree of re-
straint is required in human use in the interest of natural or meta-
physical values. IUCN–the World Conservation Union defines
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protected areas as: ‘‘Areas of land and/or sea especially dedicated
to the protection and maintenance of biological diversity, and of
natural and associated cultural resources, and managed through
legal or other effective means’’ (IUCN 2000). As of 2003, there
are 102,000 of these sites, covering 18.8 million square kilome-
ters, or roughly 11.5% of the world’s terrestrial surface (Chape et
al. 2003). They span many kinds of situations, with varying de-
grees of human intervention—from wilderness areas and national
parks to multiple use areas and lived-in protected landscapes. The
IUCN category system is shown in Table 24.11.

24.4.5.2 The Mountain PA Situation

Mountain PAs are well-represented in the global network, even
though there is some ambiguity over what constitutes a ‘‘moun-
tain’’ PA. The U.N. list for 2003 shows 9,345 mountain protected
areas covering 1,735,828 square kilometers in the ‘‘mixed moun-
tain systems’’ biome defined by Udvardy (1975); therefore about
16% of this biome is protected (Chape et al. 2003). Thorsell
(1997) showed that the highest elevation Pas—based only on
IUCN categories I-IV, minimum relative relief of 1,500 meters
and minimum size of 10,000 hectares—had a good distribution
throughout the biogeographic realms. (See Table 24.12.)

The Thorsell assessment covers ‘‘high mountains’’ and those
with a minimum of human land use modification, though many
of them do have quite intensive visitation by tourists, mountain-
eers, and hikers. They are most often in the ownership or under
the control of some level of government.

The importance of the PAs in the remaining categories (V
and VI, Table 24.11) must not be discounted. Grazing, forestry
operations, and many kinds of agronomic use such as orchards,
vineyards, and terraced annual crops can be conducted in non-
destructive and non-resource-polluting ways. In addition, impor-
tant cultural values are often maintained in mountainous pro-
tected landscapes. Agro-biodiversity, as well as much wild native
biodiversity, can be conserved if sustainable land uses are in place.

Table 24.11. The Six IUCN Management Categories of Protected
Areas (IUCN 2000)

Category Name Description

I a Strict Nature Reserve protected area managed mainly for
science

I b Wilderness Area protected area managed mainly for
wilderness protection

II National Park protected area managed mainly 
for ecosystem protection and
recreation

III Natural Monument protected area managed mainly for
conservation of specific natural
features

IV Habitat/Species
Management Area

protected area managed mainly for
conservation through manage-
ment intervention

V Protected Landscape/
Seascape

protected area managed mainly for
landscape/seascape conservation
and recreation

VI Managed Resource
Protected Area

protected area managed mainly for
the sustainable use of natural
ecosystems
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Table 24.12. Mountain Parks (High Mountains)

Biogeographical Realm
(Udvardy classification) Parks Total Area

(number) (mill. hectares)

Afrotropical 42 20.4

Antarctic 15 3.2

Australian 3 2.6

Indomalayan 42 7.2

Nearctic 96 153.8

Neotropical 103 34.5

Oceanian 8 3.6

Palearctic 164 39.1

Total 473 264.5

Water and soil resources can also be safeguarded by proper hus-
bandry of forests and agricultural lands.

Most of this nature-friendly management will be carried out
by private landowners or communities, often using traditional
practices that have proved their sustainability over generations.
Some are in national and state forest management areas or com-
munity forestry units. As wild areas, even in the mountains, suc-
cumb to development, much of the hope for maintaining
biological and cultural diversity in mountain environments rests
in proliferation of Category V and Vl areas of protection. And as
secular forces erode ancient cultural belief systems, mountains
once protected de facto by reverence, awe, or taboo need to
come under formal secular protection in all kinds of PAs. Geolog-
ical heritage is often protected in the Natural Monument Cate-
gory, though ‘‘geoheritage’’ is under-represented in the world
network.

24.4.5.3 International Designations

Many Protected Areas are also designated as UNESCO Biosphere
Reserves, where core zones of more strict preservation are buf-
fered by zones of conservation use, in which sustainable land uses
are promoted. Scientific research on ecosystem functioning and
human-environment interactions are carried out in these reserves.
As of 2003, there were 436 Biosphere Reserves (Chape et al.
2003), at least 190 of which were in mountain areas (UNEP-
WCMC 2002).

Some mountain PAs are of such global significance that they
have been placed on the World Heritage List of UNESCO. This
designation is reserved for areas of universal value. There are 88
natural World Heritage Sites and 16 mixed (natural and cultural)
ones in mountain areas (UNEP-WCMC 2002). For high moun-
tains, Thorsell and Hamilton (2004) reported on 57 existing
World Heritage Sites and identified 28 other potential sites to help
fill the gaps in coverage.

24.4.5.4 Weaknesses in Protected Area System

A major weakness in the mountain PA global system is that most
of the units are discrete, covering single mountains. Connectivity
between these ‘‘sky-islands’’ is badly needed along the ranges or
in biogeographic clusters. Linkages through a landscape of conser-
vation corridors can effectively enlarge the PA, providing better
protection of the full suite of biodiversity, including ‘‘umbrella’’
species such as large wide-ranging carnivores. Moreover, such
connectivity would provide greater insurance for migration of
species and genes in the face of climate change. A number of these
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corridor initiatives are now in place, such as the 3,200-kilometer-
long Yellowstone-to-Yukon corridor in the U.S. and Canadian
Rockies and the Condor Bioreserve constellation in Ecuador.

Unfortunately, many mountain PAs were established to pro-
tect the scenic high peaks of local or national value as cultural
icons or for mountaineering and tourism. Biodiversity values
were not considered, and the PAs often conserve mostly rock, ice,
and snow or upper montane forests and alpine meadows. Many
are too small to accommodate serious natural or human distur-
bance or to embrace much mountain biodiversity.

The challenge is to enlarge these areas, in particular to extend
them to lower elevations to achieve species, genetic, and commu-
nity conservation and provide functional landscapes for wide-
ranging species. Expansion and connection from summits to low-
lands is also a ‘‘must’’ for climate change response—for instance,
the corridor from the Royal Manas Tiger Reserve in the tropical
lowlands of India through a series of parks and conservation areas
in Bhutan up to the crest of the Himalaya in Jigme Dorji National
Park, Bhutan. There are at least 36 such initiatives around the
world in mountains areas.

24.4.5.5 Transborder Parks in Mountains

Since many national or sub-national borders follow mountain
ranges, many mountain protected areas abut such borders and
each other. There are approximately 169 complexes of interna-
tionally adjacent protected areas (Zbicz 2001). About 42 of these
are in mountains. These offer good opportunities to carry out
cooperative transborder planning and management to better con-
serve shared biodiversity and water resources and to fight fires,
pests, and non-native species—none of which recognize political
boundaries (Hamilton et al.1996). As indicated earlier, these offer
opportunities to reduce tension and conflict between neighboring
countries, as Peace Parks.

24.4.5.6 Effective Management and Monitoring of Protected
Areas

The World Commission on Protected Areas of IUCN has an ac-
tive Task Force on Management Effectiveness, and it has devel-
oped criteria and standards for more effective management of
protected areas. Baseline data and monitoring are sorely needed
as a basis for adaptive management. Far too many protected areas
are ‘‘paper parks’’ without effective protection and little manage-
ment. The IUCN World Commission on Protected Areas has
recently produced a set of ‘‘Guidelines for Planning and Manag-
ing Mountain Protected Areas’’ (Hamilton and McMillan 2004)
to help rectify this situation.

24.5 Trade-offs, Synergies, and Management
Interventions in Mountain Systems

24.5.1 Highland-Lowland Interactions and Their
Trade-offs

Until recently, the economic importance of mountains was gen-
erally ignored (with the exception of supplies of some minerals,
timber, and water), and little attention was paid to local environ-
mental, socioeconomic, and cultural issues. With the U.N. Con-
ference on the Environment in 1972, changes in mountain
landscapes—including deforestation, accelerating slope instability,
earthquakes, landslides, and floods—began to be highlighted, but
the focus was mainly on the potential destructive impacts on low-
lands originating from the mountains.
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These early and simplistic perceived linkages between high-
lands and lowlands fell into two categories: physical processes
under the influence of gravity and the exploitation of mountain
resources to satisfy the needs of lowland residents.

Highlands and lowlands have widely different resources and
production opportunities. This forms a natural basis for comple-
mentary economic links between them. In practice, however, the
relationship has been more often characterized by inequitable
power relationships, although highland communities can have
significant effects on the power structure and way of life of far
distant lowlands.

There are often competitive demands on mountain re-
sources—increased resource extraction reduces the extent and
value of environmental services that ecosystems can provide.
Conversely, preserving ecosystem services may reduce incomes
for particular interest groups. Furthermore, the relative value
placed on mountain resources depends on technological develop-
ments and shifts in the world economy. In developing countries,
this often creates a bias for exports, and in most mountain regions
it creates a bias for extraction rather than conservation of re-
sources.

Several factors affect the highland-lowland links:
• limited accessibility, isolation, semi-closed situation created by

slope, terrain conditions, and permanent underinvestment in
addressing the problem, all of which adds to the cost of logis-
tics and other support systems to harness production opportu-
nities and their competitiveness and equitable trade, although
in some cases limited accessibility can be tied to tourist attrac-
tions (in the Everest region, for example);

• fragility—a product of slope, soil factors, and so on—which
not only prevents intensification of land resources use for high
productivity but obstructs infrastructure development to im-
prove accessibility to facilitate mobility and trade at lower or
competitive costs;

• marginality of production—resource limitations caused by the
factors just described and socioeconomic and geopolitical
marginalization of mountain habitats;

• high levels of biological, cultural, climatic, and other diversity
characteristic of mountains, which creates many special eco-
nomic opportunities if properly harnessed and traded; and

• major known niche resources (hydropower, timber, NTFPs,
minerals, eco-tourism, and so on) with comparative advantage
to highlands.
The factors just outlined also help explain the persistence of

poverty in many highland areas. Lowlands invest to harness high-
land opportunities largely for their own benefit. This has been
helped by the unequal balance between highland and lowland
people as trading partners and has resulted in generally unfavor-
able terms of trade for the highlands. Indeed, many export flows
(both traded and non-traded) from mountains are neither appro-
priately priced nor fully compensated (Banskota and Sharma
1999).

The Earth Summit of 1992 in Rio de Janeiro signaled a new
recognition of the critical importance of highland-lowland link-
ages and of the need for poverty and equity to be integrated in
environmental management. The underpinnings of this increased
awareness stem from four concerns regarding highland-lowland
linkages: water shortages, together with growing demands for hy-
droelectricity in various parts of the world; warfare, which is dis-
proportionately concentrated in mountain regions (Libiszewski
and Bächler 1997); catastrophic events resulting from mismanage-
ment of mountain resources (flash floods, massive flooding, and
landslides); and climate change effects, including glacier retreat
and loss of snowpack (Beniston 2000; Beniston et al. 1996).
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Economic disparities between highland and lowland regions
are closely related, either as cause or effect, to other key changes
in mountain environments (described more fully in other sec-
tions), including migration, warfare, production of illegal drugs,
risks and disasters, and climate change. These are noted here
briefly, but only as related to the issue of linkages.

The problems of mountain-lowland population change are
exemplified by trends in the Alps, where jobs and population are
concentrating into a few favorable locations (transportation corri-
dors and nodes). At the same time, the real alpine zone, with a
few notable exceptions, is losing its productive potential (Bätzing
et al. 1996) due to the loss of expert knowledge to manage land-
scapes in a traditional way. In terms of absolute numbers, how-
ever, out-migration is more than offset by amenity migration.
This is causing problems in the mountains, where new migrants
have different and often inappropriate land use practices, while
migrants from mountains who settle in lowlands also face prob-
lems of adjustment and assimilation (Moss 1994; Price et al. 1997).

Armed conflict, guerrilla warfare, and extreme political unrest
disproportionately affect mountain regions, both in terms of total
surface area and in terms of populations. There is also widespread
expression of political discontent among mountain (minority)
peoples. Much of this conflict is attributed—either directly or in-
directly—to the growing struggle for control of water (Libiszew-
ski and Bächler 1997). Hewitt (1997) indicates that more than
70% of the almost 8 million war deaths in mountain lands since
the end of World War II have been unarmed civilians. More re-
cently, Starr (2004) supports this overall assessment, underscoring
deeper linkages to poverty and inequity in mountains.

Mountain regions worldwide are frequently the source of ille-
gal (and legal) narcotics: marijuana production in British Colum-
bia in Canada; opium from the sizable remnant of the Golden
Triangle, including Myanmar; hashish and heroin from Afghani-
stan; and cocaine from the central and northern Andean coun-
tries. These are effective cash crops for cultivators, and especially
for the traders in the middle, because of the high market value
and low weight. Some of the most dangerous places in the world
for outsiders to visit are the drug-producing areas of the northern
and central Andes. The level of hostile encounters there amounts
to full-scale warfare; herbicide defoliation by military aircraft adds
to the scale of environmental and human loss. The effects of
downstream transfer of the toxic overflow are unknown. Cer-
tainly, the movement of the products takes on the guise of a sin-
gular highland-lowland interaction.

Mountain lands include regions of exceptional risk for human
activities as well as some unique dangers. Earthquakes and volca-
nic eruptions are central to the processes of mountain building.
Hewitt (1997) has argued that mountain peoples have experi-
enced a pronounced disproportionate share of these disasters,
whether this is calculated in terms of land area or population
numbers. Mountain people also are deeply implicated in responsi-
bility for some disasters as a result of their own management
practices and are the disproportionate victims of inappropriate
practices introduced by outsiders. Moreover, mountain regions
lack access to emergency relief compared with lowland areas.

Climatological changes in mountain ranges are likely to have
much more readily apparent impacts than in the surrounding low-
lands. Winter recreation, availability of water, hydroelectricity,
irrigation, and the sudden release of glacier lakes as glaciers con-
tinue to thin and retreat are all potential components.

Maximizing highland-lowland complementarities is crucial
for both upstream and downstream communities. Healthy moun-
tain communities require linkages to lowland markets, and low-
land populations need mountain people to serve as stewards for
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upland resources and watersheds. Investments that favor such pos-
itive interactions are properly treated as transfer payments, not
subsidies, and have a high potential to improve sustainability.

24.5.2 Management and Interventions

Chapter 13 of Agenda 21, adopted by governments in 1992, draws
the attention of political authorities to the special issues facing
mountain regions. Government structures to deal with mountain
issues were called for, but as yet there are no government depart-
ments specifically for mountains, as there are for forestry or wild-
life. Land, water, forest, environment, and development policies
do not generally consider the challenges facing mountain regions,
and organizational divisions make it particularly difficult to deal
with the integrated, systems approaches needed. Nevertheless,
with significant exceptions that are described here, existing man-
agement approaches have the potential to deal with most environ-
mental problems specific to mountains.

Where biodiversity and scenic values are high and economi-
cally valuable commercial resources are inaccessible or limited
(the ‘‘high biodiversity and low extractive value’’ situation de-
scribed earlier), conservation interventions have proved valuable.
Parks and protected areas help conserve water resources while
providing scenic, aesthetic, and recreational value with consider-
able economic returns from tourism, as well as protection of in-
vestments in water supply for downstream populations. In some
cases where formal conservation mechanisms are inappropriate
(for example, due to high concentrations of upland settlements),
interventions have nevertheless been designed to protect water-
sheds. Economic incentives for stewardship have potential for ef-
fective management, with transfer payments given in exchange
for maintaining environmental services.

Where biotic resources are few, as in arid regions, and where
commercial resources such as mineral ores are abundant (the ‘‘low
biodiversity, high extractive value’’ case), regulatory approaches
such as environmental impact assessments have been effective.
However, successful interventions have been characterized by
careful attention to implementing measures that avoid or mitigate
adverse impacts and by social safety nets and revenue-sharing
mechanisms designed and approved with active participation of
local communities.

In a few regions, natural resources are so poor or degraded,
and linkages to markets are so weak or nonexistent, that adequate
management options have proved elusive. In these cases, down-
stream inhabitants receive few environmental services, but the
size and cultural distinctness of mountain communities is such
that it would be difficult to absorb any massive out-migrations.
Here, governments have often justified welfare payments out of
humanitarian concern, and such interventions have proved suc-
cessful in achieving the limited goal of alleviating at least the ex-
tremes of hardship. More rarely, environmental restoration of
such degraded lands has been attempted, albeit with varying re-
sults.

Management approaches have proved generally inadequate in
two areas. The most important example is in mountain regions
where both biological resources and commercially valuable ex-
tractive resources are significant and important. Standard manage-
ment approaches, such as regulatory protections, have proved
wholly inadequate, leaving almost all stakeholders frustrated.
While environmental assessments are necessary, they are insuffi-
cient to deal with the complicated trade-offs involved, which re-
quire long time frames and mechanisms that permit continuing
participation of all stakeholders. Such mechanisms and processes
take more time than corporations and governments are generally
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comfortable with. And it has proved difficult to create ‘‘level
playing fields’’ where local communities can negotiate on an eq-
uitable footing with national governments and private corpora-
tions. Nonetheless, providing the time and resources needed to
address these highly complex situations is an urgent priority, as
failure in such cases produces a disproportionate share of environ-
mental damage in mountain regions.

A second area where interventions are lacking has to do with
information for policy formulation and decision-making. In gen-
eral, data are not currently collected on a spatial basis, making it
difficult to ‘‘see’’ what needs to be done.

24.6 Mountain Systems and Human Well-being

24.6.1 Sustainability

This section is in part based on a background paper prepared for
the World Development Report 2002/2003 (Pratt and Shilling
2002), but see also the recent Ambio Special Report (Sonesson
and Messerli 2002).

Sustainable development has been defined as ‘‘development
that meets the needs of the present without compromising the
ability of future generations to meet their own needs’’ (WCED
1987). The fragility of mountain ecosystems represents a consid-
erable challenge to sustainable development due to the fact that
the impacts of unsustainable development are more rapid, heavier,
and more difficult to correct than in other ecosystems. Arriving
at a comprehensive definition of sustainability in mountains, par-
ticularly one that is universally accepted, is itself a mountainous
task—and not likely to be a productive effort. More useful is to
identify areas that merit protection and the characteristics and at-
tributes that contribute to the sustainable use of mountain re-
sources for human needs, broadly defined, for the alleviation of
poverty, and for a more equitable allocation of resources and
power.

Human activity in mountains that is not in balance with the
environment can have serious consequences, resulting, for exam-
ple, in soil erosion, pollution of natural waters, disruption of water
and energy balances, elimination of both animal and plant species,
loss of soil productivity, increasing food deficits, malnutrition and
poor standards of living. Some of these consequences can be irre-
versible, such as the extinction of species and the loss of soil and
cultural diversity.

In looking at sustainability, it is important to recognize that
there are several time spans to consider. Short-term impacts
would occur over the coming 20 years, medium-term impacts
over 20–50 years, and long-term impacts over a longer horizon,
extending to centuries or geological time spans. Our concerns
should extend over both short and long time spans: while fires,
landslides, and erosion can wipe out large areas of forest and other
ecosystems in a very short period of time, it takes 50–100 years
for a forest to regrow in mountainous areas, if it does so at all.
Roads, mines, and other constructions last 20–50 years and their
impacts even longer, so decisions to undertake such activities have
long-term implications.

Sustainability does not mean cessation of all change. Moun-
tains are subject to continual natural change. They were created
by massive geological forces and they are being torn down by
natural forces of erosion and landslides. New species have evolved
in mountains, and others have become extinct. The objective of
promoting sustainability is therefore not to stop change in moun-
tains but to manage resources in them in ways that provide liveli-
hoods for people living there as well as the services valued in
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lowland areas—and to do so in ways that protect the long-term
capacity of mountains to continue to provide such services.

In order to ensure sustainability in mountain areas it is neces-
sary to reduce poverty, inequality, and marginality, to prevent de-
terioration of mountain natural resources and environments, and
to improve the capabilities of institutions and organizations to
promote conservation and sustainable mountain development.
The goals are to:
• assure that people living in the mountains receive full benefit

from their mountain resources so that poverty and inequity
can be substantially reduced;

• preserve and enhance the long-term value of resources in
mountains;

• eliminate or minimize disruptive, damaging, and polluting as-
pects of human interventions; and, most important,

• manage human-introduced change so that it generates benefits
for current and future mountain inhabitants and for those liv-
ing downstream.
Achieving environmental and human sustainability in moun-

tains means finding ways to manage mountain resources and sys-
tems so that they can provide critical services indefinitely. While
we cannot predict exactly what the future will look like or which
services will be in demand, it is clear that mountains provide
many essential services that will be valued for a long time and
others that may increase in value (such as biological and cultural
diversity, high-value forest products, and scenic beauty). Nearly
all these values are tied to soil conservation—the alpha and omega
of mountain integrity.

24.6.2 Vulnerability

This chapter has described how the vulnerability of mountain
people has a variety of aspects and many different causes: availabil-

Table 24.13. Vulnerable Rural Mountain People in Developing and Transition Countries by Mountain Area Class.a Based on
LandScan 2000 Global Population Database. (Huddleston et al. 2003; mountain area classes, see Box 24.1)

Region

300–1,000 Meters
and Local

Elevation Range 
> 300 meters

1,000–1,500
Meters and Slope

> 5° or Local
Elevation Range 

> 300 Meters

1,500–2,500
Meters and
Slope > 2°

2,500–3,500
Meters

3,500–3500
Meters 

> 4,500
Meters

Total for
Mountain

(million population)

Asia and the Pacific 77.5 28.8 19.8 6.5 4.3 3.1 140.0

Latin America and Caribbean 9.9 5.0 8.9 4.9 4.0 0.2 32.9

Near East and North Africa 10.7 7.1 7.5 4.1 0.3 0.03 29.7

Sub-Saharan Africa 10.6 10.6 7.3 2.2 0.09 0 30.9

Countries in transition 7.7 1.9 1.0 0.4 0.2 0.02 11.2

Total vulnerable in developing and 
transition countries 

116.4 53.5 44.6 18.1 8.8 3.4 244.7

Total rural mountain population in 
developing and transition countries

241.6 98 104.8 31.6 10.1 4.1 490.3

(percent)

Vulnerable in class as share of rural
mountain population in class

48 55 43 57 87 82

Vulnerable in class as share of total 
vulnerable

48 22 18 7 4 1 100

a Vulnerable rural mountain people are those living in rural areas where rain-fed cereal production is less than 20 kilograms per person per year and the
bovine density index is medium to low, along with those living in closed forests of protected areas.
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ity of land; ownership of land; environmental constraints (climate,
soils, slope, natural hazards); food insecurity; lack of access to
markets, education, and health care; dependence on one single
economic factor (such as only forests, livestock, or tourism); inap-
propriate governmental or industrial interventions; high special-
ization and interdependency of mountain social and land use
systems; and globalization. Many elements of vulnerability are not
well documented (but see Shrestha 2001 and Munir and Adhikari
2003), and there are few studies or statistics that quantify the
number of mountain people vulnerable to these different ele-
ments. This discussion is based on a recent FAO study (Huddles-
ton et al. 2003) and focuses on food insecurity, accessibility, and
nutrient deficiencies.

Around 40% of mountain populations in developing and tran-
sition countries, or 271 million people, are estimated to be vul-
nerable to food insecurity, and of these, around half are likely to
be chronically hungry. Most are rural people, with only 26 million
of the vulnerable people living in mountain cities. An agriculture-
based livelihoods approach has been used to locate and enumerate
vulnerable people in rural mountain areas. Rural people living in
areas where annual cereal production is less than 200 kilograms
per capita and cattle numbers are small are considered vulnerable,
as well as those living in closed forests. Work currently under way
will extend the approach to cover other income sources in future
vulnerability assessments. For instance, people living in protected
areas can compensate through income from tourism if these mon-
ies are not channeled away to governmental agencies and opera-
tors, as is currently the case in most ‘‘trekking’’ destinations.
However, they still remain very vulnerable in terms of food secur-
ity, because tourism is unpredictable and may collapse over night.

Of the 245 million vulnerable mountain people living in rural
areas, 87% live below 2,500 meters above sea level (classes 4, 5,
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and 6), where they represent less than half of the mountain popu-
lation at lower altitudes. (See Table 24.13.) With more than three
quarters of mountain populations in developing and transition
countries still classified as rural, the performance of agriculture is
a crucial factor in determining the degree of their vulnerability to
food insecurity. As described earlier in this chapter, pastoral sys-
tems are very important for mountain people at all elevations in
developing and transition countries. At the present time, these
systems are becoming increasingly vulnerable as populations
grow, livestock numbers increase, the quality of pasture and
browse declines, and the incidence of drought becomes more fre-
quent and its impacts more severe.

In high mountain areas, the absolute number of vulnerable
rural people is small, but they represent almost 70% of the popula-
tion living above 2,500 meters, and many live in extreme poverty.
The higher prevalence of vulnerability at higher elevations and
the importance of these areas for the overall sustainability of
mountain ecosystems warrant particular attention.

It is generally accepted that mountain people live in remote,
isolated areas that are poorly served by physical infrastructure and
social services. In Ethiopia, for instance, about half of the moun-
tain population and 40% of the non-mountain population live
more than 5 kilometers from roads. In Afghanistan and China,
the figure for mountain people is around one third and for non-
mountain people, about 20%. In Peru, however, just 20% of
mountain people and 13% of non-mountain people live more
than 5 kilometers from a road (Huddleston et al. 2003).

In 33 of the 40 mountainous developing countries covered by
the FAO report (Huddleston et al. 2003), there has been an in-
crease in malnutrition as the proportion of mountain people has
increased, measured by the prevalence of vitamin A, iron, and
iodine deficiencies (globally the most significant micronutrient
deficiencies in children). There are also significant differences in
the distribution of micronutrient deficiencies across regions. Vita-
min A deficiency is particularly common in mountainous coun-
tries of eastern and southern Africa, where consumption of fruits
and vegetables that are rich in vitamin A is low; iodine deficiency
is particularly prevalent in the Himalaya, where the soils have
been leached of their iodine-carrying salts; and iron deficiency is
common across all regions, though with somewhat greater inci-
dence in sub-Saharan Africa.
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Main Messages

Changes in polar community composition and biodiversity are affecting
human well-being (high certainty). Important changes include the reduction
of top predators in Antarctic marine food webs, altering food resources; in-
creased shrub dominance in Arctic wetlands, which contributes to summer
warming trends and alters forage available to caribou; changes in insect abun-
dance that alter food availability to wetland birds, energy budgets of reindeer
and caribou, or productivity of forests; increased abundance of snow geese,
which are degrading Arctic wetlands; overgrazing by domestic reindeer in parts
of Fennoscandia, Russia, and sub-Antarctic islands; and a rapid increase in
the occurrence and impact of invasive alien species, particularly in previously
isolated sub-Antarctic islands.

Climate change has substantially affected ecosystem services and
human well-being in polar regions (high certainty). Warming has been re-
gionally variable but, on average, temperatures are warmer now than at any
time in the past 400 years. Warming-induced thaw of permafrost is becoming
more widespread, causing threshold changes in ecosystem services, including
subsistence resources, climate feedbacks (energy and trace gas fluxes), and
support for industrial infrastructure. International conventions have established
mechanisms to reverse human impacts on UV-B, but international efforts to
reverse human impacts on climate change have been less successful.

Regional changes in atmospheric temperatures and sea-ice extent and
duration are changing the functioning of Antarctic marine ecosystems
(high certainty). The Antarctic Peninsula, with its neighboring oceanic sectors,
is one of the most rapidly warming regions on the planet (high certainty). It is
also the area where populations of higher predators are concentrated as a
result of high primary and secondary production and where the majority of
exploitation of living resources has been concentrated. Changes in ecosystem
structure are already occurring.

Most changes in feedback processes that occur in polar regions magnify
trace-gas-induced global warming trends and reduce the capacity of
polar regions to act as a cooling system for planet Earth. These climate
feedbacks result from changes in the physical system (increased moisture
transport to the poles, declines in the areal extent of sea ice and glaciers, and
earlier snowmelt) (high certainty). In addition, within the Arctic, most changes
in vegetation (expansion of shrubs in North America) and trace gas fluxes
(release of soil carbon to the atmosphere as carbon dioxide and methane) are
amplifying regional warming, although the retreat of the tree line in Russia is
leading to cooling (medium certainty).

In the Arctic, regional warming interacts with socioeconomic change to
reduce subsistence activities by indigenous and other rural people, the
segments of society with the greatest cultural and economic dependence
on these resources. Warming has reduced access to marine mammals (less
sea ice) and made the physical and biotic environment less predictable. Indus-
trial development has reduced the capacity of ecosystems to support subsis-
tence activities in some locations. Other animals, such as moose (Alces alces)
in North America, have moved northward in response to warming.

There is high certainty that reductions in the summer extent of sea ice
will increase shipping access along northern sea routes, fostering north-
ern development, and—together with rising sea level—will increase
coastal erosion that currently threatens many coastal villages. The net
effect is generally to increase the economic disparity between rural subsistence
users and urban residents.

PAGE 719

Increases in persistent organic pollutants and radionuclides in subsis-
tence foods have increased health risks in some regions, but diet
changes associated with the decline in harvest of these foods are usually
a greater health risk.

Mitigation of impacts (rather than reversing changes in drivers) is the
most feasible short-term strategy for protecting polar ecosystem services
and human well-being because the major causes of polar change are
globally distributed. Direct impacts of human activities on polar regions have
been modest, and nations with Arctic lands or Antarctic obligations have the
economic resources to mitigate many current and expected problems if appro-
priate policies are applied. Consequently, many parts of polar regions have a
high potential to continue providing key ecosystem services, particularly in
polar oceans and wetlands where biodiversity and resource harvest are con-
centrated. However, the sensitivity of polar ecosystems to disturbances associ-
ated with resource extraction makes them vulnerable to future global increases
in resource demand.

25.1 Introduction
The polar systems treated in this chapter are treeless lands at high
latitudes. These systems merge in the north with boreal forest (see
Chapter 21) and in the south with the Southern Ocean (see
Chapter 18). This chapter emphasizes the ecological processes
that most directly influence human well-being within and outside
polar regions. The physical processes in polar regions that influ-
ence human well-being (such as ozone effects on UV-B and
changes in glaciers and sea ice) are described briefly in this chapter
and more fully in the Arctic Climate Impact Assessment and in
assessments of the Intergovernmental Panel on Climate Change
(Anisimov et al. 2001). Because of its greater area of ice-free land
and larger human population, the Arctic figures more promi-
nently than the Antarctic in this chapter, although both are
equally important when physical processes and marine ecosystems
are integrated with terrestrial ecological processes.

25.1.1 The Arctic

The basic characteristics of Arctic terrestrial ecosystems were re-
cently summarized by the Arctic Climate Impact Assessment
(Callaghan et al. in press). It is a 12-million-square-kilometer
treeless zone between closed boreal forests and the ice-covered
Arctic Ocean. Within the Arctic, there are northward gradients
of shorter snow-free seasons (from three months to one month),
lower temperatures (from 10–12� Celsius to 2� Celsius in July),
and less precipitation (generally from about 250 to 45 millimeters
per year) (Jonasson et al. 2000). Permafrost (permanently frozen
ground) is nearly continuous in most of the Arctic but becomes
less continuous to the south and in maritime regions such as Scan-
dinavia. Regional variation in Arctic climate reflects the nature of
adjacent oceans. Cold waters in ocean currents flowing south-
wards from the Arctic depress the temperatures in Greenland and
the eastern Canadian Arctic, whereas the northeasterly flowing
North Atlantic Current warms the northern landmasses of Eu-
rope.

The land cover of the Arctic includes ice, barrens (which in
this chapter includes polar desert and prostrate shrub tundra with
less than 50% plant cover), and tundra (which in this chapter in-
cludes treeless vegetation with nearly continuous plant cover).
Tundra constitutes the largest natural wetland in the world (5 mil-
lion square kilometers). (See Table 25.1.) The distribution of these
major Arctic land cover types is well known, although their areal
extent differs substantially among authors, depending on vegeta-
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Table 25.1. Polar Subtypes and Their Areas. The area of the
major subtypes of Arctic and Antarctic ecosystems was estimated
from the maps in Figure 25.1. The Arctic includes only areas north
of 55�N and excludes forests and woodlands in that zone. Barrens
are lands with less than 50% vascular plant cover, and arctic tundra
has �50% plant cover. Barrens include polar desert and prostrate
shrub tundra; Arctic tundra includes graminoid tundra, erect shrub
tundra, and wetlands. All Arctic tundra is classified as wetlands under
the Ramsar Convention. (CAVM Team 2003)

Ecosystem type Total Canada
United
States Greenland Eurasia

(mill. sq. km.)

Arctic 10.57 3.29 1.01 2.14 4.13

Ice 2.50 0.25 0.10 1.95 0.20

Barrens 3.01 1.90 0.11 0.12 0.88

Artic tundra 5.06 1.14 0.80 0.07 3.05

Antarctic ice 12.44

tion classification (McGuire et al. 2002; CAVM Team 2003). (See
Figure 25.1 in Appendix A.)

Only 3% of the global flora and 2% of the global fauna occur
in the Arctic, and their numbers decrease toward the North
(Chernov 1995; Matveyeva and Chernov 2000). However, the
Arctic is an important global pool of some groups, such as mosses,
lichens, and springtails. The proportions of species that occur in
the Arctic differ among major groups—spiders at 1.2%, for in-
stance, insects at 0.3%, fishes at 1.8%, reptiles at �0.1%, mammals
at 2.8%, and birds at 2.8%. In general, primitive groups (such as
springtails, up to 12%) are better represented in the Arctic than
are advanced groups such as beetles (0.1%). Exceptions to the
general gradient of declining terrestrial diversity at higher latitudes
include sawflies and shorebirds (Kouki 1999; CAFF 2001).

Animal species decline with increasing latitude more strongly
than do vascular plants (frequently by a factor of 2.5) (Callaghan
et al. in press). There are about 1,800 species of vascular plant,
4,000 species of cryptogam, 75 species of terrestrial mammal, 240
species of terrestrial bird, 2,500 species of fungus, and 3,200 spe-
cies of insect (Matveyeva and Chernov 2000). Because of the low
species diversity, some ecologically important species—such as the
sedge Eriophorum vaginatum, lemmings, reindeer and caribou, and
mosquitoes—have large populations with broad geographic, often
circumpolar, distributions. Terrestrial food webs are often simple,
with few species at a particular level in the web. Consequently,
changes in abundance of one species can have many direct and
indirect ecosystem consequences (Blomqvist et al. 2002). A sig-
nificant attribute of Arctic biodiversity is the importance of mi-
gratory species, including most birds and marine mammals,
caribou, and many key fish species such as salmon. Many of these
species are important subsistence foods for local residents, and
their population dynamics can be strongly affected by processes
outside the Arctic.

Terrestrial net primary production and decomposition rates
are low and decrease from south to north. The stocks of soil car-
bon are high in boreal woodlands and Arctic tundra but low in
barrens. (See Table 25.2.) Because of low productivity, revegeta-
tion after human disturbance can take centuries (Forbes et al.
2001).

The Arctic has been populated throughout the Holocene. Of
the 3.8 million people who live there, about 8% (300,000) are
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indigenous. Population density ranges from near 8 persons per
square kilometer in the Murmansk Region of Russia to fewer
than 0.1 person per square kilometer in the Canadian Arctic
(Knapp 2000). Most people in the Arctic live in urban areas, so
population densities in rural areas are extremely low (typically
fewer than 0.1 person per square kilometer). The percentage of
indigenous peoples is greatest in Greenland and North America,
intermediate in Scandinavia, and lowest in Russia.

25.1.2 The Antarctic

The Antarctic (12.4 million square kilometers) is similar in size
to the Arctic but differs in being a largely ice-covered continent
surrounded by a ring of sea ice and extensive cold oceans. It has
no indigenous peoples, and use of the area for harvest of marine
mammals, birds, and fish began less than 200 years ago. The
northern boundary of the Antarctic region is the Antarctic Polar
Frontal Zone linked with the Antarctic Circumpolar Current,
where the southern cold surface waters sink below warmer south-
ern temperate waters at about 58� S (Anisimov et al. 2001). The
combination of the oceanic frontal zone and the circumpolar cur-
rent and westerly atmospheric circulation provides a strong barrier
to the movement of both terrestrial and marine biota into or out
of the region (Clarke and Crame 1989; Barnes et al. submitted).
Within the Antarctic region, three zones are frequently recog-
nized (Smith 1984; Longton 1988): the sub-Antarctic (oceanic
islands close to the Polar Frontal Zone), maritime Antarctic (Sco-
tia Arc archipelagoes and west coast of Antarctic Peninsula to
about 72� S), and continental Antarctic (the remainder of the pen-
insula and main continental mass).

The Antarctic and Arctic experience parallel latitudinal influ-
ences on seasonal climate (day length and insolation) but other-
wise have quite different environmental patterns and extremes
(Convey 1996; Danks 1999), largely driven by the contrasting
geography of the two regions. Several sub-Antarctic islands encir-
cle Antarctica close to the Polar Frontal Zone. These have cold,
relatively stable temperatures, with thermal variation buffered by
the surrounding ocean and with high precipitation and cloud
cover. Mean monthly air temperatures for most islands are posi-
tive year-round (Doran et al. 2002a; Thost and Allison in press).

The maritime Antarctic also experiences a strong oceanic in-
fluence, effectively acting as a physical barrier to the circulation
of moist air from the Pacific component of the Southern Ocean.
Mean monthly air temperatures in the maritime Antarctic are pos-
itive (but less than 2� Celsius) for two to four months in summer
and negative for the remainder of the year, although positive air
temperature may occur in any month (Walton 1984; Smith et al.
2003).

Inland, the climate of the Antarctic continent is colder than
the Arctic, with average annual temperatures of �20� Celsius or
lower (Hempel 1994; Doran et al. 2002b). Large parts of conti-
nental Antarctica are classified as frigid or polar deserts, with ex-
tremely low precipitation. This, combined with low humidity
and strong katabatic winds, can lead to rapid ablation and exten-
sive ice-free areas (Doran et al. 2002a; Nylen et al. 2004). The
largest of these, the McMurdo Dry Valleys (about 4,800 square
kilometers), contains a mosaic of perennially ice-covered lakes,
ephemeral streams, and arid soils (Fountain et al. 1999). Plant and
animal biomass of these valleys is low, and microbes dominate
biological productivity (Doran et al. 2002b).

The Southern Ocean is covered by an expanse of sea ice that
varies seasonally from 3 million to 20 million square kilometers:
about the size of North America. Sea ice contains within its ma-
trix a microbial community of algae, bacteria, and small consum-
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Table 25.2. Comparisons of Carbon Pools in Arctic-Alpine Tundra with the Boreal Zone and World Total. The soil pools do not include
the most recalcitrant humic fractions. (McGuire et al. 1997)

Area Soil Vegetation Soil:Veg. ratio Total carbon 
Soil Veg. Soil+Veg.

(mill. sq. km.) (grams per sq. meter) (trillion kilograms)

Arctic and Alpine tundra 10.5 9,200 550 17.0 96 102

Boreal woodlands 6.5 11,750 4,150 2.8 76 27 103

Boreal forest 12.5 11,000 9,450 1.2 138 118 256

Terrestrial Total 130.3 5,900 7,150 0.8 772 930 1,702

5.7

ers (Arrigo et al. 1997; Brierley and Thomas 2002). It also serves
as a refuge for juvenile krill that browse on the microbial commu-
nity (Siegel et al. 1990) and as a feeding platform for penguins
and seals (Fraser and Hofmann 2003). There are marked regional
interannual variations in the extent and duration of sea ice that
generate changes in the functioning of the whole ecosystem
(Murphy et al. 1995, 1998; Loeb et al. 1997; Fraser and Hofmann
2003). The entire Antarctic marine ecosystem, from primary pro-
ducers to whales, therefore depends on the extent and duration
of sea-ice cover (Quetin and Ross 2001; Smith et al. 2003; Atkin-
son et al. in press).

The terrestrial biodiversity of Antarctica is much lower than
that in the Arctic because of its geographic isolation, the relative
youth of most terrestrial habitats (formed after the retreat of Pleis-
tocene glaciers), and the extreme environmental conditions
(Convey 2001b). There are no native terrestrial vertebrates, but
large populations of marine birds (penguins, petrels, gulls, terns,
skuas) and seals take advantage of the absence of land-based preda-
tors, relying on terrestrial sites to breed, molt, and rest. These
provide considerable nutrient input to terrestrial habitats while
also imposing physical damage through trampling and manuring.

Less than 1% of the continent is seasonally ice- or snow-free,
providing rock and soil habitats for life (Block 1994). Vascular
plants and higher insects are poorly represented on the Antarctic
continent (two native species of each, both restricted to the mari-
time Antarctic). Mosses, liverworts, and lichens are frequent in
coastal low-altitude areas but rapidly decrease with progression
into the interior or the ice-free dry valley deserts. Likewise, the
more primitive or lower groups of invertebrates (such as mites,
springtails, nematodes, and other soil mesofauna) assume a domi-
nant role in food webs rarely seen elsewhere. The simplest faunal
assemblages found worldwide occur in the Dry Valleys and inland
continental nunataks (Freckman and Virginia 1997; Convey and
McInnes in press). Many of these groups show high levels of en-
demism. Biodiversity on the sub-Antarctic islands is considerably
higher than on the continent, though lower than at comparable
latitudes in the Arctic, and rates of endemism are again extremely
high (Chown et al. 1998; Bergstrom and Chown 1999).

The only permanent human residents in Antarctica are scien-
tists and support staff who live in 37 research stations and many
temporary camps. They number about 4,000 in the three- to
four-month summer and 1,000 in winter (Frenot et al. in press).
Their research examines processes and patterns that can only be
explored in extreme conditions, such as the record of Earth’s cli-
mate history preserved in ice cores, physiology and organism ad-
aptation in extreme conditions, and the functioning of highly
simplified ecosystems (Weller et al. 1987). There is a rapidly
growing tourist trade, with 14,000 people visiting the Antarctic
in 1999–2000 (Frenot et al. in press). Tourists predominantly visit
coastal areas to view marine birds and seals and to see historic huts
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and sites used by Antarctic explorers of the early twentieth cen-
tury, spending most of their time on ships. Increased tourism has
global causes. Economic prosperity provides individuals with the
financial means to participate, while events such as the economic
downturn in Russia resulted in the release of ice-strengthened
research ships to support tourism.

25.2 Condition and Trends in Polar Ecosystem
Services
The dramatic changes in many of the drivers that shape polar
processes are having profound effects on ecosystems and the ser-
vices they provide to society. This section describes the current
condition and major trends in ecosystem services that are impor-
tant to society, both within and beyond polar regions.

25.2.1 Climate Regulation

25.2.1.1 Physical Feedbacks
Polar regions play a key role in the global climate system and
therefore influence human activities and well-being throughout
the world. (See Chapter 13.) They act as an important cooling
system for Earth by reflecting incoming radiation from ice, snow,
and clouds and by radiating back to space the heat that is trans-
ported poleward by the atmosphere and oceans. The heat loss
from polar regions (180 W m�2 annually), for example, is greater
than solar input (80 W m�2), with the imbalance (100 watts per
square meter) coming from lower latitudes (Nakamura and Oort
1988).

The latitudinal temperature gradient is a major driving force
for atmospheric and ocean circulation and therefore for heat
transport from the equator to the poles. Ocean heat transport is
driven both by surface winds and by the movement of cold saline
surface water to depths around Antarctica and in the North Atlan-
tic (Anisimov et al. 2001). Recent increases in Antarctic precipita-
tion have caused a freshening of surface layers that weakens
bottom-water formation (Anisimov et al. 2001). This bottom-
water formation is sensitive to climate effects on sea-ice formation
and decay and, in the Arctic, on freshwater discharge to the
ocean. Polar ice sheets account for 68% of the fresh water on
Earth, so changes in the mass balance of these ice sheets could
alter sea level and the input of fresh water to zones of deepwater
formation. Past variation in the strength of bottom-water forma-
tion has contributed substantially to Earth’s long-term climate
variation (Anisimov et al. 2001).

Until recently, the warming trend at high latitudes had little
detectable effect on the mass balance of the Greenland and Ant-
arctic ice sheets, because of measurement inaccuracy and because
warming simultaneously increased inputs of snow (because the
warmer atmosphere holds more water) and the melting of ice
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sheets (Anisimov et al. 2001). Since 1990, however, increased
melting and water infiltration at the base have increased ice flows
to the ocean (Krabill et al. 2000; Thomas 2004). The mass wast-
age in 1991–2000 was 80 cubic kilometers per year (Box et al.
2004). Mountain and subpolar glaciers have exhibited a negative
mass balance of similar magnitude (90–120 cubic kilometers per
year) for the past 40 years (see Figure 25.2), particularly in Alaska,
Canada, high-mountain Asia, and Patagonia (Dowdeswell et al.
1997; Dyurgerov and Meier 1997; Arendt et al. 2002; Rignot et
al. 2004). In contrast, the Antarctic ice sheet shows regional and
temporal variation in mass balance but no overall directional trend
(Rignot and Thomas 2002; Bentley 2004). Warming has been
most pronounced on the Antarctic Peninsula, causing a 10,000-
square-kilometer retreat of adjacent ice shelves (Anisimov et al.
2001).

There is enough ice on the Antarctic Peninsula to raise global
sea level by 0.5 meters, but the time course of its melting is specu-
lative. The rapid disintegration and collapse of the Larsen-B ice
shelf in 2002 was unprecedented; grounded ice sheets serve as
brakes on the glaciers behind them, and the glacier behind the
(now absent) Larsen-B sheet has accelerated its seaward flow
(Scambos et al. 2004). The total freshwater input from these ice
sheets and glaciers has, however, had less effect on sea level than
the thermal expansion of oceans resulting from recent climate
warming has. Nonetheless, freshwater input from glacial melt has
substantially increased since 1990.

The Southern Ocean has warmed faster than the global ocean
at mid-depths (700–1,100 meters) has over the past 50 years (Gille
2002). In addition, the surface and shelf waters in the Ross Sea
have warmed and become less saline over the past 40 years (Jacobs
et al. 2002), owing to a combination of increased precipitation, a
reduction of sea-ice production, and increased melting of the
West Antarctic ice sheet (Jacobs et al. 2002). Ice dynamics are also
sensitive to fluctuations in the Antarctic Circumpolar Current,
regional warming, and ENSO-related variation in Southern
Hemisphere atmospheric and oceanic conditions (Liu et al. 2002).
The apparent precession around the Antarctic of anomalies in sea-
ice conditions and the ocean temperatures associated with the
Antarctic Circumpolar Current (termed the Antarctic Circumpo-
lar Wave) (Murphy et al. 1995; White and Peterson 1996) are
also related to ENSO and contribute to regional and interannual
variation in ocean temperatures and ice conditions. Whaling rec-
ords suggest a possible circumpolar retreat in Antarctic sea ice by
2.8 latitude between the mid-1950s and early 1970s, although this
interpretation is debated (Anisimov et al. 2001). The sea ice then
became more extensive from 1979 to 2002, but with high re-

Figure 25.2. Trends in Glacier Volume for Different Arctic
Regions, 1961–98 (Hinzman et al. in press)
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gional variability (Liu et al. 2004) and large impacts on ecosystem
processes (Smith et al. 1998).

In contrast, Arctic sea ice continues to decrease in extent by
2.9% per decade (see Figure 25.3) and has become thinner over
the past 40 years (Maslanik et al. 1996; Anisimov et al. 2001). The
reductions in areal extent of sea ice, glaciers, and seasonal snow
cover reduce high-latitude albedo (the reflectance of incoming
solar radiation) and act as a positive feedback that has medium cer-
tainty of amplifying the rate of high-latitude warming at both
poles (Serreze et al. 2000; Mitchell et al. 2001). Increases in
clouds, as sea ice retreats, could dampen this polar amplification,
however (Wang and Key 2003). The reduction in summer ice
cover has a high certainty of making commercial shipping feasible
in the Northern Sea Route, likely by 2020. The reduction in sea
ice over the past 40 years has reduced available habitat and hunter
access to many marine mammals, which are an important subsis-
tence and cultural resource for many coastal indigenous peoples
of the Arctic (Krupnik 2002). The modest sea level rise that has
occurred to date, combined with reduction in sea ice and greater
storm surges, has caused considerable coastal erosion, which en-
dangers coastal communities and increases organic carbon input
to coastal oceans.

25.2.1.2 Ecosystem Feedbacks

Ecosystem processes at high latitudes influence the climate system
when they cause these regions to become net sources or sinks
of greenhouse gases such as carbon dioxide and methane. In the
Antarctic, oceans have the strongest influence on carbon flux
through both physical processes that are driven by ocean circula-
tion and biotic processes driven by photosynthesis and respiration.
Photosynthesis (carbon uptake) by marine phytoplankton con-
verts inorganic carbon into organic matter. When algae are eaten
or die, some of this carbon is respired and returns to the atmo-
sphere and some sinks to depth as dead cells or fecal pellets of
their grazers, a biological pump that sequesters carbon in the deep
ocean (Ducklow et al. 2001).

Many factors interact to control the productivity of phyto-
plankton, as described later in this section, and therefore the car-
bon export to depth in the oceans around Antarctica. Spatial
variability in productivity and carbon export depends on vertical
mixing, mixed layer depth, krill grazing, and micronutrient (iron,
for example) limitation (Arrigo et al. 1999; Prezelin et al. 2000).
Temporal variation correlates with sea-ice extent and timing, with

Figure 25.3. Trend in Arctic Sea Ice Extent, 1978–97 (Serreze et
al. 2000)
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extensive or late-melting ice favoring high productivity. Ice mar-
gins are highly productive because of high nutrient availability,
whereas the productivity of the open ocean appears limited by
iron availability (Boyd et al. 2000).

Warming has two counterbalancing effects on productivity
and therefore on carbon export to depth. The more highly devel-
oped freshwater lens beneath melting ice enhances productivity,
whereas the decreasing extent of sea ice reduces the areal extent
of productive ocean. The Southern Ocean below 50�S is a net
carbon sink, taking up about 0.5 petagrams of carbon annually, or
about 20% of the total oceanic uptake, in 10% of its area (Taka-
hashi et al. 2002). The intensity of uptake in the Southern Ocean
highlights its role in the global carbon cycle. How it will respond
to climate change remains highly uncertain (Sarmiento and Le
Quere 1996; Sarmiento et al. 1998).

In the Arctic, terrestrial ecosystems are the major site of green-
house gas exchange. Under current conditions, both direct mea-
surements and global carbon models suggest that the circumpolar
Arctic is neither a large source nor a large sink of carbon dioxide.
Measurements suggest a modest source, whereas models suggest a
small sink of 17 � 40 grams of carbon per square meter per year
(mean � SD, spatial variance) (McGuire et al. 2000; Sitch et al.
2003; Callaghan et al. in press). Both estimates overlap zero,
owing to low certainty and large interannual and regional variation.

Areas that have warmed and dried, such as Alaska and Eastern
European Arctic, are generally a carbon source. For example, after
a pattern of net carbon accumulation during most of the Holo-
cene, Alaska became a net carbon source when regional warming
began in the 1970s (Oechel et al. 1994). The strength of this
source then declined as plant- and ecosystem-scale negative feed-
backs increased carbon uptake by plants (Oechel et al. 2000). (See
Figure 25.4.) This may reflect warming-induced nutrient release,
which tends to enhance photosynthesis and net primary produc-
tion (Shaver et al. 2000). Scandinavian and Siberian peatlands,
which have become warmer and wetter, are a net carbon sink of
15–25 grams of carbon per square meter per year (Aurela et al.
2002; Smith et al. 2004). In Greenland, where there has been
little warming (Chapman and Walsh 1993), net carbon exchange
is close to zero, with sinks in wet fens balanced by carbon losses
in dry heath (Christensen et al. 2000; Soegaard et al. 2000; Nord-
strøm et al. 2001). Carbon fluxes in the high Arctic are extremely
low—a net sink of about 1 gram of carbon per square meter per
year (Lloyd 2001).

Taken together, Arctic flux measurements suggest that warm-
ing has substantially altered Arctic carbon balance but that the
direction of this effect varies regionally, depending on hydrology,

Figure 25.4. Trend in Net Annual Carbon Flux from Alaskan Arctic Tundra, 1960–95 (Oechel et al. 2000)
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with wet areas tending to gain carbon and dry areas tending to
lose carbon with warming. Remote sensing and indigenous ob-
servations suggest that drying trends predominate in the North
American Arctic (Hinzman et al. in press). The greatest uncer-
tainties in estimating recent and future trends in carbon exchange
relate to changes in hydrology, nutrient dynamics associated with
decomposition, and disturbance effects on vegetation (Chapin et
al. 2000a; Oechel et al. 2000; Callaghan et al. in press). These
processes have not yet been adequately incorporated into global
carbon models. In summary, the short time period of record and
the incomplete inclusion of key processes in global models result
in low certainty of long-term trends, but the balance of evidence
suggests a small trend toward carbon release in the short term,
with long-term trends depending on the balance between in-
creased production and uncertain trends in respiration.

High-latitude wetlands are one of the largest natural sources
of atmospheric methane, about 70 teragrams per year (Cicerone
and Oremland 1988; Schlesinger 1997). Methane fluxes are
highly variable, both temporally and spatially. However, methane
efflux responds positively to soil moisture, summer soil tempera-
ture, and the presence of oxygen-transporting vascular plants such
as wetland sedges (Christensen et al. 2003). Warming and thawing
of permafrost (see Figure 25.5) increase the area of wetlands and
thaw lakes, further increasing methane efflux from the Arctic
(Zimov et al. 1997; Christensen et al. 2004). There is medium
certainty that warming enhances methane release, creating a posi-
tive feedback to climate change (Christensen et al. 2003).

Recent increases in length of the snow-free season (2.6 days
per decade and similar increases in other northern regions)
(Keyser et al. 2000; Walther et al. 2002) and the reduced albedo
(reflectance) associated with shrub expansion (Eugster et al. 2000)
both tend to increase annual energy absorption. This acts as a
positive feedback to high-latitude warming (Betts and Ball 1997;
Chapin et al. 2000b), but the magnitude of these effects has low
certainty. Conversion of tundra to forest creates an even larger
climate feedback by replacing a snow-covered surface with a dark,
more absorptive surface. (See Chapter 13.) Model simulations
suggest that conversion of tundra to forest accounted for half of
the high-latitude mid-Holocene warming (Foley et al. 1994).
Forest expansion generally lags behind regional warming because
tree establishment is slow near the climatic limit of trees (Huntley
1996; Lloyd et al. 2003b).

Russian rivers have increased their discharge to the Arctic
Ocean by 7% over the past 70 years, primarily due to increases in
winter discharge (Peterson et al. 2002; Yang et al. 2002). (See
Figure 25.6.) Changes in permafrost distribution associated with
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Figure 25.5. Trend in Permafrost Temperature at 20 m Depth at
West Dock on the Coastal Plain of Northern Alaska, 1983–2001
(Osterkamp and Romanovsky 1999)

Figure 25.6. Trend in Discharge of the Six Largest Eurasian
Arctic Rivers, 1935–2000 (Peterson et al. 2002)

wildfire or human-induced vegetation changes may have contrib-
uted to the increase in winter discharge (Serreze et al. 2003), al-
though the causes are speculative. The discharge records for North
American rivers are too short to detect long-term discharge
trends. The Arctic Ocean is extremely sensitive to changes in dis-
charge because it receives more discharge per unit ocean volume
than any other ocean. Most river discharge into the Arctic Ocean
eventually exits in the North Atlantic. Continued increase in the
input of low-density fresh water could reduce North Atlantic bot-
tom-water formation by the end of the twenty-first century if the
discharge of Arctic rivers continues to increase at its current rate
(Peterson et al. 2002). This potential change is speculative, but the
climatic implications for Europe and the North Atlantic Region
are enormous.

In the Southern Ocean, physical processes are entirely respon-
sible for variation in bottom-water formation. Dense saline water
is produced when sea ice forms beneath ice shelves and when
polynyas (open water) or thin ice transfer heat rapidly from the
ocean to the atmosphere. Antarctic surface waters have warmed
since 1970 (Wong et al. 1999), a trend that would tend to reduce
rates of bottom-water formation and thermohaline circulation. In
summary, different processes at the two poles both tend to
weaken bottom-water formation.

Less is known about carbon cycling in Antarctic terrestrial sys-
tems. Rates of CO2 flux in Antarctic dry valley soils are exceed-
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ingly low, and the total volume of soil in the Antarctic is tiny in
comparison with that of the Arctic (Parsons et al. 2004). The soil
organic matter in some dry valleys appears to be a legacy of past
climates when paleo-lake production enriched soils in carbon and
nutrients (Burkins et al. 2001). It is not known whether these
systems are net sources or sinks of carbon because interactions
between abiotic and biological controls of CO2 flux vary with soil
environment and climate (Parsons et al. 2004).

25.2.2 Fresh Water

Antarctica is the driest continent on Earth, with nearly all water
locked up in ice. Dependence on fuel to melt ice for usable water
limits potential for human habitation, and low water availability
limits many physical and biological processes across the continent
(Kennedy 1993).

In contrast to Antarctica and much of the rest of the world,
inhabited portions of the Arctic generally have abundant fresh
water despite low precipitation. Water is important to Arctic resi-
dents as a source of hydropower and as a transportation corridor.
(See Chapter 20.) Water quality in the Arctic is generally good
except in areas of industrial development.

The net transport of contaminants (persistent organic pollut-
ants, heavy metals, and radionuclides) to polar regions, however,
produces a dilute source of pollutants that often become concen-
trated as they move through food webs and are a potential health
risk to people, as described later in this chapter. Changes in water
availability in the Arctic (for example, regional drying) are impor-
tant primarily through effects on ecosystem services (such as habi-
tat for fish and water birds, or trace gas emissions).

Arctic fresh water continues to receive attention from water-
deficient regions of the world as a potential freshwater supply.
Russian newspapers, for example, recently reported the reactiva-
tion of 1970s plans to divert the Ob and other northbound rivers
toward water-starved regions in the south.

25.2.3 Biodiversity and Species Composition

25.2.3.1 Changes in Vegetation

Polar regions have historically experienced fewer invasions of ex-
otic plant species than most biomes because climate is a severe
physiological filter (Walther et al. 2002). However, recent climate
warming has facilitated invasion of new species (Robinson et al.
2003; Frenot et al. in press). On some sub-Antarctic islands exotic
species account for more than 50% of vascular plant diversity, and
exotic grasses may outcompete native species (Smith 1994;
Chown et al. 1998; Gremmen et al. 1998; Bergstrom and Chown
1999; Gremmen and Smith 1999; Frenot et al. in press). Exotic
species also occur in maritime regions of the Arctic (such as Ice-
land) (Wiedema 2000) and inland areas with road and rail connec-
tions (in Canada and Russia, for example) (Forbes 1995), but the
frequency of invasion is known with low certainty. Twenty species
of Arctic plants are considered globally threatened—vulnerable,
endangered, or critically endangered, according to IUCN Red
List criteria (CAFF 2001).

Polar plant species have also changed in their relative abun-
dance (Walther et al. 2002; Callaghan et al. in press). On the
Antarctic continent, mosses have colonized previously bare
ground, and the only two native vascular plant species have ex-
panded their ranges (Smith 1994; Convey 2001a). Repeat aerial
photography demonstrates that shrubs have increased in domi-
nance in 70% of 200 sample locations in Arctic Alaska (Sturm et
al. 2001), a change confirmed by indigenous observations across
much of the North American Arctic (Nickels et al. 2002; Thorpe
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et al. 2002). NDVI, an index of vegetation greenness, has in-
creased by 15% since 1981 in Arctic Alaska (Jia et al. 2003) (see
Figure 25.7) and to a more variable extent in the circumpolar
Arctic as a whole (Myneni et al. 1997).

In Alaska, the latitudinal tree line has moved northward, con-
verting about 2% of tundra to forest in the past 50 years (Lloyd et
al. 2003a), whereas in Russia the tree line has retreated southward
as a result of forest harvest and anthropogenic burning, creating
about 500,000 square kilometers of wetlands superficially resem-
bling the tundra (Callaghan et al. 2002; Vlassova 2002). Thawing
of permafrost has also converted large areas of well-drained lands
to wetlands (Crawford et al. 2003; Hinzman et al. in press).

Experimental manipulations of climate, nutrients, and UV-B
radiation in numerous studies throughout the Arctic suggest that
mosses and lichens could become less abundant when vascular
plants increase their growth (Van Wijk et al. 2004). Mosses and
lichens are a large component of polar plant diversity and control-
lers of ecosystem processes: lichens are a key winter food for
caribou and reindeer, and mosses insulate the soil. Similar manip-
ulations on the Antarctic Peninsula indicate complex responses
that could include a decline in density and diversity of soil inver-
tebrates in response to warming (Convey et al. 2002) and a de-
cline in nematodes in response to cooling in the McMurdo Dry
Valleys (Doran et al. 2002b).

25.2.3.2 Changes in Caribou and Reindeer

Many of the North American barren-ground wild caribou (Ran-
gifer tarandus) herds were at historic high levels at the end of the
1980s; several herds are currently in decline (Russell et al. 2002).
Interannual variation in caribou calving success of several North
American herds correlates with the rate of spring vegetation
growth in calving grounds, as measured by satellite-derived
NDVI (Griffith et al. 2002), although regional heterogeneity in
other ecological conditions also affects reproductive success (Rus-
sell et al. 2002). The Peary caribou herd that occupies polar bar-
rens in the Canadian Arctic islands has, in contrast to other North
American herds, decreased to critically low levels and is currently
on Canada’s endangered species list. Potential causes of the de-
cline include the impact of climate change on extreme weather
events (such as autumnal ice storms), vegetation composition, in-
sect harassment, animal energy demands, animal behavior, and
shifts in animal distribution relative to human users’ access.

Figure 25.7. Trend in Normalized Difference Vegetation Index in Alaskan Arctic Tundra, 1990–2000 (Jia et al. 2003)
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In Fennoscandia, reindeer are intensively managed for meat,
as a cultural resource, and for recreational harvest. Here reindeer
herding is the subject of political conflicts owing to the degrada-
tion of pastures, protection of predators, and indigenous people’s
efforts to assert their access rights to traditional herding areas (cov-
ered later in this chapter).

In the Russian North, the collapse of the former state-supported
supply and marketing system has led to a decline in domesticated
reindeer stock over the past 10 years from 2 million to 1 million
animals (Baskin 2000). This decrease was accompanied by in-
creases in several large wild reindeer populations of Taimyr,
Yakutia, and Chukotka, leading to serious impacts on pasture-
lands. Wild and domesticated reindeer are typically seen as eco-
logical antagonists, because wild reindeer lead domesticated
animals away, compete for (or damage) pastures, and are a reser-
voir of infectious diseases. On the Yamal Peninsula, in contrast,
the population of semi-domesticated reindeer increased steadily
in the post-Soviet period, in part because of the cultural role of
reindeer herding among the Nenets people of that region.

Oil development has contributed to trends in caribou and
reindeer populations in some areas. Caribou and reindeer are sen-
sitive to disturbance during calving (Vistnes and Nellemann 2001;
Griffith et al. 2002). In Alaska, for example, concentrated calving
was displaced from industrialized areas to areas of lower forage
richness, with caribou returning to industrialized areas during the
post-calving period (Griffith et al. 2002). The effects on popula-
tion dynamics of this herd displacement during calving are
debated (NRC 2003). Development conflicts associated with po-
tential habitat loss have been resolved in some areas through ‘‘cal-
ving group protection measures’’ (in the Northwest Territories of
Canada, for instance), whereas in other areas (such as Alaska and
Russia) calving grounds hold no special policy status.

Onshore oil and gas activities also impede access to traditional
hunting and herding areas and thus disrupt community activities
and traditional practices (Golovnev and Osherenko 1999). Pipe-
lines and facilities create obstacles to free movement of reindeer
herds. In the intensively developed Yamal Peninsula in Western
Siberia, destruction of vegetation due to construction of facilities,
roads, and pipelines and to off-road vehicle traffic exceeds 2,500
square kilometers and could more than double under current de-
velopment plans. The resulting concentration of reindeer herds
into an ever-decreasing undeveloped area has led to overgrazing,
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with potential long-term adverse effects on ecosystem productiv-
ity and local economies (Forbes 1999).

25.2.3.3 Changes in Other Terrestrial Mammals

Twenty-one species of Arctic mammal are considered globally
threatened (CAFF 2001). However, it is difficult to assess recent
population trends of polar mammals as a whole, because quantita-
tive data are available for only a few species, mostly animals of
economic importance or high conservation profile. (See Table
25.3.) Possibly in response to changes in climate or prey abun-
dances, red fox (Vulpes vulpes) has expanded northward into habi-
tats of the smaller Arctic fox (Alopex lagopus) in Fennoscandia and
Canada, where it is thought to exploit the most productive habi-
tats by interference competition (Hersteinsson and MacDonald
1992; Elmhagen et al. 2002). The observed expansion of shrubs
favors the range expansion from adjacent biomes of some herbi-
vore species with wide dietary flexibility (Klein 1999). Moose
(Alces alces), for example, have expanded from the boreal forest to
Arctic tundra in Alaska and eastern Canada but have declined in
Siberia owing to increased hunting.

Table 25.3. Population Numbers and Trends of Some Key Arctic Animals. Population trends indicate moderate to high certainty that
populations exhibit a directional trend. Where the trends differ regionally, the nature of these trends (increasing, decreasing, stable) is
indicated. (Modified from CAFF 2001 with marine mammals from Marine Mammal Commission 2002)

Species
Total Arctic
Population Population Trend Major Driver of Change

Birds
Eiders (4 spp) >3 million declining/stable/increasing unknown

Common murre/guillemot (Uria aalge) 8–11 million declining/stable/increasing unknown

Thick-billed murre (U. lomvia) 14 million unknown unknown

Gulls increasing garbage ??

Geese (15 spp) 11 million 40% of populations increasing
28% stable
18% declining
14% trend unknown

winter habitat, 
overharvesting

Shorebirds

North America (21 spp) 14 million decreasing unknown

Eurasia (16 spp) 8 million no clear trend; some declines unknown

Terrestrial mammals
Caribou/reindeer (Rangifer tarandus) 4.5 million many herds increased until 1980s;

Peary caribou declining 
forage, weather 

Muskoxen (Ovibos moschatus) 150,000 increasing/stable reintroductions, weather

Brown bear (Ursus arctos) 170,000 declining/stable/increasing habitat loss, poaching

Wolverine (Gulo gulo) 30,000 unknown/stable/increasing unknown

Wolf (Canis lupus) 50,000 declining/stable/increasing hunting, habitat loss

Marine mammals 
Right whale (Eubalaena glacialis) <1,000 stable/uncertain 19th century harvest

Humpback whale (Megaptera novaeanglie) thousands increasing 19th century harvest

Gray whale (Eschrichtius robustus) 27,000 stable; near optimal 19th/20th century harvest

Killer whale (Orcinus orca) few thousand stable, not endangered not widely harvested

Steller sea lion (Eumatopius jubatus) 30–40,000 declined 85% since 1970s uncertain

Pacific walrus (Odobaenus rosmarus divergens) 230,000 trend uncertain uncertain

Harbor seal (Phoca vitulina richardsi) 100,000 some populations declining human and natural factors

Polar bear (Ursus maritimus) 25,000 unknown sea ice decline

Sea otter (Enhydra lutirs) 100,000 decline since 1995 unknown
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Deliberate introductions are modifying animal distributions.
Musk oxen (Ovibos moschatus) have been introduced to new areas
and to portions of their former ranges, after dramatic reductions
in their numbers in the nineteenth century from many of these
areas; they are expanding in population sizes and ranges in Alaska,
Russia, west Greenland, Quebec, and Norway (CAFF 2001).
Wood bison (Bison bison athabascae), the closest relative of the ex-
tinct Pleistocene bison, have also been reintroduced in several
areas of Arctic Canada. Bison, like many animals, substantially
disturb their habitat, so their reintroduction could lead to ecosys-
tem changes that alter many species abundances and ecosystem
processes (Zimov et al. 1995).

Fennoscandian lemmings and voles are changing in seasonal
dynamics and losing the synchronous cyclic population fluctua-
tions that characterize these species (Hanski et al. 2001), as oc-
curred earlier in Alaska (Batzli et al. 1980). In Scandinavia, but
not in Greenland, declines in lemming populations cause in-
creased predation on water birds as an alternative prey, although
changes in weather may contribute to these population changes
(Summers and Underhill 1987; Soloviev et al. 1998; Yoccoz and
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Ims 1999). Trends in mammalian predators (such as wolves (Canis
lupus), bears (Ursus spp.), and wolverines (Gulo gulo)) have been
regionally variable. In general, species interactions are complex
and regionally variable (Blomqvist et al. 2002; Gilg 2002), making
broad generalizations uncertain.

25.2.3.4 Changes in Marine Mammals

Hunting for marine mammals, especially whales, seals, and sea
otters (Enhydra lutris), in the nineteenth century radically reduced
many populations (Marine Mammal Commission 2002). The
Steller sea cow (Hydrodamalis gigas) was hunted to extinction. The
Southern right whale (Eubalaena glacialis australis) and Antarctic fur
seal (Arctocephalus gazella) were almost extinct by 1830. Whaling
proliferated in the nineteenth and first half of the twentieth centu-
ries. Overexploitation led to the formation of the International
Whaling Commission in 1949. There is now a moratorium on
commercial whaling, although Iceland and Japan continue to har-
vest whales for research, and Norway, which objected to the mor-
atorium on commercial whaling, continues commercial whaling,
leading to an annual harvest of 400 � 40 minke whales (Balae-
noptera acutorostrata). Indigenous whaling in Greenland and North
America has had no detectable effect on whale populations (Caul-
field 1997).

Antarctic fur seal populations are growing as a result of de-
creased whale predation and are expanding their range to the
south. In contrast, many whale populations have not fully recov-
ered. The causes of recent declines in populations of southern
elephant seal, Steller sea lion (Eumatopius jubatus), harbor seal
(Phoca vitulina richardsi), sea otter (E. lutris), and other marine
mammals are speculative, but in some cases appear to involve com-
mercial fishing (of the southern elephant seal and sea otters, for
example), reduced sea ice (for polar bears (U. maritimus) and wal-
rus (Odobaenus rosmarus divergens)), or other changes in marine
ecosystems (Estes et al. 1998).

Northern oil and gas development may also influence marine
mammals. Noise from offshore oil exploration in the Beaufort
Sea disturbs bowhead whales (Balaena mysticetus) and could deflect
them from migration routes, making them less accessible to hunt-
ers. Autumn-migrating bowheads, for example, stay 20 kilome-
ters from seismic vessels (NRC 2003). Oil spills from marine
transportation or offshore oil platforms have the potential for
widespread ecological damage, particularly in ice-covered Arctic
waters. Spills from pipelines in temperate-zone oil basins in the
headwaters of Arctic rivers such as the Ob, Pechora, and McKen-
zie could also contaminate Arctic waters.

25.2.3.5 Changes in Birds

There is extensive evidence of environmentally related changes in
Antarctic seabird populations, although long-term exploitation of
living resources may also be a contributing factor (Fraser et al.
1992). Among the most dramatic Antarctic changes have been
local declines in Adélie penguins (Pygoscelis adeliae) combined with
a southward reduction in range (Fraser et al. 1992). Chicks that
fledge at a body mass of less than 2,850 grams have low survivor-
ship. Most available penguin rookery habitat occurs in landscapes
where snow deposition is enhanced during late winter and early
spring storms. This causes chicks to hatch later and delays their
key growth period until early February, when local krill (Euphasia
superba) is less abundant and adults must forage greater distances
for food. Adélie penguins have become locally extinct on some
islands along the Antarctic Peninsula and are declining rapidly on
other islands (Ainley et al. 2003). As the Adélie penguins decline,
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they are being replaced by a southward shift in distributions of
chinstrap and gentoo penguins (P. antarctica and P. papua).

Adélie penguin populations in the Ross Sea sector appear to
oscillate with a five-year lag to sea-ice extent, which in turn is
related to ENSO conditions (Wilson et al. 2001). In the longer
term, the southern limit to distribution of Adélie penguin breed-
ing colonies is determined by changes in the pattern of year-
round sea-ice presence (Baroni and Orombelli 1994; Emslie et al.
2003) Extensive sea ice during winter months appears to reduce
sub-adult survival. Similarly, emperor penguins (Aptenodytes for-
steri) decline with warmer temperatures and reduced sea-ice ex-
tent (Barbraud and Weimerskirch 2001), although they hatched
fewer eggs when winter sea ice was extended (Barbraud and
Weimerskirch 2001). These data indicate that penguins may be
quite susceptible to climatic changes. In addition, there have been
serious population declines in 16 of 24 species of albatrosses, pri-
marily as a result of incidental catches in longline fishing (Craw-
ford and Cooper 2003).

The Arctic is a breeding ground for many migratory wetland
birds that overwinter throughout the world. Several hundred mil-
lion birds, including swans, geese, and ducks, migrate from south-
ern overwintering grounds to the Arctic to breed. These birds are
indirectly affected by climate changes, habitat loss, and altered
food abundance throughout their range (Lindström and Agrell
1999; Zöckler and Lysenko 2000). Critical coastal stopover sites
are also threatened by human activities. The increases in Arctic
plant biomass, height, and density caused by recent warming and
eutrophication affect wetland birds negatively (Callaghan et al. in
press). Twelve Arctic bird species are globally threatened (CAFF
2001). Climate change also fosters northern migration of more
southerly bird species, including the common snipe (Gallinago gal-
linago), black-tailed godwit (Limosa limosa), and northern lapwing
(Vanellus vanellus) in Russia (Lebedeva 1998; Morozov 1998), as
well as American robins (Turdus migratorius) in the polar barrens
of North America (Jolly et al. 2002). Ravens (Corvus corax) and
some gulls have become more abundant near human settlements,
acting as nest predators on other birds.

The greater snow goose (Chen caerulescens atlantica) increased
twenty-five-fold, from 28,000 birds in 1965 to 700,000 in 1998
(CAFF 2001). The overall populations of ‘‘white’’ geese (greater
and lesser snow goose and Ross’s goose) increased from about 1
million to about 8.5 million over the same time period (Batt
1997). Changes in agricultural practices, which increased food
availability, are probably the most important cause of these
changes. The population increase has exceeded the threshold for
persistence of salt-marsh vegetation, leading to catastrophic vege-
tation change and salinization of many coastal wetlands (Hik et al.
1992; Srivastava and Jefferies 1995).

25.2.3.6 Changes in Fish

The most dramatic changes in fish populations have occurred in
Antarctic waters, where overfishing rapidly depleted stocks of
marbled notothenia (Notothenia rossii), mackerel icefish (Champso-
cephalus gunnari), gray notothenia (Lepidonotothen squamifrons), and
Patagonian toothfish (Dissostichus eleginoides). Some stocks recov-
ered when conservation measures were instituted by the Conven-
tion on the Conservation of Antarctic Marine Living Resources,
but others remain depressed by illegal, unregulated, and unre-
ported fishing (CCAMLR 2002). (See Chapter 18.)

Overharvesting of whales and seals may have led to population
increases of krill (E. superba), their major food source. Subsequent
reductions in krill reflect some combination of commercial fish-
ing, recent increases in fur seal and penguin populations, changes
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in sea-ice duration and extent, and, perhaps, increases in UV-B
associated with ozone depletion (Naganobu et al. 2000). Krill are
long-lived animals whose variation in growth and reproduction
are sensitive to oceanic and sea-ice conditions; they comprise the
main food source for fish in Antarctic waters (Murphy et al. 1998;
Quetin and Ross 2001; Fraser and Hofmann 2003). Under condi-
tions of increased sea-ice melt, cryptomonads expand at the ex-
pense of the diatoms, which are preferred by krill, potentially
resulting in krill decline (Moline et al. 2000). This tight but com-
plex linkage of krill population dynamics to sea ice suggests that
any future changes in timing, duration, or extent of sea ice will
strongly affect the community composition of phytoplankton,
krill, and their predators. Because advection of biological material
is important in maintaining Southern Ocean ecosystems, the po-
tential impacts of regional changes may extend well to the north
of the main sea-ice-covered regions.

In the Arctic, regional warming may have contributed to re-
cent northward range extensions of anadromous fish such as
salmon (Oncorhynchus spp and Salmo spp.) (Babaluk et al. 2000;
Jolly et al. 2002) and to increased abundance of salmonid parasites
in Alaskan rivers. Human activities have also altered fish distribu-
tions. For example, the salmonid parasite Gyrodactylus salari that is
native in Central Asia spread naturally to the Baltic and then fur-
ther to Scandinavia with the help of humans (Johnsen and Jensen
1991; CAFF 2001). This parasite feeds on young salmonids and
causes major damages in Norwegian fish farms and rivers. Another
example of human impacts on fish production involves introduc-
tion of the shrimp Mysis relicta to high-elevation Norwegian and
Swedish lakes and rivers that are regulated for hydroelectric pur-
poses. Initially the shrimp introduction had positive effects but
over time feeding by Mysis on zooplankton reduced this food
resource, leading to a decline in fish growth (Nesler and Berg-
ersen 1991).

25.2.3.7 Changes in Insects

The introduction of alien insects on sub-Antarctic islands is
threatening some native species and vegetation communities
(Ernsting et al. 1995; Hanel and Chown 1998), and introduced
flora is affecting soil faunal composition (Gremmen et al. 1998).
The northern limit of Arctic insect species is usually determined
by climatic factors (Strathdee and Bale 1998). For example, food
plants probably determine distributions in less than 3% of the
macrolepidopteran (butterfly) species of Finland (Virtanen and
Neuvonen 1999). Species richness decreases by 65 species for each
degree of latitude northward—that is, 93 species (12% of the total)
per degree of mean summer temperature.

Lepidopteran species are usually good dispersers, so climate
warming will likely promote increases in their richness as species
move poleward. Conversely, the distribution of northern species
(11% of the Finnish species) such as sawflies may shrink in a war-
mer climate (Kouki et al. 1994). Among bark beetles, Ips amitinus
and Xylechinus pilosus have expanded their ranges in Fennoscandia
(Heliövaara and Peltonen 1999), whereas other species (such as
Tomicus minor) are retracting southwards.

A rise in winter temperature would favor species overwinter-
ing as eggs and may increase the frequency of insect outbreaks of
those species (such as Epirrita autumnata, a geometrid defoliator of
birch) (Nilsson and Tenow 1990; Neuvonen et al. 1999; Niemelä
et al. 2001). Species overwintering as pupae will likely increase
the number of generations per year (Virtanen and Neuvonen
1999). Summer warming will also increase the number of genera-
tions completed; this increase has been found in experimental
field manipulations to increase the overwintering population of
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aphids on Svalbard by an order of magnitude (Strathdee et al.
1993).

In boreal Canada, pest-caused timber losses may be as much
as 1.3–2.0 times the mean annual depletions due to fires (Volney
and Fleming 2000). Global change will likely increase the fre-
quency and intensity of outbreaks, particularly at the margins of
host ranges. Changes in mosquito abundance in response to al-
tered hydrology could strongly affect fish and waterfowl, for
which they are an important food source, as well as caribou and
reindeer, whose energy budgets are sensitive to insect harassment
(Chernov 1985).

25.2.4 Food, Fuel, and Fiber

Documented changes in biodiversity have had negligible effects
on the food supply of people in Antarctica, who bring their food,
fuel, and fiber from lower latitudes. Marine harvests in Antarctic
waters, however, provide food that is used globally. Fish and krill
are now primary targets of human exploitation in the Southern
Ocean. From 1970, when recordkeeping began, to 1998 a total
of 8.7 million tons of krill and fish were harvested (CCAMLR
2000).

In contrast, indigenous peoples throughout the Arctic (and
many nonindigenous residents as well) maintain strong social, cul-
tural, and economic connections to the environment through tra-
ditional hunting, herding, fishing, trapping, and gathering of
renewable resources. Local mixed economies of cash and subsis-
tence depend strongly on household production involving harvest
of local resources, food preparation and storage, distribution, con-
sumption, and intergenerational transmission of knowledge and
skills (Nuttall 1992; Caulfield 2000; Dahl 2000; Freese 2000;
Nuttall et al. in press). Per capita consumption by rural Alaskans
(indigenous and nonindigenous), for example, is 170 kilograms
per year of wild foods (60% fish, 16% land mammals, 14% marine
mammals, 10% plant products), valued at about $200 million.
Urban Alaskans, in contrast, consume 22 kilograms of wild foods
per capita per year. Cultivated crops are a smaller source of food
except in maritime regions (such as Iceland and coastal Norway).
Wood, sod, peat, and coal are used locally as fuels.

The subsistence resources used by Arctic peoples vary region-
ally. In the barrens, where terrestrial productivity is low, most
communities are coastal and people depend primarily on fish and
marine mammals (such as polar bears, seals, walrus, narwhals (Mo-
nodon monoceros), and beluga (Delphinapterus leucas), fin, and minke
whales), although terrestrial mammals (such as caribou, reindeer,
and musk ox), migratory birds and their eggs (such as ducks,
geese, terns, and gulls), and plants and berries are seasonally im-
portant. In tundra, in contrast, people rely more heavily on
fish—including salmon, Arctic char (Salvelinus alpinus), whitefish,
and northern pike (Esox lucius)—migratory and sedentary birds,
terrestrial mammals, and berries.

Caribou and reindeer, which include wild and domestic pop-
ulations of North American barren-ground wild caribou, are ar-
guably the most important terrestrial subsistence resource for
Arctic indigenous peoples (Klein 1989; Paine 1994; Kofinas et al.
2000; Jernsletten and Klokov 2002). Many Arctic and sub-Arctic
indigenous cultures co-evolved with reindeer or caribou, which
provide food, shelter, clothing, tools, transportation, and other
marketable goods. In North America, where indigenous subsis-
tence hunting constitutes the primary use of caribou, there are
approximately 3.2 million barren ground caribou and an esti-
mated annual harvest of over 160,000 animals, equivalent to more
than $30 million annually. In Russia, large-scale commercial
hunting of wild reindeer, which began on the Taimyr in the
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1970s, produced more meat than all reindeer husbandry of both
Central Siberia and Yakutia but has not fulfilled the cultural role
that reindeer play in reindeer-herding societies. The change from
a migratory existence to permanent communities with schools,
stores, and jobs alters traditional lifestyles.

25.2.5 Cultural Benefits

The numerous cultural groups in the Arctic (more than 50) reflect
a diversity of historical roots and local ecological conditions pro-
vided by ecosystems. Subsistence activities, such as hunting, herding,
fishing, trapping, and gathering, remain important for maintain-
ing social relationships and cultural identity in these indigenous
societies (Brody 1983; Nuttall 1992). These activities link people
inextricably to their histories and their contemporary cultural set-
tings and provide a context for thinking about sustainable liveli-
hoods in the future (Nuttall et al. in press).

The Antarctic and Arctic provide important cultural benefits
to non-Arctic residents as well. Some of these benefits are medi-
ated by polar species that migrate to lower latitudes. In addition,
non-polar residents value the near-pristine conditions of polar re-
gions, motivating them to visit these lands (tourism) and to sup-
port legislation and lobbying efforts for their protection.

25.3 Drivers of Change in Polar Systems
The relative importance of drivers of change varies across the
polar regions and depends on the stakeholders involved. For polar
residents, the most important changes (in order of decreasing im-
portance) are often climate change, industrial development, con-
taminants, marine fishing, and UV-B. For non-polar residents,
the most important changes—again in order of importance—are
often climate change, marine fishing, increased UV-B, industrial
development, and introduction of exotic species. The shared con-
cern by both polar and non-polar residents about many of the
same drivers of change provides opportunities to develop agendas
that enhance the well-being of residents both within and outside
polar regions.

25.3.1 Climate and Hydrologic Change

Climate has warmed more dramatically in portions of the Arctic
and Antarctic than in any other region on Earth, with substantial
impacts on ecosystems, their services, and human well-being. The
magnitude and global pattern of Arctic warming are known with
high certainty. These warming trends are most pronounced in
western North American Arctic and central Siberia (Kozhevnikov
2000; Serreze et al. 2000; Smith 2002; Convey et al. 2003).
Warming has been negligible in parts of Scandinavia. (See Figure
25.8 in Appendix A.) Arctic warming results both from a general
northern hemisphere warming and from a regime shift in hemi-
spheric circulation (such as more-frequent positive phases of the
North Atlantic and Arctic Oscillations) (Overland et al. 2004).
Temperate air masses penetrate more frequently into the Arctic,
causing increased climate variability (Overland et al. 2004) and
conditions that are unfamiliar to local residents (Krupnik and Jolly
2002). Regions that previously exhibited a cooling trend (such as
eastern North American Arctic and Chukotka from 1950 until
1990) are now warming.

Increases in precipitation during this time period are approxi-
mately balanced by increased evapotranspiration, suggesting only
minor changes in terrestrial water balance (Serreze et al. 2000).
Nonetheless, terrestrial studies suggest that changes in water bal-
ance are occurring but are regionally variable. These include in-
creasing river runoff in Russia (Peterson et al. 2002) (as
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mentioned earlier), bog expansion in western Russia (Crawford
et al. 2003), and drier soils in North America (Hinzman et al. in
press) (perhaps explaining recent increases in area burned (Mur-
phy et al. 2000)). The spatial pattern and magnitude of these
changes in soil moisture are known with only a low certainty.

The Antarctic shows complex temporal and spatial patterns of
both warming and cooling. Over the past 15–20 years, 60% of
continental Antarctica has been thermally stable or cooling
slightly (Doran et al. 2002b; Kwok and Comiso 2002; Thompson
and Solomon 2002), although this trend is debated (Turner et
al. 2002). In contrast, the McMurdo Dry Valleys show general
twentieth-century warming but cooling since 1985 (Bomblies et
al. 2001); the sub- and maritime Antarctic islands show consistent
warming (Bergstrom and Chown 1999; Quayle et al. 2002; Con-
vey submitted); and the Antarctic Peninsula has warmed as rapidly
as any place on Earth (King et al. 2003; Smith et al. 2003;
Vaughan et al. 2003). Increases and decreases in precipitation have
also both been reported (Turner et al. 1997; Smith 2002; Quayle
et al. 2003).

Temperature and precipitation changes show teleconnections
with El Niño/Southern Oscillation events in the southern Pacific
Ocean (Cullather et al. 1996; Harangozo 2000). Reported Ant-
arctic cooling may result from increased strength of the Southern
Hemispheric Annular Mode, which would cause the strong west-
erly winds around Antarctica to spend more time in the strong-
wind phase (Thompson and Solomon 2002). Such an effect could
also contribute to the warming seen along the Antarctic Penin-
sula, as fewer cold-air outbreaks would be seen with increased
advection of warm moist air from the Southern Ocean.

25.3.2 Development of Extractive Industries

Extractive industries in the Antarctic are prohibited by the Proto-
col on Environmental Protection (the Madrid Protocol) to the
Antarctic Treaty of 1959, which set aside Antarctica for peaceful
purposes and international collaboration in science. In contrast,
extractive industries have been a significant driving force for eco-
logical and socioeconomic change in the Arctic for over a cen-
tury. Gold mining has contaminated streams with mercury used
to amalgamate gold dust and with increased sediment loads that
damage downstream aquatic ecosystems. Industrial coal and base-
metal mines have caused local surface contamination. However,
the greatest local effects on ecosystem services derive from smelt-
ing non-ferrous metals. Emissions from smelters on the Kola Pen-
insula and in Norilsk, Russia have produced local concentrations
of atmospheric heavy metals among the highest in the world, re-
sulting in areas that are entirely devoid of vegetation from the
combined effects of sulfur fumigation and acid and heavy-metal
deposition (Doiban et al. 1992).

As petroleum and military development spread in the latter
half of the twentieth century, transportation infrastructure (roads,
pipelines, airstrips, ports) contributed significantly to surface dis-
turbance and habitat fragmentation. Between 1900 and 1950, less
than 5% of the Arctic was affected by infrastructure development
(Nellemann et al. 2001; Ogden in press). By 2050, some 50–80%
of the Arctic is projected to be disturbed, although this level of
disturbance may occur by 2020 in Fennoscandia and some areas
of Russia.

Changes in world energy markets and technology have led to
a rapid expansion of oil and gas development in several regions of
the Arctic during the past 30 years. Most activity to date involves
oil onshore along the North Slope of Alaska and in western Sibe-
ria, and offshore in the Barents and Beaufort Seas. However, the
Alaskan North Slope, the McKenzie Delta of Canada, the Yamal
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Peninsula of Russia, and their adjacent offshore areas hold enor-
mous natural gas deposits that are projected to be developed dur-
ing the next decade (Forbes 2004a). These developments will
likely continue expansion as reductions in sea ice open new sea
and river routes and reduce development and transportation costs.
In addition to direct effects on vegetation and hydrology, oil and
gas developments have many cumulative effects on subsistence
resources and on the economies and well-being of local peoples,
including increased wages to local residents, the fragmentation of
habitat, and increased access by nonresidents (Walker et al. 1987;
NRC 2003).Global changes in politics, corporate structure, and
resource demand strongly influence the patterns and rates of re-
source extraction at high latitudes (Whiteman et al. 2004).

25.3.3 Contaminants

Many environmental contaminants that are produced and released
to the environment at low latitudes tend to accumulate in polar
regions. Persistent organic pollutants, for example, are stable, fat-
soluble, carbon-based compounds that volatilize at warm temper-
atures and are transported poleward by wind, water, and wildlife.
Old and current research stations in the Antarctic and Distant
Early Warning stations in the Arctic often constitute additional
local sources of contaminants (MacDonald et al. 2002). Atmo-
spheric transport is the most rapid pathway by which persistent
organic pollutants, especially volatile or semi-volatile compounds,
reach the poles. Once in polar regions, POPs are deposited on
particles or exchanged with water, both processes that are en-
hanced by low temperature. Oceanic transport occurs more
slowly but is an equally or more important pathway for com-
pounds such as hexachlorocyclohexane or toxaphene that parti-
tion strongly into water (MacDonald et al. 2002).

Fish and migratory waterfowl, which winter in more-polluted
regions of the world and come to polar regions to reproduce,
constitute a third pathway for polar transport. Anadromous fish
also transport POPs from the ocean to high-latitude lakes and
streams (Ewald et al. 1998). Animals are particularly important
vectors for highly fat-soluble compounds. Marine mammals, sea-
birds, top carnivores, and predatory fish accumulate the largest
amounts of fat-soluble contaminants because of their high trophic
position in complex marine food webs (AMAP 2003). These gen-
eral contaminant patterns are known with high certainty, but the
regional variation in contaminants is not well documented. Per-
sistant organic pollutant concentrations in Antarctic pelagic food
webs (Corsolini et al. 2003) and in the air (Kallenborn et al. 1998)
are much lower than those found in the Arctic, but some forms
may be increasing owing to greater usage of POPs in the South-
ern Hemisphere (Weber and Goerke 2003).

Limited evidence suggests a current decline in polar concen-
trations of POPs, such as dichlorodiphenyl-trichloroethane, or
DDT, the use of which has declined globally. POPs that are in-
creasing in their global use continue to accumulate in polar re-
gions (AMAP 2003; Chiuchiolo et al. 2004), and brominated
diphenyl ethers—flame retardants whose use is not banned—
occur in high concentrations in Antarctic sea ice and juvenile krill
(Chiuchiolo et al. 2004). Antarctic sea ice serves as a collector
and focusing mechanism that injects accumulated POPs into the
plankton system at its period of maximum biological activity. The
effects of climate warming on persistant organic pollutant trans-
port to polar regions have low certainty. Sources of uncertainty
include the dynamics of adsorption to snow and the extent to
which POPs currently trapped in sea and glacial ice will be re-
leased with warming.
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Heavy metals, like POPs, are persistent compounds that can
be globally transported, especially by wind. They differ from
POPs, however, in that they occur naturally within and outside
polar regions and exhibit areas of naturally high and low concen-
trations. Heavy metals bind to proteins, accumulate in organs
(liver, kidney, brain), and are slowly excreted in hair, feathers,
nails, and claws. With the exception of mercury, heavy metals
tend not to biomagnify (concentrate as they move through food
webs). Global sources of mercury pose the greatest threat in polar
regions because the global combustion of coal, which is its major
source, is expected to continue rising throughout the next cen-
tury. There are trends of increasing mercury in some Arctic spe-
cies (AMAP 2003).

In East Greenland, 100% of the human population has con-
centrations of mercury that are unacceptable, and health advisor-
ies have recommended reduced consumption of some locally
harvested resources. Heavy metal pollution inputs have declined
in those portions of the Russian North where cessation of subsid-
ies caused many extractive operations to close. Even in these
areas, however, pollutants released previously remain in high con-
centrations in ecosystems. In the Antarctic region, burning of fos-
sil fuels (involving NOx emissions) at research stations might affect
local systems at decadal time scales (Lyons et al. 2000).

Radionuclides such as cesium-137 and strontium-90 are stable
enough to be transported globally in the atmosphere and oceans.
Radionuclide concentrations increased during atmospheric test-
ing of nuclear weapons in the 1950s and, like other forms of air
pollution, drifted to polar regions. Background levels of atmo-
spheric fallout have declined markedly since the end of atmo-
spheric testing in 1963, but a more recent release occurred during
the Chernobyl accident in 1986. Anthropogenic radionuclides are
locally abundant in sediments near sites of weapons testing, stor-
age, and nuclear-powered electricity generation facilities. Lichens,
which derive most of their mineral nutrition from the air, are
particularly effective in accumulating radionuclides. Caribou and
reindeer, which eat lichens in winter, are an avenue by which any
future nuclear contamination might affect human health (Section
25.5.4).

25.3.4 Marine Fishing

Both climate variability and commercial fishing have caused sig-
nificant variations in marine mammals and fish available for com-
mercial and subsistence harvest (Finney et al. 2002; AHDR
2004). (See also Chapter 18.) For example, over half of the
Northeast Atlantic regional stocks of cod (Gadus morhua), haddock
(Melanogrammus aeglefinus), whiting (Merluccius bilinearis), and
saithe (Pollachius virens) are depleted below safe biological limits
and are therefore threatened with collapse. In Greenland, the col-
lapse of the cod fishery occurred when overfishing coincided with
climatic deterioration (Hamilton et al. 2000). In the North Pa-
cific, the decline in bottom fish has contributed to drops in popu-
lations of Steller sea lions, causing killer whales to shift to sea
otters for food and reducing the availability of marine mammals
for human harvest (Estes et al. 1998). Commercial fishing has
reduced fish runs in major rivers such as the Yukon in North
America, reducing their availability as a subsistence resource. As
sea ice continues to decline, commercial fishing may expand
northward, reducing stocks that have previously had limited
human harvest. These changes have, in many cases, had dramatic
socioeconomic effects, as small Arctic communities adapt to the
combined effects of climate change, changing fish stocks, and
emergent markets (Hamilton et al. 2000).

................. 11432$ CH25 10-11-05 15:07:44 PS



731Polar Systems

In Antarctica, exploitation in the nineteenth and early twenti-
eth centuries reduced seal and whale populations almost to ex-
tinction, but the consequences have low certainty (May et al. 1979;
Murphy et al. 1995). Stocks of krill, the major food source of
whales, may have increased, but this assumes that their abundance
was under top-down control by predator demand. Fishing for
krill has occurred over the past 20 years, but the fishery has oper-
ated at very low levels relative to the estimated stock sizes, and
there is no evidence that fishing has significantly affected local
abundance and availability to predators.

Fishing in Antarctic waters, particularly by Russia, expanded
rapidly in the 1960s, leading to depletion of several fin-fish stocks
by the 1990s. (See Chapter 18.) The Convention on the Conser-
vation of Antarctic Marine Living Resources limits catch sizes,
but continued illegal, unregulated, and unreported high-seas fish-
ing threatens major fish stocks and makes effective monitoring
and management difficult.

25.3.5 Increased UV-B

Anthropogenic destruction of Earth’s protective stratospheric
ozone layer gives rise to an ‘‘ozone hole’’ that allows UV-B radia-
tion to penetrate to the surface (Farman et al. 1985). The bound-
aries of the ozone hole that forms over Antarctica each austral
spring are dynamic and can extend to southern South America,
New Zealand, and southern Australia. Although the Montreal
Protocol curbs emissions of the causal chlorofluorocarbons, there
is still no reduction in intensity of the annual ozone hole, al-
though recovery is predicted within about a century (Shindell et
al. 1998).

The most intensively studied biological impacts of UV-B are
the effects on human health (described later in the chapter) and
the reduction of phytoplankton production and plankton biodiv-
ersity (Smith et al. 1992; Quartino et al. 2001; Vernet and Koz-
lowski 2001). On land, UV-B reduces plant height and shoot
mass (Day et al. 2001; Robinson et al. 2003) and induces the
formation of protective pigments (Newsham et al. 2002; New-
sham 2003) that may also alter palatability to herbivores (Hessen
2002). The impacts of UV-B in the Arctic are less dramatic than
in the Antarctic and potentially include decreased marine primary
production, increased mortality of fish larvae of some species, in-
creased mortality of freshwater invertebrates, reduced growth of
some plant species, and changes in microbial biodiversity and bio-
geochemical cycling (Vernet and Kozlowski 2001; Callaghan et
al. in press). The net impact of increased polar UV-B on the
ecological determinants of human well-being has low certainty, but
its effects on Antarctic marine plankton assemblages and produc-
tion have high certainty (Weiler and Penhale 1994; Meador et al.
2002).

25.3.6 Introduction of Exotic Species

Despite Annex II of the Protocol on Environmental Protection
to the Antarctic Treaty, which prohibits introduction of exotic
species to Antarctica, human introductions of exotic species (in-
cluding rats, slugs, reindeer, cats, temperate grasses, and other
plants) are problematic on most sub-Antarctic islands, although
they have not yet significantly affected the Antarctic continent
(Chown et al. 1998; Vidal et al. 2003; Frenot et al. in press). The
combination of increased human activity in the region and the
lowering of barriers to the transfer and establishment of biota
through climate change leads to predictions of further increases in
rates of exotic introduction and consequential impacts on native
biota and biodiversity (Frenot et al. in press).
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Weedy plant species from temperate and Mediterranean eco-
systems have a long history of establishment in northern boreal
and Arctic regions (Forbes 1995). Their migration north of the
Arctic tree line is most common along road and railway corridors
with connections to the south, but numerous incidental introduc-
tions have also occurred in places such as Baffin Island, Greenland,
Svalbard, and remote portions of the Russian Arctic. Many of the
introductions establish first on disturbed ground. Many persist for
decades or even centuries without additional anthropogenic or
zoogenic influence, although an ongoing disturbance regime fa-
vors the maintenance and spread of new populations.

Introductions of exotic mammals have had substantial impacts
on many polar ecosystems. Until the advent of human influence,
sub-Antarctic islands and many islands in the Bering Sea had no
indigenous terrestrial mammals, so seabirds nested safely on the
ground or in burrows (CAFF 2001). Arctic foxes (A. lagopus)
were deliberately introduced to many Bering Sea islands as a fur
resource, and cats, sheep, rabbits, reindeer, and cattle were intro-
duced to some sub-Antarctic islands. At the same time, rodents
(rats and mice) were inadvertently introduced to many islands.

As seen elsewhere when predators or competitors were intro-
duced to previously isolated communities, these animals generally
reduced, and in some cases drove to extinction, populations of
marine birds, waterfowl, and other ground-nesting birds, through
either habitat alteration or direct predation (Frenot et al. in press).
Exotic plants have frequently been introduced as a by-product of
animal introductions, typically accidentally in forage material or
as resistant stages transported within the animal’s digestive system.
Introduced mammals have been successfully eliminated from
some islands, resulting in recovery of bird nesting success. On
Svalbard in Scandinavia, the introduction of the rodent Microtus
rossiaemeridionalis led to the introduction of a tapeworm and asso-
ciated disease problems (Henttonen et al. 2001). Muskrat (Ondatra
zibethica) was introduced in 1905 into central Europe from North
America and later to Finland and several places over the Soviet
Union because of its valuable pelt (Hoffmann 1958). It has spread
widely beyond the areas of introduction. Sable (Martes zibellina)
has also been introduced to the Siberian Arctic.

One of the largest crab species in the world, the king crab
(Paralithodes camtschaticus), was transferred by the Russians from
the Bering Sea to the Barents Sea beginning in about 1960. Since
it was first observed in Norwegian waters in about 1980, the spe-
cies has spread eastward and southward along the coast (Sundet
1998). Although this species is a valuable catch, it causes problems
to fishing gear and has reduced sea urchin populations in the Ba-
rents Sea. Marine introductions have to date been of very limited
impact in Antarctic seas, although this perception may derive in
part from a lack of monitoring.

25.4 Trade-offs, Synergies, and Management
Interventions
Given the complex web of changes in ecosystem services in polar
regions and their sensitivity to changes in global and regional
drivers, changes in some ecosystem services inevitably affect oth-
ers, either positively or negatively. (See Figure 25.9.) Identifica-
tion of these interactions, whether they are trade-offs or synergies,
facilitates the design of policies that enhance a broad array of ser-
vices and reduce the likelihood that policies focused on a specific
service will inadvertently damage others.

25.4.1 Synergies between Climate Regulation,
Subsistence, and Cultural Resources
The most pervasive synergy among ecosystem services in polar
regions links climate regulation, subsistence use, and cultural re-
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Figure 25.9. Links between Drivers of Change, Ecosystem Services, and Human Well-being in Polar Regions

sources. (See also Chapter 5.) Until recently, the magnitude of
land use change in polar regions has been modest, allowing Arctic
residents to maintain a substantial dependence on subsistence re-
sources for food and clothing and for their cultural ties to the
land. These same attributes make polar regions important to non-
Arctic residents for existence and aesthetic values.

Fortunately, management strategies that foster the sustainabil-
ity of these cultural resources have a high certainty of maximizing
the retention of biodiversity, particularly in wetlands, and of
maintaining the capacity of polar regions to serve as the planet’s
cooling system by maintaining current large stocks of soil carbon
and preventing thaw of permafrost that would enhance methane
emissions (as described earlier). Conversely, industrial develop-
ment or pollution that seriously alters these ecosystems detracts
from the aesthetic values that are important to both polar and
non-polar residents, reduces ecosystem capacity to sustain biodiv-
ersity and subsistence resources, and increases methane and car-
bon emissions, a positive feedback to climate warming.

Policies that recognize these synergies sustain all these services
simultaneously. For example, policies that allow local people to
pursue traditional subsistence activities within protected areas
contribute to biodiversity and cultural integrity while meeting the
aesthetic needs of both Arctic and non-Arctic residents (Watson
et al. 2003). Alternatively, policies that exclude subsistence use
from protected areas create trade-offs between the subsistence
needs of local residents and the aesthetic and recreational interests
of non-Arctic residents. Current national regulations permit sub-
sistence use in protected areas of the North American Arctic. In
Russia, indigenous peoples are often excluded from protected
areas, even though laws may permit subsistence uses (Fondahl and
Poelzer 2003). Subsistence use in protected areas is generally pro-
hibited in Fennoscandia.

25.4.2 Synergies and Trade-offs between
Subsistence and Cash Economies

Residents of all Arctic nations participate in a mixed economy in
which individuals and communities depend on both subsistence
harvest from the land and sea and imports of food, fuel, and other
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products from outside the Arctic. Among many Arctic indigenous
peoples, participation in a mixed cash-subsistence economy has
been a way of life for more than a hundred years, with fur trading
being the original base of the cash economy. This economy has
both positive and negative impacts on subsistence activities; in
recent years, participation in the cash economy has increased dra-
matically (AHDR 2004).

On the one hand, this reduces the necessity and time available
to acquire food from the land, thereby reducing the transmission
of cultural traditions to younger generations. Substance abuse,
television, fast foods, and other attributes of a cash economy have
also detracted from the central role of subsistence in the lives of
rural Arctic people. On the other hand, cash income provides
access to new harvesting technologies (Chance 1987) and other
material benefits. Motorboats and vehicles (such as snow ma-
chines, off-road vehicles, and in some places aircraft) give people
continued access to lands for hunting, herding, fishing, and gath-
ering.

In all Arctic nations, government policies consolidated semi-
nomadic indigenous peoples into permanent settlements by the
mid-twentieth century in order to provide schools and other ser-
vices. If residents of these communities had not had a cash income
to help them purchase motorized transport, they would have been
less able to reach the large areas typically required for subsistence.
However, reliance on these technologies make industrial com-
modities a necessity, not just a supplement to the traditional econ-
omy (Kirkvliet and Nebesky 1997). These technologies also alter
the balance between hunters and the hunted, raising new chal-
lenges for conservation and game management.

The intertwining of subsistence and market economies creates
winners and losers in what was, until recently, a fairly egalitarian
society and introduces new challenges of balancing time and
money in household production. Gender roles change in areas
where women obtain wage-earning jobs more frequently than
men. Continued viability of a community may require increased
specialization. Some individuals who work full-time for pay, for
example, have insufficient time to participate in traditional activi-
ties, whereas others who are unable to obtain jobs serve as full-
time hunters to meet the overall subsistence needs of their com-
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munities (Stabler 1990; Kruse 1991; Chabot 2003). These groups
are linked through a traditional system of reciprocity that redis-
tributes market and subsistence products.

All Arctic nations recognize the potential lack of viability of
market economies in northern regions when semi-nomadic in-
digenous peoples are consolidated in permanent settlements and
have subsidized northern communities heavily (Duerden 1992).
The consequence, however, is that Arctic mixed economies are
now vulnerable to withdrawal of government support, as wit-
nessed in Russia after the collapse of the Soviet Union or in cases
of reduced support in Alaska (Knapp and Morehouse 1991).
Products derived from locally available fish and wildlife resources
often offer important sources of cash that supplement wages and
transfer payments from governments.

However, subsistence economies are vulnerable to declines in
global markets for these commodities, which include seal or
muskrat pelts (as changes in cultural values reduce global demand
for furs), salmon (as fish farming increases alternative supplies),
and reindeer antler (as cultural change in Asia reduces demand)
(Myers 2000). When world market prices are high, regional re-
source management institutions may be unable to respond to the
increased incentives for unregulated or illegal harvest (such as for
Kamchatka salmon or Greenland cod) (Hamilton et al. 2000) or
overgrazing by reindeer (Forbes 1999). On the other hand, gov-
ernment policies to conserve stocks may prevent Arctic people
from taking advantage of the only viable commercial activities
available (as with the International Whaling Commission ban on
commercial whaling).

Specialization on one or two products also increases the vul-
nerability to ecological change. In Greenland, for example, north-
ward movement of warm currents in the 1930s reduced seal
harvests by 60%, but local residents switched to fishing for cod,
with financial assistance from the Danish government (Hamilton
et al. 2000). When the cod fishery collapsed in the 1980s in re-
sponse to a combination of overfishing and colder currents, those
communities that had boats large enough to fish for offshore
shrimp continued to prosper, whereas those communities that had
only small boats and therefore no access to the offshore shrimp
fishery declined in income and population (Hamilton et al. 2000)

25.4.3 Synergies and Trade-offs between Industrial
Development and Cultural Resources

There is a fundamental trade-off between the bundle of services
associated with environmental protection (aesthetic resources for
Arctic and non-Arctic residents and the capacity of ecosystems to
provide subsistence resources and to store soil carbon that contri-
butes to climate regulation) and the services provided by industrial
development that provides cash income. Most Arctic regions are
ruled by nations with a non-Arctic population majority and have
governments housed outside the Arctic. Therefore non-Arctic
strategic and economic considerations often weigh heavily in de-
cisions about Arctic development. Political decisions by the
United States and Russia, for example, have strong effects on
polar regions because of the nations’ large demands for resources
and strong influence on polar development (AHDR 2004).

An ongoing challenge for the governments of Arctic nations
is to create options that maximize the economic benefits of indus-
trial development, including wages and services for local residents,
without seriously compromising the integrity of ecosystem ser-
vices. This challenge may become more complex if warming leads
to increased development and further immigration of nonindige-
nous people (Whiteman et al. 2004).
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New technologies provide opportunities to minimize the im-
pact of industrial development on ecosystem services of Arctic
wetlands, including ice roads that minimize the areal extent of
transportation infrastructure, improved pipeline designs that re-
duce the probability of oil spills, and lateral drilling that maximizes
access to oil reservoirs from a limited number of surface installa-
tions. However, these advances are relatively ineffective in pre-
serving the aesthetic qualities of wilderness, and some of these
options are threatened by climatic warming. As winter tempera-
tures rise, permanent roads and bridges will increasingly replace
ice roads for overland access, augmenting the disturbed area for a
given development. In Alaska, the number of days on which the
oil industry is permitted by the state to use off-road vehicles has
decreased by 50% since 1970 because of both warmer autumn
conditions and increased environmental awareness by managers.
(See Figure 25.10.) In Yamal in northern Russia, melting of ice-
rich permafrost exacerbates deterioration of forage from trampling
and overgrazing by reindeer (Forbes 1999).

Where Arctic residents have opportunities to capture some of
the economic benefits from industrial development through both
employment and corporate investments, benefits in the form of
improved public infrastructure, educational services, and health
care can be significant (as in North Slope Borough, Alaska, for
instance). Trade-offs can be decreased where communities of re-
source users are afforded adequate authority in development plan-
ning and operation policies to ensure that community concerns
are adequately addressed.

Other opportunities for synergies between conservation and
development involve compromises that concentrate development
in certain areas, leaving other areas protected for the subsistence,
cultural, and climate-regulating services that they provide.

25.4.4 Institutional Trade-offs in Managing
Ecosystems and Their Services

In the Antarctic, international conventions form the framework
for decisions about resource management. The Antarctic Treaty
was ratified in 1961, with additional instruments added in subse-
quent years. Comprehensive protection of the environment was

Figure 25.10. Trend in Dates Allowed for Travel by Seismic
Vehicles on Alaskan Arctic Tundra, 1970–2000 (Alaska Depart-
ment of Natural Resources)
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achieved with the ratification of the Protocol on Environmental
Protection, known as the Madrid Protocol, in 1998, which pro-
hibited any activity relating to mineral resources, with exception
for scientific research. Environmental assessment of all activities
was required by the Madrid Protocol, ensuring that cumulative as
well as immediate impacts are prevented. The Convention on
the Conservation of Antarctic Marine Living Resources of 1980
permits fishing in the waters surrounding Antarctica, but only
under the guidance of ecosystem management. This convention
takes account not just of the dynamics of the exploited stocks but
also their interactions in the ecosystem and the links to the physi-
cal environment.

Under these and other conventions, Antarctica now has the
most stringent restrictions on use rights and the most advanced
system of protected areas of any major region of the world. None-
theless, Antarctica remains vulnerable to indirect human impacts
such as pollution, stratospheric ozone destruction, and green-
house-gas-induced climate change.

In contrast to Antarctica, institutions of the Arctic have
evolved most actively at local and regional levels (AHDR 2004).
Local stakeholders have asserted rights to develop their own rules
and regulations governing use of natural resources and the right
of their traditional institutions to be recognized by external par-
ties. Both the outcomes of these efforts and the forms of local
control differ regionally. In Alaska, Native corporations own
about 12% of the land, and the federal government recognizes a
rural subsistence preference regarding the use of living resources
located on the 60% of the land remaining under federal jurisdic-
tion. The U.S. federal government defends indigenous rights to
use marine mammals and has established community develop-
ment quotas to ensure that local groups have a stake in the re-
gion’s marine fisheries.

The 1982 Canadian constitution acknowledges the validity of
existing aboriginal rights, and the settlement of a number of com-
prehensive claims there has transferred to indigenous peoples both
cash payments and title to large landholdings, along with recog-
nized use and management rights in even larger traditional-use
areas. In Greenland, there is no system of private property or
well-defined use rights to land and natural resources, but the
indigenous-controlled Greenland Home Rule has authority to
make most decisions about the use of terrestrial and marine living
resources. Devolution of authority to regional or local govern-
ments with good systems of accountability increases responsive-
ness of governments to the concerns of local stakeholders.

In Fennoscandia and Russia, national institutions have tradi-
tionally regulated natural resources, and local stakeholders have
had greater difficulty establishing their rights. In Scandinavian
countries, an ongoing struggle to secure Saami rights to land and
natural resources has met with limited success. The state provides
various forms of assistance to reindeer and coastal Saami. How-
ever, secure use rights have proved elusive, especially in Sweden,
where the courts have generally denied claims to indigenous
rights despite state recognition of these rights a century ago (Hahn
2000).

Recent federal laws in Russia theoretically allow indigenous
peoples to establish long-term rights to land through the creation
of both extensive Territories of Traditional Nature Use and
smaller ‘‘commune lands’’ for pursuit of traditional activities (Kry-
azhkov 2000), although laws are difficult to implement in some
areas and are not always enforced (Fondahl and Poelzer 2003).
Recent outmigration of Russian and other nonindigenous resi-
dents may reduce pressures arising from competition over land
and resource use. Efforts to devise a comprehensive system of
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rights and rules governing the use of land and natural resources in
the region have repeatedly failed in the Duma.

A particularly significant innovation in governance in the cir-
cumpolar north—especially in the North American Arctic—has
been the creation of co-management arrangements designed to
forge partnerships between state governments holding formal au-
thority to manage living resources and local user communities
(such as the Porcupine caribou herd in Canada) (Osherenko 1988;
Berkes et al. 1991). Co-management implies a sharing of power
between resource users and state governments in various func-
tions of resource management (monitoring, planning, enforce-
ment, policy-making, and so on). These arrangements continue
to evolve and are proving beneficial in regions where government
agencies and resource users are together tracking the trends of
climate change and monitoring the impacts of industrial develop-
ment while exploring options for human adaptation.

In Fennoscandia, where traditional migration pathways conflict
with complex patterns of private and Crown ownership, easement
rights provide secure access (Hahn 2000). However, the amount of
accessible, high-quality pasture available has decreased in many
areas as a result of extensive forestry, tourism, hydropower, mining,
and border fences and the concomitant increases in heavy tram-
pling and grazing on the remaining lands (Forbes 2004b).

Oil, gas, and mineral developments have generally provided
few long-term jobs for local residents. In North America, how-
ever, where local governments and land claims organizations pro-
vide an institutional framework for mitigation and compensation,
extractive industries have provided substantial cash infusions to
communities. Nevertheless, anxiety persists among Arctic resi-
dents about the cumulative effects of historical and proposed ac-
tivities on resources and cultures (NRC 2003; AHDR 2004). In
Russia’s Yamal, where local residents have little influence over
resource extraction, change has hit a crisis point, challenging the
ability of local residents to adapt to the pace of oil and gas devel-
opment (Krupnik 2000).

In the Arctic, the early development of international arrange-
ments (the 1920 Svalbard Treaty guaranteeing signatories access
to coal reserves, for example, or the 1973 Polar Bear Agreement
committing signatories to the implementation of conservation
measures) involved little input from local stakeholders. More re-
cently, the Arctic Council and its forerunner, the Arctic Environ-
mental Protection Strategy, have provided an important forum for
the indigenous peoples of the Arctic to advance their agendas,
including matters relating to the use of living resources. These
international conventions then provide a basis for groups to go
back to their home countries and demand the rights specified by
these conventions. The Arctic Council has also devised and pro-
moted an initiative designed to create and enlarge a Circumpolar
Protected Areas Network.

25.5 Polar Systems and Human Well-being

25.5.1 Human Population Changes in the Arctic

Population in the circumpolar Arctic increased rapidly after 1960
as a result of immigration associated with expanded resource de-
velopment and government activities in the north (AHDR 2004).
However, change has been uneven, with much slower growth in
Fennoscandia than in Russia or North America. (See Table 25.4.)
Most of the population growth occurred in urban centers tied to
industrial activities or public administration, so population density
remains very low in rural areas across the Arctic. This pattern of
growth has changed markedly since 1990. Growth has slowed in
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Table 25.4. Population of Arctic Regions, 1960–2000 (Knapp 2000 for 1960–90; 2000 data from national census data and other sources
as noted)

Region 1960 1970 1980 1990 2000
(thousand)

United States 

Arctic Alaska 81.9 96.1 112.2 151.0 158.7a

Canada

Yukon Territory 14.6 18.4 23.2 27.8 30.9

Northwest Territoriesb 23.0 34.8 45.7 57.7 40.8

Nunavutb 26.7

Total, Arctic Canada 37.6 53.2 68.9 85.5 98.4c

Greenland 33.1 46.5 49.8 55.6 56.5d

Fennoscandia

Norway 437.4 454.1 469.6 460.8 464.7e

Sweden (Norrbotten) 261.8 255.4 267.1 263.7 256.2f

Finland (Lappland) 205.1 197.1 194.9 200.7 187.7g

Total, Arctic Fennoscandia 904.3 906.6 931.6 925.2 908.6

Russiah

European Arctic (Murmansk and Nenets) 613.2 838.6 1,025.0 1,201.0 934.0

Other European North 2,687.8 3,040.5 3,261.4 3,570.0 3,071.5

Asian Arctic, excluding Sakhai 468.2 637.5 895.6 1,298.0 951.0

Sakha Republic (Yakutia) 487.3 664.1 851.8 1,081.0 949.3

Other Asian Northj 327.4 540.6 935.5 1,720.0 1,801.3

Total, Russian North 4,583.9 5,721.3 6,969.3 8,870.0 7,715.1

Arctic Russia (excluding Sakha) 1,081.4 1,476.1 1,920.6 2,499.0 1,885.0

a U.S. Census Bureau, Census 2000. Arctic Alaska includes all lands north of the Alaska Range.
b In 1999 Nunavut became a territory, separated from the Northwest Territories.
c Statistics Canada, 2001 Census, http://www.statcan.ca/.
d Statistics Greenland, 2001 Census, http://www.statgreen.gl/english/publ/figures/grfig-02.pdf.
e Statistics Norway. Arctic Norway includes provinces of Nordland, Troms and Finnmark.
f Population of Norrbotten: http://www.regionfakta.com/norrbotten_eng/Kapitel_09/e_a01_2500.htm.
g Statistics Finland: population of Lappland.
h Goskomstat of Russia, 2002 All-Russia Population Census, vol. 1.
i Yamalo-Nenets, Taimyr, Norilsk, Magadan, Chukotka, Koryak Oblasts
j Khanty-Mansi, Evenk, Kamchatka Oblasts

North America and Greenland, and population has declined in
Arctic Fennoscandia and particularly in Russia. Although the in-
digenous population has grown at a rate of about 1.5% annually,
its share of total population has declined. Indigenous peoples have
become ethnic minorities in all Arctic regional government juris-
dictions except Greenland and portions of Canada (Nunavut and
the Northwest Territories). (See Table 25.5.) Nonindigenous pop-
ulation growth in the latter could make indigenous peoples a mi-
nority there, too, within a decade.

Drivers of population change differ significantly for indige-
nous and nonindigenous residents. For the nonindigenous, most
of whom are of European ancestry, past cycles of population
change coincided with changes in world demand for Arctic re-
sources (Sugden 1982). In the twentieth century, the Arctic be-
came important to international security; this led to increased
military presence and to government policies that boosted indus-
trial development (Armstrong et al. 1978; Osherenko and Young
1989). The easing of tensions after the collapse of the Soviet
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Union led to the scaling back and closure of military and indus-
trial installations in most Arctic nations and to a reevaluation of
regional industrial policies. This change had the greatest impact
on the nonindigenous population in the Russian Arctic. Arctic
areas of Russia have lost nearly 25% of their inhabitants since
1990, while the population of the Russian North as a whole has
declined by 13%. The withdrawal of government support led to
rapid outmigration of ethnic Russians and other nonindigenous
people (Heleniak 2003). The indigenous population remained
relatively stable but suffered a decline in living standards.

Net outmigration has tempered the effects on indigenous
population growth of the relatively high birth rates and increasing
life expectancy (AMAP 2003). Migrants seek education and jobs
in northern urban centers or outside the Arctic; some, but not all,
return later in life. In Alaska, for example, there may be as much
as 1% per year net population outflow (Huskey et al. in press).
More women than men leave small rural communities, leading to
a gender imbalance among unmarried adults in many parts of the
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Table 25.5. Arctic Indigenous Population, 1960–2000. Share of
total population is shown in parenthesis. (Knapp 2000 for 1960–90;
2000 data from national census as noted)

Region 1960 1970 1980 1990 2000
(thousand)

United States n.a. 33.9
(35%)

40.0
(36%)

50.0
(33%)

54.4a

(34%)

Canadab 15.3
(41%)

21.2
(40%)

28.7
(42%)

39.1
(46%)

49.0c

(50%)

Greenland 30.4
(92%)

38.9
(84%)

40.9
(82%)

46.1
(83%)

49.8d

(88%)

Fennoscandiae n.a. 34.0
(4%)

n.a. 50.0
(5%)

n.a.

Russia

European Arcticf n.a. 18.5
(2%)

18.2
(2%)

19.3
(2%)

19.5g

(2%)

Asian Arctic,
Excluding Sakhah

n.a. 66.0
(14%)

66.6
(7%)

77.3
(6%)

78.1g

(8%)

Total Arctic n.a. 212.5 n.a. 281.8 n.a.

a U.S. Census Bureau, Census 2000. Arctic Alaska includes all lands
north of the Alaska Range.

b Approximately 9,000 Inuit living in the Nunavik region of Quebec are
not included in the total. (Source: Indian and Northern Affairs Canada,
Quebec Region, General Data on Indian Population available at:
http://www.ainc-inac.gc.ca/qc/gui/population_e.html.) Canadian data
provides for more than one definition of native origin. The definition
used in this table is “aboriginal identity.” Individuals that responded to
“aboriginal” only are counted (no multiple responses). Figures for
Nunavut count only Inuit and North American Indian ethnicity. There
was no information on “aboriginal identity.”

c Statistics Canada, 2001 Census, http://www.statcan.ca/.
d Statistics Greenland, 2001 Census,

http://www.statgreen.gl/english/publ/figures/grfig-02.pdf.
e Population of the Saami in the Scandinavian North.
f Murmansk and Nenets Oblasts.
g Stepanov 2004.
h Yamalo-Nenets, Taimyr, Norilsk, Magadan, Chukotka, Koryak Oblasts.

Arctic (Hamilton and Seyfritt 1994). Consolidation of the popula-
tion into larger settlements improves job prospects and reduces
the cost of providing infrastructure and services. This trend also
increases pressure on local renewable resources near population
centers, as people attempt to continue hunting and herding tradi-
tions, and it weakens cultural ties to ancestral homelands. Tradi-
tions of reciprocity often continue between urban indigenous
residents and their rural kin, so outmigration provides some eco-
nomic benefits to rural communities, although the magnitude of
these benefits is uncertain.

25.5.2 Patterns and Trends in Human Well-being

Most polar regions are governed by industrial nations with sub-
stantial economic resources. Human well-being in these regions
is therefore largely the product of choices made by the people and
leaders of these nations rather than a lack of national resources to
fulfill human goals. The eight Arctic nations account for 40% of
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global carbon emissions, so there are direct within-country links
between the anthropogenic sources of climate change and the
components of the global society that are currently most directly
affected by this warming.

Polar regions are important to the well-being not only of the
residents but also of the global population, which depends on
polar regions for climate regulation and for providing extensive
areas that remain wild and relatively unaffected by human activi-
ties and serve as critical areas for many culturally and otherwise
important migratory species. This potential to provide for human
well-being has not been fully met and is currently threatened by
global human impacts on the climate system and by inadequate
attention to human impacts within polar regions on ecosystems
and the services they provide. The increased pressure that polar
systems are experiencing implies that we are approaching critical
thresholds (such as the thawing of permafrost and vegetation
change), although the nature and timing of these thresholds are
regionally variable and uncertain. Crossing these thresholds would
likely cause a cascade of ecological changes with large effects
(some negative, some positive) on human well-being. These
changes could appear quickly and be irreversible (Dasgupta 2001;
Chapin et al. 2004).

There is substantial variation in the well-being provided by
ecosystems in different polar regions (AHDR 2004). There are
few permanent residents in Antarctica, and there have been no
clear trends in the mass balance of the Antarctic ice sheet on
which the global population depends for climate regulation and
control of sea level, as described earlier. There are indications of
greater deterioration in the capacity of Arctic regions to provide
a cooling system for the planet and to provide the aesthetic values
of wilderness.

25.5.3 Cultural and Economic Ties to Ecosystem
Services

The deterioration of cultural ties to subsistence activities among
indigenous peoples is the most serious cause of decline in well-
being within the Arctic. (See Figure 25.11.) There has been a
gradual loss of connection to the land through change in lifestyles,
loss of indigenous languages, and dominance of nonindigenous

Figure 25.11. Specific Links between Arctic Warming and Well-
being of Arctic Indigenous Peoples (see also Figure 25.9)
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educational systems over indigenous peoples. In cultures with an
important oral tradition, the death of elders and the reduced expe-
rience of a younger generation in living on the land have eroded
traditional knowledge. Changes from nomadic to sedentary life-
styles (among Saami and Nenets herders, for instance), the mov-
ing of children to distant schools for education, economic
infusions into communities from oil development, and migration
to cities have all further weakened cultural traditions and the sense
of self-sufficiency that makes these traditions meaningful.

The effects of regional climate warming on ecosystem services
have contributed to the decline in cultural connections to the
land. As the climate warms, traditional cues for predicting envi-
ronmental variability no longer work. This strips Arctic residents
of their considerable knowledge, predictive ability, and self-
confidence in making a living from their resources and may ulti-
mately leave them as ‘‘strangers in their own land’’ (Berkes 2002).
This increases their vulnerability to both climatic and social
changes (Norton 2002). Nonetheless, indigenous cultures con-
tinue to exhibit substantial resilience as a result of short-term cop-
ing mechanisms (such as prey switching in response to changing
animal abundances) and long-term adaptation through application
of new tools and technologies, such as global positioning system
navigational aids (Sahlins 1999; Berkes and Jolly 2001).

Industrial development interacts with cultural and climatic
change to create both positive and negative effects on human
well-being. The greatest positive effect is increased income asso-
ciated with oil development in North America and tourism in
Fennoscandia and with government subsidies that are funded in
part by industrial development. These wages enable people to buy
snow machines, guns, boats, GPS units, and other equipment that
enhances their capacity to harvest food from the land. Depending
on the level of harvest, this can sustain subsistence activities or
(for example, in the Russian Arctic) can lead to overharvesting.
The environmental deterioration and changes in animal behavior
associated with industrial development are major concerns of in-
digenous peoples throughout the Arctic because this threatens
their subsistence lifestyles and cultural ties to the land. The jobs
provided by industry and government sectors are important moti-
vations for emigration of younger people from rural communities
to urban centers.

Because of the interdependence between Arctic economies
and global markets, indigenous peoples are doubly exposed: to
both climate change and changes caused by the global processes
affecting markets, technologies, and public policies. Having access
to traditional food resources and ensuring food security will be a
major challenge in an Arctic affected increasingly by climate
change and global processes (Nuttall et al. in press). The low di-
versity of economic options in the Arctic renders it vulnerable to
changes in both the local resource base and global economic
trends and markets and explains the widespread northern phe-
nomenon of boom-and-bust cycles (Chapin et al. 2004). Enhancing
local economic diversification is a critical step toward increasing
Arctic resilience.

The development and collapse of the Soviet economy in Rus-
sia had numerous impacts on the well-being of northern residents.
Many non-indigenous residents of the Russian Arctic have left
since 1990, whereas indigenous residents have largely remained,
because they had no family ties outside the Arctic. Despite this
reduction in demand for food and services, the economic subsid-
ies and marketing system that were the primary economic base
for Russians in the Arctic have virtually disappeared. This situa-
tion has reduced the economic incentive to maintain domestic
reindeer, leading to a liquidation of some herds to support food
needs. Hunting of wild mammals and birds has increased to meet
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food needs, straining the capacity of northern ecosystems to pro-
vide the services that northern people will require over the long
term.

Resolution of the property rights of indigenous peoples in
North America has been a key institutional change that strength-
ens their ties to the land. These changes in property rights promise
enhanced resilience in the North American Arctic but remain a
challenge in Eurasia (Osherenko 2001; Fondahl and Poelzer
2003).

25.5.4 Environmental Effects on Human Health

Increased UV-B radiation due to ozone depletion directly in-
creases the risk of skin cancer and sight damage, particularly to
people with fairer skin (Altmeyer et al. 1997). It also suppresses
immune responses and thus increases susceptibility to disease (De
Gruijl et al. 2002). Ozone depletion occurs at both poles but is
most pronounced and extensive in the south. In the austral spring,
when ozone depletion is strongest over Antarctica, ozone-depleted
parcels of air move northward, leading to increased UV-B expo-
sure to southern regions of Australia, New Zealand, Africa, and
South America.

Bioaccumulation of contaminants in northern biota represents
a potential health risk to northern peoples, as described in detail
in Arctic Monitoring and Assessment Programme reports (Mac-
Donald et al. 2002) The impacts of environmental deterioration
on human health are regionally variable in the Arctic and are
generally most pronounced in eastern Canada and the North At-
lantic (AHDR 2004). However, studies conducted outside the
Arctic have shown that even ‘‘low’’ concentrations of POPs and
other endocrine disruptors interfere with hormone function and
genetic regulation, indicating that developing organisms are easily
put at risk of impaired reproductive, immune, and neurological
function (Guillette and Crain 2000).

The ubiquity of POPs in the Arctic environment raises con-
cern for the safety of future generations of Arctic peoples (AMAP
2003; Downie and Fenge 2003; Godduhn and Duffy 2003). As
with POPs, the young and unborn are generally most vulnerable
to subtle sublethal effects of heavy metals. In coastal Canadian and
Greenland communities where marine mammals are a significant
food source, concentrations of POPs in mothers’ milk are high
enough to be considered a health risk (Deutch and Hansen 2000;
Muckle et al. 2001; AMAP 2003), and consumption of wild foods
has been restricted in several cases in the eastern Canadian Arctic.

Of the small number of studies on the impact of environmen-
tal contaminants on human health in the Arctic, few have de-
tected significant health effects. Health assessments suggest that
the benefits of traditional foods, including lower risk of heart dis-
ease, generally outweigh the risks from contamination, because
these foods are more nutritious than are store-bought substitutes
(AMAP 2003). Regardless of the medical impacts of contami-
nants, the widespread perception of health risks by local residents
reduces their sense of well-being.

Human populations that depend on caribou and reindeer are
vulnerable to radionuclide accumulations whenever nuclear fall-
out occurs. Such populations suffer the physiological effects of
radiation, the economic effects of lost resources, or both. For ex-
ample, after the explosion at the nuclear power station at Cherno-
byl, cesium-137 and strontium-90 concentrations increased
dramatically in lichens and reindeer in Scandinavia, where tens
of thousands of reindeer had to be destroyed (MacDonald et al.
2002).

25.5.5 Aesthetic and Recreational Values

The Arctic and Antarctic include some of the largest wilderness
areas on Earth. Establishment of protected areas of various types
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is the conventional way to protect landscapes, ecosystems, and
habitats in the terrestrial environment. Treaties have provided
Antarctica with a high level of protection that restricts develop-
ment (as through Annex V of the Protocol on Environmental
Protection to the Antarctic Treaty). Increasing tourism in Antarc-
tica reflects the growing recognition of its aesthetic and recre-
ational values.

Protected areas cover approximately 15% of the terrestrial
Arctic. However, they are unevenly distributed across ecosystems
and habitats. Over 27% of Arctic glaciers but less of the vegetated
Arctic is protected (CAFF 2001). A strategic plan to establish a
Circumpolar Protected Areas Network was completed in 1996
and endorsed by the eight Arctic nations (CAFF 1997). The initial
burst of creating new protected areas has since come to a standstill,
particularly in the Russian Arctic (WWF 2002). Owing to the
rapidly changing climate, reserves cannot successfully protect spe-
cies unless they have flexible boundaries or adequate interconnec-
tions that allow redistribution or migration in response to climate
change (Elmqvist et al. 2003; Callaghan et al. in press). In addition
to current practices of protecting rare and threatened species, con-
servation may become necessary for more widespread Arctic spe-
cies that decline in response to climate warming.

25.5.6 Opportunities for Scientific Study

Polar regions have been key sources of new information that im-
prove human understanding of the Earth system. Ice cores from
Antarctica and Greenland have revealed detailed records of cli-
matic and environmental changes that have occurred over the past
million years (EPICA 2004). Antarctica, in particular, has been an
important scientific platform for many disciplines, including space
and atmospheric sciences, geomagnetism, astronomy, paleoclima-
tology, biogeochemistry, and human physiology. For example,
subglacial lakes that have not been exposed to the atmosphere for
500,000 years may contain a unique archive of the past environ-
ment and biota (Karl et al. 1999).

Because of polar amplification of climate change, the ecologi-
cal impacts of warming are evident earliest and most clearly at
high latitudes, providing society with a preview of changes that
may become more widespread. In a region of near-pristine wil-
derness, relationships between ecosystems, species, and environ-
ment are more clearly defined than in populated regions where
human influences can mask these relationships. In addition, the
lure of polar regions for young people wishing to experience wil-
derness provides a unique opportunity to involve the next genera-
tion in working toward a more sustainable future.
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Main Messages

Approximately 24% of Earth’s terrestrial surface is occupied by cultivated
systems. Cultivated areas continue to expand in some areas but are
shrinking in others. As the demand for food, feed, and fiber has increased,
farmers have responded by expanding the cultivated area, intensifying produc-
tion (for example, higher yields per unit land-time), or both. Globally, over the
past 40 years intensification of cultivated systems has been the primary source
(almost 80%) of increased output. In countries with high levels of productivity
and low population growth rates, the extent and distribution of land under
cultivation is stabilizing or even contracting (for example, Australia, Japan, the
United States, and Italy). The area in agricultural production has also stabilized
and begun to contract in China. But some countries, predominantly found in
sub-Saharan Africa, have had persistently low levels of productivity and con-
tinue to rely mainly on the expansion of cultivated area.

Globally, opportunities for further expansion of cultivation are reducing.
Since nearly all well-suited land is currently cultivated, continued expansion
draws more economically marginal land (steeper slopes, poorer soils, harsher
climates, or reduced market access) into production—often with unwelcome
social and environmental consequences.

Cultivated systems specialize in the provision of food, feed, and fiber,
often at the expense of other ecosystem services. Cultivation has affected
the provision of other services in three ways: by conversion of biologically
diverse natural grasslands, wetlands, and native forests into less diverse
agroecosystems; by the choice of crop species grown and the pattern of crop-
ping in time and space; and by the manner in which crops, soil, and water
resources are managed at both plot and landscape levels. For many ecosys-
tem services, significant losses arise as a direct consequence of conversion to
agriculture. Subsequent impacts are conditioned primarily by the intensity of
cultivation in time and space, by the type and amount of applied inputs, includ-
ing water, nitrogen, and pesticides, and by the effectiveness with which produc-
tion inputs and residues are managed.

Two key ‘‘win-win’’ strategies have emerged to increase economic bene-
fits to farmers while reducing negative ecosystem aspects of cultivation:
first, increasing the productivity of existing cropland through intensive manage-
ment of specialized cropping systems and use of improved crop, soil, and
water management practices and, second, designing more diverse crop and
agroforestry systems that provide improved livelihood options as well as sup-
porting greater levels of biological diversity and other environmental services
at a local level.

Because food security requires that increasing demand for food be met,
difficult choices about ecosystem service trade-offs are faced when eval-
uating alternative cultivation strategies. For example, intensification of pro-
duction to gain more output per unit land area and time runs the risk of
unintended negative impacts associated with greater use of external inputs
such as fuel, irrigation, fertilizer, and pesticides. Likewise, area expansion of
production reduces natural habitat and biodiversity through land use conver-
sion and decreases the other environmental services that natural ecosystems
provide. Which strategy has the least overall impact on ecosystem services
depends on the specific context.

This assessment strongly suggests that pursuing the necessary in-
creases in global food output by emphasizing the development of more
environmentally and ecologically sound intensification is likely to be the
preferred, and in many cases the only, long-term strategy.
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Improved cultivation practices can conserve biodiversity in several ways:
sustaining adequate yield increases on existing cropland in order to limit
expansion of cultivation, enlightened management of cultivation mosaics
at the landscape scale, and increasing diversity within cropping systems.
At the global level, conversion of natural habitat to agricultural uses is perhaps
the single greatest threat to biodiversity. Hence, sustaining yield increases on
existing farmland to meet growing human food needs will be essential for the
conservation of existing biodiversity. At the local level, advances in ecological
science coupled with field-based experimentation have yielded improved in-
sights as to how farmers might configure and manage cultivated systems so
as to enhance opportunities for wild biodiversity through, for example, habitat
creation, wildlife corridors, refugia, and buffers around sensitive areas. More
has also been learned about maintaining viable collections of wild relatives of
commercially cultivated products, particularly in farming communities (in-situ
conservation). But such approaches are most likely to be used where there
are demonstrable benefits to farmers.

The economic benefits of pollinators, biological control of pests, soil
bacteria, insects, birds, and other animals are better understood and are
increasingly being articulated to farmers and the agricultural community.
Successes include the rapid and extensive spread of integrated pest manage-
ment in Southeast Asia and the growing acceptance of the role of sustainabil-
ity-focused platforms such as eco-agriculture, agroecology, and integrated
natural resource management by both subsistence and commercial farmers.

Cultivated systems have become the major global consumer of water.
While rain-fed croplands might consume more or less water than the natural
plant communities they replaced, irrigated areas consume significantly more.
About 18% of the area of cultivated systems is irrigated, but the crop output
generated by such irrigation represents about 40% of global food production.
While irrigation systems divert 20–30% of the world’s available water re-
sources, chronic inefficiencies in distribution and application result in only 40–
50% of that water being used in crop growth.

Growing water demand for uses other than agriculture is increasingly
competing with water demand for food production in many areas, and
more transparent and equitable approaches to water allocation are
needed. There is significant scope to achieve substantial increases in irrigation
efficiency from improvements in water delivery systems (irrigation system
maintenance and design; drip irrigation) and from improvements in water appli-
cation methods (improved irrigation scheduling). Water harvesting practices,
including small tanks, runoff farming, and zai (dug pits that concentrate water
at the plant), have also proved effective, as have structural landscape features
such as shelterbelts that reduce evapotranspiration.

In addition to water quantity trade-offs, intensification of food production
involving increased use of applied nutrients and agricultural chemicals
can lead to water pollution that degrades downstream freshwater, estua-
rine, and marine ecosystems and that limits downstream water use or
raises its costs. Technologies or practices that increase nutrient use efficiency
and minimize the need for pesticide application can greatly reduce water pollu-
tion from intensive agriculture. Inappropriate farming practices on sloping land
prone to erosion and expansion of rain-fed cropping onto sloping lands with
marginal soils can result in severe erosion that also contributes to pollution of
rivers, water bodies, and estuary or marine ecosystems.

Cultivation has accelerated and modified the spatial patterns of nutrient
cycling. Most pressing is the disruption of the nitrogen cycle, caused
primarily by the application of inorganic fertilizers, which included
around 85 million tons of nitrogen in 2000. Nitrogen is the most commonly
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limiting plant nutrient and a major constituent of dietary protein. While some
form of augmentation of naturally ‘‘fixed’’ N is an essential component of more
productive cultivation, application of inorganic N increases emission of nitrous
oxide, a potent greenhouse gas, and contributes to acid rain, soil acidification,
and eutrophication and, through these changes, to biodiversity loss.

The best opportunity for limiting these negative effects is to increase the
efficiency in the handling and application of fertilizers, as well as in-
creased or rationalized use of organic sources of nitrogen (such as mulching,
animal manure, and legume crops) to substitute for inorganic fertilizers and
increase nitrogen use efficiency. Some landscape elements (ponds and buffer
strips, for example) can also provide cost-effective means for mitigating water
contamination. In some countries, notably the United States, Japan, and the
Netherlands, there has been significant progress in improving N use efficiency
and even in decreasing N application rates on several major cereal crops.

A clear distinction must be made, however, between the overuse or inef-
ficient use of nitrogen in some parts of the world and the desperate need
for substantial increases in the amount of nitrogen (and other nutrients)
applied to crops in regions like sub-Saharan Africa where yields are low
and often declining—precisely because of the cumulative depletion of soil nutri-
ents. Phosphorus is another nutrient that must be applied to maintain crop
yields on most agricultural soils, and lack of adequate phosphorus significantly
limits agricultural productivity in regions where phosphorus fertilizers are not
available or affordable.

The impact of cultivation on climate regulation can, as with biodiversity,
best be viewed in two distinct stages. When natural ecosystems have been
converted for cultivation, carbon-based greenhouse gases are generally re-
leased and carbon sequestration potential is reduced to an extent dependent
upon the original land cover and the means of conversion. Thereafter, the
impact of cultivation on climate regulation is intimately linked to production
system choices and management practices. Frequent cultivation, irrigated rice
production, livestock production, and the burning of cleared areas and crop
residues now contribute about 166 million tons of carbon a year in methane
and 1,600�800 million tons in CO2. About 70% of anthropogenic nitrous oxide
gas emissions are attributable to agriculture, mostly from land conversion and
nitrogen fertilizer use.

But while agriculture contributes to greenhouse gas emissions, it also
represents an opportunity for mitigation. Minimum tillage and tree-based
production systems are two of a growing number of practices being adopted by
farmers for their direct productivity and income benefits, which also represent
successful strategies for mitigating GHG emissions from cultivated systems.
The cultivation of biofuels (such as corn, sorghum, and sugarcane used for
ethanol production) is seen as having great potential, although these are of
relatively minor significance at present. However, a growth in demand for bio-
fuels would result in expansion of cultivated areas or displacement of traditional
crops or both unless there is a concomitant acceleration in the rate of gain in
crop yields to offset the grain and biomass used for biofuels and bio-based
industrial products.

While better practices and new technologies have been and must con-
tinue to be developed to reduce the negative environmental impact of
cultivation, such measures will only be adopted if they generate benefits
for the farmer in a time frame of relevance to the socioeconomic context
in which cultivation takes place. For example, adoption of improved soil and
water conservation practices has been low in many developing countries
where farmers are often poor and have few assets, limited access to credit,
and uncertain access or rights to land and water resources. From an economic
perspective, many negative ecosystem service impacts are production ‘‘exter-
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nalities’’—impacts whose costs, while real from a broader social perspective,
are not factored into production decisions.

In richer countries, public funds are increasingly being used to provide
incentives for producers to take greater account of the external negative
impacts of production. These have included investments in payments to
producers to help offset the additional costs of environmentally friendly prac-
tices, research and development of new technologies and practices that reduce
the trade-offs between food provision and other ecosystem services, and
environment-related regulation and enforcement systems for the agriculture
sector. But the principle of engaging the potential beneficiaries of improved
cultivation practices in some form of dialogue with producers continues to de-
fine new institutional arrangements to better manage production externalities.
Examples are watershed user groups, commodity boards, organic certification
systems, and trading of carbon credits.

National policies, international agreements, and market forces play a sig-
nificant role in determining farmers’ choices about the scale of cultiva-
tion, the selection of the cultivation system, and the level and mix of
production inputs—all of which influence trade-offs among ecosystem
services and external impacts on other ecosystems from cultivated sys-
tems. For example, where governments have invested in agricultural research
and extension, productivity growth rates have been higher and area expansion
rates often lower. Likewise, although investments in irrigation schemes and
subsidized seeds, fertilizers, and pesticides have almost certainly resulted in
depletion of river flows and increased salinization, eutrophication, and biodiver-
sity loss, they have also led to greater productivity per unit of arable land,
which reduces pressure for the expansion of cultivated systems into marginal
areas and natural ecosystems. Agricultural subsidies in many industrial coun-
tries have encouraged overproduction while at the same time reducing the
economic viability of cropping systems in poorer countries by driving down the
prices of traded commodities such that unsubsidized (and sometimes domesti-
cally taxed) producers in those countries find it hard to compete.

Some, mainly richer, countries have introduced ‘‘conservation’’ or ‘‘set-
aside’’ programs to encourage farmers to take environmentally sensitive
land out of production. Others, such as Costa Rica, have gone further
through programs that explicitly compensate farmers for delivering eco-
system services. Governments are playing an increasing role in ensuring that
farmers will profit from cultivation choices that deliver the broad array of eco-
system services valued by society, including but not limited to food production.

Significant challenges will be faced at both global and regional levels to
meet increasing food, feed, and fiber demand and to do so in ways that
support key environmental services. At the global level, the rate of increase
in cereal yields is falling below the rate of projected demand, which will likely
lead to a large of expansion of cultivated area unless yields can be increased.
Many more low-input systems in marginal lands may soon reach irreversibly
low levels of soil quality and face increasingly erratic climatic patterns and new
crop and livestock pests and diseases, such as coffee and banana wilt and
avian flu. Such trends could lead to the collapse of important cash and food
producing systems on a regional basis. There is also growing concern that
market liberalization, coupled with the inability of farmers and governments in
poorer countries to make the investments necessary to raise the productivity
of their predominantly subsistence and smallholder agricultural sectors, may
lead to further impoverishment of rural populations. A warmer global tempera-
ture associated with climate change is an emerging challenge to sustaining
yield increases in currently favorable crop production areas and may decrease
yield stability in dryland cropping systems dependent on rainfall.
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26.1 Introduction
Human transformation of natural ecosystems for production of
food, fiber, and fuel has occurred on a massive scale—cultivated
systems now occupy 24% of Earth’s terrestrial surface and are the
single greatest land use by humans.1 Although there are a wide
variety of cultivated systems, this chapter focuses on those that
constitute major providers of food, feed, or fiber or that have
significant impacts on the provision of other ecosystem services,
at regional or global scales. In this chapter, ecosystem services are
divided into those that provide food, feed, fiber, and other culti-
vated outputs and ‘‘other services’’ that include, for example, bio-
diversity, fresh water, nutrient cycling, and cultural services.

Despite a tripling of the human population in the twentieth
century, global food production capacity more than kept pace
with demand. In fact, per capita food supply increased while food
prices decreased in real terms. (See Chapter 8.) At the turn of the
millennium, cultivated systems provided around 94% of the pro-
tein and 99% of the calories in human diets (FAOSTAT 2003). At
the same time, they represented a major source of income for the
estimated 2.6 billion people who depend on agriculture for their
livelihoods (FAOSTAT 2004).

Despite these successes there are still many parts of the world,
often the poorest, where the productive capacity of cultivated
systems has stagnated or even declined in the face of increased
food demand from growing populations. Local disruption of cul-
tivation by drought, flood, pests, disease epidemics (crop, animal,
or human), armed conflict, and social unrest can be catastrophic
in human, economic, and environmental terms. The prospect of
providing sufficient food to sustain another 2 billion people by
2020 has rightly focused attention on the very real threats to food
security and income generation if the productivity of cultivated
systems cannot keep pace with this demand.

But food security and concern for the more than 852 million
who currently go hungry each day (FAO 2004) are only part of
the challenge faced by cultivated systems. Human well-being de-
pends not only on a sufficient and safe supply of food, feed, and
fiber but also on access to clean water and air, timber, recreational
opportunities, cultural and aesthetic pleasure, and so on. Cultiva-
tion often has a negative impact on provision of these services.

For example, cultivated systems tend to use more water, in-
crease water pollution and soil erosion, store less carbon, emit
more greenhouse gases, and support significantly less habitat and
biodiversity than the ecosystems they replace. Hence, as the share
of the world’s natural ecosystems converted for cultivation has
increased, the overall supply of ecosystem services other than
food, feed, and fiber has fallen (Wood et al. 2000), despite grow-
ing demand for these additional services. Cultivated systems are
under increasing pressure, therefore, to meet the growing need
for cultivated products as well as to supply an amount and quality
of other ecosystem services. Appropriately responding to this
‘‘double burden’’ represents a critical, long-term challenge to
modern agriculture (Conway 1999; Runge et al. 2003).

This chapter assesses the global extent, distribution, and con-
dition of cultivated systems with regard to their continued capac-
ity to both deliver food, feed, and fiber and contribute to the
broader range of ecosystems services on which human well-being
depends.

26.1.1 The Emergence of Cultivation

Agriculture first emerged almost 10,000 years ago in several dif-
ferent regions, including Mesopotamia, eastern China, meso-
America, the Andes, and New Guinea (Smith 1998). The extent
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of agriculture and its impact on ecosystem services tracks popula-
tion pressures at local, regional, and global scales. While human
population and agricultural extent maintained a relatively steady
rate of increase for much of human history, both increased dra-
matically with the rapid rates of scientific discovery, economic
development, and global trade that accompanied the Industrial
Revolution and as a consequence of European economic and po-
litical control (Richards 1990). The direct impact of European
settlement and accompanying agricultural technologies was seen
in North and South America, Southern and Eastern Africa, and
Australia/New Zealand. Other parts of the world also experi-
enced significant cropland expansion as they connected to Euro-
pean markets.

In 1700, most of the world’s cropland was confined to the
Old World. (See Figure 26.1 in Appendix A.) While indigenous
peoples elsewhere modified the landscape, their impact was not
as large as that of the Europeans, who used more advanced culti-
vation technologies that supported higher population densities.
Since 1700 cropland has increased by 1,200 million hectares
(466%), including major expansion in North America and the
former Soviet Union, with the greatest expansion occurring in
the past 150 years. Indeed, more land was converted to cropland
in the 30 years after 1950 than in the 150 years between 1700 and
1850.

The rate of cropland expansion in China has been steady
throughout the last three centuries. Cropland in Latin America,
Africa, Australia, and South and Southeast Asia expanded very
gradually between 1700 and 1850, but subsequently expanded
rapidly. Since 1950, cropland area in North America has stabi-
lized, while it has decreased in Europe and China. Cropland area
increased significantly in the former Soviet Union between 1950
and 1960 but has decreased since then. In the two decades before
2000, the major areas of cropland expansion were located in
Southeast Asia, parts of Asia (Bangladesh, Indus Valley, Middle
East, Central Asia), in the Great Lakes region of eastern Africa,
and in the Amazon Basin. The major decreases of cropland oc-
curred in the southeastern United States, eastern China, and parts
of Brazil.

Since the middle of the twentieth century there has been a
major shift in emphasis away from area expansion toward intensi-
fication of agriculture, which produces greater yields per unit
time and area (Ramankutty et al. 2002). This shift was made pos-
sible by widespread investment in irrigation systems, mechaniza-
tion, cost-effective means of producing inorganic fertilizers
(especially nitrogen), and new crop varieties that could better ex-
ploit water and nutrients. Declining availability of suitable ag-
ricultural land and growing competition for land from human
settlements, industry, recreation, and conservation have also in-
creased pressure on existing farmland.

Hence, most of the increase in food demand of the past 50
years has been met by intensification of crop, livestock, and aqua-
culture systems rather than expansion of production area. For ex-
ample, Bruinsma (2003) states that for all developing countries
over the period 1961–99, expansion of harvested land contributed
only 29% to growth in crop production versus the contribution
of increases in yields, which amounted to 71%. Expansion of har-
vested land accounts for both expansion in arable land (23%) and
increases in cropping intensity (6%). Furthermore, the share of
growth in crop production attributed to yield increases varies by
region; sub-Saharan Africa has the smallest portion (34%) and
South Asia has the largest (80%). Inclusion of industrial countries
lowers the global contribution of harvested area expansion to crop
production growth, as a consequence of their greater reliance on
increased yields.
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Today, nearly all of the world’s suitable land is already under
cultivation. Although Africa and Latin America contain the ma-
jority of the world’s remaining stock of potentially cultivatable
lands, most of this currently supports rain forest and grassland sa-
vannas that provide many other ecosystem services and are crucial
habitat for fauna and flora in natural ecosystems (Bruinsma 2003).
In many parts of North America, Europe, Japan, and China,
where productivity has grown faster than demand, land is increas-
ingly being withdrawn from cultivation. The decline would likely
be even more rapid in the United States, the European Union,
and Japan in the absence of production-related subsidies (Watkins
2003). On a global basis, there has been a steady decrease in area
devoted to the major cereal crops—maize, rice, and wheat, which
account for the majority of calories in human diets—amounting
to 2.4 million hectares per year since 1980 (FAOSTAT 2004).

26.1.2 Typology of Cultivated Systems

While there are several global frameworks for classifying the bio-
physical potential of agriculture (e.g., Koeppen 1931; Papadakis
1966; FAO 1982), none fully capture the enormous diversity of
cultivated systems and practices on a global basis. The most com-
prehensive approach to date covers the farming systems of the
developing world (Dixon et al. 2001), which identifies and char-
acterizes a total of 44 crop, livestock, mixed, forest-based, and
fishery-based systems, using agroecological, management, and
commodity-related criteria. However, the omission of cultivated
systems of North America, Western Europe, and Oceania limits
its application to a global assessment.

In the absence of a widely accepted and truly global cultivated
system framework, the MA assessment makes use of a schema
built on easily accessible, more highly aggregated system charac-
teristics, based on two key dimensions of cultivated systems—the
agroecological context and the enterprise/management context.
(See Table 26.1.) The agroecological context is defined by (sub-)
tropical and temperate conditions, reflecting broad day length,
radiation, and thermal differences, and by (sub-)humid and (semi-)
arid conditions, reflecting differences in rainfall and evapotranspi-
ration regimes. The importance and distinctiveness of highland
and mountain cultivated systems in the (sub-)tropics is further
recognized. Cultivation enterprises and practices themselves are
divided into six broad categories: four crop-based categories (irri-
gated, high external-input rain-fed, low external-input rain-fed,
and shifting cultivation) as well as confined (‘‘landless’’) livestock
production and freshwater aquaculture. Combining the agroeco-
logical and enterprise/management dimensions generates a matrix
into which most of the world’s important cultivated systems can
readily be categorized. (Extensive grazing systems are not treated
here as cultivated systems but are dealt with in Chapter 22.)

26.1.2.1 Irrigated Systems

The roughly 18% (250 million hectares) of total cultivated area
that is irrigated accounts for about 40% of crop production
(Gleick 2002). Irrigated systems are served by water from im-
poundment or diversion structures, boreholes, and wells or other
means of delivering water. From an investment perspective, irri-
gation systems range from large civil engineering works delivering
water to hundreds of thousands of hectares in Pakistan and India
(Barker and Molle 2004) through farm-based wells that use small
pumps to tap groundwater aquifers all the way to small-scale com-
munity-based systems powered by draught animals and manual
labor, such as those found in West Asia, North Africa, and the
Sahel (Oweis et al. 1999). In addition to increasing and stabilizing
the yields of individual crops, irrigation can extend the growing
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period and allow two or even three crops to be grown each year
on the same piece of land, where water availability and tempera-
ture permit such intensification.

26.1.2.2 Rain-fed Systems

Rain-fed agricultural systems account for the largest share (about
82%) of the total agricultural land area and exist in all regions of
the world. In Asia and the Pacific, for example, rain-fed agricul-
ture represents about 223 million hectares, or 67% of the total
arable land (Asian Development Bank 1989), and rain-fed pro-
duction accounts for 16–61% of agricultural GDP in this region
(excluding Pakistan as part of West Asia).

Rain-fed systems are prevalent in both high and low yield
potential areas, as largely determined by the amount and distribu-
tion of precipitation in relation to crop water requirements.
Lower potential lands, also referred to as marginal or less-favored
lands, are discussed in Chapter 22 (and also occur in higher-altitude
mountain systems, see Chapter 24). The discussion here focuses
on more-favorable rain-fed areas where both high and low levels
of external inputs are used to produce crops. Pressure on these
systems is increasing as arable land becomes scarcer; as the produc-
tivity of existing irrigated lands declines due to a reduction in
water availability or to land degradation, especially salinization;
and as food demand increases.

Rain-fed systems may involve both annual and perennial
crops as well as livestock. In Asia, the rain-fed humid/sub-tropical
systems and arid/semiarid areas include a range of mixed crop-
livestock systems, which can be categorized into lowland and up-
land systems. The former is more associated with crop cultivation
due to higher levels of soil moisture. Rain-fed lowland rice, for
example, is defined as nonirrigated, but the topography is gener-
ally flat and the soil surface is inundated for at least part of the
crop cycle with sustained flooding. Rain-fed upland rice, on
the other hand, is grown on well-drained fields that are never
flooded. Major rice cropping systems in the rain-fed lowlands are
rice-wheat, rice-pulses (including chickpea, lentil, peanut, and
pigeon pea), and rice-mustard. Maize, sugarcane, and cotton are
also important crops in humid lowland areas of tropical/sub-
tropical Asia. Cropping systems that use more drought-tolerant
cereal crops such as sorghum and millet are found in semiarid
rain-fed lowland areas.

The uplands, by comparison, have sloping to hilly topography,
and typically have less fertile soil that is easily degraded by erosion
and nutrient depletion without the use of appropriate husbandry
practices. (See also Chapter 24.) Although both annual crops
(such as cereals, legumes, roots, and vegetables) and perennial
ones (such as coconuts, oil palm, rubber, and fruit trees) are
grown, agroforestry systems involving the latter are especially
important. Rain-fed areas have relatively large populations of
livestock, and their contribution via animal manure to crop culti-
vation, food security, and the livelihoods of poor people is sig-
nificant (Devendra 2000). Overstocking and uncontrolled grazing
of ruminants are major problems in semiarid rain-fed regions
where land tenure rights are not well defined, such as in the Sahel
region of sub-Saharan Africa.

26.1.2.3 Shifting Cultivation

Shifting cultivation, also called ‘‘swidden’’ agriculture or ‘‘slash-
and-burn’’ agriculture, is one of the oldest forms of farming and
consists of cropping on cleared plots of land, alternated with
lengthy fallow periods. These systems are the dominant form of
agriculture in tropical humid and subhumid upland regions and
are typically associated with tropical rain forests.
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Table 26.1. Global Typology of Cultivated Systems with Examples

Tropical and Sub-tropical (62%) Temperate (38%)

Farming
Systema

Warm
Humid/Subhumid

Warm
Semiarid/

Arid

Cool/Cold
(Highland/
Montane) Humid/Subhumid Semiarid/Arid

(26%) (12%) (24%) (22%) (16%)

Irrigated (18%) rice (e.g., East,
Southeast Asia)
rice-wheat (e.g.,
Pakistan, India, Nepal)

rice (e.g.,
Egypt, Peru)

cotton

Rain-fed—high
external input
(crops, livestock,
tree crops

rice-wheat (e.g.,
Pakistan, India,
Nepal)

tea, coffee planta-
tions (e.g., East
Africa, Sri Lanka)

maize and soybean–Argentinean pam-
pas, U.S. corn belt 

small grains (wheat, barley, rapeseed,
sunflower, oats) and mixed crop-livestock
systems (e.g., West and North Central
Europe)

Rain-fed—low
external input
(crops, livestock,
tree crops)

staple tropical crops
in humid tropics
(e.g., yam, cassava,
banana in SSA)

mixed crop,
livestock
(e.g., Sahel,
Australia)

cereals/tubers
(e.g., High Andes)

mixed crop–livestock systems (e.g.,
Europe)

wheat–fallow sys-
tems (e.g., Central
Asia, Canada,
United States,
Australia)

Shifting 
cultivation

NA e.g., Amazon Basin, Southeast Asia

Industrial 
confined 
livestock

NA “landless” livestock systems, e.g., cut and carry systems, mixed low-intensity livestock/crop systems, beef feeding lots, broiler
and pig houses

Freshwater
aquaculture

NA e.g., artisanal ponds, industrial cages

aHigh-level aggregations of the global farming systems typology developed by Dixon et al. 2001.

Notes: Agroecological characterization according to FAO Global Agroecological Zones (FAO/IIASA 2001). Total area shares shown in parentheses are for
settled agriculture (e.g., excluding shifting cultivation areas). Derived from FAOSTAT 2004. Breakdown of cropland by agroecological zones from Wood et
al. 2000. The MA cultivated systems do not encompass marine and coastal aquaculture (Chapter 19) and extensive grazing systems (Chapter 22).

(82%)

Shifting cultivation is practiced on about 22% of all agricul-
tural land in the tropics and is the primary source of food and
income for some 40 million people (Giller and Palm 2004). While
the contribution to global food security is negligible, given the
low yields and general lack of infrastructure in areas where shifting
cultivation predominates, this method of cultivation has a poten-
tially large impact on regional and global ecosystem services
through its effects on biodiversity, greenhouse gas emissions, and
soil nutrients. (For a more comprehensive analysis of such effects
in the humid tropics, see the MA Sub-Global Assessment of the
Alternatives to Slash and Burn program.)

Although these systems are generally associated with soils of
low fertility, they are highly sustainable and resource-conserving
in areas with low population density. High population density
increases the pressure on available land and resources, reducing
the time available for a regenerative fallow between cropping cy-
cles. One method used to raise productivity and reduce land deg-
radation in areas of shifting cultivation is ‘‘alley cropping,’’
growing tree crops in conjunction with annual crops. In the Phil-
ippines, for example, alley cropping in sloping upland rice areas
with Flemingia macrophylla showed that over two years, average
soil loss was cut down to 42 cubic meters per hectare, compared
with 140 cubic meters under traditional practices, together with
concurrent increases in rice yields (Labios et al. 1995).
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26.1.2.4 Mixed Crop and Livestock Systems

Mixed crop-livestock farming systems, where crops and animals
are integrated on the same farm, represent the backbone of small-
holder agriculture throughout the developing world, supporting
an estimated 678 million rural poor. In Asia, more than 95% of
the total population of large and small ruminants and a sizable
number of pigs and poultry are reared on small farms with mixed
crop-livestock systems, which are dominant in both irrigated and
rain-fed areas in humid and subhumid environments.

Mixed farming systems enable farmers to diversify agriculture,
to use labor more efficiently, to have a source of cash for purchas-
ing farm inputs, and to add value to crops or their by-products.
Mixed farming systems provide the best opportunities to exploit
the multipurpose role of livestock in many rural societies (Deven-
dra 1995). A number of crop-animal interactions are important
and dictate the development of mixed systems. These include ani-
mal traction for field operations, animal manure, and animal feeds
from crops, as evident in sub-Saharan Africa (McIntire et al. 1992)
and Asia (Devendra and Thomas 2002). These interactions have
demonstrated the important contribution that animals make to
increased production, income generation, and the improved sus-
tainability of annual and perennial cropping systems.

Crop-livestock systems can be separated into those that mix
animals with annual and perennial crops; of the two, the use of
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the latter has been more limited. Examples of integrated annual
crop-animal systems include rice, maize, cattle, and sheep in West
Africa; rice, wheat, cattle, sheep, and goats in India; rice, goats,
duck, and fish in Indonesia; rice, buffalo, pigs, chicken, duck, and
fish in the Philippines; rice, vegetables, pigs, ducks, and fish in
Thailand; and vegetables, goats, pigs, ducks, and fish in Viet Nam.
Examples of integrated perennial tree crop-animal systems include
rubber and sheep in Indonesia; oil palm and cattle in Malaysia
and Colombia; coconut, sheep, and goats in the Philippines; and
coconut, fruit, cattle, and goats in Sri Lanka. In West Asia and
North Africa, integration of sheep with wheat, barley, peas,
and lentils is common, together with olives and tree crops.

With annual cropping systems, ruminants graze native grasses
and weeds on roadside verges, on common property resources, or
in stubble after the grain crop harvest. Crop residues and by-
products are also fed to livestock throughout the year or season-
ally, depending on availability. In the perennial tree crop systems,
ruminants graze the understory of native vegetation or legumi-
nous cover crops. Non-ruminants in these systems mainly scav-
enge in the villages, on crop by-products, and on kitchen waste.
However, village livestock systems can evolve into more-
intensive production systems depending on the availability of
feeds, markets, and the development of co-operative movements.
This is evident in many parts of Central America, West Africa
(Nigeria), Southeast Asia (Indonesia), and South Asia (Bangla-
desh).

Because of the synergies between crop and livestock compo-
nents, mixed crop-livestock systems have shown themselves to be
both economically and environmentally robust from a small-
holder perspective. It is likely that smallholder mixed farms will
remain the predominant form of agricultural land use in rain-fed
cropping regions in developing countries where labor is abun-
dant.

26.1.2.5 Confined Livestock Systems

Confined livestock production systems in industrial countries are
the source of most of the world’s poultry and pig meat production
and hence of global meat supplies. Such large-scale livestock sys-
tems are also being established in Asia to meet increasing demand
for meat and dairy products. In addition, beef and mutton are
produced from intensive confined feeding operations, the former
mostly in North America and the transition states of Eastern Eu-
rope. The majority of sheep and goat fattening under ‘‘landless’’
(non-grazing) conditions occurs in the Near East and in much of
Africa. Cut-and-carry, zero-grazing dairy production systems are
similar to confined systems in industrial countries in that hand
feeding and disposal of manure are involved. These systems in-
volve cutting feed, crop residues, or litter and transporting them
to livestock that are confined in pens on the farm.

The use of purchased cereals and oilseeds for feed in confined
livestock systems allows separation of crop production and utiliza-
tion of feed in livestock rations. These concentrated feeds are less
perishable and easier to transport than the livestock products.
Even if several kilograms of concentrates are needed to produce
one kilogram of meat, it is still cheaper to establish the production
system near the consumer market and to transport the feeds to the
animals. A significant share of the increase in cereal imports to
developing countries over recent decades has occurred to provide
feed for the expanding poultry or pig industries (Delgado et al.
1999).

Animal confinement facilitates the management of nutrition,
breeding, and health but increases the labor and infrastructure re-
quirements for feeding, watering, and husbandry of the livestock.
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Apart from the capital embodied in the animals, additional invest-
ment is needed in providing fencing, housing, and specialized
equipment for feeding and other activities. Special equipment is
also needed for animal slaughter and meat processing or for milk
cooling and processing. There are economies of scale in the pro-
vision of such processing services and the associated product
marketing, and possibly in the supply of inputs (feed and feed
supplements) and genetic material (such as day-old chicks or
semen). This has often led to either co-operative group activity
or vertical integration of smallholder producers with large-scale
processing and marketing organizations.

While there are good economic arguments for the concentra-
tion of large numbers of animals associated with many confined
systems, there can be significant impacts on surrounding ecosys-
tems. Problems often arise in the disposal of large amounts of
manure and slaughtering by-products. While some types of ma-
nure can be recycled onto local farmland, soils can quickly be-
come saturated with both nitrogen and phosphorus because it is
too costly to transport manure, which has relatively low nutrient
concentration, for long distances. Manure treatment or digestion
to produce methane can help minimize pollution, but even in
countries with strong regulation and enforcement systems, nutri-
ent and bacterial leakage to water courses can occur, with conse-
quential impacts on freshwater and aquatic systems (de Haan et al.
1997; Burton et al. 1997).

Confined systems tend to be located near markets in peri-
urban areas. Distance from these centers, or from their main trans-
port routes, has an important influence on the net prices received
for farm products. Similarly, location in relation to urban centers
affects access to markets for purchased inputs and the costs of such
inputs (Upton 1997). Transport costs vary from one commodity
to another, depending on the perishability and bulk-to-value
ratio. Milk and eggs are relatively perishable and therefore are
most often produced intensively in peri-urban zones. Further-
more, agricultural enterprises dependent on purchased inputs,
such as concentrate feeds, are likely to be established in peri-urban
zones with easy access to input markets. In contrast, ruminant
meat can be produced in more-distant rural areas and transported
as live animals to urban markets for slaughter.

26.1.2.6 Freshwater Aquaculture Systems

Aquaculture involves the propagation, cultivation, and marketing
of aquatic plants and animals from a controlled environment and
usually involves tenure and ownership, as opposed to the open-
access or common property systems that occur in land agriculture.
Aquaculture can be applied in coastal (mariculture), brackish, or
fresh water (inland), but this chapter focuses on freshwater aqua-
culture. (Coastal and brackish aquaculture systems are discussed in
Chapter 19.) There are four types of production systems: ponds,
cages, raceways, and recirculating systems:
• Earthen ponds are most common for both small-farm and

commercial production systems, and they may be specifically
designed and built for aquaculture. Ponds for aquaculture
(called dike or levee ponds) require an adequate amount of
water of sufficient quality and clay soils that retain water. The
size of a levee pond depend on its planned usage, whether as
a holding, spawning, rearing, or grow-out pond.

• Cage culture uses existing water resources (lakes, ponds) but
encloses the fish in a cage or basket that allows water to pass
freely. Its main advantage is ease of harvesting. Small lakes,
mining pits, and farm ponds may be used for cage culture.
The potential for expanding cage farming is more limited in
areas where freshwater bodies are already actively used.
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• Rectangular raceways are mostly used in industrial countries
(whereas ponds and cages are common in developing coun-
tries). Rectangular raceways are almost exclusively used for
trout production and require large quantities of cheap, high-
quality water. Using gravity, water passes from a spring or
stream through raceways arranged in a series on slightly slop-
ing terrain.

• Water recirculating systems are also common in industrial
countries. Water is recirculated rather than passing through
once; hence, less water is needed than for a pond or open
raceway. Most recirculating systems are indoors, allowing
growers to maintain more control on water characteristics like
temperature. Clearly, this type of production requires high
initial capital investment.
In addition, production systems can be distinguished by the

level of production intensity or amount of inputs (labor, feed,
materials, or equipment) used. Such production intensity can be
extensive, where low levels of external inputs result in lower pro-
duction levels, or intensive, where higher levels of inputs of tech-
nology and greater degree of management generally increase yield
(FAO 2003).

Aquaculture can also be land-based or water-based. Land-
based aquaculture consists mainly of ponds, rice fields, and other
facilities built on dry lands. Carp and tilapia are the most com-
monly grown species in freshwater ponds, while shrimp and fin-
fish are cultivated in brackish-water ponds. Water-based systems
include enclosures, pens, cages, and rafts and are usually situated
in sheltered coastal or inland waters. Pens and cages are made up
of poles, mesh, and netting. Cages are suspended from poles or
rafts that float, while pens rest on the bottom of the water body
(FAO 2003).

Unlike livestock, where only a limited number of species are
farmed, aquaculture production involves many species of aquatic
organisms, although some predominate. In freshwater aquaculture
alone, some 115 freshwater species of finfish, crustaceans, and
mollusks were cultured in 2000, with finfish contributing the
bulk of production. Over the period 1991–2000, carp (and other
cyprinids) and tilapia (with other cichlids) ranked first and second
respectively in global freshwater fish production, accounting for
76–82% and 5–6% respectively of the total (FAO 2002).

Though a number of freshwater species were cultivated, only
a few freshwater species, like carp, milkfish, and tilapia, have been
domesticated—that is, breeding agencies (government and pri-
vate) produce fry as a source of fingerlings for aquaculture. This
contrasts with the livestock and crop sectors, where selective
breeding has been able to develop superior animal breeds and
crop varieties suitable for intensive production. As a result, many
forms of freshwater aquaculture are still very dependent on wild
sources of fish spawn, seed, or young fish.

Aquaculture operations can have both positive and negative
impacts on the environment. On the positive side, if aquaculture
is integrated with agriculture, environmental benefits include re-
cycling, lower net pollution, and reduced use of pesticides and
fertilizers. On the other hand, some aquaculture operations can
have damaging effects on water quality and quantity and aquatic
biodiversity—similar to the externalities associated with confined
livestock feeding operations or intensive, high-input cropping
systems.

26.1.2.7 Major Cropping Systems

Among the tremendous diversity of crops and cropping systems,
both in terms of agroecologies and management practices, five
major cropping systems stand out in importance. These systems
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supply a substantial portion of the world’s food, occupy a large
portion of the world’s cultivated lands, or both. The major sys-
tems are shifting cultivation in the forest margins of tropical Af-
rica, Asia, and Latin America; irrigated lowland rice systems in
Asia; irrigated rice-wheat systems in the Indo-Gangetic Plains of
India, Pakistan, Nepal, Bangladesh, and south-central China;
rain-fed wheat in north, west, and central Europe; and rain-fed
maize-soybean systems in the United States, southeast Canada,
Argentina, and south-central Brazil. Estimates of the scale of these
systems are provided in Table 26.2.

The highly productive irrigated rice-based cropping systems
are practiced in regions with fertile soils and access to supplemen-
tary ground or surface water. The wheat and maize-soybean rota-
tions are located on deep, fertile soils in regions that typically
have adequate and consistent rainfall during the growing season.
Because of these natural endowments, these systems provide food
to about half the human population and do so on a relatively
small area. In addition to meeting local food needs, these systems
account for more than 80% of all grains that enter international
markets.

To sustain high yields in these systems, modern farming prac-
tices are employed, including high-yielding varieties and hybrids,
substantial fertilizer inputs, and integrated pest control methods
that include use of herbicides, insecticides, and fungicides when
other management practices are inadequate. For example, three
cereals—rice, wheat, and maize—receive 56% of all nitrogen fer-
tilizer applied in agriculture (Cassman et al. 2003). Yield increases
in these systems during the past 50 years are estimated to have
avoided the need to expand cultivation by hundreds of millions of
hectares globally, thus helping to maintain the ecosystem services
derived from tropical and temperate forests, grasslands, and wet-
lands (Waggoner 1994; Evans 1998; Cassman 1999). Given the
670 million hectares of global cereal production in 2000, each 1%
increase in productivity is equivalent to saving 6.7 million hect-
ares of additional land that would be required for cereal produc-
tion, keeping cropping intensity constant. (For a discussion of
cropping intensity, see Bruinsma 2003:127–37.)

However, the relatively high levels of nutrients, pesticides, and
water applied to these systems can deplete water resources, reduce
water quality, increase greenhouse gas emissions, and accelerate
the loss of terrestrial and aquatic biodiversity (Hooper et al. 2003;
Mineau 2003). While nutrient losses from applied nitrogen fertil-
izer via denitrification release N2O, a powerful greenhouse gas, to
the atmosphere, recent studies have also demonstrated that these
intensive cropping systems can sequester carbon in soil organic
matter, thus reducing global emissions of CO2 (Bronson et al.
1998; Lal et al. 2003; Paustian et al. 1997). Achieving global food
security for an increasing and rapidly urbanizing population will
depend on sustaining continued yield increases in these major
high-potential cereal production systems.

The key challenge to sustaining cereal yield increases to meet
anticipated demand while also protecting ecosystem services is to
use crop and soil management practices to greatly increase the
efficiency with which fertilizers, water, and other external inputs
are used. For example, greater efficiency of nitrogen fertilizer use
allows more grain to be produced per unit of applied nitrogen,
reducing nitrogen losses and diminishing associated negative im-
pacts on ecosystem services (Dobermann and Cassman 2002).
Likewise, substantial increases in water use efficiency can be
achieved by investment in improved irrigation infrastructure, bet-
ter irrigation scheduling, and application equipment, such as a
shift from furrow irrigation to subsurface drip irrigation (Howell
2001). Ensuring continued progress toward ecological intensifi-
cation of these major cereal cropping systems requires long-term
and sufficient investments in research and extension.
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Table 26.2. Extent of the World’s Major Cropping Systems and Population Dependent on Them as the Major Source of Cereal
Supply. The population given is of the countries or regions where these cropping systems represent the predominant form of agriculture.
Food production from the high potential systems, which include the two irrigated rice-based systems, rain-fed wheat, and rain-fed maize-
soybean, not only accounts for a major food source for the countries and regions in which they occur but also accounts for a large majority
of all traded grain that crosses international borders. (Compiled from Giller and Palm 2004; Dixon et al. 2001; Huke and Huke 1997)

Cropping System Area Population Region/Countries
(mill. hectares) (million)

Shifting cultivation 1,035 40 Forest margins in tropical Africa, Asia, Latin America

Irrigated continuous lowland rice 24a 1,800 Tropical/sub-tropical lowlands of Asia

Irrigated rice-wheat annual double crop 17a 248 Indo-Gangetic Plains of India, Pakistan, Nepal, Bangladesh, and
south-central China

Rain-fed wheat 40 500 North, west, central Europe

Rain-fed maize-soybean 85 420 United States, southeast Canada, Argentina, southcentral Brazil

Total 1,227 2,968

a Continuous irrigated lowland rice systems in the tropics and sub-tropical lowlands of Asia produce two and sometimes three rice crops per year. A total
of 49 million hectares of harvested rice is obtained from these systems (McLean et al. 2002; Huke and Huke 1997). Similarly, the rice-wheat systems
produce 17 million hectares of each crop on an annual basis, for a total harvested grain area of 34 million hectares (Huke and Huke 1997), which sup-
ports an agricultural population of 248 million (Dixon et al. 2001).

26.1.2.8 Assessing the Global Distribution and Intensity of
Cultivated Systems

While the global typology is helpful in broad stratification of the
major cultivated systems, the spatial extent, distribution, and con-
dition of cultivated systems requires further analysis. For mapping
purposes in this assessment, the global extent of cultivation has
been defined on the basis of rain-fed and irrigated croplands only.
There is no comprehensive information, even at a national scale,
on the number and location of industrial livestock and freshwater
aquaculture enterprises.

The global cropland map is a composite of an updated version
of the 5-kilometer resolution PAGE Agroecosystems Map (Wood
et al. 2000) that incorporates revisions of the underlying 1992–93
1-kilometer resolution AVHRR datasets, combined with the 10-
kilometer resolution global irrigation map produced by Univer-
sity of Kassel and FAO (Döll and Siebert 1999).2 (See Figure 26.2
in Appendix A.) The revisions aim to identify all occurrences of
agriculture, even those that are minor cover components under
the classification scheme. (This was limited by the seasonal land
cover naming convention, which did not identify an agricultural
component if it occupied less than 30% of the land cover class
area.)

Intrinsic weaknesses in the dataset include regional variations
in the reliability of the satellite data interpretation, reflecting dif-
ferences in the structure of land cover and in the availability of
reliable ground truthing data (Brown and Loveland 1998) (See
Box 26.1.) Specific agricultural land cover types for which inter-
pretation is considered problematic include irrigated areas, perma-
nently cropped areas (especially tree crops in forest margins),
mixed smallholder agriculture, and extensive pasture land.

For mapping purposes, the extent of cropland is defined as
areas where at least 30% of a 1x1-kilometer grid cell is classified
as cropland through the interpretation and ground truthing of
satellite imagery. By this definition, it is likely that a significant
share of the 1,035 million hectares of shifting cultivation as prac-
ticed in the humid tropics is not detected and classified as crop-
land because fallow periods are typically greater than five years,
implying that no more than 20% of the land area is actually
planted to crops at any given point in time.
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Within the physical extent of cultivated systems (rain-fed and
irrigated cropland), an existing agroecologically based character-
ization schema has been used to delimit cultivation system sub-
types (Wood et al. 2000). This is a 16-class schema that provides
a spatial visualization of the location and extent of most elements
of the cropland typology presented in Table 26.1. (See Figure
26.3 in Appendix A.) The classification of climatic variables into
tropical, sub-tropical and temperate, humid, subhumid, semiarid,
and arid are made in accordance with FAO’s agroecological zones
approach implemented in a global spatial database (FAO/IIASA
2001). The agroecological classification also relies on slope and
the presence or absence of irrigation technologies. Slope is an
important attribute in terms of potential for mechanization as well
as for increased surface runoff and soil erosion due to cultivation.
The slope data used in this characterization are also derived from
the FAO/IIASA digital agroecological database, and the irrigation
data are from Döll and Siebert (1999).

Cultivated systems are extensive. Globally, they cover 36.6
million square kilometers, or approximately 27% of land area
(24% if inland waters, Greenland, and Antarctica are included in
the definition of land area). (See Table 26.3.) By intersecting the
extent of agriculture with maps of global population, it is esti-
mated that 74% of the world’s population lives within the bound-
aries of cultivated systems and that cultivated systems overlap in
significant ways with other systems, such as forests, mountains,
and drylands. Close to half of all cultivated systems are located in
dryland regions, where cultivation is strongly linked to livelihoods
and resource issues—particularly poverty, land degradation, and
water scarcity.

The characterization presented in Figure 26.3 identifies do-
mains within which biophysical and environmental constraints
and opportunities are broadly similar from a cultivation perspec-
tive and where common ecosystem service impacts might be
faced. However, as this chapter illustrates, it is the specific type of
cultivation practiced in any location and the precise ways in
which cultivation is managed that ultimately determine the type
and scale of impacts on ecosystem services and human well-being.
Integrating additional information about the ways in which culti-
vated systems are managed can only be accomplished at smaller
geographic scales (see, e.g., Dixon et al. (2001) for a regional ap-
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BOX 26.1

Reliability of Satellite-based Global Assessments of Cultivated Systems

Obtaining global-scale information about the location and extent of culti- Figure A compares the share of land area that falls within the extent
vated systems is fraught with difficulties. Satellite-based remote sensing of cultivated area, by region, for these four different land cover data sets.
offers a visualization of land cover for the entire globe in a more or less The extent of cultivation is defined as any cell classified as cropland or a
uniform way, and several publicly available, coarse-resolution (1km pixel cropland mosaic. Cropland mosaics are areas that appear in the imagery
size) datasets offer opportunities for locating cropland. These include as composites of multiple landscape types (cropland and forest, for exam-
Global Land Cover 2000 (GLC2000), MODerate resolution Imaging Spec- ple, or cropland and grassland). The variations across the globe are large:
trometer (MODIS) land cover, GLCCDv2, and the cultivated systems ex- in sub-Saharan Africa, MODIS land cover classifies less than 3% of the
tent used by the MA, which is a cropland-focused reinterpretation of total land area as cropland, while according to the classification adopted
GLCCDv2. (More information on these datasets is available at edcdaa- by the MA, just over 25% of land in sub-Saharan Africa falls within the
c.usgs.gov/glcc/background.asp (GLCCDv2), www-gvm.jrc.it/glc2000 extent of cultivated area.
(GLC2000), and edcdaac.usgs.gov/modis/mod12q1.asp (MODIS). The Part of this discrepancy is definitional. For mapping purposes, the MA
MA reinterpretation of GLCCDv2 is based on methods described in Wood classifies areas as ‘‘cultivated systems’’ if at least 30% of the land cover
et al. 2000.) grid cell appears to be cropland. MODIS land cover and GLC2000, on the

However, a comparison of these data sources reveals large differ- other hand, use higher cutoffs of about 50% cropland. The MA considers
ences in the extent and distribution of areas classified as cropland. The that ecosystem services are already likely to be significantly affected by
GLCCDv2 imagery and the MA extent represent land cover in 1992–93, cultivation at the lower cutoff.
while the GLC2000 and MODIS imagery are for the year 2000. Clearly, Most of the differences among datasets involve the ‘‘mosaic’’ land-
land cover change took place between these years, but the significant cover classes. Mosaic landscapes are some of the most important ones
differences between the 1992–93 and 2000 cropland areas, as well as from an ecosystem service perspective, as they are likely to be transitional
those between the two 2000-based assessments of cropland, cannot be areas where change is taking place or where agricultural systems exist in
explained by changes over time alone. Many of the differences result close proximity to natural biodiversity. They are also some of the hardest
from the use of different data sources, methodologies, and classification to classify. In contrast to large, intensively farmed agricultural systems
systems. These findings raise concerns about our present ability to detect found in much of the industrial world, smaller plots of agricultural land,
cropland reliably using globally applicable analysis of coarse-resolution mixed in with forest or grassland, are more difficult to distinguish. Isolated
data sources, and they cast extreme doubt on the possibility of assessing or even clusters of small cultivated plots and fields, even if they can be
cropland change by comparing global data sets from different sources. identified as agriculture, are easily lost due to the coarse resolution of the

data.
Figure B (see Appendix A) compares the geographic location of crop-

land and cropland mosaic classes used by the MA to the MODIS and
GLC2000 land cover classifications for Africa. Africa is among the most
challenging continents for mapping cropland because of generally small
field sizes and mixed cropping systems. Areas of agreement are shown
in orange, and areas of near-agreement (classified as cropland in one
dataset and cropland mosaic in the other) are shown in yellow. Blue areas
are those classified as either cropland or cropland mosaic by the MA, but
not classified as cultivated in the other data sets. Much of the additional
area within the MA cultivated systems compared with other datasets can
be attributed to its lower threshold for defining cultivated landscapes—that
is, a grid cell is considered to be a cultivated system if at least 30% of it
is cropland.

Given the difficulties in classifying cultivated areas using coarse resolu-
tion satellite data, cultivated area maps and statistics derived from such
data should be interpreted with caution. Mapping changes over time pre-
sents an additional set of challenges, as it requires comparing data sets
that may be mismatched in multiple ways. Much more needs to be done
to improve the reliability of publicly available regional- and global-scale
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spatial cropland data, including improved use of higher-resolution data
such as LANDSAT and SPOT imagery, the use of consistent methodolo-Figure A. Comparison of Cropland Estimates by Region and Data
gies and classification systems over time, and field validation.Source

proach and Wortmann and Eledu (1999) for a national application
in Uganda).

26.2 Cultivated Systems and Ecosystem Services
To achieve increased production of food, feed, and fiber, culti-
vated systems use biodiversity and numerous supporting, regulating,
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and provisioning services such as pollination, nutrient cycling, soil
formation, and fresh water for irrigation. While cultivated systems
depend on such services, they in turn also influence the supply of
a host of other services, including food, feed, and fiber; clean
water; climate regulation; pollution control; flood control; viable
populations of wildlife; clean air; and scenic qualities (Allen and
Vandever 2003). Some types of production systems, such as
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Table 26.3. Area and Population of Cultivated Systems and the Extent of Cultivation in Other MA Systems.

System

Cultivated Total  Drylands Mountains Coastal Forest

Area Population Area Population Area Population Area Population Area Population

(thousand
km2)

(million) (thousand
km2)

(million) (thousand
km2)

(million) (thousand
km2)

(million) (thousand
km2)

(million)

Temperate

10 Irrigated and mixed 
irrigated

1,684 554.2 999 249.8 245 39.7 179 110.7 166 43.5

11 Rain-fed, humid 
and subhumid, flat

3,954 463.9 935 93.5 274 45.6 284 69.9 965 75.7

12 Rain-fed, humid and
subhumid, sloping

2,380 254.5 238 21.6 680 61.2 17 4.4 1,191 83.5

13 Rain-fed, arid/dry 
and moist semiarid

6,041 172.4 4,832 116.6 1,104 47.3 47 3.1 1,407 27.0

Moderate cool/cool/cold tropics

20 Irrigated and mixed
irrigated

1,501 20.5 71 5.1 72 8.1 7 0.8 34 8.5

21 Rain-fed, humid 
and subhumid

1,098 110.8 370 16.2 743 65.4 19 2.6 417 26.6

Moderate cool/cool/cold sub-tropics

30 Irrigated and mixed 
irrigated

1,428 262.7 1,042 148.1 342 31.1 73 35.5 173 39.6

31 Rain-fed, humid 
and subhumid

4,028 496.7 642 63.9 1,482 201.5 299 33.8 1,320 162.6

32 Rain-fed, dry 
and semiarid

1,684 73.9 1,407 51.9 596 27.7 48 1.5 150 6.6

Warm tropics and sub-tropics

40 Tropics, irrigated 
and mixed irrigated

989 328.4 395 105.7 88 23.8 202 127.3 162 40.5

41 Sub-tropics, irrigated 
and mixed irrigated

1,245 509.0 714 335.3 124 36.7 133 85.3 178 43.6

42 Rain-fed, humid, flat 1,721 197.0 214 30.7 73 14.7 325 40.5 659 52.2

43 Rain-fed, subhumid,
flat

2,709 168.3 646 32.5 94 66.3 100 16.8 1,237 62.5

44 Rain-fed, humid/
subhumid, sloped

2,783 192.9 293 19.3 980 66.3 100 16.8 1,237 62.5

45 Semiarid/arid, flat 4,028 262.7 3,042 199.0 460 29.3 102 12.0 983 50.2

46 Semiarid/arid, sloped 476 41.0 417 37.1 83 7.3 17 2.3 77 4.1

Total 36,614 4,104.9 16,256 1,526.4 7,439 710.6 2,051 617.8 9,863 747.4

Note: By definition, these MA systems may overlap spatially, so area totals cannot be added across columns without risk of counting areas and popula-
tions twice. Note also that the global cultivated total includes areas and populations contained in ecosystems other than those shown in the breakouts.

multitiered, tree and crop-based farming systems, can be very ef-
fective in building up soil nutrients, reducing soil erosion, enhan-
cing water-related, climate, and flood regulation services, and
even promoting biodiversity. But they often possess other features
less attractive to farmers, such as high labor needs, longer estab-
lishment and payoff times, or lower food productivity.

Because cultivated systems are so extensive, pressure is grow-
ing for them to make a greater contribution to meeting human
needs for services other than food, feed, and fiber. They may do
this by being managed to have less impact on supporting and reg-
ulating services, by consuming fewer provisioning services, or by
supplying more of all three types of services. Moreover, effects on
specific services at a local level may differ from the aggregated
effects of a given cultivated system at a regional or ecosystem
level.

PAGE 756

26.2.1 Biodiversity

There are several dimensions to biodiversity in cultivated systems.
These systems contain cultivated or ‘‘planned’’ biodiversity—that
is, the diversity of plants sown as crops and animals used for live-
stock or aquaculture. This is largely domesticated biodiversity and
is supplemented by wild food sources. Together with crop wild
relatives, this diversity comprises the genetic resources directly
needed for food production. (See Table 26.4.)

Agricultural biodiversity is a broader term, also encompassing
the ‘‘associated’’ biodiversity that supports agricultural production
through nutrient cycling, pest control, and pollination (Wood and
Lenne 1999). Sometimes biodiversity that provides broader eco-
system services such as watershed protection, as well as biodiver-
sity in the wider agricultural landscape, is also included in this
term (FAO/SCBD 1999; Cromwell et al. 2001; Convention on
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Table 26.4. Biodiversity and Cultivated Systems

.

,

Definition of g
Key:

,

Biological Diversity 2000). In addition, cultivated systems contain
biodiversity beyond that used in or directly supporting produc-
tion systems. Since agriculture is now so widespread, strategies
for biodiversity conservation should address the maintenance of
biodiversity within these largely anthropogenic systems as well as
the aggregate impact of various cropping systems and manage-
ment practices on biodiversity at regional levels.

The multiple dimensions of biodiversity in cultivated systems
make it difficult to categorize production systems into ‘‘high’’ or
‘‘low’’ biodiversity systems, especially when spatial and temporal
scales are also included. Figure 26.4 attempts to illustrate how
different types of production systems relate to three biodiversity-
related variables (building upon the approach of Swift and Ander-
son (1999)). The Figure also focuses on a single production sys-
tem—tropical lowland rice—to illustrate how the levels of various
dimensions of biodiversity can vary with management practice.

Thus the relationship between cultivated systems and biodiver-
sity is manifold: biodiversity is cultivated in such systems (genetic
resources for food and agriculture); biodiversity supports the func-
tioning of cultivated systems (associated agricultural biodiversity);
and cultivated systems harbor biodiversity beyond agricultural bio-
diversity of functional significance. In addition, cultivated systems
have an impact on biodiversity outside the cultivated field in sur-
rounding areas and through both expansion and intensification of
agriculture. The following sections focus on these four issues.

26.2.1.1 Maintenance of Cultivated Species and Genetic
Diversity
Diversity at species and genetic levels comprises the total variation
present in a population or species in any given location. The culti-
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vated species diversity of some production systems such as shifting
cultivation and home gardens is high. Most major staple crops,
however, are grown in monoculture. Even such systems may
contain other dimensions of agricultural biodiversity: intensive
rice ‘‘monocultures,’’ for example, can support small areas of veg-
etable cultivation (on the dikes between paddies) as well as fish
cultivation. In fact, in some rice-growing areas in South and
Southeast Asia, fish may provide most of the local dietary protein.
Genetic diversity can be manifest in different phenotypes and
their different uses. It can be characterized by three different fac-
ets: numbers of different entities (such as the number of varieties
used per crop or the number of alleles at a given locus); evenness
of the distribution of these entities; and the extent of the differ-
ence between the entities (as in the case of pedigree date, for
example) (UNEP/CBD 2004). Crop genetic diversity can be
measured at varying scales (from countries or large agroecosystems
to local communities, farms, and plots), and indicators of genetic
diversity are scale-dependent.

The conservation and use of plant genetic resources for food
and agriculture has been comprehensively reviewed by FAO
(FAO 1998). Since 1960, there has been a fundamental shift in
the pattern of intra-species diversity in farmers’ fields in some
regions and farming systems as a result of the Green Revolution.
For major cereal crops, the germplasm planted by farmers has
shifted from locally adapted and developed populations (lan-
draces) to more widely adapted varieties produced through formal
breeding systems (modern varieties) (Smale 2001, 2005; Heisey et
al. 2002; Morris and López-Pereira 1999; Morris and Heisey
1998; Cabanilla et al. 1999). While there is no absolute dichot-
omy, traditional, landrace-based farming systems tend to contain
higher levels of crop genetic diversity in situ than modernized
systems. Depending upon the species (and its breeding system),
traditional landrace-based farming systems also tend to include a
higher number of varieties and more genetic variation within va-
rieties.

Adoption of modern varieties among the three major cereal
crops—wheat, rice, and maize—has been most rapid where land
is scarce and where there is a high degree of market integration.
In general, modern varieties of these crops have been adopted in
‘‘high potential’’ production areas, which have favorable climatic
conditions, good soils, and either adequate rainfall or irrigation.
They have been less successful in marginal areas, where landraces
are still widely cultivated and are often the main source of crop
germplasm.

Roughly 80% of the wheat area in the developing world is
sown to modern semi-dwarf varieties. However, landrace varieties
are grown extensively in Turkey, Iran, Afghanistan, and Ethiopia,
with smaller pockets in countries of the Near Eastern and Medi-
terranean region (Morocco, Tunisia, Syria, Egypt, Cyprus, Spain,
and Italy) (Heisey et al. 2002). Over three quarters of all rice
planted in Asia is planted to improved semi-dwarf varieties, al-
though farmers continue to grow landrace varieties in upland
rain-fed areas, as well as in deep-water environments. Landrace
varieties are grown in upland areas of Southeast Asia (Thailand,
Laos, Viet Nam, and Cambodia), as well as in parts of West Africa
(such as Mali and Sierra Leone) (Smale 2001; Cabanilla et al.
1999).

Relative to wheat and rice, maize has a much higher propor-
tion of area planted to landraces. In Latin America, most of the
maize area is planted to landraces, as is a higher proportion of the
maize grown in sub-Saharan Africa (Morris and López-Pereira
1999). However, it can be expected that there has been genetic
exchange between modern maize varieties or hybrids and maize
landraces in some of these areas (Morris and Heisey 1998).
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Figure 26.4. Dimensions of Diversity in Selected Production Systems

For some other major crops, such as sorghum and millet, the
picture is quite different. While sorghum- and millet-growing re-
gions of North America and parts of India have modernized sys-
tems, in the African Sahel, where these crops provide the main
food source, there has been very little adoption of modern varie-
ties and traditional practices prevail.

Farmers continue to use landraces rather than modern varie-
ties for a range of different reasons which can be categorized into
different groups (FAO 1998; Brush et al. 1992; Gauchan 2004;
Meng 1997; Smale et al. 2001; Van Dusen 2000). First, landraces
provide a wider range of end uses and have distinct culinary pur-
poses, which may also contribute to maintaining a balanced diet.
For example, in the Sahel and other dryland areas of Africa, cer-
tain varieties of sorghum produce better porridge, while others
are better for boiling, and entirely different varieties are used for
brewing beer. Some crop varieties have long stalks for animal feed
or fencing, while others have sweet stalks that provide a refreshing
snack in the field. Markets may have specific requirements, dis-
tinct from preferences at home, and some varieties have distinct
cultural uses.

Second, production factors and risk management provide ad-
ditional motives for continued use of landraces. Farmers fre-
quently explain that they select different landraces to match
differences in soil water regimes, even within the same field. Vari-
eties with different maturities may be used to spread labor re-
quirements through the season. Where weather patterns are
uncertain or diseases are prevalent, planting several varieties can
spread risk. Poor farmers are more likely to be faced with failures
in insurance markets and thus use natural resource allocation as a
means of insuring. Maintaining a diverse set of crop varieties to
insure against production or market risks may be the most accessi-
ble means of insurance available to low-income households,
whereas higher-income households with greater access to formal
financial markets or other means of risk management may be
more likely to risk a narrower portfolio of crop varieties. In addi-
tion, some traditional varieties (of millet, for instance, in West
Africa) are photoperiodic: the time of maturity is set by day-
length changes, allowing planting time to be varied according the
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start of the rains while still ensuring that the crop is ready for
harvest on time (Niangado 2001).

Finally, in some unfavorable and heterogeneous environ-
ments, appropriate modern varieties have simply not been devel-
oped or are not available. Breeding for such environments
requires a decentralized approach to exploit ‘‘genotype x environ-
ment interaction’’ (Simmonds 1991; Ceccarelli 1994; de Vries
and Toenniessen 2001). Participatory approaches to plant breed-
ing are, however, having some success in developing suitable vari-
eties for such areas (Ceccarelli et al. 2001; Weltzein et al. 1999;
Cleveland and Soleri 2002).

Though empirical evidence is limited, both theory and obser-
vation suggest that genetic heterogeneity provides greater disease
suppression when used over large areas. Some studies, including
those of wheat mosaic virus (Hariri et al. 2001), fungal pathogens
of sorghum (Ngugi et al. 2001), and rice blast (Zhu et al. 2000),
have shown that mixed planting of resistant varieties with other
varieties can reduce the disease incidence across the whole crop,
while possibly extending the functional ‘‘lifespan’’ of the resistant
genotypes. However, evolutionary interactions among crops and
their pathogens mean that improvement in crop resistance to a
pathogen is, in most cases, likely to be transitory. Thus, maintain-
ing stocks of genetic diversity for plant breeding is critically im-
portant.

Cultivated systems also support a high diversity of livestock.
Globally, there are 6,500 breeds of domesticated animals, includ-
ing cattle, goats, sheep, buffalo, yaks, pigs, horses, chicken, tur-
keys, ducks, geese, pigeons, and ostriches. A third of these are
under near-future threat of extinction due to their very small
population size. Over the past century, it is believed that 5,000
domesticated animal and bird breeds have been lost. The situation
is most serious in industrialized farming systems, with half of cur-
rent breeds at risk in Europe and a third at risk in North America.
While only 10–20% of current livestock breeds are at risk in Asia,
Africa, and Latin America, it is likely that the risk of breed loss
will increase as these countries pursue the path of economic de-
velopment followed in industrial countries (FAO/UNEP 2000;
Blench 2001).
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26.2.1.2 Management of Associated Agricultural Biodiversity
That Supports Production

The biodiversity of fauna and flora found in agroecosystems often
plays an essential role in supporting crop production (Swift et al.
1996; Pimbert 1999; Cromwell et al. 2001). Earthworms and
other soil fauna and microorganisms, together with plant root sys-
tems, maintain soil structure and facilitate nutrient cycling. Pests
and diseases are kept in check by parasites, predators, and disease
control organisms, as well as by genetic resistances in crop plants
themselves. Insect pollinators also contribute to cross-fertilization
of crop species that outcross.

As the examples in this section illustrate, it is not only the
organisms that directly provide such services that are important,
but also the associated food webs, such as alternative forage plants
for pollinators (including those in small patches of wild lands
within agricultural landscapes) and alternative prey for natural en-
emies of agricultural pests. Agroecosystems vary in the extent to
which this biological support to production is replaced by exter-
nal inputs. In industrial-type agricultural systems, they have been
replaced to quite a significant extent by inorganic fertilizers and
chemical pesticides; but in the many areas, particularly in the
tropics, agricultural biodiversity provides the primary forces gov-
erning nutrient availability and pest pressure.

26.2.1.2.1 Soil biodiversity

Soil organisms contribute a wide range of essential services to the
function of terrestrial ecosystems by acting as the primary driving
agents of nutrient cycling and regulating the dynamics of soil or-
ganic matter formation and decomposition, soil carbon sequestra-
tion, and greenhouse gas emission. They modify soil physical
structure and hydraulic properties that influence root growth and
function and nutrient acquisition. In addition, many pollinators as
well as natural enemies of agricultural pests spend part of their life
cycle in the soil.

Soil biodiversity is responsive to the management of cultivated
systems (Giller et al. 1997). Cultivation drastically affects the soil
environment and hence the number and kinds of organisms
present (Karg and Ryszkowski 1996; Ryszkowski et al. 2002).
In general, tillage, monoculture, pesticide use, erosion, and soil
contamination or pollution have negative affects on soil biodiver-
sity. In contrast, no-till or minimal tillage, the application of or-
ganic materials such as livestock manures and compost, balanced
fertilizer applications, and crop rotations generally have positive
impacts on soil organism densities, diversity, and activity. Soil
condition can thus be improved by farm practices and, indeed,
some soils are in effect created by farmers (Brookfield 2001).

26.2.1.2.2 Pollination

Over three quarters of the major world crops rely on animal polli-
nators. While bees are the principal agents of pollination, flies,
moths, butterflies, wasps, beetles, hummingbirds, bats, and others
serve also as pollinators. Approximately 73% of the world’s culti-
vated crops, including cashews, squash, mangos, cocoa, cranber-
ries, and blueberries, are pollinated by bee species, 19% by flies,
6.5% by bats, 5% by wasps, 5% by beetles, 4% by birds, and 4%
by butterflies and moths (Roubik 1995). Of the hundred or so
crops that make up most of the world’s food supply, only 15% are
pollinated by domestic bees, while at least 80% are pollinated by
wild bees and other wildlife. The services of wild pollinators are
estimated to be worth $4.1 billion a year to U.S. agriculture
alone. Wild plants and weeds provide alternative forage and nest-
ing sites for pollinators, whose diversity is directly dependant on
plant diversity, and vice versa (Kevan 1999). Forest-based pollina-
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tors in Costa Rica have been shown to increase the value of coffee
production from a single farm by approximately $60,000 per year
by increasing yields and improving crop quality (Ricketts et al.
2004).

Many pollinating species are at risk of extinction, and pollina-
tion is now regarded as an ecosystem service in jeopardy, which
requires attention in all terrestrial environments—from intensive
agriculture to wilderness (Buchmann and Nabhan 1996). Pollina-
tors are declining because of habitat fragmentation, agricultural
and industrial chemicals and associated pollution, parasites and
diseases, the introduction of exotic species, and declines in non-
crop nectar and larval food supplies. Due to declining pollinator
populations, an increasing number of farmers around the world
are now paying for pollination services, importing and raising pol-
linators to ensure that crop seed yields are not limited by lack of
pollination. Despite their tremendous importance, little is known
about wild pollinator populations or the consequences of their
decline (Kevan 1999; Kevan and Phillips 2001). (See Chapter 11
for further information on pollinators.)

26.2.1.2.3 Pest management

Insects, spiders, and other arthropods often act as natural enemies
of crop pests. Research in the rice fields of Java has documented
that other components of arthropod diversity are important in
this respect (Settle et al. 1996). Without alternative food sources,
populations of natural enemies would be directly dependent on
the plant pest, which in turn is directly dependent on the rice
plant for food. Such a linear system would be expected to give
rise to seasonal oscillations in populations at the various trophic
levels. In the Javanese rice fields, however, ‘‘neutral’’ arthropods,
mostly detritivores and plankton feeders, such as midges and mos-
quitoes, provide an alternative source of food for the natural ene-
mies of rice plant pests, thus stabilizing the populations of the
natural enemies and providing better pest control. Furthermore,
the detritivores depend on high levels of organic matter in the
paddy soils, which provide the food source for an array of micro-
organisms (bacteria and phtytoplankton) and zooplantkton.

Further stability is provided by spatial and temporal heteroge-
neity at the landscape level. In Central Java, for example, the land-
scape is made up of a patchwork of small to intermediate sized
plots of paddy rice (patches of between 10 and 100 hectares),
planted continuously to rice at differing times throughout the
year, with only a short fallow period and interspersed with patches
or lines of trees and shrubs. There is some evidence of greater
abundance of natural predators in such landscapes (as compared
with more-uniform rice environments found in West Java, for
instance) and that asynchronous planting of rice and the patches
of uncultivated land mean that there are always alternative food
supplies for natural enemies (Settle et al. 1996).

26.2.1.3 Conservation of Wild Biodiversity in Agricultural
Landscapes

Besides the services required to sustain agriculture, biodiversity
in agricultural ecosystems has a wider significance. Agricultural
ecosystems represent substantial portions of watersheds, which are
often landscapes that support recreation and tourism. They also
harbor important biodiversity in their own right. Moreover, bio-
diversity in agricultural landscapes has powerful cultural signifi-
cance, partly because of the interplay with historic landscapes
associated with agriculture and partly because many people come
into contact with wild biodiversity in and around farmland. In
fact, in some regions elements of biodiversity now only exist
in areas dominated by agriculture. Management of biodiversity in
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such areas is therefore an essential component of an overall ap-
proach to its conservation.

Indeed, in some parts of the world, notably Europe, biodiver-
sity conservation has in recent years been acknowledged as one of
the aims of agricultural policy. In spite of this, the negative trend
of biodiversity in agricultural ecosystems, which was initiated
with the intensification of agriculture in the latter part of the
twentieth century, still prevails in Europe. Indicators such as the
populations of farmland birds tend to show a negative trend (Bird-
life International 2004). (See Figure 26.5.) Other indicators also
show a loss in wildlife distribution and habitat as a consequence
of intensification in agricultural production (Mankin and Warner
1999; Gall and Orians 1992). In developing countries, however,
the expansion of agriculture is considered to be the greatest threat
to extinction of threatened bird species, and a recent study sug-
gests that intensification of agriculture in these areas to avoid fur-
ther expansion of cropland would reduce this threat to
biodiversity of bird species (Green et al. 2004).

One positive landscape-wide impact noted in sub-Saharan Af-
rica, South Asia, and Southeast Asia is the trend of growing more
trees for a wide variety of purposes. Trees can stabilize and en-
hance soils, can contribute to plant biodiversity in the landscape,
and may provide habitat for a variety of birds, reptiles, small mam-
mals, and insects. Some birds and small mammals can be impor-
tant sources of revenue in farmlands, such as when farmers make
agreements with outfitters and hunters and plan their manage-
ment in an integrated way. Wildlife in cultivated systems can con-
tribute to food security by providing an important source of
animal proteins for the most marginal rural settlers. It should be
noted, however, that the introduction of trees and other woody
vegetation into some ecosystems, particularly remnant tracts of
grassland or where area-sensitive grassland species are present, can
have negative consequences to those species and become invasive
woody perennials in these ecosystems (Allen 1994; Samson et al.
2004). (See Chapters 4 and 11 for more on alien invasive species.)

26.2.1.4 Impacts of Agricultural Practices on Biodiversity
Cultivated systems have large impacts on other ecosystems and
on the services they supply. The most obvious impact is through

Figure 26.5. Supranational Multi-species Indicator of European
Bird Populations, 1980–2002. Farmland birds (grey line: 18 coun-
tries, 23 species, � 1.96 SE) and woodland, park, and garden birds
(black line: 19 countries, 24 species, � 1.96 SE). The index for the
base year, 1990, is set to 100. Data come from the Pan-European
Common Bird Monitoring Scheme, an initiative of the Royal Society
for the Protection of Birds, the European Bird Census Council, and
BirdLife International.
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expansion of cultivated systems. Globally, agricultural land has ex-
panded by around 130,000 square kilometers a year over the past
25 years, predominantly at the expense of natural forests and
grasslands. In addition, a rapid increase in coastal aquaculture has
led to the loss of many mangrove ecosystems. Though future rates
of conversion are expected to be much lower in absolute terms,
assuming no shortage of staple food crops, the locations of major
agricultural expansion frequently coincide with remnants of those
natural habitats with high biodiversity value (Myers et al. 2000).

Other externalities associated with cultivated systems include
the use of water and nutrients and the pollution of ecosystems
resulting from excess use of pesticides and nutrients. Irrigated
agriculture is a major user of fresh water. Both the direct loss
of wetland habitats from conversion and the pollution of inland
waters by excess nutrients have major negative impacts on inland
water biodiversity. (See Chapter 20.) Despite increases in water
use efficiency, total water demand for agriculture is increasing and
in many regions is projected to outstrip supply over the coming
decades. (See Chapter 7.)

Agriculture is the major user of industrially fixed nitrogen,
and only a fraction of this fertilizer is used and retained in food
products. The excess nitrogen leads to biodiversity loss in inland
water, coastal, and marine systems through eutrophication and to
loss of terrestrial plant diversity through aerial deposition. (See
Chapters 18, 19, and 20.) Conversely, the soils of several cultivated
systems, especially in Africa South of the Sahara, are nutrient-
depleted. This is especially problematic where fruits, vegetables,
and other crops are exported or transferred on a large scale from
rural areas to large urban centers. Significantly greater use of fertil-
izers will be necessary in some regions to maintain soil nutrient
stocks and support increased production by these systems.

Pesticides and herbicides have direct impacts on biodiversity
through the degradation of ecosystems. Birds are particularly vul-
nerable to losses in invertebrate populations due to the use of
pesticides and herbicides (Hooper et al. 2003). Especially impor-
tant are those pesticides and herbicides that are persistent organic
pollutants, since they have effects on large spatial and temporal
scales. Many of the more persistent chemicals are being phased
out and replaced by others with much lower toxicity that are less
persistent. However, the overall use of pesticides is still increasing
(FAOSTAT 2004).

26.2.1.5 Concluding Comments on the Relationship between
Biodiversity and Cultivated Systems

Although cultivated systems often have a negative impact on it,
biodiversity remains essential for the productivity and sustainabil-
ity of cultivated systems. In modern industrial agricultural systems,
many components of biodiversity relevant to agriculture can be
separated from the production system (such as ex situ germplasm
collections and plant breeding programs). Biodiversity is still re-
quired for production, however, even if partially maintained ex
situ.

In addition, some of the services provided by biodiversity can,
to a certain degree, be provided by externally provided services.
For example, market integration and insurance services can sub-
stitute for risk management provided by crop genetic diversity,
and other forms of pest management, including the use of pesti-
cides, can substitute for pest and disease control. But it is impor-
tant to note two points. First, poor farmers often do not have the
option of introducing modern methods for services provided by
biodiversity because of the lack of market integration or hetero-
geneity of the environment or because they cannot afford the
alternatives. Second, substitution of some services may not be sus-
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tainable and may have negative environmental and human health
effects (for example, the reliance on toxic and persistent pesticides
to control certain pests can have negative effects on the provision
of services by the cultivated system and other ecosystems con-
nected to the cultivated system).

The relative cost-effectiveness of biodiversity-based over sub-
stitute services is sensitive to many factors and may be amenable
to the application of incentive measures. The levels of biodiversity
in cultivated systems and the ecosystems services they provide can
be manipulated directly or indirectly by management practices.
For instance, practices such as integrated pest management and
minimal tillage agriculture, as well as multicropping, the use of
genetic diversity, and mosaic landscaping can increase biodiversity
in cultivated systems. However, if such measures reduce crop
yields per unit land area-time, the aggregate effects of such prac-
tices could result in the expansion of crop area at the expense
of natural ecosystems, thus trading increased biodiversity within
cultivated systems for a decrease in the extent of natural ecosys-
tems and the biodiversity they contain.

26.2.2 Fresh Water

Agriculture is by far the most consumptive human use of fresh
water. Water requirements for cultivation are large; it takes 500
liters, 900 liters, 1,400 liters, and 2,000 liters of transpired water
to produce 1 kilogram of potatoes, wheat, maize, and rice respec-
tively (Klohn and Appelgren 1998). Other crops, such as sugar-
cane and bananas, are even more water-demanding.

Cultivation both relies on and influences the provision of
fresh water. Both the quantity and quality of water resources can
be affected, as well as the timing and distribution of water flows
in local catchments and large river basins. The impact of cultiva-
tion on freshwater quantity is much larger in irrigated than in
rain-fed systems. Deforestation associated with rain-fed cultiva-
tion tends to increase the amount of water available for agriculture
because of reduced transpiration losses. Impoundments for irriga-
tion can regulate downstream flows, while seasonally bare soil and
field drainage systems can accelerate runoff and reduce infiltra-
tion, resulting in more severe local flooding and decreased dry
weather flows (Bruijnzeel 2001). Water quality effects have been
reported for all forms of cultivation, including confined livestock
systems and aquaculture, but the nature and magnitude of impact
can vary substantially. Poorly managed cultivation, particularly on
sloping lands, is often associated with soil erosion, high silt load-
ing, and downstream sedimentation. Intensive, high-input pro-
duction systems can result in water pollution from leaching or
runoff that carries nutrients, pesticides, or animal wastes to water-
ways (National Research Council 2000; de Haan et al. 1997).

The negative impact of cultivation on water resources can
limit options for, and increase the cost of downstream water use
(for example, through reduced domestic water supply or recre-
ational opportunities). It can also have additional negative effects
on the supply of other ecosystem services (such as reducing
aquatic biodiversity and increasing nutrient flows) and on the
condition of other ecosystems (the integrity and productivity of
inland waters and coastal systems, for instance). (See Chapters 19
and 20.)

This section briefly reviews the sources and means by which
fresh water is provided to and utilized by cultivated systems, iden-
tifies some of the issues surrounding water use efficiency, and
considers some of the most important environmental conse-
quences of cultivation on water resources.

26.2.2.1 Irrigation
Irrigation involves the withdrawal of groundwater and the diver-
sion of surface water resources to help meet the transpiration re-
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quirements of crops and to lengthen the growing period when
rainfall alone is insufficient to support crop growth. By mitigating
moisture deficits, irrigation can significantly increase yields and total
crop biomass, stabilize production and prices (by dampening the
effects of rainfall variability within and across seasons), and en-
courage production diversity. But irrigation requires increased
freshwater use and promotes more-intensive land use with regard
to labor and other inputs, such as improved seeds, fertilizers,
and pesticides (because such inputs are usually needed to achieve
the yield increases that are possible when water limitations to crop
growth are removed).

Of the 9,000–12,500 cubic kilometers of surface water esti-
mated to be available globally for use each year (UN 1997), be-
tween 3,500 and 3,700 cubic kilometers were withdrawn in 1995
(Shiklomanov 1996). Of that total, about 70% was withdrawn for
irrigation (Postel 1993). According to the World Bank (2000), the
share of extracted water used for agriculture ranges from 87% in
low-income countries to 74% in middle-income countries and
30% in high-income countries. By 2002, there were 276 million
hectares of irrigated cropland globally—five times more than at
the beginning of the twentieth century. While this irrigated area
represents only 18% of all croplands, irrigated agriculture provides
about 40% of the global food supply (FAOSTAT 2004; Bruinsma
2003; Wood et al. 2000).

The wide variability in freshwater endowments between re-
gions and countries has a large influence on the potential for the
development and long-term viability of irrigated agriculture.
While the 206 cubic meters per capita withdrawn annually for
agriculture in Africa represents 85% of total water withdrawals on
that continent, the 1,029 cubic meters per capita withdrawn for
agriculture in North America represents just 47% of that conti-
nent’s withdrawals (World Resources Institute 2000). Compared
with high-income countries, mostly located in subhumid/humid
temperate and sub-tropical climates, many poor countries tend to
have scarcer water supplies and relatively large agricultural de-
mands due to the higher share of agriculture in their economies.

The simplest measure of irrigation intensity is the amount of
irrigation water withdrawn (or applied) per year. This is most
commonly expressed as an equivalent water depth per unit area
(cubic meters of water per year divided by hectares irrigated).
Using data from WRI (1998) and FAOSTAT (1999) across 118
countries, Seckler et al. (1998) calculated the mean depth of irri-
gation globally to be about 1 meter per year on the 276 million
hectares of irrigated cropland.

Although irrigation is by far the largest global water user, the
net rate of increase in irrigated area has decreased steadily in each
of the past four decades and now stands at just under 1% annually
(FAOSTAT 2004). Expansion in irrigated area has slowed as un-
exploited freshwater resources have become more limited and
more expensive to develop. In addition, cereal prices have trended
downwards in real terms, and environmental and social objections
to the construction of large-scale impoundments have grown.
There is also increasing competition for water from domestic and
industrial users. Such pressures have resulted in increasing regula-
tion of the allocation of water resources in many countries and of
effluent and water quality standards (including the establishment
of ‘‘minimum environmental flows’’ in some cases). These trends
have increased public awareness of water use by agriculture and
have fostered greater concern by farmers and researchers about
improvements in water use efficiency in cultivated systems (Tharme
2003; Benetti et al. 2004).

Irrigation can have positive in addition to negative externali-
ties. In some rural areas, it is the only reliable source of water for
cooking and cleaning. Infiltration from rice paddy systems also
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contributes to groundwater reservoirs that are important sources
of water in urban areas, as well as contributing to flood control
and prevention of saltwater intrusion (Renault and Montginoul
2003).

Water loss also occurs with aquaculture through evaporation
and pond seepage. Pond seepage may be as much as 2.5 centime-
ters per day, while as much as 1–3% of the fish pond volume may
be lost daily (Beveridge and Phillips 1993).

26.2.2.2 Water Use Efficiency

Irrigation systems, particularly those involving surface water im-
poundment and conveyance, are often inefficient in terms of
water loss through evaporation and leakage. Water efficiency is
defined as the ratio of water used by crops to the gross quantity
of water extracted for irrigation use. Global estimates of irrigation
efficiency vary, but the average is around 43% (Postel 1993;
Seckler et al. 1998). Seckler et al. (1998) estimate that arid agro-
ecosystems have more efficient irrigation—for example, 54% and
58% efficiency for the two driest groups of countries, compared
with 30% for the least water-constrained countries. China and
India show irrigation efficiencies of around 40%, and they
strongly influence the global average because of their large irri-
gated area. Irrigation efficiencies typically range from 25% to 45%
in Asia, but up to 50–60% in Taiwan, Israel, and Japan (Seckler
et al. 1998:25).

Recognizing the large potential for water efficiency improve-
ments in agriculture, and spurred by increasing competition for
water, many technologies have been developed to enhance the
effectiveness of water use in both irrigated and rain-fed cultiva-
tion. Postel (1999) describes how microirrigation systems, such as
drip and micro-sprinklers, often achieve efficiencies in excess of
95% compared with standard flood irrigation efficiencies of 60%
or less. She cites significant water productivity gains for a wide
range of crops, resulting from the shift from conventional to drip
irrigation in India. For example, water use declined as much as
65% in the case of sugarcane cultivation, and water productivity
increased by 255% in cotton. The reason for these increases in
irrigation efficiency is that a precise water application can both
reduce total water use and increase yields. Sugarcane and cotton
yields increased 20% and 27% respectively, along with substantial
reductions in water use. Postel (1997) indicated that as of 1991,
only 0.7% of irrigated farmland worldwide was being microirri-
gated. While this fraction is expected to have increased since
1991, no recent, comprehensive global data are available (Gleick
2002).

Other techniques for improving water use efficiency in both
irrigated and rain-fed systems have included furrow diking, land
leveling, direct seeding, moisture monitoring, low-energy preci-
sion application sprinklers, low pressure sprinklers, water ac-
counting, and stomatal control by chemical signaling (Gleick
2002; Davies et al. 2003). Complementary strategies have
included the development of more drought-tolerant crop germ-
plasm (Edmeades et al. 1999; Pantuwan et al. 2002), experimenta-
tion with policies that foster water markets or other economic
or regulatory arrangements, and institutional reforms that engage
farming communities more directly in improving water resource
management (Postel 1997; Subramanian et al. 1997).

Water conservation methods, such as mulching, deep tillage,
contour farming, and ridging, also help increase water use effi-
ciency by ensuring that the rainwater is retained long enough to
ensure infiltration into the soil root zone (Habitu and Mahoo
1999; Reij et al. 1988). These approaches can be complemented
by ‘‘water harvesting’’ techniques involving the small-scale con-
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centration, collection, storage, and use of rainwater runoff for
both domestic and agricultural use.

Increasing effective rainfall use through improved water har-
vesting technologies and water conservation methods has largely
been pioneered in arid and semiarid regions, and water harvesting
techniques have been classified in various ways (Reij et al. 1988).
Pacey and Cullis (1986) described three broad categories: external
catchment systems, microcatchments, and rooftop runoff collec-
tion, the latter used almost exclusively for nonagricultural pur-
poses. External catchment rainwater harvesting involves the
collection of water from areas distant from where crops are grown
(Oweis et al. 1999). Microcatchment techniques are those in
which the catchment area and the cropped area are distinct but
adjacent (Habitu and Mahoo 1999). Microcatchments generate
higher yields per unit area than larger catchments (Bruins et al.
1986) and they are simple, inexpensive, and easily reproduced
where land is available (Boers and Ben-Asher 1982). Microcatch-
ments have been used in Asia, Africa, America, and Australia,
where they are often used for medium water-demanding crops
such as maize, sorghum, millet, and groundnuts (Habitu and
Mahoo 1999), but evidence of large-scale adoption and impact is
so far limited.

Water use efficiency can also be improved by carefully de-
signed landscapes. Studies of processes induced by shelterbelts and
woods in agricultural landscapes indicate that the structure of
plant cover has an important bearing on agricultural water re-
sources (as well as on habitat and natural biodiversity). The pro-
tective effects of trees decrease wind speeds close to Earth’s surface
and lower saturation vapor deficits, thus decreasing evapotranspi-
ration from sheltered fields. Fields between shelterbelts conserve
moisture (Brandle et al. 2004; Cleugh et al. 2002; Kedziora and
Olejnik 2002). Shelter effects are greater under dry and warm
meteorological conditions compared with wet and cool weather
(Ryszkowski and Kedziora 1995).

In addition, shelterbelts have been shown to decrease surface
runoff rates, protect soil against water erosion, and increase soil
infiltration rates, thus improving dry-season flows (Kedziora and
Olejnik 2002; Werner et al. 1997). Some studies suggest that het-
erogeneity of plant cover structure, including trees in agricultural
landscapes, also generates meso-scale atmospheric circulation,
which can increase regional or local precipitation (Pielke et al.
1991, 1998) and recycling of water in the landscape (Lawton et
al. 2001; Stohlgren et al. 1998). Counterbalancing these positive
effects, tree shelterbelts also compete for land, nutrients, and water
with crops and also shade them, which can reduce crop yields or
total crop output.

With rapid urbanization and growing competition for water
resources (particularly in arid and semiarid regions), as well as
budget constraints for effective treatment of growing wastewater
volumes, the reuse of urban wastewater for agriculture is receiv-
ing increasing attention. Wastewater is being used as a low-cost
alternative to conventional irrigation water to support vegetable
production in urban and peri-urban agriculture, despite the health
and environmental risks that might be associated with this prac-
tice. It is suggested that raw wastewater use in agriculture is in-
creasing at close to the rate of urban growth in developing
countries, where urban and peri-urban land is available (Scott et
al. 2004).

Just how prevalent wastewater irrigation is today is a matter of
conjecture, as no reliable global data exist. However, as an impor-
tant step toward a global figure, Rachid-Sally et al. (2004), Cor-
nish and Kielen (2004), and Ensik et al. (2004) present assessments
of the area irrigated with wastewater at the country level, with
estimates of 9,000 hectares for Viet Nam, 11,900 hectares for
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Ghana, and 32,500 hectares in Pakistan. As the recycling of waste-
water for irrigation grows, there are increasing concerns about the
long-term human health consequences (Scott et al. 2004).

26.2.2.3 Impacts on Water Quality

Besides their effect on water quantity, cultivated systems can have
negative impacts on freshwater quality through pollutants con-
tained in the drainage water, runoff, and effluents. Where irriga-
tion depletes rivers and aquifers that receive increased agricultural
pollution, quality impacts are exacerbated because of reduced di-
lution capacity. Physical loading of water resources with inorganic
(soil particles) and organic sediments or particulate matter, as well
as chemical loading of plant nutrients, especially nitrogen, phos-
phorus, and pesticides, can often occur as a result of cultivation
or intensive livestock and aquaculture operations (Sharpley and
Halverson 1994; Owens 1994;).

Agricultural impact on water quality is also mediated through
erosion brought about by poor crop cover, field drainage, and
cultivation operations, particularly on sloping lands. Gleick (1993)
estimates that about 22% of the annual storage capacity lost
through siltation of U.S. reservoirs is due to soil erosion from
cropland. Water-borne transportation of nitrates and phosphates
is quite common where external nutrients are applied in excess or
inefficiently and can cause eutrophication of surface waters. In
some countries, such as Belgium and the Netherlands, the nitro-
gen input to some crops has in the past exceeded 500 kilograms
per hectare (Wood et al. 2000).

Phosphorus transportation into aquatic ecosystems is the prin-
cipal cause of blue-green algae blooms in reservoirs, and the
anoxia in the Gulf of Mexico is one example of eutrophication
attributable to nutrient enrichment (Snyder 2001). The off-site
economic impact of water quality changes attributable to cultiva-
tion include damage to water-based recreational facilities, fisher-
ies, navigation, water storage facilities, municipal and industrial
water users, and water conveyance systems as well as increased
flooding or inundation of low-lying urban areas and civil struc-
tures.

Salinization and waterlogging are two significant conse-
quences of poor irrigation management and inadequate drainage
(Ghassemi et al. 1995). Salinization occurs through the accumula-
tion of salts deposited when water is evaporated from the upper
layers of soils and is especially important in irrigated arid areas
where evaporation rates are high. Since most crops are not toler-
ant of high salt levels, salinization decreases yields. This problem
is particularly severe in arid and semiarid areas, such as Pakistan
and Australia. Waterlogging is more common in humid environ-
ments and in irrigated areas where excessive amounts of water are
applied to the land.

Ghassemi et al. (1995) estimated that around 45 million hect-
ares, representing 20% of the world’s total irrigated land, suffers
from salinization or waterlogging. Losses amount to approxi-
mately 1.5 million hectares of irrigated land per year (Ghassemi
1995 quoting Dregne et al. 1991) and about $11 billion annually
from reduced productivity (Postel 1999), representing about 1%
of the global totals of both irrigated area and annual value of pro-
duction respectively (Wood et al. 2000). Once salinization has
occurred, rehabilitation for further cultivation is difficult and
costly, but successes via specific vegetation strategies, using tree
species, have been documented (Cacho et al. 2001; Barrett-Lenard
2002).

Freshwater aquaculture operations are strongly linked to water
quality in terms of both the necessary quality of incoming water
as well as the impacts of aquaculture effluents. Wells and springs
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are the best sources of water, but other sources are used if a num-
ber of water quality characteristics, including temperature, dis-
solved oxygen, ammonia, nitrites, nitrates, pH, alkalinity, and
hardness, are within viable ranges. Water pollution risks arise in
aquaculture when large amounts of harmful materials are added
to the water body, adversely affecting its local and effluent water
quality.

Fish culture operations, especially in intensive aquaculture, re-
quire fishmeal or fish feed. Feed contains nutrients such as nitrates
and phosphates, and excess of these nutrients can lead to eutrophi-
cation and triggering of intense growth of aquatic plants (micro
and macro). While in some aquaculture systems phytoplankton
are themselves used as a food, overproduction of aquatic plants,
particularly algae, causes algal blooms and can consequently lead
to clogging of waterways, depletion of dissolved oxygen, and hin-
drance of light penetration to deeper water depths affecting pho-
tosynthetic and other metabolic functions of aquatic organisms.
Thus unused feed, algal blooms, and detritus from the fish them-
selves impose additional pollutant loads when they discharge into
external freshwater sources.

Pond and recirculation systems, as well as integrated agriculture-
aquaculture systems, pose fewer risks of external pollution than the
more open cage and raceway forms of aquaculture (Boyd 1985;
Beveridge and Phillips 1993). In some cases, freshwater aquacul-
ture ponds can improve water quality by acting as sinks for sedi-
ments (Stickney 1994).

To reduce the direct discharge of effluents and increase water
use efficiency, wastewater from integrated agriculture-aquaculture
systems has been used for irrigation. Where fresh water is avail-
able, aquaculture is a good way of using marginal land that is less
suited to crop and livestock agriculture. Freshwater aquaculture
ponds can be designed to contribute positively to soil and water
conservation by dissipating the energy of overland flow and re-
ducing erosion and downstream flooding.

26.2.3 Food

Trends in food provision, predominantly derived from cultivated
systems, are assessed in detail in Chapter 8. This short section
simply summarizes relevant key findings of that chapter.

The production of food and other products is, by design, the
primary goal of cultivated systems. The global demand for food
continues to be driven by population growth (albeit at a slowing
rate), by the increasing real incomes of many households world-
wide, and by evolving consumer preferences for more convenient,
safer, and nutritious foods. Furthermore, wealthier consumers in
industrial countries are increasingly willing to pay more for foods
produced and marketed in ways that are perceived to be more
environmentally sustainable and socially equitable.

From a food supply perspective, the scale of conversion of
natural ecosystems for cultivation purposes, and the nature and
extent of the trade-off between provision of food and of other
ecosystem services within cultivated systems, has been shaped by
the cultivation practices and technologies accessible to farmers.
The decisions of most farmers about which crops to produce and
how to produce them has also been influenced by a wide range
of economic signals and, particularly in richer countries, by regu-
latory standards.

Farmers and, increasingly, scientists have accelerated the proc-
esses of domestication and adaptation of plant species and available
germplasm through breeding and biotechnology to enhance food
output from crops and animals across a very broad range of envi-
ronmental and agronomic conditions. Use of transgenic crop vari-
eties developed with recombinant DNA technology is increasing
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rapidly worldwide in both industrial and developing countries.
Although this technology holds tremendous promise to increase
productivity significantly and to improve end-use properties of
crops for both rich and poor producers, the widespread use of
transgenic crops, often referred to as genetically modified organ-
isms, continues to generate controversy with regard to ethical,
environmental, equity, and intellectual property issues.

Over the past half-century, and at a global scale, food provi-
sion has more than kept pace with growth in demand, leading to
a significant, long-term decline in the real price of food and
allowing an ever-growing share of a rapidly increasing world pop-
ulation to be fed adequately at reasonable cost. Nevertheless, there
remain significant causes for concern about food provision on
several fronts. First, there remains a persistent and, recently, grow-
ing population of undernourished people, estimated at 852 mil-
lion for 2000/02 (FAO 2004). Second, in many of the same
countries where hunger and poverty persist, population growth
rates tend to be high, and expansion of food production is failing
to keep pace with demand. In the face of population pressure,
often compounded by limited access to resources and technolo-
gies, poor intensification practices have all too frequently de-
graded the productive capacity of existing cultivated areas.
Depletion of soil nutrient stocks in subsistence systems has, for
example, reduced the productive capacity of large areas in sub-
Saharan Africa.

Third, the linear rate of increase in the yields of the three
major cereals (maize, rice, and wheat) is falling below the rate of
increase in demand in many of the world’s major production areas
(Cassman et al. 2003). Moreover, global warming from human-
induced climate change may reduce crop yield potential and thus
decrease the rate of yield gain (Peng et al. 2004; Lobell and Asner
2003; Rosenzeig and Parry 1996; Brown and Rosenberg 1997).
Fourth, there are concerns of growing divergence, rather than
convergence, between the economic, science, and technology
capacities of richer and poorer nations with regard to food pro-
duction. This divergence is hindering efforts to promote the
emergence of profitable and sustainable smallholder agriculture in
poorer countries. Finally, there is growing recognition that virtu-
ally all forms of cultivation have involved trade-offs between pro-
vision of food and provision of other ecosystem services. See
Chapter 8 for further details on food provision.

26.2.4 Non-food Products

Besides producing food, cultivated systems provide other prod-
ucts such as fiber (cotton, flax, and jute, for instance), biofuels,
medicines, pharmaceutical products, dyes, chemicals, timber, and
other non-food industrial raw materials. Non-food crops account
for nearly 7% of harvested crop area (Wood et al. 2000). Based
on FAOSTAT 2004, the annual value of non-food crops from
cultivated systems, excluding timber, is about 3.4% of total ag-
ricultural production ($50 billion, compared with $1.4 trillion for
food crops).

In 2003, the reported primary production of fiber crops
worldwide was about 25 million tons. Cotton is the major fiber
crop and is extensively grown in China, the United States, and
India, accounting for 15.6 million, 10.4 million, and 6.3 million
tons, respectively, and providing 5.2 million, 3.9 million, and 2.1
million tons of cotton lint. Flax, another fiber crop, is widely
grown in China and France, which produce around 500,000 and
86,000 tons respectively (FAOSTAT 2004).

In industrial countries, biofuel crops currently represent a rela-
tively small proportion of output from cultivated systems. How-
ever, diversion of grain and crop biomass for biofuel and bio-based
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industrial feedstocks could grow substantially with increasing oil
prices and continued improvements in the energy efficiency of
crop production and bio-fuel conversion. Another approach is
through crop genetic engineering to enhance traits facilitating
production of plastics and other bio-based industrial feedstocks.
Current U.S. maize production systems produce a net energy sur-
plus based on a complete life-cycle analysis, including the embod-
ied energy content of all inputs and operations (Shapouri et al.
2003). It is likely that future gains in energy yield and in efficiency
of biofuel production or conversion to feedstocks will increase
competitiveness of these renewable resources, especially if fossil
fuel prices rise significantly.

Improvements in crop yields and nitrogen fertilizer efficiency
are the most promising avenues through which to achieve in-
creased energy output and overall efficiency. Both these factors
would also contribute to reducing the negative impact of cultiva-
tion on ecosystem services through reductions in greenhouse gas
emissions, replacement of fossil fuel usage with a renewable en-
ergy source, reduction of NO2 emissions, and a decrease in nitro-
gen losses via leaching, denitrification, and volatilization.

If use of grain and crop biomass for biofuel and bio-based
industrial feedstocks were to expand, however, it would place
additional burdens on other cultivated systems to continue to
meet growing food demand and could promote additional area
expansion of cultivation and, perhaps, upward pressure on food
prices.

26.2.5 Nutrient Cycling and Soil Fertility

Essential nutrients are required to sustain all life and include the
macronutrients such as nitrogen, phosphorus, potassium, calcium,
magnesium, and sulfur, which are present in plant tissues at rela-
tively high concentrations (0.1–2.0% on a dry weight basis), and
micronutrients such as iron, zinc, and copper, which are required
in very small quantities (1–50 parts per million). (See Chapter
12.) Of the essential nutrients, nitrogen and phosphorus have the
greatest impact on environmental quality and ecosystem services
because they can easily move from cultivated systems to other
ecosystems and accumulate to potentially polluting levels.

Moreover, a large proportion of the total global load of reac-
tive nitrogen and phosphorus cycles through agricultural systems,
because these nutrients are required in large quantities to maintain
crop yields. For example, nitrogen fertilizer applied to cropland
represents more than 50% of the annual load of reactive nitrogen
attributable to human activities (Smil 1999). Likewise, phospho-
rus contained in cultivated plants, livestock manure, and recycled
organic matter represents 24–40% of the annual global phospho-
rus flux in terrestrial ecosystems (Smil 2000). While other nutri-
ents are also important, their use in agriculture and their effects
on global ecosystem services are much smaller and more localized.
Hence, the discussion of nutrient cycling in this chapter will focus
on nitrogen and phosphorus. (See Chapter 12 for a wider discus-
sion on nutrient cycling and Box 26.2 for a discussion of ‘‘virtual
trade’’ in crop nutrients.)

26.2.5.1 Nutrient Resources in Cultivated Systems

Nutrients available for uptake by crops are derived from resources
and processes that are either internal or external to the cultivated
system. Internal sources include the weathering of nutrients from
soil minerals, which is a very slow process producing only small
amounts of plant-available nutrients, and nutrients released in the
decomposition of soil organic matter. All SOM is derived from
the decomposition of organic materials that include crop and
weed residues returned to soil, and livestock manure, mulch, and

................. 11432$ CH26 10-11-05 15:08:33 PS



765Cultivated Systems

BOX 26.2

Virtual Trade in Crop Nutrients

Nutrients are often a scarce and limiting factor in African cropping sys- is lowering soil fertility and reducing land productivity in many, if not most,
tems. Traditionally, farmers have relied on fallow or applied animal and of the areas shown.
green manure to maintain soil fertility, but pressure to expand output to
meet growing food demand has led to shorter fallow periods and in-
creased cropping intensity without corresponding increases in organic nu-
trient inputs. Since chemical fertilizers are too costly or not available for
most farmers, cultivation has progressively led to depletion of soil nutrient
stocks over much of sub-Saharan Africa. Here two dimensions of this
process are assessed: the total amount of nutrients removed in the har-
vested component of crops and the net flux (the ‘‘virtual trade’’) of nutri-
ents across national borders by examining the share of domestically
produced commodities exported as well as the nutrient composition of
imports.

Figure A provides a spatially disaggregated estimate of the total
amount of nitrogen, phosphorus, and potassium extracted from agricul-
tural soils each year in the harvested part of crops. Assuming crop resi-
dues are recycled, this extraction represents the lower threshold for the
amount of nutrients that must be replaced to maintain soil fertility. If crop
residues are also removed for fuel, fodder, or building materials, then the
nutrients removed in these residues must also be replaced. For each
country, the amount of each nutrient removed at harvest was assessed
by applying nutrient content/concentration coefficients (amount of nutrient
contained in each unit weight of harvested product) to the average annual
production (1999–2001) of each of 20 regionally important crops as well

To assess the overall flux of nutrients attributable to trade, the nutrientas an ‘‘other’’ composite to represent the remaining crops.
content coefficients were applied to the quantities of crops traded. TheThe spatial distribution of individual crops was assessed by fusing
results for Africa (including north of the Sahara) show that a total of aboutdata from sub-national production statistics; maps of cropland, irrigation,
7.4 million tons of NPK are contained in the harvested crops of Africapopulation density, and biophysical crop suitability; and other secondary
each year (see Table), of which just over 1 million tons (14%) is containedinformation, according to the method described by You and Wood (2004).
in crop exports from the region. However, crop imports to the regionThe individual estimates of harvested nutrients for each crop in each
contain around 2.5 million tons of NPK, about 34% of total domestic har-(10x10 kilometer) pixel were summed to produce a single NPK total per
vested removal.100 square kilometers. Areas with larger amounts of nutrient removal are

This pattern of crop trade provides a net nutrient inflow into Africa ofshown in darker shades. Because the amount of nutrients applied in these
around 1.5 million tons per year. There are major geographical imbal-areas as fertilizer or organic inputs falls far short of these removal rates,
ances, however, between locations where nutrient are removed (plots andfailure to adequately replenish soils through the use of applied nutrients

compost applied to cropland. SOM contains substantial amounts
of nitrogen, phosphorus, and sulfur, although these nutrients are
unavailable for plant uptake when they are chemically bound in
macro-modules within the organic matter. They only become
available when these macro-modules are decomposed by soil mi-
crobes and microflora.

Maintaining a high SOM content and the soil microbe and
microflora communities supported by SOM is therefore impor-
tant for preserving soil fertility. Cropping practices that lead to a
reduction in SOM result in a proportional decrease in the internal
supply of nutrients and greater amounts of external inputs are
needed to sustain crop yields. Conversely, cropping systems that
increase SOM can reduce the need for applied nutrients. Crop
residues and roots that are returned to the soil also decompose
through microbial action and release nutrients that are available
for crop uptake. A portion of these residues is converted to SOM,
and thus the balance of organic matter input relative to SOM
decomposition determines whether SOM increases, decreases, or
stays the same. Burning of crop residues during fallow periods
releases nutrients to the soil through the ash, although most of the
nitrogen and some of the phosphorus are lost to the atmosphere
in the combustion process.
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Another internal source of nutrients, especially nitrogen, is
biological nitrogen fixation, which is performed by symbiotic
bacteria in association with forage and food legumes and by free-
living nitrogen-fixing microorganisms that live in the rhizosphere
of plant roots. Prior to the advent of modern farming practices
and commercial fertilizers, BNF was the primary source of nitro-
gen in cultivated systems. In low-input cropping systems and in
many natural ecosystems, however, BNF is often limited by a
deficiency of phosphorus and other essential nutrients (Vitousek
et al. 2002). In addition to BNF, nutrients from livestock manure
are another internal source of nutrients in integrated crop-livestock
farming systems.

Nutrient sources of external origin include inorganic fertilizers
and livestock manure produced in confined feeding operations
that are not associated with an integrated crop-livestock farming
system. Secondary sources of external nutrient input include wet
and dry deposition through nutrients contained, respectively, in
rainfall and wind-blown dust, although the amount of nutrient
addition from these sources is typically very small. Irrigation can
provide substantial external inputs of nitrogen, potassium, cal-
cium, magnesium, and sulfur in areas where groundwater or
surface water used for irrigation contains relatively high concen-
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BOX 26.2

continued

fields in cultivated systems) and locations where imported nutrients are Comparing harvested nutrients to applied fertilizer estimates, a rough indi-
used, primarily in urban areas and populated rural areas connected to the cation of the regional nutrient shortfall is apparent. Both nitrogen and
coast by a few transport corridors. Even within countries there are large potassium replenishment from fertilizers at the regional scale are signifi-
movements of nutrients that exacerbate soil fertility problems. In Uganda, cantly less than the nutrients removed in harvested crop product. This
for example, matooke, the basic food staple produced by cooking the fruit shortfall will be even greater to the extent that crop residues are not
of the East African highland banana, used to be prepared such that skins, recycled and applied nutrients are not taken up by the crop (typically,
stems, and other residues were recycled locally. Now, 30–50% of the nutrient uptake rates from applied nutrients are quite low). The shortfall is
country’s 9 million tons per year of matooke enters the market system, reduced where organic nutrients are applied but, typically, overall nutrient
and entire banana bunches with stems are shipped away to urban mar- NPK balances in East and West Africa have been estimated at greater
kets, primarily in Kampala. Here, though, wastes are often used as feed than �60 kilograms per hectare per year (Henao and Baanante 1999;
in confined livestock systems, especially for pigs. Stoorvogel and Smaling 1990). Moreover, in African soils a large share of

applied phosphorus fertilizer is fixed in the soil complex and is unavailable
for plant use.

Clearly this aggregate assessment hides many important details. One
is the lack of complete nutrient balances for specific crops and cropping
systems. Some crops such as legumes can improve the nitrogen balance
of soils through symbiotic nitrogen fixation in association with nitrogen-
fixing bacteria, and high-value crops, often for export, are much more
likely to receive fertilizers. Of the primary regional export crops, cotton,
groundnuts, and cocoa contain the largest absolute quantities of nutrients,
while of the major imports, nutrient totals are largest in wheat, soybean,
and maize. Trade in oil palm and sugar accounts for a large share of
nutrient flows as both import and export crops in different parts of sub-
Saharan Africa. Unless the steady depletion of nutrients is reversed in the
region and soil nutrient stocks are restored, it will be very difficult to sus-
tain the rate of growth in food supply that will be required to meet food
demand. In fact, Africa currently depends on the net import of more than
30 million tons of the three major cereals—rice, wheat, and maize—and
the past two decades indicate an increasing trend of reliance on imported
grain.

Nutrient Content of Harvested Crop Products

N P K Total NPK
(thousand tons per year)

Production
Eastern Africa 714 105 483 1,301

Northern Africa 738 114 383 1,235

Southern Africa 683 127 422 1,232

Western Africa 2,106 420 1,125 3,651

Harvested
Product: Africa

4,241 766 2,412 7,419

Exportsa 550 147 352 1,049

Importsa 1,448 439 634 2,522

Net trade flow of +898 +292 +282 +1,427

Fertilizer 
consumption

2,462 953 485 3,900

a Derived from FAOSTAT (average 1999–2001) and nutrient content
database

embodied crop
nutrientsa

trations of these nutrients. Irrigation water also delivers sodium
and chloride, important salts in the process of soil salinization.

26.2.5.2 Nutrient Balance and Maintenance of Soil Fertility

Maintenance of soil fertility is crucial for sustaining the food pro-
duction capacity of cultivated systems. Harvesting of plant parts
removes nutrients from the system and eventually depletes soil
nutrient stocks unless nutrients are replenished through applica-
tion of fertilizers or manures or, for nitrogen, by leguminous
crops. Nutrient losses also occur through soil erosion and leaching
of water-soluble nutrients when water percolates below the active
root zone. For nitrogen, losses occur as a result of ammonia vola-
tilization and denitrification, the latter releasing nitrous oxide, a
potent greenhouse gas. The overall nutrient balance of a culti-
vated system is therefore determined by the difference between
the inputs and outputs of each essential nutrient.

Internally generated nutrients are the primary source of nutri-
ents in subsistence cropping systems where farmers do not have
access to or cannot afford fertilizers or manure. The shifting culti-
vation systems practiced in remote areas in the humid and sub-
humid tropics are examples of subsistence systems that rely almost
entirely on internal nutrient sources (Nye and Greenland 1960).
Depletion of soil fertility occurs in many continuously cropped
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cereal production systems practiced on soils of low inherent fertil-
ity in India, Southeast Asia, and sub-Saharan Africa that primarily
produce rice, millet, and sometimes sorghum under rain-fed con-
ditions. In these systems, yields are relatively low and highly vari-
able because of low soil fertility and lack of adequate rainfall.

Greater nitrogen input from BNF and increased use of live-
stock manure are generally not feasible in these continuous crop-
ping systems because high human population density does not
allow diversion of arable land away from food crops to non-food
legume cover crops or forage crops. Dual-purpose grain legumes
such as cowpea and pigeonpea, which can provide an income
source to farmers in addition to improving soil fertility, have pro-
vided a partial solution to this problem (Giller 2001).

On good soils with adequate rainfall or irrigation, commercial
fertilizers are used to support high yields and to maintain soil fer-
tility. From a global perspective, such systems represent the foun-
dation of the human food supply and include the irrigated
lowland rice systems of Asia, the rain-fed wheat systems of north-
ern and central Europe, and the maize-soybean rotations in the
North American prairies and comparable environments of Argen-
tina and Brazil. Relatively high doses of nitrogen and phosphorus
are applied in these systems, which can lead to substantial nutrient
losses without skillful management techniques that foster high nu-
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trient use efficiency and nutrient retention in soil. Nitrogen is the
most difficult nutrient to control because it is extremely mobile
and can be lost rapidly via a number of pathways (Smil 1999).
Average uptake efficiency from applied fertilizer is typically only
about 30–50% (Cassman et al. 2002), which means there is sig-
nificant scope for increasing uptake efficiency and reducing the
potential for nitrogen losses.

The past half-century has seen large increases in the applica-
tion of nitrogen and phosphorus fertilizers in high-production
cropping systems (Galloway and Cowling 2002; Smil 2000) (see
Figure 26.6), although application rates vary markedly by region
and crop. This injection of external sources of N and P to culti-
vated systems has expanded and accelerated global nutrient cycles
and, as a result of the inefficiencies in fertilizer application and
uptake and the loss of fertilizer nutrients, has played a role in
reducing environmental services through decreased water quality
(Di and Cameron 2002; Howarth et al. 2002; Sharpley and Halv-
orson 1994; Spalding and Exner 1993), in the loss of diversity in
aquatic plant and animal species (Rabalais 2002), and in emissions
of N2O (Bouwman et al. 2002) and NOx, which can cause respi-
ratory problems in humans (Wolfe and Patz 2002).

A number of technologies have been developed to increase
the efficiency with which applied nutrients are used to produce
food. One challenge is to match precisely the amount of nutrients
available at any given time to the immediate crop requirements,
without deficiency or excess, throughout the crop growth period
(Matson et al. 1997; Tilman et al. 2002; Dobermann and Cassman

Figure 26.6. Trends in Intensification of Crop Production,
1961–2003. All variables are indexed at 100 in the base year 1961.
(FAOSTAT 2004)
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2002). In small-scale agriculture that is typical of high production
systems in developing countries, this precision is best achieved
through field-specific management because blanket recommen-
dations cannot account for field-to-field variation in soil condi-
tions and crop nutrient status. In large-scale agriculture that is
typical of high-potential systems in industrial countries, site-
specific management will be required to accommodate the sub-
stantial variation in crop and soil properties within individual large
production fields.

Recent research has demonstrated in on-farm studies the po-
tential for significant increases in nitrogen uptake efficiency using
these approaches (Dobermann and Cassman 2002). Success in de-
veloping these approaches and achieving adoption by farmers,
however, requires substantial long-term investments in research
and extension to ensure that the improved management practices
are well adapted and cost-effective to specific cropping systems
and agroecological zones.

While organic nitrogen sources, such as livestock manure and
legume cover crops used in ‘‘organic’’ agricultural production sys-
tems, can be substituted for commercial nitrogen fertilizers, these
practices are not feasible in the high-potential cereal production
systems of developing countries, where population density is high
and arable land resources are limited. Moreover, net profit was
found to decrease when organic nitrogen sources were used in
place of N fertilizer; which has limited adoption of such practices
in tropical lowland rice systems (Ali 1999).

In contrast, ‘‘organic’’ production systems that rely entirely on
organic nitrogen sources are becoming more popular in Europe
and North America, although they still account for less than 2% of
crop production. Between 1992 and 2001, the extent of organic
cropland in the United States grew by over 200%, from about
163,000 hectares to 526,000 hectares. Organic systems are feasi-
ble, and even profitable, in these countries because people can
afford to pay higher prices for their food, and there is adequate
land to support the crop rotations, legume cover crops, and for-
ages that are needed to supply adequate nitrogen.

It is not clear, however, that environmental benefits would
accrue from widespread adoption of organic agriculture if these
systems were forced to produce as much grain as conventional
systems do today, because it is just as difficult to control the fate
of nitrogen from organic sources as it is from nitrogen fertilizer
(Cassman et al. 2003). But use of both organic or fertilizer nitro-
gen need not be an ‘‘either-or’’ decision. In most conventional
systems, farmers use organic nitrogen sources and rotate with le-
gume crops to minimize the need for nitrogen fertilizer when it
is cost-effective to do so.

Although nutrients obtained from livestock manure remain a
significant source of nutrient input to cultivated land, their rela-
tive contribution has declined substantially in association with the
increase in availability and use of commercial fertilizers. On a
global basis, Sheldrick et al. (2003) estimate that the contribution
of nutrients from livestock manure has decreased from 60% in
1961 to 25% in 1996 for nitrogen, from 50% to 38% for phospho-
rus, and from 75% to 57% for potassium. However, because live-
stock manure also contains substantial quantities of organic matter,
it can help improve soil physical and chemical properties that de-
termine soil quality. The total amount of nutrients recovered in
livestock manure in 2000 was estimated to be 34 million tons of
N, 9 million tons of phosphorus, and 23 million tons of potas-
sium.

While livestock in developing countries of Africa and Latin
America produce substantial quantities of nutrients in livestock
manure, most of this manure originates from grazing cattle and is
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therefore difficult to collect and use on cultivated land. In con-
trast, some industrial countries, such as the Netherlands, with
large livestock industries that produce cattle, pigs, and poultry in
confined feeding operations produce as much nitrogen in manure
as their farmers use in nitrogen fertilizer, and the phosphorus and
potassium content of this manure exceeds the amount used in
fertilizer. (Environmental concerns associated with nutrient losses
from large-scale, confined livestock production systems are dis-
cussed in earlier in this chapter.)

In contrast to high-potential systems, environmental damage
from nutrient losses is not a concern in subsistence cropping sys-
tems that are practiced on soils of low inherent fertility in large
areas in the tropics. Instead, severe nutrient deficiencies and
depletion of soil fertility are the major threats to ecosystem ser-
vices. Deficient nutrient supply limits food production capacity
and profit, which contributes to malnutrition, susceptibility to
disease, and economic insecurity. Severe depletion of soil fertility
results in a spiral of soil degradation that can eventually render
the land unsuitable for crop production. When abandoned, such
degraded land can no longer support the native plant and animal
communities it previously hosted, and invasive plant species often
take over (Cairns and Garrity 1999; Lumbanraja et al. 1998). Sub-
sistence farmers who abandon such land must then cultivate addi-
tional areas, thus expanding the area at risk of degradation.

While it is possible to sustain cropping with judicious use of
fertilizers (Nye and Greenland 1960; Reardon et al. 1999), access
to external supplies is often limited by lack of roads, infrastructure,
and markets. Likewise, it is generally not possible to maintain
fertility with only organic sources of nutrients because the inher-
ent soil fertility is too low (Sanchez 2002). Integrated use of both
organic nutrient sources and fertilizers appears to be the most
promising option. Success in gaining adoption of such approaches
has been limited by poverty, land tenure policies, and inadequate
investment in the development of basic infrastructure, markets,
credit, and extension services.

26.2.6 Atmospheric and Climate Regulation

Although carbon dioxide, nitrous oxide, and methane occur nat-
urally in the atmosphere, their recent increase is largely a result of
human activity. This increase has altered the composition of
Earth’s atmosphere and may affect future global climate (IPCC
1996). (See also Chapter 13.) Agriculture contributes to changes
in atmospheric concentrations of each of these three greenhouse
gases, significantly so in the case of CH4 and N2O, of which it
contributes 50% and 70% respectively of the total anthropogenic
emissions (Bhatia et al. 2004). Frequent cultivation, irrigated rice
production, livestock production, and burning of cleared areas
and crop residues now release about 166 million tons of carbon
per year in methane and 1,600 � 800 million tons of carbon per
year in CO2. Agricultural systems emit carbon dioxide through
the direct use of fossil fuels in field operations (such as tillage,
harvesting, irrigation pumping, transport, and grain drying), the
indirect use of embodied energy in inputs that require the com-
bustion of fossil fuels in their production, and the decomposition
of soil organic matter and crop residues. The direct effects of land
use and land cover change (including conversion of forest and
grasslands) also resulted in net emission of 1.7 gigatons of carbon
per year in the 1980s and 1.6 gigatons annually in the 1990s
(IPCC 2000). Burning of standing biomass is a pivotal component
of shifting cultivation that emits nitrous oxide in addition to car-
bon dioxide.

Cultivated fields can be a source or a sink for carbon, depend-
ing on the specific circumstances of carbon dynamics during culti-
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vation. Factors having the greatest impact on the carbon balance
include crop yield levels, removal of crop residues for fuel or live-
stock forage, crop rotations that include a pasture phase or peren-
nial forage legume, and tillage. During much of the past century,
most cropping systems have undergone a steady net loss of soil
organic matter (Lal et al. 2003; Paustian et al. 1997; Lal 2004;
Lugo and Brown 1993). Global average soil organic carbon den-
sity is estimated at 102 tons of carbon per hectare of land within
the extent of agriculture (Wood et al. 2000), and the total global
store of soil organic carbon within the extent of agriculture is
estimated at 368 gigatons, with 43% of this in temperate zones.

However, with the steady increase in crop yields, which in-
creases crop biomass and the amount of residue returned to the
soil, and with the adoption of conservation tillage and no-till
cropping systems, net carbon sequestration is estimated to occur
in the maize-soybean systems of North America (Paustian et al.
1997), as well as in continuous irrigated lowland rice systems
where soils remain flooded for most of the year, reducing the
rate of soil organic matter decomposition because of anoxic soil
conditions (Bronson et al. 1998; Witt et al. 2000). Estimates of
the potential to sequester carbon in cultivated systems on a global
basis range from 400 million to 800 million tons per year, assum-
ing that best management practices that foster net carbon storage
are widely adopted (Paustian et al. 1997; Lal 2003), although
adoption has been limited to U.S. maize-soybean and wheat sys-
tems and similar cropping systems in Argentina and Brazil.

Large quantities of agricultural crop wastes are produced from
cultivated systems. Disposal systems for these wastes include burn-
ing them in the field; plowing them back into soil; composting,
landfilling, and using as a biomass fuel; or selling them in supple-
mental feed markets. Burning crop residues releases a number of
greenhouse gases, including carbon dioxide, methane, carbon
monoxide, nitrous oxide, and oxides of nitrogen.

An additional impact of cultivation on greenhouse gases oc-
curs from erosion. One ecological off-site impact of accelerated
erosion is the emission of erosion-induced greenhouse gases into
the atmosphere. While some of the organic carbon transported to
depositional sites and aquatic ecosystems is buried and sequestered
(Stallard 1998; Smith et al. 2001), a large fraction may be emitted
into the atmosphere. Erosion-induced emission of CO2 into the
atmosphere may be about 1 billion tons of carbon a year (Lal
2003). Wind-borne sediments, which transport particulate matter
over long distances, also adversely affect air quality.

Agriculture can also contribute to mitigation of greenhouse
gases emissions by adopting practices that promote the retention
of carbon in stable forms of SOM (called humus) or in standing
biomass such as occurs in forest trees. These carbon sinks are pro-
moted by the use of less aggressive tillage and by a reduction in
the rate of deforestation to support an expansion of cultivated
area. Further reductions could also be achieved in the more effi-
cient use of fossil fuels in all aspects of crop and soil management,
which would include greater fertilizer and irrigation efficiency as
well as reduced tillage.

26.2.6.1 Methane Emissions

Atmospheric methane is second only to CO2 as an anthropogenic
source of greenhouse gases in the atmosphere, and agriculture ac-
counts for between 44% (IPCC 1996) and 50% (Bhatia et al.
2004) of those anthropogenic emissions. The concentration of
methane in the atmosphere has more than doubled over the last
two centuries, with enteric fermentation in domestic livestock,
manure management, rice cultivation, and field burning of ag-
ricultural crop wastes as the main causes. Several other agricultural
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activities, such as irrigation and tillage practices, may also contrib-
ute to methane emissions. About 80% of methane from agricul-
tural sources is produced biologically (IPCC 1992; Yang and
Chang 1999, 2001).

During digestion of feed intake, methane is produced through
enteric fermentation in the rumen of cattle, buffalo, sheep, and
goats, a process in which microbes that reside in the digestive
system break down the feed consumed by the animal. These ani-
mals have the highest methane emissions among all animal types
because they have a rumen, or large ‘‘fore-stomach,’’ in which a
significant amount of methane-producing fermentation occurs.
The amount of methane produced and excreted by an individual
animal also depends on the amount and type of feed it consumes
and other environmental factors.

The need to increase food production in order to keep pace
with population growth and changing consumer tastes has led to
a large increase in animal production (FAOSTAT 1999), as noted
earlier, and to problems related to disposing of increasing quanti-
ties of dung and urine. The problem is exacerbated by disassocia-
tion of crop and livestock production (Bouwman and Booij 1998;
Ke 1998) such that the animal wastes cannot be directly returned
to fields where the feed was grown, which recycles the nutrients
for succeeding crops. Instead, livestock manures from large con-
fined feeding operations must be transported greater distances to
surrounding farmland. But the nutrient content of the manure is
low relative to commercial fertilizers, which increases the cost of
handling and transporting it. Moreover, care must be taken to
ensure that the amount of applied manure does not lead to exces-
sive accumulation of phosphorus in the soil, which can lead to
phosphorus losses via erosion and runoff, resulting in degradation
of water quality and health concerns (Burton et al. 1997).

The decomposition of organic material in animal manure in
an anaerobic environment produces methane. The most impor-
tant factor affecting the amount of methane produced is how the
manure is managed, since certain types of storage and treatment
systems promote an oxygen-free environment. In particular, liq-
uid systems (ponds, tanks, or pits) tend to produce a significant
quantity of methane. However, when manure is handled as a solid
or is deposited on pastures and rangelands, it tends to decompose
aerobically and produce little or no methane. Higher tempera-
tures and moist climatic conditions also promote methane pro-
duction.

Applying manure to agricultural land can lead to groundwater
contamination by nitrates after nitrification of the ammonium ni-
trogen (NH4–N) present and to emissions of ammonia (European
Centre for Ecotoxicology and Toxicology of Chemicals 1994),
methane (Chadwick and Pain 1997), and N2O (Jarvis et al.
1994)—all of which contribute to climate change. Ammonia,
after deposition on land surfaces and water bodies, and nitrifica-
tion act as a secondary source of N2O and may also decrease the
capacity of soils to absorb CH4 and act as a sink for this gas (Mosier
et al. 1996).

Rice fields are large producers of methane, accounting for as
much as one third of total anthropogenic methane emissions.
When fields are flooded, anaerobic conditions develop in the
soils, and methane is produced through anaerobic decomposition
of soil organic matter mediated by soil microbes. In fact, both
methane and nitrous oxide are simultaneously emitted, as irrigated
rice fields offer favorable conditions for their production and
emission (Cai et al. 1997; Bronson et al. 1997; Ghosh and Bhat
1998; Majumdar et al. 2000). Global methane emissions from rice
fields are estimated to be 37 teragrams per year, while N2O emis-
sions are much lower, at 1.8–5.3 teragrams per year, although
N2O is a much more potent greenhouse gas (IPCC 1996).
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26.2.6.2 Nitrous Oxide Emissions

Agriculture is the main source of nitrous oxide, a chemically ac-
tive greenhouse gas, accounting for about 70% of anthropogenic
emissions. Atmospheric concentration of N2O is increasing at a
rate of 0.22�0.02% per year. Concern over N2O emissions is
particularly great because of its long atmospheric lifetime and high
climate change potential (Bhatia et al. 2004). Although global at-
mospheric loading of N2O is less than CH4, the former is 310
times more potent as a greenhouse gas than CO2 on a 100-year
time-scale, while CH4 is only 21 times more potent (Majumdar
2003). N2O is produced naturally from a wide variety of biologi-
cal sources in soil, water, and animal wastes and contributes to the
depletion of stratospheric ozone. The release of nitrous oxide has
increased in recent years due to more intensive agricultural prac-
tices, in particular land conversion and application of nitrogen
fertilizer. A wide range of other agricultural and soil management
practices can also affect N2O fluxes, including irrigation, tillage
practices, the burning of agricultural crop residues, and changes
in land use, such as loss and reclamation of freshwater wetland
areas, conversion of grasslands to pasture and cropland, and con-
version of managed lands to grasslands or the fallowing of land
(Mosier et al. 2004).

From the agricultural perspective, N2O emissions from soil
represent a loss of N from the soil system and a decrease in N use
efficiency. Soil is considered to be one of the major sources of
nitrous oxide, contributing 65% of the global emissions. Annual
emissions of N due to N2O emissions from agricultural systems
amounts to 6.3 teragrams. Soil receiving chemical fertilizers and
biologically fixed nitrogen contributes to nitrous oxide emissions
during the processes of nitrification and denitrification, and the
increasing use of fertilizers will lead to increased N2O emissions
unless N fertilizer efficiency can be increased as well.

Use of organic nitrogen sources instead of nitrogen fertilizer
causes a substantial increase in methane emissions in irrigated rice
systems, and it may not decrease nitrous oxide emissions (when
both are applied at levels that achieve similar yields). Thus, from
a purely climate change perspective, organic fertilizers should be
used with caution in such systems.

In summary, agriculture may be contributing about 20% of
current annual greenhouse gas–forcing potential. It is the largest
source of anthropogenic CH4 and a significant contributor to in-
creases in atmospheric N2O concentration. In contrast, cultivated
systems play a relatively small role in total CO2 emissions, and
some systems have the potential to sequester carbon by use of
improved crop and soil management practices, thus becoming a
sink for carbon dioxide.

26.3 Drivers of Change in Cultivated Systems
Many factors have influenced the evolution of cultivated systems
and their capacity to meet the increasing demands placed on
them. (See Figure 26.7.) These factors have driven the changes
that have occurred in cultivated systems and will continue to do
so in the future. This section reviews the nature these drivers,
their interactions and extent, and their impact on system perform-
ance.

Although the Figure is a simplification of the context and dy-
namics of cultivation, it illustrates three key points: that the num-
ber of drivers and interactions among them are potentially large;
that important feedback mechanisms exist that influence the abil-
ity of cultivated systems to generate desired cultivated products
and ecosystem services; and that individual drivers can simultane-
ously have positive and negative impacts (for example, a new
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Figure 26.7. Interactions between Drivers of Cultivated Systems

technology that increases the yield of outputs might also generate
a negative impact on ecosystem services).

The central role of the ‘‘manager’’ of the cultivated system is
also highlighted in this conceptual model, whether the manager
is an impoverished subsistence farmer with two or three hectares
of remote hillside in East Africa or a professional agronomist in a
multinational corporation that cultivates a 5,000-hectare cash
crop plantation in Southeast Asia. Within any given socioeco-
nomic and environmental context, it is the sequence of choices
made by these managers about what to produce and how to pro-
duce it that drives the long-term capacity of cultivated systems to
deliver products and ecosystem services. These choices are driven
by farmers’ incentives to take particular courses of action and by
their capacity to act on those incentives. Through a better under-
standing of the key drivers of change, decision-makers are better
placed to target policy and investment interventions for improv-
ing the economic and environmental outcomes of cultivation.

In keeping with the MA conceptual framework, drivers are
grouped into two broad categories: indirect—those that influence
the demand for both cultivated products and other ecosystem ser-
vices, as well as the overall feasibility and attractiveness of different
cultivation options—and direct—those that come into play at the
actual site of cultivation.

26.3.1 Indirect Drivers

Many of the indirect drivers of change relevant to cultivated sys-
tems have already been described in Chapters 3 and 8, so this
section focuses on a selective synthesis together with complemen-
tary material of more specific relevance to a cultivated systems
perspective.
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26.3.1.1 Demand for Cultivated Products and Other Ecosystem
Services

The scale and structure of demand for cultivated products as well
for other ecosystem services from agricultural landscapes has been
broadly shaped by three drivers: demographic change, economic
growth, and changing consumer preferences.

Over the past 50 years population growth has been the single
most important global driver determining the aggregate demand
for food and other cultivated products and shaping the extent and
intensity of cultivation. Between 1960 and 1999, world popula-
tion doubled to 6 billion, with an average growth rate of around
1.7% per year, while aggregate per capita food energy consump-
tion grew at just over 0.5% per year. In industrial as well as devel-
oping countries, 60–70% of the total increase in calories
consumed between 1961 and 2002 was accounted for by popula-
tion growth (FAOSTAT 2004).

Population growth rates are declining, however, and currently
stand at around 1.4% per year globally, although with major re-
gional differences. Developing countries now account for over
95% of global population growth and hence a correspondingly
greater share of the pressure to expand food output from culti-
vated systems. High population growth rates are negatively corre-
lated with income levels. Hence, the population in poorer
countries are typically less well nourished or even undernourished
compared with populations in rich countries. Food insecurity in
poor countries or regions often results from the low productivity
of local cultivated systems (UN Hunger Task Force 2005). In Eu-
rope and some richer developing countries, population growth
rates are stagnant or negative, so population growth is no longer
a driver of food demand, and this trend will continue globally
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as economic development proceeds and population growth rates
continue to fall (United Nations Population Fund 2004).

Economic growth is another strong stimulus of demand. As
incomes rise in many developing countries, a large share of the
increased income is used to purchase a greater and more diverse
food supply. Compounding both population growth and in-
creased purchasing power, social and cultural change—often
linked to urbanization, increased female participation in the
workplace, and increased exposure to food industry advertising
and to public health and nutrition information—have changed
consumer preferences with regard to the type, amount, and qual-
ity of food they demand. This includes growing preference for
animal protein, (particularly chicken and pork), for fruits, vegeta-
bles, and oils, and for more processed and convenience foods and
declining preference—as a share of per capita consumption—for
starchy staples and cereals (FAOSTAT 2004). The rapid growth
in industrial-scale, confined livestock systems and aquaculture
have been direct consequences of these trends. Urbanization not
only alters food preferences, it also changes the age and sex struc-
ture of rural populations and increases remittances—both factors
that influence cultivation practices. (See Chapters 3 and 8.)

Many of the same demographic and socioeconomic changes
have also increased the demand for a broader range of ecosystem
services beyond food, such as fresh water, clean air, wildlife con-
servation, and recreation. Since cultivated systems now dominate
many of the populated landscapes of the world, they have come
under increasing pressure to play a greater role in delivering more
(or consuming less) of these other services, while at the same time
continuing to meet growing food needs (Wood et al. 2000).

Cutting across demographic and economic factors is the issue
of poverty, which severely curtails livelihood opportunities. From
a cultivation perspective, poverty limits access to production in-
puts such as credit and to new technologies that improve crop
and soil management. Poverty is also often associated with a lack
of security in terms of access to or title to land and other natural
resources, in turn diminishing farmers’ incentives and ability to
choose production practices with long-term payoffs. Without
such incentives, cultivated systems are focused on meeting short-
term needs, and increasingly intensive cultivation under such
conditions has often resulted in the degradation of soil and water
resources that are required to maintain even low levels of produc-
tivity. This process has been called a ‘‘downward spiral’’ of pro-
ductivity and degradation (Scherr 2000; Ehui and Pender 2005;
Wiebe 2003). Ultimately such a degradation spiral can lead to
abandonment of the cultivated system and migration to other lo-
cations that are likely to be of more even more marginal produc-
tion potential (Barbier 1997; Chopra and Gulati 1997).

26.3.1.2 Policy, Legal, and Sociocultural Context of Cultivation

The policy, regulatory, and cultural environment have profound
impacts on the incentives to produce more and higher-quality
food, to engage in local, regional, and international trade, to in-
vest in long-term productivity and enhanced cultivated system
capacity, and to reduce the off-farm impacts (the externalities)
of cultivation. The distinct and evolving nature of policies and
institutions across and within countries influences the effective-
ness of markets and hence choices about where, what, how, and
how much to cultivate as well as the incentives, if any, for farmers
to reduce or eliminate negative externalities caused by their culti-
vation practices (Uri 2001; Eicher 2000).

Agricultural, trade, and food security policies can distort in-
centives to produce and trade cultivated products in one way or
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other. These include price policies that favor either domestic rural
producers (such as the U.S. Farm Bill and the EU Common Ag-
ricultural Policy) or urban consumers (such as the food price con-
trol schemes prevalent in many developing countries). The level
and effectiveness of investments in education, infrastructure
(roads, irrigation, rural electrification, and telecommunications),
and credit have been shown to be strongly related to improve-
ments in agricultural productivity and rural incomes (Fan et al.
2000; Fan and Hazell 2001; Zeller and Sharma 1998; Wiebe
2003). Investments in agricultural research and technology trans-
fer have been especially strong drivers of change in cultivated sys-
tems, as described later in this section.

Resettlement policies, though now less common and certainly
of lesser scale, have had significant impact on the conversion of
natural ecosystems over very large areas for cultivation, with con-
sequent, large-scale environmental consequences. The massive
transmigration program from Java to the outer islands of Indonesia
and the colonization policies of the Brazilian government, imple-
mented largely during the 1960s and 1980s, are two notable ex-
amples (Fearnside 1997).

The nature and strength of land tenure and resource use laws
and customs have been shown to strongly influence the willing-
ness of farmers to engage in cultivation beyond meeting subsis-
tence needs, as well as to invest in sustainable land management
practices (Soulé et al. 2000; Meinzen-Dick et al. 2002). Similarly,
the effectiveness of collective action can significantly affect the
productivity and sustainability of cultivated systems. This is true
not only for proper management and utilization of open access
and common property resources such as pastures or woodlots, but
also where the productivity of individually managed plots and
fields would benefit from collective action, such as coordination
of agronomic activities so as to pool labor, minimize pest and
disease problems, or make the best use of available water resources
(Meinzen-Dick et al. 2002).

Inheritance laws and customs are also relevant. The practice
of dividing land among heirs, particularly common in Asia, has so
fragmented holdings in some areas that the scale of cultivation
operations limits their economic viability over the long term
(Maxwell and Wiebe 1999).

In recognition of the potential environmental costs of cultiva-
tion, the growing demand for improved environmental services,
and the lack of incentives for farmers to consider externalities,
governments have played an increasing role in influencing crop
selection and cultivation practices through both regulatory and
voluntary incentive schemes. Regulatory policies have included
systems of wildlife and watershed protection and conservation
that have sought to exclude or restrict cultivation in areas consid-
ered to have high biodiversity, hydrological, watershed protec-
tion, or amenity value. Where cultivation pre-existed in such
areas, or where land and population pressure external to such areas
has been high, these policies have often created conflict with
farming communities (Gillingham and Lee 2003; Maikhuri et al.
2000). This has led to the emergence of more enlightened and
participatory approaches to the design and management of con-
servation areas in partnership with local communities (Farrington
and Boyd 1997).

Other approaches have included the zoning and regulation of
certain types of cultivation or cultivation practices, such as large-
scale confined livestock feeding operations, that present local
waste and odor problems or use of certain categories of pesticides.
While such restrictions are often associated with punitive sanc-
tions, their effectiveness has varied depending on the technical
and economic validity of the regulation standards applied, the de-
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terrent value of the sanctions, and the rigor of enforcement
(Kleijn et al. 2004).

Voluntary strategies, particularly in richer countries, involve
incentive payments to farmers linked to production or conserva-
tion practices that are considered to be more environmentally
sound (Dobbs and Pretty 2004; Wu et al. 2004). Increasingly
these policies are being aligned with the ‘‘boxes’’ established
under the auspices of the World Trade Organization that govern
permitted levels and types of domestic support to agriculture. One
goal of the WTO is to ‘‘decouple’’ support to farmers from pro-
duction and price level, as a means of reducing trade distortion
(WTO 2004). The U.S. 2002 Farm Bill provides for support to
farmers related to programs for resource conservation, wildlife
habitats, and wetlands within cultivated systems (National Re-
sources Conservation Service 2002), and similar programs operate
in most, if not all, OECD countries. But the WTO provisions
that accommodate such programs are still controversial among
many developing countries: they see them as an indirect means of
providing otherwise restricted or disallowed income support,
which places their own farmers at a competitive disadvantage (The
Economist 2003).

It is difficult to generalize about the net effect that national
policies have had on cultivated systems. However, in those coun-
tries where policies tend to expand production to levels that
would otherwise be uneconomic—such as cotton in the United
States, sugar in the European Union, and rice in Japan—it is likely
that more land is being kept in production and more agricultural
pollution is taking place than would otherwise be the case. An-
other implication is that, to the extent that such subsidies distort
trade, less area is allocated to the cultivation of these crops in
competitor countries, such as cotton in West Africa and India,
sugar in the Brazil and Australia, and rice in Viet Nam.

As subsidies and other barriers to trade are removed in these
and other commodity sectors, adjustments in global patterns of
production will take place. The net local and global consequences
of such changes on cultivated systems and ecosystems services de-
pends primarily on the relative yield levels (as those determine the
harvested area required for a given level of production) and the
specific production inputs and practices used in each location,
such as the nature, management, and mix of inputs and practices
for plant, soil fertility, water, and pest and weed management.
These in turn depend on local markets, farmer characteristics, re-
source conditions, and management choices.

26.3.1.3 Markets

The existence and efficiency of markets, and the extent to which
farmers are able to participate in them, provide perhaps the stron-
gest signals shaping cultivation decisions for an ever increasing
number of farmers. Even where subsistence goals dominate
household production strategies, survey data indicate that house-
holds frequently engage in markets to varying degrees. Markets
include those for cultivated outputs (main products and by-
products), inputs (such as labor, land, seeds, fertilizers, and pesti-
cides) and those, often at a nascent stage, for ecosystem-related
services such as carbon sequestration and habitat conservation.

Essential ingredients for the development of markets include
a stable monetary system, accepted procedures for establishing and
enforcing contracts, viable entry costs for market participation,
financially acceptable search and transaction costs, and adequate
access to physical infrastructure and transportation. As described
earlier, incentives for market development and participation have
also been shaped by policy factors that directly affect markets
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through transfers (taxes or subsidies) or other barriers related to
production, consumption, or trade.

High transaction and transport costs limit market opportuni-
ties since they increase the farmgate cost of inputs and reduce
the farmgate value of outputs. The geographic scope of market
potential is also influenced by the bulk density and perishability
of cultivated products and by the unit value of the product itself.
Where markets function effectively, where products can be culti-
vated competitively, and where demand exists, the geographic
distances between production and consumption can be very large,
as seen in the global cereal markets. Other examples include the
cultivation of high-value horticultural crops, of flowers and orna-
mentals in the cool tropical highlands of Central and northern
South America for the U.S. market and in Kenya and Uganda for
UK supermarkets, of out-grower schemes in Indonesia for the
Dutch flower industry—all of which use air transportation—as
well as the production, packaging, and shipping of fresh fruit and
vegetables in California to all parts of the United States by rail and
road transportation.

Thus, where it has been possible to lower marketing and
transportation costs, the geographic distances between production
and consumption becomes less relevant, and producers, and the
cultivation systems they manage, are exposed to an increasingly
broad range of market opportunities. This is often a double-edged
sword—on the one hand, providing increased incentives to ex-
pand or intensify production with possible negative ecosystems
consequences, while on the other hand providing greater incen-
tives to preserve the long-term sustainability of the production
base that might foster more positive outcomes for ecosystem
management (Lopez 1998; Kaimowitz and Angelsen 2000).

But there remain significant obstacles for smallholders in de-
veloping countries to engage more in local, regional, and interna-
tional markets. Many relate to constraints to market entry through
insufficient access to credit or information about market needs
and to the insufficiency and variability of the quantity and quality
of farm outputs to engage in stable marketing arrangements. At
the same time, there appear to be growing barriers to trade arising
from stricter sanitary and phytosanitary standards being imposed
by importing countries. While fears of pest, virus, and disease
consequences for plant, animal, and human health are undoubt-
edly genuine and call for effective safeguards, these regulations
have become another contentious issue under the WTO. As with
subsidies and environmental payments, many developing coun-
tries regard the sanitary and phytosanitary requirements and regu-
lations imposed by richer countries as another mechanism for
imposing indirect trade barriers (Henson and Loader 1999; Athu-
korala and Jayasuriya 2003).

There are several market niches that link cultivated products
with what are considered to be improved standards of cultivation
with regard to ecosystem outcomes or ethical issues. These are
products designated as, for example, organic, bird-friendly, shade-
grown, fair-trade, and humane from an animal welfare perspective
(Harper and Makatouni 2002; Lockie et al. 2002). The organic
food movement is perhaps most developed in Europe, but it can
probably be considered a global scale phenomenon, especially
with richer consumers.

The term ‘‘organic’’ is open to many different interpretations
but can include avoiding or minimizing the use of pesticides, in-
organic fertilizers, antibiotics, GMOs, fossil fuels, and so on as
well as promoting biodiversity at various levels. Broadly accepted
standards are beginning to emerge in some markets (Guthman
1998; European Union 2000; USDA 2004), as well as widely-
accepted market certification procedures, such as those of the
UK’s Soil Association (2004). Currently, almost 23 million hect-
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ares globally are reportedly explicitly managed according to or-
ganic principles (IFOAM 2004). Of this total, some 46% are
reported in Australia/Oceania, 23% in Europe, and 21% in Latin
America. While the United Kingdom and Germany have about
4% of cultivated land under organic production, the United States
has less than half a percent, although these systems contribute
some 3–5% of fruit and vegetable production (Greene and Kre-
men 2003).

26.3.1.4 Prices

The ability of farmers to respond to changes in prices of inputs
and products is an important indicator of the resilience of food
production systems. Producer decisions about what and how
much to produce (or to harvest, in the case of wild fisheries) are
strongly influenced by the relative prices of outputs (maize versus
beans, for instance, or cod versus plaice), as well as of essential
inputs (such as the maize/nitrogen fertilizer price ratios). Consid-
eration of time frames and the need to maximize return on fixed
assets are important determinants of the willingness and ability of
producers to respond to price signals.

Output responses are quicker and stronger for short-term pro-
duction cycles than for longer ones. Thus adjustments in annual
cropping can be made in a short time frame, whereas decisions
about changing animal herds or perennial crops that take longer
to develop their economic potential are more complex. The aver-
age price of food has been on a downward trend for some 40
years, and many poor smallholders who have limited access to
productivity-raising technologies and practices often face situa-
tions in which their on-farm costs per unit of product, plus the
unit costs of transportation and marketing, are higher than the
market price of their products. In the case of marine fisheries,
prices have increased, reflecting the scarcity as more and more
fisheries are fully exploited, as well as increased costs because of
increased fishing effort.

Increased farmgate prices—for example, for higher-quality or
better-timed products or brought about by temporary shortfall in
supply—can raise producer incomes and increase incentives for
more investment in the underlying production system. This could
have positive or negative outcomes for ecosystem services other
than food, depending on the type of investment. Furthermore,
increased profits from increased productivity might be a spur to
bring more land into production, including more conversion of
natural ecosystems (Kaimowitz and Angelsen 2000). Ironically,
falling prices can also have equally ambiguous outcomes, ranging
from providing incentives to raise productivity to removing in-
centives to make any further investments—likely with negative
ecosystem impacts.

26.3.1.5 Technology and Information

One of the most widely researched areas in the field of agriculture
is the impact of technical change on the productivity of cultivated
systems. Assessments at programmatic and national scales typically
suggest that the contribution of technical change to overall pro-
ductivity growth is in the range of 30% to 50% (Evenson and
Gollin 2003; Ruttan 2002; Roe and Gopinath 2001). Technolo-
gies include better-quality inputs such as improved crop varieties
with higher genetic potential and increased pest and disease resis-
tance, improved livestock breeds and fish species, better cultiva-
tion techniques such as zero tillage, improved agronomic practices
such as the timing and placement of applied nutrients and water,
and better storage and other post-harvest technologies. In coun-
tries where a sufficiently large base of commercial farmers exist,
the private sector plays an important role in technology develop-
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ment and delivery, but in virtually all countries public investment
in agricultural research and extension are important and well es-
tablished if not always adequately funded areas of public policy
(Pardey and Beintema 2001). These investments reflect both the
importance of the agricultural sector to the rural economy and
the generally high levels of economic payoff to agricultural R&D
investments.

During the past 50 years, crop genetic improvement and im-
proved technologies for managing soil nutrients and pests have
come predominantly from investment in research and extension
conducted by public-sector institutions such as universities and
national and international agricultural research centers (Pardey
and Beintema 2001). In recent decades, however, investment in
private-sector research has increased markedly, especially for im-
provement of commercial crops such as maize, soybean, and cot-
ton that require purchase of new seeds each cropping season for
achieving optimal yields.

Today, agricultural research investment in the private sector
exceeds that in the public sector, with consequences on research
priorities (Pardey and Beintema 2001). The private sector focuses
on improving crop traits that result in greater seed sales, empha-
sizing relatively short-term research successes. Private-sector re-
search has also given greater emphasis to use of modern tools of
molecular genetics to develop crop varieties with traits controlled
by single genes. (See Box 26.3.) Many of the major crop develop-
ment constraints, such as yield potential, drought tolerance, and
nitrogen use efficiency, however, are controlled by numerous
genes, and progress will require greater scientific effort and
longer-term investment. The private sector has few incentives at
present to invest in technologies aimed at improving environ-
mental services.

The focus of public investment is on research producing
‘‘public goods’’ (knowledge and technologies that can be used by
all, without exclusion, such as a new soil conservation practice),
as well as research that is too long-term, risky, or otherwise fi-
nancially unattractive to the private sector but that would yield
social benefits, such as more environmentally sustainable produc-
tion practices. In the past, publicly-funded research has focused
on understanding and increasing crop yield potential, achieving
greater fertilizer use efficiency, protection of water and soil quality
using conservation tillage systems, and reducing pesticide use
through integrated pest management.

BOX 26.3

Crop Breeding and Genetics

Plant types and agricultural techniques that are better suited to farmers’
needs could go a long way toward improving the productivity of culti-
vated systems and thus the livelihoods of farmers. Genetically modified
crops provide economic gains to farmers that have shown to be large
in the case of cotton and soybeans. Extending these gains to other
‘‘orphan’’ crops that are planted by smallholders could, in the presence
of appropriate regulatory policies, have significant poverty-reducing ef-
fects. Stress-tolerant varieties have the potential to benefit producers;
nutritionally enriched varieties have the potential to benefit consumers
as well.

Many people are concerned about the prospects of biotechnology.
Concerns center on the science itself, control over the science, access
to the science, environmental effects, and human and animal health
effects (FAO 2004a). Addressing these concerns separately and in a
case-specific manner is essential for analyzing the costs and benefits
of genetic technologies as they are applied to crops.
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Studies of economic returns into public-sector agricultural re-
search have documented substantial and consistent returns on in-
vestment as a result of higher yields and farm profits, increased
labor productivity and prices, and lower prices of staple grains for
consumers (Alston et al. 2000). Despite this evidence, recent
trends in public funding of research and technology transfer in
both industrial and developing countries show general decline at a
time when constraints to sustaining yield growth while protecting
environmental services are becoming more complex and scien-
tifically challenging. If maintained, this decline will affect agricul-
tural research outputs globally, with serious consequences for the
ability of crop productivity growth to keep pace with food de-
mand and for opportunities to improve the environmental char-
acteristics of new technologies.

The overall efficiency of converting research investment into
yield gains at the farm level is an important driver of food supply.
For example, the total research investment in both public and
private sector for maize genetic improvement increased 3.4-fold
in inflation-adjusted dollars from the mid-1970s to the mid-1990s
in the United States while the rate of gain in U.S. maize yields
remained constant at about 100 kilograms per hectare per year
during this period (Duvick and Cassman 1999). Therefore, the
efficiency of converting investment in maize genetic improve-
ment to greater yields at the farm level has decreased by about
70%.3 (See Chapters 4 and 8 for further extensive treatment of the
role of science and technology.)

A particular area of concern has been the relatively low adop-
tion of many technologies designed to improve soil and water
conservation or provide other improvements in ecosystem service
delivery from cultivated systems. Many of these technologies—
such as use of the nitrogen-fixing azolla plant to replace nitrogen
fertilizer in lowland rice production, alley-cropping with legumi-
nous trees on plot borders, use of the tree leaf mulch on subsis-
tence cereal crops in sub-Saharan Africa, and contour bunds and
vegetative field border strips to reduce erosion for hillside crop-
ping systems—are often labor-intensive, provide benefits after
several years, or provide benefits off-site. These characteristics
often make them unattractive to farmers in countries where con-
servation efforts are not subsidized and in situations of limited
assets (including labor) and insecure land tenure (Lutz et al. 1994;
Antle and Diagana 2003).

Changes in cultivation systems are driven by access to various
types of information: market data on prices, grades, and standards;
advances in cultivation practices and technologies (both for farm-
ers and for researchers); current weather conditions and forecasts;
and information on current pest and disease threats and recom-
mended responses. Where they are available and accessible to
farmers, and farmers have the capacity to use them, all these types
of information have economic value (Solow et al. 1998).

26.3.1.6 Farmer Characteristics

Ultimately, it is farmers who make decisions about the nature and
management of cultivated systems, decisions that affect the deliv-
ery of both cultivated products and ecosystem services. Thus the
cultural, socioeconomic, and educational background as well as
the expectations, preferences, and risk attitudes of farmers and
farm households all play a role in shaping cultivation decisions.

In the case of subsistence, resource-poor farmers, it is the re-
duction of production risks while best using family labor that is
the driving force behind decision-making (Willock et al. 1999).
There may also be different attitudes to risk, crop management,
and even crop selection and cropping patterns on the landscape
among men and women farmers. In general, women-headed
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households focus more on meeting food self-sufficiency needs
using a diverse portfolio of products to meet a range of nutritional
and domestic needs. Male-headed households have generally
been shown to be less risk-averse and often focus on the produc-
tion of cash crops. Farmer age and education level are also consid-
ered to be important factors in conditioning willingness to accept
new ideas and technologies (Soulé et al. 2000).

Often farmers and farming communities have a very large
amount of accumulated indigenous and science-based knowl-
edge, but experience and new knowledge continue to evolve.
Indeed, it is the interplay between indigenous knowledge, access
to new technologies, and risk aversion that are major determi-
nants of decisions about cultivation practices and evolution of
farming systems. Considerable effort is being made to improve
understanding of this process (e.g., Röling and Wagemakers 1998)
and to advance it through better designed interactions between
farmers, researchers, and technology support specialists (Loevin-
sohn et al. 2002).

26.3.2 Direct Drivers

Direct drivers are those that manifest themselves at the point of
cultivation. As shown earlier in Figure 26.7, we can broadly iden-
tify three types of direct drivers:
• management choices made at plot, field, pen, or pond level

about the scale of cultivation and what to cultivate and how;
• the production system itself—its specific mix of inputs includ-

ing labor, production practices, and outputs in terms of culti-
vated products as well as other residues; and

• the natural resource base (including the local impacts of cli-
mate change) that underpins and is affected by the cultivation
process.

26.3.2.1 Management Choices

To a large extent the potential productivity and ecosystem service
impacts of a cultivated system are pre-determined by the crop
and resource management choices farmers make, which are often
extremely constrained in the case of poor farmers. Key drivers
involve strategic decisions about which crops to produce and the
cropping pattern in time and space, how much area to devote to
cropping, and tactical decisions about specific production prac-
tices involving crop and soil management involving nutrients,
water, and pest control.

In the face of growing demand for cultivated outputs, several
key factors are involved in these choices from an ecosystem ser-
vice perspective. First, the choice about what to produce often
has direct implications on services. For example, perennial crops
reduce cultivation needs and are often associated with more
ground cover and less soil disturbance, which may result in less
soil erosion and lower carbon emissions. The more uniform land-
scapes of annual crops grown in monoculture reduce biodiversity
and can increase the risk of erosion on sloping land unless conser-
vation tillage practices are used that leave adequate crop residues
to protect the soil surface. Cultivation of high-value cotton and
horticultural crops often uses substantial amounts of pesticides to
ensure adequate product quality to meet consumer demand, and
growing tobacco in some developing countries is frequently asso-
ciated with high consumption of fuelwood for drying purposes.

A second strategic factor with a large impact on ecosystem
services relates to choices about how much area to cultivate, and
especially whether to expand production into as yet uncultivated
areas—that is whether to transform natural ecosystems or semi-
natural rangeland plant communities into cultivated systems. Pres-
sures to expand are larger if land suitable for cultivation is available
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at low cost and if land currently under cultivation has low or
declining productivity.

The third set of choices is related to production technologies
and practices, which in turn are strongly linked to strategies
adopted for the intensification of production. Intensification can
be achieved through increased inputs and outputs (increased
yields) per hectare per harvest, or by increasing the number of
harvests in a given time (such as reducing fallow periods or se-
quential cropping within a single growing season). This is gener-
ally termed increasing the cropping intensity. Increasing cropping
intensity is often the first stage in the transformation from swidden
to permanently cultivated systems, and it can be one of the major
consequences of irrigation in regions where rainfall is uni-modal
and sufficient for only one cropping season per year.

It is the accumulation of such management decisions by many
rural households over time that ultimately drives the aggregate
extent and condition of cultivated systems and their impact on
ecosystem services—both within the agroecosystem in question
and in adjacent or even distant ecosystems that are affected by the
externalities of cultivation.

Globally, 78% of the increase in crop output between 1961
and 1999 was attributable to yield increases and 22% to expansion
of harvested area. Of the expansion in area harvested, roughly
two thirds was accounted for by physical expansion of arable land
and the remainder was due to increases in cropping intensity
(Bruinsma 2003). While the pattern of yield increases outpacing
harvested area increases was true for most regions, the proportions
varied. For example, only 55% of total output growth was derived
from yield increases in Latin American and the Caribbean com-
pared with 80% in South Asia. In contrast, only 34% of increased
output was derived from yield increases in sub-Saharan Africa and
66% from harvested area expansion. In industrial countries where
the amount of cultivated land has been stable or declining, in-
creased output was derived predominantly through increased
yield and cropping intensities.

In both physical land area and proportional terms, the largest
expansion of arable land took place in Latin America and the
Caribbean, where expansion of the agricultural frontier accounted
for about half of the increase in crop output, with cropping inten-
sities static (Bruinsma 2003). For, example soybean production
expanded by some 25 million hectares in Brazil and Argentina
between 1981 and 2004, largely through expansion of arable land
(Fearnside 2001; James 2004). And conversion of forest and sa-
vanna to agropastoral systems was widespread throughout South
and Central America. By contrast, of the 66% of increased crop
output that was due to increased harvested area in sub-Saharan
Africa, about half was attributed to increase in cropping intensity
and the rest to increased cultivated area.

Some of the factors that drove these trends have been de-
scribed earlier: the Green Revolution in Asia; resettlement poli-
cies in Brazil; environmental conservation programs in Europe,
North America, and Oceania; and so on. But a key underpinning
factor in all these cases is the difference in relative endowment or
scarcity of land, labor, and capital in the various regions. These
endowments have, for example, shaped national technology gen-
eration strategies, such as investment in land-saving R&D in Asia
and labor-saving R&D in North America (Hayami and Ruttan
1985). At the farm level, area expansion has been pursued in re-
gions of relative land abundance, and intensification has been the
preferred strategy where land or labor are scarce and capital more
abundant.

Figure 26.8 illustrates the distinct levels and trends in land
productivity (total value of crop and livestock outputs per unit of
arable land) and labor productivity (total value of crop and live-
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Figure 26.8. Growth in Land and Labor Productivity by Region,
1961–2001. The graph is derived from an assessment of crops and
livestock only. Output values were computed for individual commodi-
ties using the FAOSTAT production time series and average world
prices estimated by FAO for the period 1989–91 (FAO 1997). ‘‘Land’’
is the sum of arable and permanent cropland and pasture in each
year. ‘‘Labor’’ is the population economically active in agriculture: as
defined by FAO. The diagonal lines represent pathways of equal
growth in land and labor productivity.

stock output per agricultural worker) from 1961 to 2001 for dif-
ferent regions. Western Europe, with extreme land constraints,
shows high land and improving labor productivity. The United
States, with high capital and limited labor, has shown high and
increasing land and labor productivity. Asia, with little additional
land and abundant labor, has shown high and increasing land pro-
ductivity but low labor productivity. Sub-Saharan Africa remains
low in both dimensions, and while some limited progress has been
made in land productivity (but by 2001, only reaching levels that
are still below or equal to the starting point of all other regions in
1961), virtually no gains have been made in labor productivity.

26.3.2.2 Natural Resource Conditions and Production Systems

Natural resource conditions are described briefly here because the
impact of production processes, ecosystem services, and cultivated
system management that influence natural resources have been
covered in greater detail elsewhere in the chapter. Furthermore,
many production system practices represent direct responses to
changes in natural resource conditions described in previous sec-
tions (declining soil productivity, for example).

The range of feasible cultivation options open to farmers is
fashioned by a number of indirect drivers: input and output mar-
kets, the regulatory environment, accessibility of usable and
profitable technologies and information, the cultural context and
socioeconomic condition of the farm household, and the farmer’s
knowledge base, goals, and attitudes to risk. But specific cultiva-
tion decisions for each site are made taking into account the set
of prevailing local natural resource conditions, particularly the
availability of land and water; the type and variability weather
conditions; the quality of soil and water; the prevalence of pests,
diseases, and weeds; and other potential natural hazards such as
erosion and flooding. Key among these factors for crop-based sys-
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tems are the availability of land suitable for cultivation and the
depth, water-holding capacity, fertility, and workability of soils.
The quality and reliability of water are important for all forms of
cultivation but are most critical for irrigated systems. Rain-fed
systems are subject to the usual uncertainties of weather, exacer-
bated by the impacts of climate change—increasing temperatures,
shifting rainfall patterns, and greater variability in seasonal rainfall.

As a result of the high degree of heterogeneity of natural re-
source endowments and climatic variability over relatively short
distances, it is difficult to make uniform management recommen-
dations for production technologies or practices at scales above
the field level. For example, recent results from on-farm tests in
intensive irrigated rice systems of South and Southeast Asia con-
firm the benefits of taking a ‘‘field-specific’’ approach for nutrient
management to optimize yield, fertilizer efficiency, and profit
(Cassman et al. 1996; Dobermann et al. 2002). Such specificity
highlights the challenge of developing and scaling up the adoption
of new technologies from field to district/county and to regional
scales, and the magnitude of this challenge increases in proportion
to the complexity and sophistication of crop and soil management
practices. In less favorable production environments where natu-
ral resource endowments are relatively poor and there is little in-
frastructure or market development, it is particularly difficult to
support farmer adoption of new technologies. Such is the case
in sub-Saharan Africa, where not only are production conditions
extremely heterogenous but public and private institutions that
support technology generation and transfer are often quite weak.

Some drivers related to natural resource condition are unpre-
dictable and largely uncontrollable, such as weather variability,
climate change, and the emergence of new pests and diseases, and
can at best only be managed once they occur. Others include on-
site conditions that both affect and are affected by production,
such as soil nutrient dynamics, soil water status, erosion, and
weeds. These are mostly controllable conditions if farmers have
sufficient resources, access to information, and technologies that
provide profitable solutions to address these constraints.

26.3.3 Summary of Drivers as Potential Points of
Intervention

The drivers affecting the evolution of cultivated systems and their
capacity to produce cultivated outputs and services are many and
are interrelated. It is tempting to simplify the complexity of these
direct and indirect drivers and focus only on the field-level issues
that affect provision of food and environmental services. That
would be, and indeed has been, a mistaken approach. The litera-
ture of technology adoption examined in this assessment is, de-
spite the many significant successes, replete with examples of
failed ‘‘fixes’’ at the farm level in broader contexts where income
levels, security, property rights, equity, financial and agricultural
markets, health, education systems, and so on were inadequate to
provide the proper enabling environment and incentives for
farmers to make the type of productive, long-term investments
that are required to deliver economic and environmental benefits
in a sustainable fashion.

Regardless of the productivity and profitability of cultivated
systems from a farmer perspective, the central MA concerns of
how best to deal with the externalities of cultivation remain a
major challenge in all cultivated systems. As described earlier,
many of the impacts of cultivation on ecosystem services occur
away from the farm, outside the agroecosystem boundaries, which
provides little or no incentive to farmers to invest in reducing
them. Likewise, consumers are increasingly demanding affordable
and safe food, which means continued increase in cultivated yields
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and product quality at the same time as addressing concerns about
negative impact on environmental quality.

Our assessment documents that a number of approaches have
been used to address these concerns: the development of produc-
tive, environment-friendly, profitable (‘‘win-win-win’’) technol-
ogies or practices, the regulation of farming practices on a
statutory or voluntary basis (such as effluent standards and penal-
ties versus watershed stakeholder institutions), and, more recently,
payments designed to promote improved environmental out-
comes. Continued experimentation with, improvements in, and
integration of such strategies, involving several indirect drivers
listed in Figure 26.7, will be central to progress from both a food
security and environmental sustainability perspective.

26.4 Trade-offs, Synergies, and Interventions in
Cultivated Systems
The preceding sections examined the condition and trends of
ecosystem services and the major driving forces that shape them,
highlighting how it is the response of farmers to these trends and
pressures, using means that best match their opportunities and
constraints, that largely determines the various outcomes of culti-
vation. This section summarizes some of the trade-offs that have
been faced in balancing between food provision and other ecosys-
tem services and briefly reviews a number of approaches and in-
terventions that appear to reduce such trade-offs: integrated pest
management; integrated agriculture-aquaculture; farm-scale op-
tions for mitigating carbon emissions, increasing carbon seques-
tration, and minimizing soil erosion; and agroforestry. Such
approaches have shown results both in farmers’ fields and in re-
ducing off-site effects, but they are often very knowledge-intensive,
require additional land or labor, and take time to yield benefits—
all factors that can limit broader adoption unless more cost-effective
interventions can be developed or non-distorting incentives can
be provided.

26.4.1 Trade-offs

The world’s cultivated systems embody a diverse array of bio-
physical constraints and production strategies. The specific quan-
tity and mix of outputs generated by each system, including the
supply of ecosystem services in both the short and the long term,
is a consequence of the interaction among natural and managed
processes, including the use of external inputs (chemical, physical,
mechanical, or biological). The extent to which specific manage-
ment interventions result in trade-offs or in synergies among
system outputs (such as the impact of increased food output effi-
ciency on water and nutrient cycling and biological diversity) is
often both system- and location-specific.

Some clear trade-offs have been observed in the evolution of
the world’s dominant cultivation systems. For example, most flat,
well-watered, fertile areas have increasingly been managed to
simplify ecosystem function and to specialize in the efficiency of
food production. Sustaining the high levels of food output such
systems provide has generally and significantly reduced the supply
of other ecosystem services from cultivated areas. High food-
yielding cultivated systems have often required substantial exter-
nally derived inputs to sustain yield levels, such as additional
reserves of water and nutrients, as well as the use of herbicides,
insecticides, fungicides, and external energy sources.

The integration of cultivated systems into commercial food,
feed, and fiber markets has usually provided the knowledge, in-
centives, and financial resources to maintain and often increase
their already high food production capacity. However, the impact
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of intensive cultivation on the provision of ecosystem services
both within and beyond the extent of cultivation has been equally
substantial, resulting in the depletion of natural and human-made
water reservoirs, water pollution, the disruption of global nutrient
(particularly nitrogen) cycles, increased carbon- and nitrogen-
based gas emissions, and an accelerated loss of terrestrial and
aquatic biodiversity (Merrington et al. 2002). The global extent
of farming and the specific trade-offs it entails imply that agricul-
ture is the single largest threat to biodiversity and ecosystem func-
tion of any single human activity (Clay 2004).

While the evolution of the world’s other dominant crop-
based cultivation systems, low-input, smallholder rain-fed sys-
tems, has been markedly different, they too have increasingly
been faced with significant trade-offs in the provision of ecosys-
tem services. In general, low-input systems consume less energy
and emit fewer pollutants. They also tend to accommodate higher
levels of agricultural biodiversity with regard to more diverse crop
mixtures and crop varieties.

Within many of these systems, increasing the provision of
food would have a significant positive effect on human well-
being, especially in cases where they support poor rural popula-
tions in areas with underdeveloped markets and where a lack of
purchasing power prevents farmers from importing food from
more-productive systems. Increases in food provision in low-
input systems are likely to come from land-clearing and expansion,
however, which reduces the services provided by pre-existing
forest or grassland systems. (See Box 26.4.) Intensification in such
low-input systems sometimes has within-system sustainability
trade-offs—reduced soil fertility due to nutrient depletion when
fertilizer inputs are underutilized or not available.

26.4.2 Integrated Pest Management

The goal of integrated pest management is to achieve economical
protection from pest damage while minimizing hazards to crops,
human health, and the environment (Kogan 1998; Bajwa and
Kogan 2002). IPM takes advantage of existing ecosystem dynam-
ics or sometimes involves the introduction of new, competing
organisms to control pests.

Successful IPM practices achieve multiple goals at once, but
careful monitoring and high levels of technical expertise are nec-
essary. IPM farmers must choose from a wide array of options:
cultural, biological, chemical, physical, mechanical, and genetic
techniques. They must also have detailed understanding of nu-
merous key factors:
• cropping histories (variety, seeding date, fertilization, seed

treatment, tillage system); the timing and date of any pest con-
trol methods; environmental conditions before, during, and
after treatment; past, present, and future plans for cropping;
pesticide use history; and yield results;

• pest information, such as pest identity, growth conditions, de-
velopment, reproduction and spreading modes, damage
symptoms, and natural enemies; and

• field scouting, which involves systematic sampling of pest
populations.
Only by understanding the ecology and economics of their

cultivated systems can farmers make informed choices about ap-
propriate levels of pesticide use (Kenmore 1996).

Following the Green Revolution, IPM scored several striking
successes, notably in Indonesia, where the introduction of simple
methods allowed farmers to halve the money they spent on pesti-
cides (Orr and Ritchie 2004). Attempts to generate such successes
in Africa have been mixed. In the 1970s, mealybug infestations
caused crop losses of up to 80% in African cassava plants; today,
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cassava mealybug damage is minimal thanks to the introduction
of a parasitic wasp predator that maintains mealybug populations
at a low level. This biological control method was free to farmers
and environmentally benign (Herren and Neuenschwander
1991). Results were more limited elsewhere. In Malawi, for ex-
ample, the major field pests of maize, beans, pigeon pea, and
sweet potato were targeted using 18 different IPM strategies, but
site variability, risk of reduced profitability, and overly compli-
cated trials were all obstacles to adoption.

IPM has also had some success in industrial countries. In 1993,
the U.S. government set a goal of having 75% of U.S. agriculture
managed under IPM programs by 2000 (Fernandez-Cornejo and
Jans 1999). While IPM has significant potential, however, that
potential has yet to be fully realized. Despite extensive research
into IPM programs, implementation is lagging (Sorensen 1993;
Steffey 1995; Hutchins 1995). Many examples of cost-effective
IPM trials exist, but in practice economic and institutional incen-
tives are often not sufficient to encourage farmers to take on the
risk of switching to integrated pest management (Sorby et al.
2003).

26.4.3 Integrated Agriculture-Aquaculture

Many freshwater species can adapt to an integrated farming sys-
tem, where the wastes produced by one species are used by an-
other species cultured in the system. IAA allows farmers to
optimize resource flows and increase productivity by recycling
nutrients between the various components of the system. In gen-
eral, livestock manure is used as fertilizer for a crop species, the
residues of which are fed to herbivorous fish. Fish excreta and
other components of the pond humus are then recycled as ma-
nure for crop cultivation.

Such low-waste approaches reduce the discharge of nutrient-
charged wastewaters into the environment, thus mitigating eu-
trophication and lowering net pollution compared with each
cultivation component functioning independently. IAA systems
also offer greater scope for more-efficient use of perhaps scarce
water resources not only within the IAA system and but also by
using IAA wastewater for irrigation. This both reuses water and
delivers the residual levels of nutrients it contains directly to soil
and crops. IAA systems have been developed for fish-duck farm-
ing, fish-chicken farming, fish-pig farming, rice-fish farming sys-
tem in integrated areas, rice-shrimp farming, fish-vegetable
farming, or fish-aquaponics farming (Lightfoot 1990).

Pig-grass-fish systems in China are used in both large-scale
state-operated farms and in smaller-scale family-operated ones.
Excreta from pig production is reused and treated as fertilizer for
high-yielding fodder grasses, which serve as the main feed for
herbivorous fish. Pig excreta are also applied directly to fish
ponds, where it supports the growth of phytophankton—another
source of fish feed. Wastes and residues that accumulate at the
bottom of the fish ponds are harvested and recycled as manure
for grass cultivation, completing the nutrient cycle. Pig-grass-fish
systems are more labor-intensive than systems that use purchased
feed inputs, and they also require substantial land area to grow the
grass; however, their ability to simultaneously capitalize on in situ
vitamins and proteins and to minimize waste makes them models
of nutrient efficiency (Yang et al. 2001).

Another example of IAA systems is fish/fruit/vegetable culti-
vation in India, in which pond embankments are planted with
fruit and vegetable crops. This provides several benefits: pond
mud can be used as crop fertilizer, thus decreasing the cost of
organic manures; pond water can be used to irrigate crops; fruit
and vegetable residues can be used as low-cost fish feed; and plants
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BOX 26.4

Aggregate Impacts of Trade-offs in Cultivated Systems: Land Use Perspective

At a regional or global scale, one measure of trade-off is the amount of
land that needs to be brought into production according to different levels
of food productivity. The ‘‘land-sparing’’ impact of modern farming prac-
tices has largely been achieved through yield increases brought about by
the use of crop monocultures with improved crop varieties, fertilizer inputs,
and irrigation where farmers have access to supplemental water. For ex-
ample, if yields of the six major crop groups that are cultivated on 80% of
the total cultivated land area had remained at yield levels farmers
achieved in 1961, it would require an additional 1.4 billion hectares of land
to meet global food demand in 2004. (See Figure.) This represents 34%
of total land area suitable for crop cultivation and would have required
conversion of large areas of uncultivated land that currently support rain
forests, grassland savannas, and wetlands. In Asia alone, it would require
an additional 600 million hectares, which represents 25% more land area
than is suitable for cultivation on this continent. Asia would have had to
be heavily dependent on food imports if crop yields had remained at 1961
yield levels.

The key ecological question is therefore whether environmental ser-
vices other than food production at regional and global scales would be
enhanced by focusing food production on less land under intensive man-
agement with high yields versus expanding cultivated area in lower-yielding
systems that use farming practices that seek to preserve environmental
services at the field and local levels. Few studies have addressed this
issue using sound, ecological analytical methods. One recent study found
that farming is already the greatest extinction threat to birds and evaluated
the impact of land-sparing high-yield systems with ‘‘wildlife-friendly’’ farm-
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ing practices on bird species persistence using ecological models (Green
et al. 2005). The results suggest that high-yield farming may allow more Land Used to Produce Major Crops in 1961 and 2004 and Land That
bird species from a range of taxa to persist in developing countries. More Would be Needed to Produce Them in 2004 at 1961 Yield Levels. The
such studies with other threatened fauna and flora species are needed to six major crop groups included in this analysis are cereals, oil crops,
answer this critical question. pulses, root and tuber crops, sugar crops, and fiber crops. They accounted

for 87% of all cropland in 1961 and 80% in 2004.

growing on the embankment strengthen the dikes (Tripathi and
Sharma 2001).

26.4.4 Options for Mitigating Carbon Emissions
and Increasing Carbon Sequestration

Several actions taken by farmers reduce overall greenhouse gas
emissions. Those with the greatest potential for reducing emis-
sions include increasing crop yields and return of crop residues;
increasing the efficiency with which energy-requiring inputs
(such as fertilizers and irrigation) are used; reducing or eliminating
tillage operations; modifying crop rotations that include grass pas-
tures and legumes; and increasing renewable energy production
from biomass that either substitutes for consumption of fossil fuels
(such as ethanol) or replaces the inefficient burning of fuelwood
or crop residues and so avoids carbon emissions (Wassmann and
Vlek 2004; Lal 2002; Antle et al. 2001). When considering bio-
fuels as substitutes for fossil fuels, the greenhouse gas emissions
associated with production and transport must also be taken into
account to determine the net effect on greenhouse warming po-
tential of the system.

It is notable that higher yields and input use efficiency result
from farmer adoption of the best available crop and soil manage-
ment technologies, and they contribute to increased profits. Re-
ducing tillage improves yields and profits in rain-fed systems that
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are often limited by drought. The viability of modified rotations
and bio-energy production systems depends on a number of eco-
nomic factors that are often beyond the control of farmers and
typically do not favor adoption.

In addition to the actions just described, there are a wide range
of mechanisms and measures for increasing carbon sinks in agri-
culture. (See Box 26.5.) However, there is considerable scientific
uncertainty over the magnitudes and permanence of carbon sinks
and emissions in cultivated systems. In addition, the economic
potential for sequestration is considerably less than the technical
potential, since sequestration practices are often costly (Lewan-
drowski et al. 2004).

26.4.5 Strategies for Minimizing Soil Erosion

Accelerated erosion has numerous adverse ecological and eco-
nomic impacts to both ecosystems that are sources of erosion and
those that receive sediments and sediment-borne contaminant
(Lowdermilk 1953; Olson 1981; Oldeman 1998; Scherr 1999; Lal
2001). The on-site ecological impacts lead to disruption in cycles
of water, carbon, nitrogen, phosphorus, sulfur, and other ele-
ments; a reduction in effective rooting depth; and a decline in
soil quality. The on-site economic impacts are associated with
reduction in agronomic productivity, which may be caused by
reversible productivity effects due to loss of soil fertility, and re-
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BOX 26.5

Approaches to Increasing Carbon Storage and Reducing
Greenhouse Gas Emissions (Pretty et al. 2002)

Increase carbon sinks in soil organic matter and aboveground
biomass.
• Replace inversion ploughing with conservation- and zero-tillage sys-

tems.
• Adopt mixed rotations with cover crops and green manures to in-

crease biomass additions to soil.
• Adopt agroforestry in cropping systems to increase aboveground

standing biomass.
• Minimize summer fallows and periods with no ground cover to main-

tain soil organic matter stocks.
• Use soil conservation measures to avoid soil erosion and loss of soil

organic matter.
• Apply composts and manures to increase soil organic matter stocks,

including crop residue recycling.
• Improve pasture/rangelands through grazing, vegetation, and fire

management both to reduce degradation and increase soil organic
matter.

• Cultivate perennial grasses (60–80% of biomass belowground)
rather than annuals (20% belowground).

• Restore and protect agricultural wetlands.
• Convert marginal agricultural land to woodlands to increase standing

biomass of carbon.

Reduce direct and indirect energy use to avoid greenhouse gas
emissions (carbon dioxide, methane, and nitrous oxide).
• Conserve fuel and reduce machinery use to avoid fossil fuel con-

sumption.
• Use conservation or zero-tillage to reduce carbon emissions from

soils.
• Adopt grass-based grazing systems to reduce methane emissions

from ruminant livestock.
• Use composting to reduce manure methane emissions.
• Substitute biofuels for fossil fuels.
• Increase N fertilizer use efficiency (as manufacture of N fertilizer is

highly energy-intensive).
• Use integrated pest management to reduce pesticide use (avoid

indirect energy consumption).

Increase biomass-based renewable energy production to avoid
carbon emissions.
• Cultivate annual crops for biofuel production, such as ethanol from

maize and sugarcane.
• Cultivate annual and perennial crops, such as grasses and coppiced

trees, for combustion and electricity generation, with crops replanted
each cycle for continued energy production.

• Use biogas digesters to produce methane, substituting for fossil fuel
sources.

• Use improved cookstoves to increase efficiency of biomass fuels.

duction in soil organic matter and attendant water-holding capac-
ity, versus more permanent, sometimes irreversible adverse impact
on soil quality such as reduction in effective rooting depth with
an accompanying decline in available water and nutrient retention
capacities. While the reversible effects may be mitigated by use
of additional inputs (such as fertilizers, organic amendments, and
supplemental irrigation), the more permanent changes to soil
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quality that reduce productivity cannot be easily or economically
alleviated.

Estimates of the global impact of erosion on agricultural pro-
ductivity vary widely because of differences in methodology. Esti-
mates of potential yield losses in the absence of farmers’ decisions
are greater than estimates that account for farmers’ incentives to
mitigate the impacts of erosion. In the absence of farmer interven-
tions, erosion would cost the world $523 million per annum in
lost agricultural productivity (Den Biggelaar et al. 2004), or 0.3%
of agricultural production per year, averaged across crops, soils,
and regions. Other estimates are larger: Crosson (1995) calculated
the on-farm economic costs of soil erosion on a global level at
about 5% of agricultural production. Oldeman (1998) calculated
the global productivity loss during the post World War II period
at about 13% for cropland and 4% for pastures. Off-site damages
to navigation, reservoirs, fishing, and water treatment, industrial,
and municipal water facilities was estimated at $2–8 billion per
year in the United States (Ribaudo 1997).

Economic analysis by Hopkins et al. (2003) finds that actual
losses (when farmers respond to land degradation to maximize net
returns over the long term) average 0.1% per year in the north-
central United States. Global impacts of erosion are expected to
similarly be less as farmers anticipate and respond to land degrada-
tion.

A number of effective soil and crop/vegetation management
systems have been developed to minimize soil erosion. They in-
clude conservation tillage along with use of crop residue mulch
and incorporation of cover crops in the rotation cycle on crop-
land; controlled grazing with appropriate stocking rates and use of
improved pasture species on grazing lands; and adoption of meth-
ods of timber harvesting and logging operations that cause the
least amount of soil disturbance (shear blade, tree extractors) on
forestland (Lal 1998, 2001).

Planting choices have a significant impact. Frequent use of
cover crops in the rotation cycle, integrated nutrient manage-
ment, reduced pesticide use (through use of IPM, for instance),
and use of agroforestry are important to soil and water conserva-
tion. Cover crops can limit erosion and prevent the accumulation
of hazardous biogeochemical compounds, such as phenolic acids,
that inhibit plant growth (Ryszowski et al. 1998). These ecologi-
cal measures of minimizing risks of soil erosion may be supple-
mented by the installation of physical conservation structures,
such as terraces and grass waterways, that reduce and direct runoff
along with slope stabilization structures (Lal 1991).

Erosion control is enhanced by the adoption of management
regimes that reinforce natural ecological cycles and processes in
crop and rangeland systems. Soil erosion can be greatly reduced if
there are minimal disruptions to water and nutrient cycles and
when soil fertility and physical properties are not degraded. In
cultivated systems where soils are prone to erosion, development
of soil-specific farming systems and use of appropriate manage-
ment practices are essential components of erosion control, as is
the improvement of soil structure and enhancing biotic activity
of soil fauna and flora (earthworms, termites, and so on).

26.4.6 Agroforestry

Agroforestry involves the integration of trees into farming systems
in ways that create an agroecosystem succession, akin to that in
natural systems (Leakey 1996). Biodiversity increases with each
stage in the development of this succession (Leakey 1999). Agro-
forestry systems take many forms—short-term improved fallows
with leguminous shrubs, medicinal, or other products in low-
input tropical systems of the Amazon basin; enriched forest fal-
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lows in Southeast Asia; intensive cash crop agroforestry systems
with indigenous fruits and nuts in cocoa and coffee in West Af-
rica; and contour strips in high-input maize/soybean systems in
North America that mitigate erosion and runoff. The specific
benefits of agroforestry vary by system but have included more
profitable and nutritious food production, biodiversity conserva-
tion, improved soil resources, improved water quality, and carbon
sequestration. Agroforestry systems have shown the ability to
achieve multiple goals simultaneously, thus reducing the ecosys-
tem service trade-offs inherent in crop production (Leakey 2001;
Sanchez 1995, 2002).

Agroforestry systems have been shown to increase farmer in-
comes in sloped areas of Nepal (Neupane and Thapa 2001), in
nutrient-poor farmlands of Africa (Sanchez 2002), and in Thai-
land (Wannawong et al. 1991), Cameroon (Palm et al. 2004), and
Indonesia (Palm et al. 2004). Indigenous tree species are increas-
ingly being domesticated to produce improved agroforestry tree
products for local and regional food and medicinal markets. These
improved species have been shown to generate household in-
come, diversify production and the local economy, provide envi-
ronmental services such as the mitigation of soil erosion, enhance
carbon sequestration and biodiversity, and improve agroecosystem
processes, like nutrient and water cycling. These multiple attri-
butes of agroforestry are particularly valuable to subsistence-based
livelihoods and simultaneously enhance the sustainability of crop
production.

In the Philippines, the primary agroforestry practice is contour
hedgerows, in which food crops are planted between hedges of
woody perennials established along the contours of upland sloping
farm plots. Prunings from the hedgerow trees or shrubs are placed
at the up-slope base of the hedges to trap eroding soil so that,
over time, natural terraces are formed (Pattanayak and Mercer
2002). Such hedgerows can improve soil conservation by 15–20%
for a typical small farmer (Pattanayak and Mercer 2002). In addi-
tion to erosion control, biophysical effects of contour hedgerows
on soil include maintenance or increase of organic matter and
diversity, nitrogen fixation, enhancement of physical properties
such as soil structure, porosity, and moisture retention, and en-
hanced efficiency of nutrient use (Nair 1993).

Besides agroforestry systems that combine trees with annual
crops, there are those that combine trees with animals. Silvopast-
oral systems (defined as the integration of trees and pasture) are
the most common form of agroforestry in the southern United
States (Zinkhan and Mercer 1997). Silvopastoral systems are in-
creasingly important in the developing world, especially in areas
where perennial crops such as coconuts, oil palm, rubber, and
fruit trees are found. In Southeast Asia, the integration of oil palm
plantations with cattle and goats resulted in increased production
of 3.52 tons of fresh fruit bunches per hectare, equivalent to 0.7
tons of palm oil per hectare. In Central America, most livestock
farms include some silvopastoral systems that improve economic
returns through diversification and the timing of cash flows (Hen-
derson 1991).

Despite the potential benefits of agroforestry techniques,
adoption has been relatively limited. Impediments fall into five
categories: economic incentives, biophysical conditions, risk and
uncertainty, household preferences, and resource endowments
(Pattanayak et al. 2003). Additional research is required to domes-
ticate novel tree species (and other crops) that can further enhance
agroforestry systems. Identifying and domesticating such species
could, for example, increase the availability and quality of tradi-
tional fruits and nuts rich in vitamins and minerals, which would
improve the nutrition of smallholder farmers and their families
(Leakey in press).
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26.4.7 Constraints and Opportunities for Improved
Interventions and Outcomes

The interventions just described span notions of high and low
input or of tropical versus temperate agriculture. IPM, reduced
tillage, agroforestry, and soil conservation, for example, have all
been used in a range of agroecological and socioeconomic con-
texts globally. To these farm-scale interventions could be added
the emergence of landscape-scale approaches that recognize and
respond to the scale at which water and nutrient cycling and en-
ergy fluxes take place. Landscape approaches involve comple-
mentary and coordinated farm- and landscape-scale interventions
as a means of improving long-term productivity and environmen-
tal sustainability (Baudry et al. 2000; Ryszkowski et al. 1999;
Thenail 1996). Achieving the full potential of such approaches,
however, requires continued development and integration of
knowledge, strengthening of institutions, and improved feasibility
and profitability for farmers. (See Box 26.6.)

Most approaches that seek to reduce food versus environment
trade-offs require intensive use and integration of knowledge
from the biological, agronomic, and ecological sciences together
with farmer knowledge. Thus, the greater role and impact of such
interventions is conditional on bridging perspectives of often
productivity-focused scientific research with more ecosystem-
focused perspectives—encompassing, for example the role of
agroecological and eco-agriculture approaches (Conway 1999;
Altieri 2002; McNeely and Scherr 2002). There is both much
to learn and likely much to gain from, for example, improved
understanding of the role of soil microbiology in improving water
and nutrient efficiency in high-input systems (Matson et al. 1997;
Woomer and Swift 1994), as well as rich possibilities of using
biotechnology tools to enhance the productivity of low-input sys-
tems or orphan crops (Naylor et al. 2004).

Ultimately, decisions about the use of specific technologies
and practices will depend on the opportunities and constraints of
farmers, and there is evidence that here, too, more needs to be
done to foster the adoption of practices that minimize trade-offs.
Even where technologies have the potential to be profitable,
many adoption decisions are affected by local institutions, particu-
larly the effectiveness of local property rights systems and capacity
for organizing and sustaining collective action.

Figure 26.9 plots increasingly secure property rights on the
horizontal axis and increasing levels of collective action on the
vertical axis. Some of the most successful agricultural technologies
lie close to the origin in this figure. For example, the benefits
of high yielding cereal varieties—the cornerstone of the Green
Revolution—could be captured within a single agricultural season
by individual farmers and hence did not require secure property
rights or collective action. In tackling more complex objectives
that include both yield and conservation goals, however, local
institutional issues are more prominent.

Integrated pest management requires that farmers in an area
work together to control pesticide use and to synchronize plant-
ing dates. The returns are relatively quick, however, so secure
property rights are still not a major issue, and IPM appears in the
upper left corner of the Figure. In contrast, planting of trees on
farms (agroforestry) is a long-term investment that requires secure
property rights. But since trees can be planted by individual farm-
ers, agroforestry appears in the lower right-hand corner. Still other
approaches, however, such as watershed conservation, require
both secure property rights and effective collective action, and
therefore appear in the upper right-hand quadrant. If these insti-
tutional conditions are not met, then the technology is not likely
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BOX 26.6

Service Trade-offs in Cultivated Systems: A Case Study from the Argentine Pampas

The pampas agroecological zone is a vast, flat region of Argentina extend- crop rotation can promote biological nitrogen fixation such that the soil
ing more than 50 million hectares and used predominantly for crop and nitrogen supply fluctuates around a value determined by the length of the
cattle production (Satorre 2001). Agriculture in the pampas has a relatively leguminous pasture phase. Changes in land use that reduce or eliminate
short history (a little more than 100 years) comparable with that of the leguminous pasture decrease soil organic matter and nitrogen and phos-
American Great Plains (Hall et al. 1992). Both agroecological zones were phorus supply unless there are compensating applications of fertilizer or
mostly native rangelands until the end of the nineteenth and the beginning livestock manure (Viglizzo et al. 2001). Because current levels of N fertil-
of the century centuries, when lands were initially transformed for crop izer use efficiency achieved by farmers are relatively low, there is substan-
(cereals and oil seeds) and cattle production under rain-fed conditions. tial risk that nitrogen losses can damage environmental services in off-
Where European tillage methods with a conventional plow were used, farm ecosystems.
heavy erosion (dust bowls) occurred the first half of the last century, espe-
cially on the more fragile lands (Covas 1989).

Mixed-grain, crop-cattle production systems have now expanded to
occupy most of the pampas and involve rotations of maize, wheat, and
soybeans, with cattle pastures being integrated in various ways depending
on local soil and climate conditions. Cattle operations vary from cow-calf
to cattle finishing. The pampas suffers occasional droughts and floods that
temporarily affect both crop and cattle production (Viglizzo et al. 1997).

A major challenge in sustaining the economic viability of the pampas
low-input agroecosystems is to maintain soil quality that supports crop
production and environmental services. Soil organic matter content is a
key component of soil quality since it serves as a reservoir of nitrogen,
phosphorus, and sulfur and has a large impact on soil physical properties
that promote water infiltration, storage, and root function, all essential to
support crop growth (Viglizzo and Roberto 1998).

Intensification of agricultural systems in the pampas during the past 50
years has involved a steady increase in farm area devoted to annual crop
production and a consequent reduction in area allocated to perennial and
annual pastures. Similar trends have occurred in the U.S. Corn Belt. From
1960 to 2001, grain production in the pampean provinces increased from
11.1 million to 43.5 million tons. Changes in soil organic matter and nitro- -400
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gen dynamics associated with intensification provide an illustration of envi-
ronmental service trade-offs. For example, leguminous pastures in a pasture- Figure A

to be adopted and maintained, regardless of its profitability and
scientific soundness.

26.5 Cultivated Systems and Human Well-being
The ability of humans to convert natural systems to cultivated
systems and to derive more food from each hectare of land has,
for millennia, supported the growth of civilizations. Indeed, the
first civilizations developed in the Fertile Crescent of the Middle
East because local conditions were well suited to cultivation and
the domestication of animals for livestock (Smith 1998; Diamond
1999). Similarly, in many parts of Asia, efficient and sustainable
irrigated paddy fields have supported a number of prosperous cul-
tures with high population densities over thousands of years. A
stable food supply has always been the foundation on which
human civilizations are built. Moreover, adequate nutrition is
fundamental for human development and health.

For all the benefits they provide, cultivated systems can also
pose risks to human well-being, most notably via direct health
effects from, for example, the handling and use of pesticides and
zoonotic diseases associated with certain cultivation practices, as
well as through pollution of air and water. Cultural and amenity
services of natural ecosystems are diminished when they are con-
verted for cultivation, and that loss may or may not be compen-

PAGE 781

sated for by cultural and amenity services associated with
cultivated systems.

This section deals with the linkages between human well-
being and cultivated systems, noting that the largest single source
of human well-being derived from cultivation is through the pro-
duction and consumption of affordable food, fiber, and other
products. The human well-being impacts mediated through food
consumption are dealt with separately and in detail in Chapter 8.

26.5.1 Economic Component of Human Well-
being

Cultivated systems play a vital role in global economic well-
being, especially in poorer countries. In 2000, agriculture (in-
cluding forestry and fishing) represented 24% of total GDP in
countries with per capita incomes less the $765 (the low-income
developing countries, as defined by the World Bank) (World
Bank 2003). About 2.6 billion people depend on agriculture for
their livelihoods, either as actively engaged workers or as depend-
ants (FAOSTAT 2004). In 2000, just over half (52%) of the
world’s population were living in rural areas and, of these, about
2.5 billion people were estimated to be living in agriculturally
based households (World Bank 2003). The global agricultural
labor force includes approximately 1.3 billion people, about a
fourth (22%) of the world’s population and half (46%) of the total
labor force (Deen 2000).
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BOX 26.6

continued

Analysis of 85 pampas farm systems differing in their land use patterns the value of ecosystem services is lost when around 40% of the area is
and level of intensification (measured in terms of energy use) reveals used for crop cultivation.
trade-offs between the share of land used for crop production and the
provision of ecosystem services. Results show that carbon storage,
greenhouse gases emissions, and annual nitrogen and phosphorus bal-
ances decrease as the cropping area, use of energy derived from fossil
fuels, and the net primary productivity of systems increase. Risk of pesti-
cide contamination and soil erosion and the human disturbance of the
habitat also increase, although both risk of erosion and disturbance stabi-
lized or decreased somewhat at the highest levels of cropping intensity.

In contrast, GHG forcing potential decreases because removal of pas-
tures and livestock grazing is associated with a reduction in methane
emissions and fire used to improve vegetation quality in pastures and
grazing land. The nature of trade-offs observed in the pampas varies not
only by local agroecological conditions and production systems but also
over time. Figure A shows how the average level and mix of ecosystem
services have changed across the pampas over time. Compared with
1960, food output has increased significantly, while phosphorus balances
have worsened. Nitrogen balances were positive but declining as pasture
was converted to low-input cropland, but they have surged as urea appli-
cation to cropland has become increasingly necessary. GHG emissions
have fallen in line with pasture and livestock decreases, while carbon
stocks continue to be depleted, but at a declining rate. Given the broad
adoption of no-tillage cultivation practices in recent times, carbon stocks
might now be increasing (Viglizzo 2002a, 2002b).
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Both agricultural production and ecosystem services have economic
value that can contribute to human welfare. Hence, the costs associated Figure B
with the loss of ecosystem services caused by crop intensification should

This analysis considers only the implications of intensification withinbe weighed against the benefits obtained from farming. The ecosystem
the pampas and does not examine broader geographic effects. Globally,service valuation techniques developed by Costanza et al. (1997) were
the pampas has become a major source of grain for countries and regionsused to estimate both the market and nonmarket components of ecosys-
where local food supply is insufficient to meet demand. Thus while reduc-tem services in pampas agricultural systems. The gross margins of crop
ing cropping intensity and increasing the percentage of land devoted toand livestock production operations during the 1990s were assessed
pastures in the pampas might improve ecosystem services locally, theusing standard economic valuation approaches. A comparison of the dy-
loss of grain output would need to be offset by yield increases elsewherenamics of crop and livestock gross margins and ecosystem service values
in the pampas or by expansion of cultivated area and yields elsewhere inrelated to the intensity of cropping is shown in Figure B. While the gross
the world. In both cases, there would likely be negative effects on environ-margin of farming production increases proportionately to the intensifica-
mental services in these other locations that any comprehensive assess-tion of cropland, there is a relatively sharp decline in the value of ecosys-
ment of ecosystem service trade-offs would need to take into account.tem services at the earlier stages of intensification, such that about half

In Africa, agriculture provides two thirds of all employment
and half of all exports and accounts for 37% of GNP. Despite
rapid urbanization and economic diversification in South Asia,
agriculture continues to provide employment for over 60% of the
population and generates 27% of GNP (DFID 2002). In 2000,
globally, cultivated systems produced approximately $815 billion
worth of food crops and $50 billion worth of non-food crops. In
the same year, fisheries output was valued at $156 billion and
livestock products at $576 billion. (See Chapter 8.)

Measuring the economic benefits of employment is difficult
because globally comparable agricultural wage rates do not exist.
One very rough proxy of gross agricultural income is the total
value of agricultural production divided by the number of agricul-
tural workers. This provides a rough estimate of the gross eco-
nomic returns to labor. Globally, the average annual value of
agricultural production per agricultural laborer for 1995–97 was
approximately $1,027 per person (using 1989–91 average interna-
tional prices). The range of estimates is quite broad—from about
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$50,500 per person per year for the United States down to $411
for sub-Saharan Africa (Wood et al. 2000).

Livestock provides the main source of livelihood for 650 mil-
lion farmers worldwide. Despite low productivity, livestock hus-
bandry is one of the few means for the poor to generate income,
acquire assets, and escape from poverty. Sales of livestock, animal-
source food, hides, and fibers through both formal and informal
markets make major contributions to household income. Evi-
dence from in-depth field studies in Asia and Africa indicates that
livestock contribute as much as 76% of household incomes in
some regions, and generally a higher percentage to the incomes of
poorer households (Delgado et al. 1999; Kaufmann and Fitzhugh
2004).

There is a growing consensus that poverty, hunger reduction,
and increased economic growth cannot be achieved in most poor
countries without more fully exploiting the productive capacity
of the agricultural sector (Timmer 1989; Sarris 2001; Hazell and
Haddad 2001). Agricultural growth can reduce poverty through
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Figure 26.9. Links between Property Rights, Collective Action,
and Technology Adoption in Cultivated Systems (adapted from
Knox et al. 2002)

increased employment and wages and through income generated
by the sale of goods produced by the poor (Datt and Ravaillon
1998). It also results in increased demand for food, services, and
unskilled labor (Mellor 2000). The relationship between agricul-
tural wages, higher yields, and poverty in the case of India is
shown in Figure 26.10. Timmer (1997) has shown for 27 coun-
tries from the period 1960 to 1992 that agricultural growth re-
duced poverty more than growth in manufacturing did, while
López and Valdéz (2000) have shown that rural growth is more
effective than urban growth in reducing poverty in Peru. Growth
in Peruvian agriculture was also shown to have reduced urban
poverty through slower rural-to-urban migration and more af-
fordable food prices.

Beyond the direct economic impact on employment and in-
comes, there are several indirect economic benefits of cultivated
systems that can be even greater. These are mediated through
rural growth linkages, inter-sectoral linkages including the post-
harvest agribusiness sector, consumer income effects, and trade.
Rural growth linkages are an important mechanism by which ag-
ricultural growth spurs growth in non-farm incomes and employ-

Figure 26.10. Yield Growth and Poverty Reduction in India,
1959–94 (Datt and Ravillon 1998)
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ment (Hazell and Roell 1983; Mellor 1966). Growth in the use
of farm inputs, processing, marketing, and transport services serve
to increase rural non-farm incomes. The increasing household
expenditure that results enhances consumer spending and triggers
a further rise in non-farm incomes and employment. For exam-
ple, a $1 increase in agricultural income resulted in increases
in rural income of an additional $1.88 in Burkina Faso, $1.48 in
Zambia, $0.96 in Niger, and $1.24–$1.48 in two locations in
Senegal (Delgado et al. 1998).

In an analysis of Asia and the Near East, Timmer (1989) con-
cluded that linked growth between industrial and service sectors
and the rural economy could lead to increases in rural wages and
more equitable income distribution. Mellor (2000) contends that
the substantial lags between accelerated agricultural growth and
reduction in poverty are strong evidence that agricultural growth
reduces poverty more through indirect processes than direct ones.
Furthermore, these linkages enhance overall economic growth.
Rural growth linkages are particularly important because they
benefit small labor-intensive enterprises and thus contribute to the
alleviation of rural poverty.

It is increasingly recognized that estimates of agriculture’s
contribution to economic growth and human well-being at na-
tional levels are underestimated by economic indexes that focus
only on farm-level added value. Upstream and downstream link-
ages with agro-industries, services, and trade are not properly
accounted for. In Argentina, for example, primary agriculture
is estimated to represent about 5% of total GDP, but this increases
to 32% when the linkages with the food and agro-industry sectors
are considered (IDB 2004). Similarly, agriculture in Brazil and
the United States is estimated to contribute about 4% and 1%,
respectively, to national GDP, while full accounting of food chain
linkages gives estimates of 26% and 8% (IICA 2004).

The economic well-being generated from cultivated systems
is not limited to those employed in the food supply sector. Food
consumers have benefited enormously from the long-term de-
cline in food prices. Cereal prices have fallen by about 40% in real
terms during the past 40 years, resulting in increased disposable
incomes for consumers. (See Chapter 8.) This allows increased
expenditures on education, health, and better nutrition (Hazell
and Roell 1983).

Economic well-being can be further improved through inter-
national agricultural and food markets. Trade in food not only
broadens choices but also provides access to foods year-round that
often can be grown locally only on a seasonal basis. It provides
local farmers with new market opportunities, resulting in higher
living standards for those able to participate. Food trade also helps
provide more stable and secure access to food at competitive
prices, but it cannot play such an effective role where prices are
distorted or significant market barriers exist. A major limit to agri-
culture’s role in the global economy is that agricultural trade bar-
riers are on average 10 times higher than industrial trade barriers
(Abbott 2005; Charlton and Stiglitz 2005).

Agriculture’s effects on economic well-being are not all posi-
tive, and other sections of this chapter have described the negative
impacts, including loss of biodiversity; soil, water, and airborne
pollution; and health risks. Although it is difficult to quantify the
costs of these externalities from agriculture, there can be signifi-
cant financial and economic consequences that are explicitly and
implicitly borne by society. Pretty et al. (2000) have estimated
the external environmental and health costs of agriculture in the
United Kingdom at £2.3 billion in 1996 using ecosystem service
values derived from Costanza et al. (1997). These costs represent
13% of average gross farm returns and 89% of average net farm
income in the country.
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Improving formal measures of productivity by accounting
properly for the full social costs and benefits of all inputs and
outputs from cultivated systems, including environmental services
and health as well as the economic multipliers from agricultural
productivity, is critical for making more informed decisions about
policies and investment in the agricultural sector, especially in de-
veloping countries, where sustainable agricultural development is
the foundation for broader economic development.

26.5.2 Linkages between Cultivated Systems and
Nutrition and Health

Cultivated systems contribute to human health and nutrition pri-
marily by providing food either through subsistence agriculture
or through commercial agriculture and food markets. The magni-
tude of the human well-being benefits derived from an adequate
and nutritious food supply are so large that they are often taken
for granted, especially in wealthy countries in which food costs
represent a small proportion of disposable income. Likewise, it is
very difficult to protect against environmental degradation and
loss of ecological services in regions where people experience
chronic food shortages. Unless chronic hunger and food insecu-
rity are reduced, the poor will continue to exploit natural re-
sources in the short run, thereby undermining the sustainability
of natural ecosystems and consequent food security in the long
run (Webb 2002).

The important linkages between food consumption, health,
and nutrition are assessed in detail in Chapter 8. This section fo-
cuses on linkages between human health and factors other than
food supply per se, such as the impact of production systems,
production practices, and associated environmental externalities.
The linkages are grouped into the health of farm workers and
farm families and that of the broader population potentially af-
fected by cultivation practices.

Agriculture is a hazardous occupation. Globally it is estimated
that farm workers run at least twice the risk of dying on the job
than workers in other sectors and that around 170,000 people die
per year because of these work hazards (Forastieri 1999). In the
United States, for example, the death rate among agricultural
workers was an estimated 20.9 per 100,000 workers in 1996—
more than five times the average for all industries (Reeves and
Schafer 2003). Not only are mortality rates higher, but so are rates
of accident and illness. In the United States, farmers and farm
workers account for only 3% of the workforce but for nearly 8%
of all work-related accidents; in Italy, some 10% of workers in
agricultural production account for some 29% of workplace acci-
dents, often related to the use of tractors, harvesting machinery,
and power tools (Forastieri 1999). In developing countries, where
farmers use smaller and less powerful equipment, there are likely
to be fewer serious work-related accidents, although few data on
these are available.

Apart from accidents, two other linkages between production
and health are respiratory problems caused by working in barns
and confined livestock systems and a variety of health problems
linked to pesticide handling and use. A compilation of studies
from Australia, Finland, Denmark, Sweden, Scotland, the United
States, and Canada indicated very high levels of occupational re-
spiratory problems in farm workers. In intensive dairy systems,
about 20% of farm workers were reported to suffer bronchitis
problems directly related to in-barn air quality, 5% from asthma
problems, and just under 5% each with symptoms of organic dust
toxic syndrome and ‘‘farmer’s lung’’ disease. Health effects are
comparable or larger for pig and poultry operations and arise
largely through the presence of dust from the use and handling of
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hay, straw, and dry animal feeds (Omland 2002). Kansas farmers
were found to be at an increased risk of death from prostate can-
cer, brain cancer, non-Hodgkin’s lymphoma, and leukemia in a
1983–89 study; they were also at elevated risk of death from
motor vehicle accidents, accidents resulting from falling objects,
and machinery accidents (Frey 1991).

In addition to high risk of physical injury, the estimated 2
million farm workers in the United States face a greater risk of
pesticide exposure than any other segment of the population
(Reeves and Schafer 2003). On a global scale, it is estimated that
20,000 people die of adverse effects of pesticide exposure each
year, 3 million are poisoned, and there are nearly 750,000 new
cases of chronic pesticide exposure, such as cancer, each year
(WHO and UNEP 1990). There are limited reliable data on the
extent of pesticide-related illness anywhere due to poor identifi-
cation of such illnesses, which leads to underestimations. The
magnitude of health damage caused by agrochemical exposure
will vary according to the type of agrochemical used, the mode
of application/exposure, the individual susceptibility, and the cli-
matic conditions—and each of these factors is related to the type
of crop grown and specific pesticide use practices.

Pingali and Roger (1995) documented that pesticide use had
an adverse impact on human health and subsequently on farmer
productivity for rice farmers in the Philippines in 1991. Eye, pul-
monary, and neurological problems are significantly associated
with long-term pesticide exposure. In Northern Ecuador, heavy
use of pesticides by potato farmers was the principal cause of death
after traffic accidents for both men and women (Yanggen et al.
2004). In China, in 2001, decreased use of pesticide as a result of
growing Bacillus thuringiensis cotton resulted in a lower incidence
of poisonings (Hossain et al. 2004).

Farm workers and farm families are particularly susceptible to
zoonoses—animal diseases that can be transmitted to humans
through contact with infected animals. There are approximately
150 kinds of zoonoses, and many are transmitted by livestock. For
example, avian influenza, or ‘‘bird flu,’’ is a disease that humans
may contract through direct contact with live poultry infected
with the flu virus or direct contact with the feces, nasal, or eye
discharges from infected birds (WHO 2004). In contrast, the risk
of infection from consumption of poultry product is extremely
low. Because there is no viable treatment, recent outbreaks caused
by the H5N1 strain are considered to be one of the greatest po-
tential threats to human health if human-to-human transmission
of the disease becomes widespread (WHO 2004). The first docu-
mented infection of humans with an avian influenza virus oc-
curred in Hong Kong in 1997, when the H5N1 strain caused
severe respiratory disease in 18 humans, 6 of whom died. Cases
have also recently been reported in Viet Nam, Thailand, and
Cambodia (WHO 2004).

The incidence of zoonoses is high in developing countries
because social and economic factors contribute to their spread
(Langoni 2004). Poor sanitation can exacerbate these diseases in
children by allowing the zoonotic agent to be disseminated
through rainwater, streams, and brooks where children often play.
Bovine brucellosis can be transmitted to humans and is a major
zoonosis associated with livestock. Human brucellosis is charac-
terized by fever and back/joint pain (Unger 2003). Further com-
plications due to human brucellosis may include hepatitis
(Masouridou et al. 2003). According to WHO data, the number
of cases of human brucellosis worldwide was estimated to be
about 500,000 (WHO 2005). The advent of HIV/AIDS has in-
creased the prevalence of many zoonoses in humans because HIV
can increase susceptibility to zoonotic agents by depressing the
human immune system (Langoni 2004).
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Contamination of surface and groundwater by pesticides and
fertilizers is also reported to affect public health (Ongley 1996).
Excessive waterborne nitrogen has been linked to respiratory ail-
ments, cardiac disease, and several cancers (Townsend et al. 2003).
Nitrate levels have grown in some countries to the point where
more than 10% of the population is exposed to nitrate levels in
drinking water that are above the 10 milligrams per liter guideline
(WHO 1993). Although WHO finds no significant links between
nitrates and nitrites and human cancers, the drinking water guide-
line is established to prevent methemoglobinemia in infants (blue
baby syndrome) (WHO 1993). Water polluted by waste and run-
off from grazing areas and stockyards can also cause disease. The
most common diseases associated with contaminated waters are
cholera, typhoid, ascariasis, amebiasis, giardiasis, and enteroinva-
sive Escherichia coli. Four million children die every year as a result
of diarrhea caused by waterborne infection, although the share
attributable to agriculture is unknown (Ongley 1996).

Irrigation systems provide sources of water that can improve
sanitation, and thus human health, but they can also serve as a
breeding ground for disease vectors. Increases in malaria have
been linked to reservoir construction (De Plaen 1997; Reiff
1987). Schistosomiasis (bilharziasis), a parasitic disease that spends
part of its lifecycle in a snail species and that affects more than 200
million people in 70 tropical and sub-tropical countries, has also
been demonstrated to increase significantly following reservoir
construction for irrigation and hydroelectric power production
(DFID 1997). The two groups at greatest risk of schistosomiasis
infection are farm workers involved in the production of rice,
sugarcane, and vegetables and children who bathe in infested
water.

Water contamination is not restricted to the developing
world. The total cost of drinking water contamination from agri-
culture has been estimated at £120 million in the United King-
dom due to pesticides and £16 million due to nitrate from
fertilizers (Pretty et al. 2000).

Recently, HIV/AIDS has added another dimension to the re-
lationship between agriculture and human health. Gillespie and
Haddad (2002) suggest that improved nutrition for agricultural
workers with HIV/AIDS is important for improving their quality
of life. However, ill health as a result of HIV/AIDS also affects
agricultural production through reduced stamina and strength of
sick farm workers and the diversion of household resources and
time to care for the sick and for funerals. Subsequent decreased
labor productivity can in turn affect human well-being since
households may resort to growing less nutritious or less lucrative
crops because they are less labor-intensive.

26.5.3 Equity and Distributional Aspects of
Cultivation

At the scale of the farm and community, linkages with equity and
distribution are conditioned by the existing distribution of assets
and the limited access of poor people and vulnerable groups to
cultivation-related resources and opportunities such as land,
credit, extension, and markets. At the scale of the country and
region, there are often biases in political and economic power
against rural areas and against specific marginalized groups. At the
international scale, there are imbalances among richer and poorer
countries with regard to their ability to promote competitive agri-
culture through publicly-funded domestic farm support, influence
on trading patterns, and the strength of public and private systems
delivering improved production technologies and practices.

In theory, agricultural growth should eventually lead to more
equitable distribution of both income and resources (Kuznets
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1955). However, empirical evidence of agriculture’s effects on
promoting equity is ambiguous (von Braun 2003) or marginal at
best (Deininger et al. 2004; Tsur and Dinar 1995; Bautista et al.
1998). For example, a number of studies have shown that admin-
istrative land reform was not effective in transferring land to the
poor in Colombia and Ethiopia (Castagnini et al. 2004; Adenew
et al. 2003). In Viet Nam, despite the rapid growth of agricultural
wages in the 1990s, wage inequality fell modestly (Gallup 2002).
In China, however, long-term government investments across
multiple sectors, including agricultural research and development,
irrigation, rural education, and infrastructure (including roads,
electricity, and telecommunications) contributed not only to ag-
ricultural growth but also to the reduction of rural poverty and
regional inequality (Fan et al. 2002).

The marginalization of vulnerable groups such as women and
children is also a constraint to more equitable sharing of benefits
from farming. Women are especially vulnerable to existing ineq-
uities in terms of wages, access to and control of production tech-
nologies, gender segregation in labor markets, and access to
property and entitlement in their own right (Quisumbing and
Meinzen-Dick 2001).The central role of improving gender equity
in African agriculture, where women are productive farmers and
key food producers, is now widely recognized (Kabutha 1999).
And in Cambodia, 90% of children worked in agriculture or agri-
culturally related activities during 1996 (ILO 1997). Lack of edu-
cation propagates vulnerability and promotes widening inequality.
While widespread use of child labor in agriculture is an economic
necessity in many countries as families are too poor to pay for
schooling, adult males often migrate to urban areas seeking em-
ployment. In addition, sickness and care-giving—especially re-
lated to HIV/AIDS—reduces the pool of family labor in sub-
Saharan Africa.

Persistent barriers to agricultural trade across international
boundaries, such as export subsidies and import restrictions, limit
more equitable agricultural income distribution among countries
by, for instance, limiting developing-country access to EU and
U.S. markets, as described earlier. But the impact of trade liberal-
ization on the distribution of income within developing countries
varies according to country-specific policy conditions and socio-
economic structure. In Latin America, for example, analysis sug-
gests that trade liberalization has had positive effects on income
equality in nine countries and negative effects in five countries
(von Braun 2003).

There are growing concerns about inequalities with regard to
the capacity to generate and gain access to new scientific informa-
tion and technology (von Braun 2003). An increasing share of
agricultural R&D globally is being funded by the private sector at
the same time that the science needed to make key advances be-
comes more complex, costly, and, particularly for biotechnology,
increasingly proprietary in nature. The fear is that large bioscience
companies have few incentives to focus on the crops, constraints,
and technologies most appropriate for poor farmers in tropical
areas but have proprietary rights over processes and components
of technologies that need to be used (Pardey and Beintema 2001).

These trends, compounded by the long-term underinvest-
ment in agricultural R&D by most developing countries despite
the economic importance of agriculture, are widening already sig-
nificant gaps in scientific capacity compared with industrial coun-
tries. Increasingly it is only the larger developing countries, such
as Brazil, China, India and South Africa, who can muster the
investments in R&D and human capacity needed to keep their
farmers competitive.

As trade liberalization proceeds, increased reliance is placed
on knowledge, science and technology, and technology transfer
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to keep farmers in business. In addition, emerging trends in
global food retail and agro-processing markets, increasing demand
for food safety, and shifts in diets and preferences toward pro-
cessed foods are raising concerns about the long-term future of
smallholder farmers in developing countries (Lipton 2005). In
part, these concerns arise from the disproportionately negative
impact of structural adjustment programs on smallholders during
the 1980s and 1990s brought about by the wholesale withdrawal
of public-sector services (disappearing market, input services, and
credit).

With regard to the specific case of genetically modified crops,
recent studies have documented substantial economic benefits
from the most widely adopted transgenic crops—Bt cotton and
herbicide-resistant soybean. Non-GMO cotton varieties are
highly susceptible to yield loss from bollworm and boll weevil
insect pests that require as many as five or six applications of
highly toxic pesticides to avoid severe yield loss. In contrast, the
Bt cotton varieties have been transformed to contain a bacterial
gene that produces a protein that is toxic to these insect pests
when they feed on the plant’s tissues.

Reduced cost of insecticide applications and higher yields
contribute to substantial increases in profit for the farmer and
lower prices for cotton, which benefit the consumer. As a result,
the economic benefits from use of insect-resistant Bt cotton varie-
ties were found to be evenly distributed among farmers, private-
sector seed companies, and consumers in both industrial and de-
veloping countries (Huang et al. 2002; Falck-Zepeda et al. 2000).
Similar studies of the distribution of economic benefits from
herbicide-resistant GMO soybean have also documented bal-
anced distribution among farmers, seed companies, and consum-
ers (Qaim and Traxler 2005).

There are also linkages between the impact of cultivation on
ecosystems services and equity. The poor and the vulnerable are
likely to suffer most from environmental externalities of produc-
tion, such as downstream water depletion and pollution and loss
of habitat and biodiversity—particularly since the landless rely
more on wild sources of food (Grimble et al. 2002).

26.5.4 Cultural Aspects of Cultivation

Cultivated systems and human culture are inextricably linked.
Religious and ethical values, cultural backgrounds, and philo-
sophical convictions are important factors linked to the sustain-
ability of cultivated systems, rural development, and food security.
Cultural practices and traditions are often integrated into cultiva-
tion norms and practices, into land inheritance, ownership, and
access, and into access to other productive resources. Cultural fac-
tors and preferences can have a large influence on the demand
and value of various food products in the marketplace. Likewise,
traditional food taboos and food distribution along age and gender
lines can have a substantial impact on nutrition by affecting the
types of food that are available or culturally acceptable. (Chapter
8 contains more discussion on food and culture.)

Farmers’ close ties to the land and their intimate relationship
with it is an intangible aspect of farming that can outweigh max-
imizing short-term economic gain. In northern New Mexico, for
example, small livestock operations are a critical aspect of families’
and communities’ way of life, maintaining cultural heritage and
traditional values as well as passing those values on to future gen-
erations. Keeping land in the family and upholding traditional
values are regarded more highly than material possessions or mon-
etary gain (Raish and McSweeny 2003). Despite the commercial-
ization of agriculture, agricultural societies still exist that value the
cultural aspects of farming and, as a result, have created home-
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steads, communities, collective action mechanisms, and alterna-
tive technologies that allow continuation of traditional peasant
agriculture (Schwarz and Schwarz 1999). It is not just farm house-
holds who value the existence of agriculture—in richer countries,
the policy of publicly funded payments to farmers for ‘‘environ-
mental stewardship’’ is broadly supported, reflecting findings of
formal studies of the public’s willingness to pay for maintained
agricultural landscapes (Drake 1992; Olsson and Ronningen
1999).

Changing cultural attitudes toward agriculture can be traced
back to the Industrial Revolution, when technological innova-
tions that control the environment began replacing the spiritual
relationship of farmers to the land. Ultimately, the evolution of
agriculture in industrial countries has profoundly changed culture,
eliminating the need for millions of farmers and farm workers and
displacing entire communities (Bailey 1999).

The farming of animals involves a culture of its own, and an-
cient myths surrounding animals have deeply influenced animal
production (Fraser 2001). Nurturing animals is an integral part of
the ecology and economy of many farming systems; it was and is
regarded as a moral responsibility in many religious and cultural
traditions, with different species serving important and comple-
mentary functions. Animals are also important for moral educa-
tion, because children often learn responsibility by caring for
animals. These values are now embodied in broader social con-
cerns for animal welfare, particularly with regard to industrial
livestock systems.

Just one example of the strong sense of rural community spirit
can be seen in gotong royong, Indonesia’s traditional spirit of mutual
help. The underlying philosophy is that people cannot live a soli-
tary existence; they need each other, particularly family members
and relatives. The practice of gotong royong originates from the
traditional peasant subculture, which is characterized by subsis-
tence farming, family-oriented grouping, and strong social inter-
dependence. Even in commercial smallholder areas of Indonesia,
gotong royong is still practiced widely in farming operations—
including during land preparation, pest management, water man-
agement, weeding, and harvesting.

An example of the strong spiritual connection to cultivation is
the growing of rice in Asia. For the Balinese, rice is much more
than just a staple food; it is an integral part of the Balinese culture.
The rituals associated with the cycle of planting, maintaining, irri-
gating, and harvesting continue to enrich the cultural life of Bali
after thousands of years and despite the strong external cultural
influences associated with tourism. Before planting, throughout
the growing season, and at harvest, ceremonies are held and offer-
ings are presented to Dewi Sri, the goddess of rice. In the middle
of most rice fields, even far from villages, shrines are well main-
tained with flowers, fruit, and other offerings for Dewi Sri.

Gender-related cultural norms and practices also play an im-
portant role in the functioning of cultivated systems. For example,
in the rural Philippines land is preferentially given to sons because
rice farming requires intensive male labor (Estudillo et al. 2001).
In many patrilineal African communities, the cultural custom of
lévirat dictates that if a woman becomes a widow, she has to re-
marry one of her husband’s brothers, which allows the woman
continued access to land and food security; otherwise she would
have to leave the family on the death of her husband (Estudillo et
al. 2001).

Cultivated systems have a long history. Since as early as 10,000
years ago, crops have been carefully and deliberately managed by
people, who in turn have reaped the benefits of increased food
production. It has been argued that domesticated seed varieties
and agricultural technologies were some of the most important
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factors in shaping the evolutionary course of civilizations (Dia-
mond 1999). Domesticated, nutritious crops are capable of sup-
porting larger populations, which in turn promotes innovation
and technological advances. The social, cultural, economic, and
political patterns and institutions that underlie both traditional
rural societies and modern nation-states are in many ways prod-
ucts of humans’ evolving ability to manage plants and animals for
the production of food and other services (Diamond 1999).

Notes
1. If inland waters, Greenland, and Antarctica are excluded from this analysis,

the coverage rises to approximately 27%. According to the MA definition, an
area is considered cultivated if at least 30% of the underlying 1x1-kilometer land
cover grid cell has been classified as cropland. This definition seeks to identify
landscapes where a significant degree of ecosystem transformation has already
taken place. The MA definitions of ecosystems allow for overlapping geographi-
cal extents of terrestrial systems.

2. The AVHRR-derived Global Land Cover Characterization Database
V1.2 was produced by the EROS Data Center of the U.S. Geological Survey
(Loveland et al. 2000) with revisions for Latin America (USGS EDC 1999). This
dataset identifies approximately 200 seasonal land cover regions per continent
(for example, 167 for South America and 205 for North America) based on the
interpretation of a series of satellite images captured every 10 days from April
1992 to March 1993.

3. This conversion efficiency is embedded in the IFPRI IMPACT model,
which was used to provide the food supply projections for the MA scenarios.
(See MA Scenarios, Chapter 6). The conversion efficiency used in the IMPACT
model was estimated by evaluating the impact of research investment on genetic
improvement of major crops over the past 30 years. The recent evidence cited,
however, suggests that conversion efficiencies have decreased markedly as aver-
age crop yields have increased.
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ety attributes, and farmers’ choices in southeastern Guanajuato, Mexico. Eco-
nomic Development and Cultural Change, 50201–50225.

Smil, V., 2000: Phosphorus in the environment: natural flows and human inter-
ferences. Annual Review of Energy and the Environment, 25, 23–88.

Smil, V., 1999: Nitrogen in crop production: an account of global flows. Global
Biogeochemical Cycles, 13(2), 647–662.

Smith, B.D., 1998: The Emergence of Agriculture. New York, Scientific American
Library, 231 pp.

Smith, S.V., W.H. Renwick, R.W. Buddemeier, and C.J. Crossland, 2001:
Budgets of soil erosion and deposition for sediments and sedimentary organic
carbon across the conterminous United States. Global Biogeochemical Cycles,
15(3), 697–707.

Snyder, S.C., 2001: Hypoxia, fertilizer, and the Gulf of Mexico. Science, 292,
1485–1486.

Soil Association, 2004: Soil Association Certification Limited. [online]. Cited
January 2005. Available at UK. http://www.soilassociation.org/sacert. Ac-
cessed January 2005.

Solow, A.R., R.F. Adams, K.J. Bryant, D.M. Legler, J. J. O’Brien, B.A. Mc-
Carl, W. Nayda, and R. Weiher, 1998: The value of improved ENSO predic-
tion to U.S. agriculture. Climatic Change, 39, 47–60.

Sorby, K., G. Fleischer, and E. Pehu, 2003: Integrated Pest Management in Devel-
opment: Review of Trends and Implementation Strategies. Agriculture and Rural
Development Working Paper 5. World Bank, Washington, DC.

Sorensen, A.A., 1993: Regional Producer Workshops: Constraints to the Adoption of
Integrated Pest Management. National Foundation for IPM Management Edu-
cation, Austin, TX.
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Main Messages

Urbanization and urban growth continue to be major demographic trends.
The world’s urban population increased from about 200 million (�15% of world
population) in 1900 to 2.9 billion (�50% of world population) in 2000, and the
number of cities with populations in excess of 1 million increased from 17 in
1900 to 388 in 2000. As people are increasingly living in cities, and as cities
act as both human ecosystem habitats and drivers of ecosystem change, it will
become increasingly important to foster urban systems that contribute to
human well-being and reduce ecosystem service burdens at all scales.

Urbanization is not in itself inherently bad for ecosystems. Many ecosys-
tems in and around urban areas are more biodiverse than rural monocultures
are, and they can also provide food, water services, comfort, amenities, cul-
tural values, and so on, particularly if they are well managed. Moreover, urban
areas currently only account for about 2.8% of the total land area of Earth,
despite containing about half the world’s population.

Urban demographic and economic growth has been increasing pressures
on ecosystems globally, but affluent rural and suburban living often places
even more pressure on ecosystems. Dense urban settlement is considered to
be less environmentally burdensome than urban and suburban sprawl are. At
the same time, urban centers facilitate human access to and management of
ecosystem services through, for example, the scale and proximity economies
of piped water systems.

Urban development trends do pose serious problems with respect to
ecosystem services and human well-being. Ecosystem processes that pro-
vide services to urban residents tend to be neglected as a result of the contin-
ued lack of understanding and appreciation of the complex processes involved,
many of which take place at some distance from the urban consumers; the
difficulties that private enterprises encounter in owning, trading, and negotiating
over ecosystem services (and burdens), which rarely conform to property
boundaries; the difficulties that public agencies encounter in managing and
regulating ecosystem services, which also tend to cross administrative and
sectoral boundaries; and the fact that the people most adversely affected by
the loss of ecosystem services tend to be the least influential economically
and politically (such as the urban poor, future generations, and residents living
far from where the decisions are being made).

The problems documented in this chapter include severe environmental health
problems within urban settlements resulting from inadequate access to ecosys-
tem services (such as clean water), the degradation of ecosystems adjoining
urban areas resulting from urban expansion and demands, and pressures on
distant ecosystems resulting from urban production, consumption, and trade.
In affluent countries, the historical trend has been for the negative impacts of
urban settlements on ecosystem services and human well-being to become
more delayed and dispersed. Urban developments in other parts of the world
have been taking place in a different technological and economic context, with
different environmental consequences, but this trend is still globally significant.

Interrelated problems involving local water, sanitation, waste, and pests
still contribute a large share of the urban burden of disease, especially
in low-income countries. This typically reflects a combination of degraded or
increasingly scarce ecological services generated within the urban area, mini-
mal infrastructure (such as water pipes) tapping more-distant ecosystem ser-
vices, and differential access to the ecological and derived services available
within the urban area.

Problems relating to the degradation of ecosystems adjoining urban settle-
ments are undermining their capacity to supply ecosystems services, espe-
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cially in and around large, industrializing, and motorizing cities (often of middle
income). This typically reflects a combination of the geographic displacement
of intraurban environmental scarcities and ‘‘wastes’’ and increasing levels of
activities using or degrading ecosystems.

The consumption and production activities that are driving long-term, global
ecosystem change are concentrated in urban centers, and especially those
located in upper- and middle-income countries. This typically reflects a combi-
nation of environmental displacement and increasing rates of direct and indi-
rect consumption of energy, materials, and ecosystem services.

Although there are many examples of successful responses to urban environ-
mental challenges, concerted responses (such as sanitary reform in many
cities in the nineteenth century) have been motivated by serious crises rather
than by precautionary planning and have often succeeded by displacing rather
than eliminating the environmental burdens. As an increasing number of urban
environmental burdens, particularly from affluent urban centers, are likely to
fall on future generations and are already of global scale (such as urban emis-
sions of greenhouse gases), past successes based on displacing the burdens
spatially are of declining relevance.

When urban systems are managed more equitably and the loss of eco-
system services is purposefully addressed, the benefits to human well-
being can be substantial. It is well established that motivated governmental
and nongovernmental agencies can implement radical changes in local envi-
ronmental management that reduce local burdens and benefit vulnerable
groups. The experience of urban sanitary reform provides strong evidence for
this. At the same time, the historical record also illustrates a tendency to dis-
place the burdens spatially and temporally.

The regulation of urban air and water pollution, in part motivated by popular
pressures, has also resulted in better air and water quality in and around cities
in some parts of the world, although again there is a tendency to displace the
burdens spatially and temporally.

There is comparatively little evidence of significant steps to reduce the global
ecosystem burdens of cities, although there are many examples of measures
that, if replicated on a large scale, would result in appreciable reductions in
those burdens.

27.1 Introduction
Urban systems are centered in urban areas; in terms of ecosystem
services, urban areas are primarily sites of consumption. This con-
trasts with the other systems assessed in this report (such as culti-
vated systems, drylands, and coastal systems), which primarily
generate and supply ecosystem services. Urban systems exist at
several scales and can be identified with individual urban settle-
ments or networks of such settlements.

Urban settlements are agglomerations of people and their ac-
tivities; although urban areas may contain a wide variety of spe-
cies, it is the humans that make them urban. About half the
people in the world live in areas defined as urban (see Box 27.1
for definitions), up from less than 15% at the start of the twentieth
century. Combined with population growth, this has meant an
almost fifteenfold increase in the world’s urban population, from
200 million in 1900 to 2.9 billion a hundred years later. Over the
same period, the rural population more than doubled, increasing
from 1.4 billion to 3.2 billion (United Nations 2002).

The share of Earth’s land area that is urban is also growing,
but it remains only about 2.8% (this figure is based on the urban-
rural mapping described later). Urbanization has, however, in-

................. 11432$ CH27 10-11-05 15:09:35 PS



798 Ecosystems and Human Well-being: Current State and Trends

BOX 27.1

Defining Urban Areas and Populations

In line with other MA systems (such as cultivated, dryland, and mountain terms of a metropolitan area; and still others in terms of a (usually larger)
systems), urban systems are associated with particular spatial locations, urban agglomeration. These differences have persisted for many years.
in this case urban areas. Urban areas are in turn associated with urban In the 2001 revision of the U.N. report, about half the countries in the
settlements and populations. This Box focuses on how urban areas and world used estimates based on ‘‘city proper,’’ with most of the remaining
populations are distinguished from rural areas and populations. There are claiming to be applying the concept of urban agglomeration.
no hard and fast rules on this; although conceptual clarity is important, it Although country-specific definitions will remain central to defining and
must also be recognized that the dividing line between urban and rural is assessing urban centers for many years to come, the basis for a more
inevitably somewhat arbitrary. For example, many people move regularly uniform definition is emerging from work using remote sensing and geo-
between locations classified as urban and rural. graphical information systems. This chapter relies on two different delinea-

It is generally agreed that urban agglomerations (cities and other urban tions of urban to examine urban conditions and trends: one based on the
centers) tend to have larger populations than rural agglomerations (villages) country-specific definitions used by the United Nations, and the other
do, are more likely to be the site of large facilities (such as hospitals) and based on a preliminary urban-rural split developed as part of a broader
higher-level administrative functions (national or local government offices, mapping and indicator exercise being undertaken by the Center for Inter-
for example), and create comparatively densely settled areas, with a national Earth Science Information Network (Balk et al. 2004).
higher share of built-up area. Furthermore, urban residents are less likely The country-specific definitions provide the basis for the statistics on
to work in agriculture and more likely to work in industry or services. It is historic urban populations and short-term projections, as well as a number
also agreed that there are more and less urban lifestyles and cultures. of the descriptive statistics on urban population, such as the share with
There is no international agreement, however, on the defining characteris- access to improved water sources. The geospatial estimates are used for
tics of urban, nor are there any scientifically accepted criteria by which to the map in Figure 27.1 and for the Tables situating urban populations
identify urban areas and populations. Moreover, many urban researchers in relation to coastal zones, dryland, mountains, and other MA system
believe that the distinction between rural and urban is becoming less categories. Although the geospatial estimates remain provisional and are
relevant (Cohen 2003) and that the boundary definitions are inevitably unlikely to be adopted by national governments in the foreseeable future,
somewhat arbitrary. they have a number of potential advantages, including better international

Cut-off points for identifying urban areas or populations vary within comparability and local verifiability, as well as the ability to portray, for
the different criteria. Minimum population density criteria commonly range example, how sets of urban centers themselves are concentrated spa-
between 400 and 1,000 persons per square kilometer; minimum size crite- tially.
ria typically range between 1,000 and 5,000 residents; and maximum ag- Many economic and social characteristics once considered quintes-
ricultural employment is usually in the vicinity of 50–75%. In each case, sentially urban are increasingly found among residents of what must de-
however, cut-off points outside these ranges can easily be found. mographically be classified as rural areas. Alternatively, many people

According to a recent report on world urbanization prospects (United living in large cities do not have access to what is sometimes considered
Nations 2002), 109 of the 228 countries covered use an administrative defining ‘‘urban’’ infrastructure, such as piped water and sewerage. Such
criterion to distinguish urban from rural localities, and 89 of these use it phenomena are important to recognize, but for the purposes of this chap-
as the sole criterion. Population size or density was used as a criterion in ter people are identified as urban or rural depending on their primary
96 countries, and as the sole criterion in 46. The administrative and residence rather than their economic or sociocultural characteristics. Thus,
population-based criteria are themselves different in different countries: for example, a Kansas farmer living in a rural area but with ‘‘a university
for example, the lower limit above which a settlement was considered degree, hooked up to the Internet and a fax machine, with a barn full of
urban ranged between 200 and 50,000 persons. expensive machinery, who keeps strict accounts and sells his grain on

There are also differences in the manner in which localities are identi- the Chicago Mart’’ (Friedmann 2002) would be identified as a rural person
fied and settlement populations calculated. Some countries report city with the accoutrements of an urban lifestyle rather than an urban person
populations on the basis of the boundaries of the city proper; others in living in a rural location.

volved profound changes in human ecology, and urban land area
is a very poor indicator of the ecological significance of urban
systems.

As illustrated in Figure 27.1 (in Appendix A) (see also Table
27.6, later in this chapter), urban settlements are themselves con-
centrated regionally. Africa and Oceania have the lowest shares of
area in urban systems, whereas Asia has the largest. Within re-
gions, there is also a high degree of variation. The global map also
indicates that urban areas tend to be on or near the coasts.

Human systems within urban boundaries are not functionally
complete ecosystems. Urban areas have been described as the
human equivalent of the livestock feedlot: a spatially limited area
characterized by a large population of humans living at a high
density and supported by biophysical processes mostly occurring
somewhere else (Rees 2003). Large urban agglomerations, or
cities, are intense nodes of energy and material transformation and
consumption. However, the biologically productive part of the
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human ecosystem, which sustains both the human and the indus-
trial metabolism of the city, is located primarily in rural areas, as
well as in oceans and other uninhabited locations. Urban dwellers
still rely on rural residents to transform and tap these rural ecosys-
tems, and much human activity in rural areas responds to urban
demands. Historically, the development of urban centers has been
tightly bound up with changes in the surrounding ecosystems
(Cronon 1992). Increasingly, urban systems are also linked to
more distant ecosystems scattered across the globe.

Although it is the concentration of humans that makes an area
urban, urban areas are also home to many nonhuman species.
Many studies of urban ecosystems have focused on these species
and their relations with each other and with nonliving compo-
nents of the urban environment. (See Box 27.2.) These may in-
clude, for example, forest, wetland, or grassland ecosystems that
exist in and around cities and towns. These ecosystems provide
services to humans, such as recreation in urban parks and fresh
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BOX 27.2

Chapter Topic: Ecosystems in Urban Systems, Urban Systems as Ecosystems, or Ecosystems and Urban Systems?

There is a significant literature on ecosystems within urban areas and an vices is assumed to be distinct from the value intentionally added through
emerging literature on the ecology of urban areas, treating urban systems the application of human labor. Thus the urban conditions and trends of
as ecosystems (Hejný et al. 1990; Platt et al. 1994; Pickett et al. 1997; primary concern in this chapter are biophysical; social conditions and
Brennan 1999; Grimm et al. 2000; Pickett et al. 2001). Whereas the former trends that do not have clear relation to these biophysical conditions and
is consistent with traditional ecosystems analysis, which has treated trends are not examined in any detail, even when they have important
human activity as disturbing rather than constituting ecosystem dynamics, implications for human well-being.
the latter is more consistent with the MA, which clearly situates humans As the result, this chapter only covers some of the ways in which urban
within ecosystems (MA 2003). development affects human well-being. There is no mention of urban vio-

This chapter does not restrict itself to examining the conditions and lence, for example, and urban inequality is only considered to the extent
trends of ecosystem remnants in and around urban centers, nor does it that it affects access to or pressures on ecosystem services. Similarly,
rely on treating urban systems as ecosystems or treat all urban services there is no systematic treatment of the benefits that derive from urban
as ecosystems services. Related to this, although it is accepted that urban manufacturing or commercial services, except to the extent that they rely
systems have social as well as biophysical dimensions, ecosystems are upon ecosystem services, as defined in the glossary of this report.
understood to be biophysical systems, and the value of ecosystem ser-

water from nearby watersheds, some of which are difficult to ap-
propriate from ecosystems that are farther away.

Understanding these ecosystems in urban areas can not only
help with ecosystem management within urban areas, it can also
help us understand how urban systems function more broadly
(Berkowitz et al. 2003). From this perspective, not only are urban
systems characterized by a varied landscape, consisting of a range
of ecosystems and habitats, but the shift from rural to urban can
be conceived of in terms of a series of gradients rather than a single
threshold or boundary. Typical rural-urban gradients include not
only increasing human population density and increasing shares
of impermeable land cover, but also decreasing population density
for many nonhuman species (McDonnell and Pickett 1991, 1997;
Blair 1996; Natuhara and Imai 1996; Rolando et al. 1997; Denys
and Schmidt 1998; Luck and Wu 2002) as well as changes in
species diversity. The dynamics of ecosystem change in and
around urban centers are also influenced by a number of features
characteristic of how urban landscapes change, such as a high rate
of introduction of alien species, high habitat diversity and frag-
mentation, and a high rate of (human-induced) habitat distur-
bance (Rebelee 1994; Niemela 1999).

Humans themselves are host to many microorganisms; chang-
ing urban settlement patterns influence the relations between hu-
mans and these microorganisms, some of which cause human
diseases. Just as early shifts from hunting and gathering changed
the infectious disease profile of early agriculturalists, changing pat-
terns of human movement and settlement are still influencing in-
fectious as well as noninfectious diseases (Anderson and May
1991; McNeill 1993). (See also Chapters 13 and 14.)

Shifts in the drivers of change in urban systems at very differ-
ent scales often combine to create new challenges for humans.
Urban development and trade, for example, enabled the epidem-
ics that devastated Europe in the Middle Ages and introduced
people in large parts of the world to infectious diseases they had
never encountered and to which they were particularly suscepti-
ble (McNeill 1989). The affluent cities of the nineteenth century
spearheaded industrialization and economic ‘‘modernization,’’
but on average the people living in these cities lived shorter lives
than did their rural contemporaries (Bairoch 1988; Woods 2003).
The emergence and spread of HIV/AIDS toward the end of the
twentieth century has itself been an urban-centered phenomenon,
with large urban populations one of the conditions resulting in its
emergence as a significant human disease and with a higher urban
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than rural prevalence in sub-Saharan Africa, where there are indi-
cations that it is beginning to affect urbanization levels (Dyson
2003). Despite all these challenges and setbacks and the significant
number of countries where life expectancies have declined in re-
cent years (McMichael et al. 2004), on average people living in
urban centers today live longer and healthier lives than ever be-
fore.

Urban areas are more spatially scattered than most other sys-
tems assessed in the MA. On the other hand, urban centers are
closely interlinked. Indeed, geographers have long viewed urban
systems not as individual settlements but as networks of urban
centers connected by flows of capital, people, information, and
commodities regionally (Armstrong and McGee 1985).

27.1.1 Classifying Urban Settlements: Size,
Economic Status, and Location

Of the many ways of classifying urban settlements, three of the
most common are population size, economic condition, and loca-
tion. All three are used in this chapter, with the particular empha-
ses as described in this section.

27.1.1.1 Urban Population Size

Table 27.1 summarizes the distribution of the world’s population
by the population class of urban settlement in the year 2000, ac-
cording to both the 2001 revision of World Urbanization Prospects
from the Population Division of the United Nations (United Na-
tions 2002) and the urban-rural mapping undertaken by the Cen-
ter for International Earth Science Information Network in
support of the MA (Balk et al. 2004). As indicated, and contrary
to some of the more inflated rhetoric about ‘‘exploding cities,’’
more than half of the world’s urban population lives in settlements
of less than half a million inhabitants, and well under 10% live in
cities of more than 10 million. Because of the higher densities of
the latter, the share of urban land area accounted for by these large
cities is considerably less than this. As described in later sections,
however, even these figures reflect a continuing demographic
shift toward urban living, and toward large cities in particular, that
is having a profound effect on both the socioeconomic organiza-
tion of the human world and the biophysical organization of the
world as a whole.

Although settlement size is clearly related to the ability of an
urban center to play certain roles, the size distributions of urban
settlements show little evidence of clustering around certain sizes.
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Table 27.1. Distribution of World Population by Size Class of Settlement, 2000 (CIESIN et al. 2004a, 2004b; United Nations 2002)

UN GRUMPa UN GRUMPa

Size Class of 
Urban Settlement Total Population Settlements

Population 
Density

(million) (number) (persons per 
sq. km.)

(percent)

Urban area 2,862 2,828 24,176 770 47.3 46.7

10 million or more 225 426 23 2,192 3.7 7.0

5 to 10 million 169 265 39 1,571 2.8 4.4

1 to 5 million 675 729 353 1,223 11.1 12.0

500,000 to 1million 290 280 395 821 4.8 4.6

under 500,000 1,503 1,128 23,366 24.8 18.6

100,000 to 500,000 568 2,792 706 9.4

50,000 to 100,000 223 3,199 517 3.7

20,000 to 50,000 229 7,297 419 3.8

5,000 to 20,000 108 10,078 183 1.8

Rural area 3,195 3,224 25 52.7 53.3

Total 6,057 6,052 46

a Global Rural-Urban Mapping Project.

Share of Total Population

Instead, in many countries there is an approximately log-linear
relationship between a ranking of the sizes of urban settlements
and their actual populations. This has come to be known as the
rank-size distribution. When the slope is exactly negative one,
this implies that the largest city is twice the size of the second
largest, three times the size of the third largest, and so on. The
claim that the slope does tend to be exactly one is sometimes
referred to as Zipf ’s Law and appears to hold for some countries,
such as the United States. More generally, although the slopes
may vary over time and between countries, given comparable
definitions and criteria for including urban centers, rank size dis-
tributions do generally conform to a log-linear relation (Brakman
et al. 2001).

27.1.1.2 Urban Economic Conditions

Economic conditions are not quite such obvious features of an
urban center as its population size and are less easy to define and
measure.

Table 27.2 summarizes the distribution of urban population
based on the World Bank’s classification of low-, lower middle-,
upper middle-, and high-income countries. In principle, national
income accounts can be adapted to urban centers and used to
calculate the urban equivalent of GNP and GDP per capita. Be-
cause the required statistics are often not available at the appro-
priate level, however, it is more common to refer to the per capita
income of the country where the urban centers are located. This
will tend to be lower than the average income of the urban popu-
lation, because in most countries average incomes are higher in
urban centers than in rural areas, and in some countries the dispar-
ities are very significant (Eastwood and Lipton 2000).

As indicated, urbanization levels are higher in higher-income
countries, although even in low-income countries almost one
third of the population lives in urban areas, and about 60% of the
world’s urban population lives in low- or lower middle-income
countries, implying a national income of less than $3,000 per cap-
ita in 2001.
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Table 27.2. Population in Urban Areas and Percentage of Total
Population That Is Urban, 2000. Economies are divided according
to 2001 GNI per capita, calculated using the World Bank Atlas
method. The groups are low-income, $745 or less; lower-middle-
income, $746–2,975; upper-middle-income, $2,976–9,205; and high-
income, $9,206 or more. (Based on figures from www.world bank.org/
data/countryclass/countryclass.html in May 2003; data on percentage
urban based on United Nations 2002)

Economy Group
Urban

Population
Share
Urban

(million) (percent)

Low-income countries 718 31.2

Lower-middle-income countries 949 44.6

Upper-middle-income countries 365 77.0

Upper-income countries 731 79.2

Undesignated 99 41.7

World 2,862 47.2

27.1.1.3 Urban Location

In international statistics, urban location is conventionally sum-
marized in terms of countries or regions. This typically means that
coastal-zone settlements are combined with inland settlements,
mountain with lowland settlements, and so on. Following a brief
overview of the regional distribution, this section uses a newly
constructed urban-rural database (Balk et al. 2004) to examine
the distribution of urban populations in relation to the principal
nonurban systems used in the MA. The bases for the system
boundaries are summarized in Chapter 1. These systems are not
mutually exclusive.

Table 27.3 provides a summary of urban population by conti-
nent, based on the regions used by the United Nations Population
Division. The two lowest-income continents (Africa and Asia)
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Table 27.3. Population in Urban Areas, and Share Urban, for World and Major Areas, 2000, Comparison of U.N. and GRUMP Statistics
(CIESIN et al. 2004a, 2004b; United Nations 2002)

UN GRUMPa

Region Urban Population Share Urban Urban Population Share Urban
(million) (percent) (million) (percent)

Africa 295 37.2 304 38.4

Asia 1,376 37.5 1,378 37.5

Latin America and Caribbean 391 75.4 352 67.9

Northern America 243 77.4 256 81.5

Europe 534 73.4 514 70.9

Oceania 23 74.1 22 70.8

World 2,862 47.2 2,828 46.7
a Global Rural-Urban Mapping Project.

are also the least urbanized. Whereas Latin America has conven-
tionally been combined with Asia and Africa in discussions of
‘‘developing countries,’’ its level of urbanization is comparable to
that of Europe and North America. Furthermore, the overall and
urban population densities in Latin America are comparable (26
and 656 persons per square kilometer, respectively) to those found
in Europe (32 and 588) and North America (17 and 289). In
contrast, sparsely populated Africa (27 persons per square kilome-
ter overall) has urban areas as dense as those found in densely
populated Asia (120 overall): both over 1,250 persons per square
kilometer. Rural densities tend to be fairly consistent by continent
with the exception of Asia, where population densities are more
than four times greater than that of any other continent.

The coastal system is disproportionately more urban than
other systems assessed in the MA. (See Table 27.4.) Population
densities in both urban and rural areas are especially high in coastal
areas because of the services available from coastal systems and the
access to transportation. The population density of urban areas in
the coastal zones is about 45% greater than the average density of
urban areas globally.

The coastal zone is also the system with the greatest share of
urban land area (10.2% globally), as indicated in the far-right col-
umns in Table 27.4. Cultivated agricultural systems and inland
water zones also have urban land areas that are higher than aver-
age. It is noteworthy that in addition these systems are more

Table 27.4. Population Estimates, Densities, and Land Areas for MA Systems, by Urban and Rural (CIESIN et al. 2004a, 2004b)

Population Population Density Land Area 

System Total Urban Rural
Share 
Urban Overall Urban Rural Total Urban Rural

Share 
Urban

(million) (percent) (persons per sq. km.) (square kilometers) (percent)
Coastal zone 1,147 744 403 64.9 175 1,119 69 6,538,097 664,816 5,873,281 10.2

Cultivated 4,233 1,914 2,309 45.3 119 793 70 35,475,983 2,412,618 33,063,350 6.8

Dryland 2,149 963 1,185 44.8 36 749 20 59,990,129 1,286,421 58,703,698 2.1

Forest 1,126 401 725 35.6 27 478 18 42,092,529 839,094 41,253,435 2.0

Inland Water 1,505 780 726 51.8 51 826 25 29,439,286 943,518 28,495,767 3.2

Mountain 1,154 349 805 30.3 36 636 26 32,083,873 548,559 31,535,242 1.7

World 6,052 2,828 3,224 46.7 46 770 25 130,669,507 3,673,155 126,996,316 2.8

Note: Population numbers for each ecosystem will not add to total as systems are not mutually exclusive. Island systems are excluded.
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densely populated than average. Coastal, cultivated, and inland
water zones tend to support the world’s largest cities, as shown in
Table 27.5. Conversely, mountain, forest, and dryland systems
tend to support smaller settlements than the other systems. How-
ever, as Table 27.4 also shows, coastal and inland water systems
are less populated than cultivated zones and thus do not contain
such large shares of urban dwellers.

Many of the differences between the MA systems globally are
also evident within individual continents. (See Table 27.6.) In
every continent except North America, for example, the highest
shares of urban population and land are in the coastal zones; even
in North America the figures for the coastal zone are well above
the continent average. The differences are more accentuated in
some continents than others, however. Thus, whereas populations
of the coastal zones of Europe and North America are only
slightly more urbanized than their continental averages (84% and
90% in the coastal zones, compared with 71% and 81% on aver-
age), in Asia and even more in Africa the differences are far more
striking (56% and 72% in the coastal zones, compared with 37%
and 38% on average). The net result, when combined with other
factors, is that the two continents with the lowest shares of popu-
lation living in urban areas have the greatest number of coastal
urban dwellers per square kilometer of coastal zone.

Total urban population distribution also tends to reflect a re-
gion’s underlying system characteristics. For example, more than
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Table 27.5. Population and Share of Various Population Sizes in Urban Areas within Selected MA Systems, 2000 (CIESIN et al.
2004a, 2004b)

Urban Population by Settlement Size

System
Urban

Population
5,000–
20,000

20,000–
50,000

50,000–
100,000

100,000–
500,000

500,000–
1 million

1 million–
5 million

5 million–
10 million

10 million 
or more

(thousand)

Coastal zone 744,000 13,000
(1.7%)

28,000
(3.7%)

33,000
(4.4%)

112,000
(15.0%)

69,000
(9.2%)

196,000
(26.4%)

119,000
(16.0%)

175,000
(23.5%)

Cultivated 1,914,000 75,000
(3.9%)

175,000
(9.1%)

166,000
(8.6%)

411,000
(21.5%)

183,000
(9.5%)

484,000
(25.3%)

172,000
(9.0%)

249,000
(13.0%)

Dryland 963,000 39,000
(4.1%)

84,000
(8.7%)

88,000
(9.2%)

224,000
(23.3%)

111,000
(11.5%)

260,000
(27.0%)

71,000
(7.4%)

85,000
(8.9%)

Forest 401,000 22,000
(5.5%)

43,000
(10.7%)

37,000
(9.2%)

83,000
(20.8%)

41,000
(10.1%)

98,000
(24.3%)

26,000
(6.4%)

52,000
(12.9%)

Inland water 780,000 24,000
(3.1%)

49,000
(6.2%)

48,000
(6.1%)

151,000
(19.4%)

81,000
(10.4%)

193,000
(24.8%)

79,000
(10.2%)

154,000
(19.8%)

Mountain 349,000 21,000
(6.1%)

47,000
(13.3%)

35,000
(10.1%)

77,000
(22.1%)

34,000
(9.7%)

85,000
(24.4%)

25,000
(7.2%)

24,000
(7.0%)

Note: Urban population figures have been rounded to nearest million, therefore total population does not equal the sum of populations in all settlement
sizes. Percent columns do not sum to 100. Island systems are excluded.

half of Africa’s urban population lives in dryland or cultivated
systems because these systems predominate in Africa, even though
the total population of these systems is only about 20% urban.
Similar patterns are observed globally. Further, predominating
ecosystems—drylands in Africa, for example—may be home to
Africa’s largest cities, even though they tend to be less urban over-
all than other systems, simply by virtue of the size of the system
(and the constraints imposed by political borders).

Although it is beyond the scope of this chapter to examine
the differential impact of cities across the ecosystems they inhabit,
which depends heavily on local conditions, monitoring urban lo-
cations in relation to ecosystems is a potentially important contri-
bution to policy debate and decision-making. More attention
needs to be paid to preventing or restricting urban growth where
this threatens ecosystem services, such as in watersheds or ecologi-
cally fragile areas. It may also be possible to identify locations
where cities can benefit more from ecosystem services. It should
be kept in mind, however, that urban growth in a liberal market
economy occurs where investors decide to locate job-creating en-
terprises rather than where planners decide that growth ought to
occur. Political processes can influence urban development, but
urban location is not itself a policy decision.

27.1.2 Urbanization Trends

During the twentieth century, the world’s urban population in-
creased almost fifteenfold, rising from less than 15% to close to
half the total population. In most middle- and high-income na-
tions, the majority of the population to live in and work in urban
areas. Many aspects of urban change during the twentieth century
were unprecedented, including the size of each region’s urban
population, the number of nations having predominantly urban
populations and economies, and the size and number of very large
cities. For Europe, North America, and parts of Latin America,
the most rapid urban change was mostly in the first half of the
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century; for most of the rest of the world, it was in the second
half. During the past 50 years, most nations in Africa, Asia, and
Latin America experienced rapid urban change, including cities
whose population grew more than tenfold, and a growing share
of the world’s urban population and its largest cities have been in
Africa, Asia, and Latin America. (See Table 27.7.) By 2000, most
of the world’s largest cities were, once again, found in Asia, not
in Europe and North America. (See Table 27.8.)

Although there have been numerous cities with over 1 million
inhabitants during the past 2,000 years, until recently they were
rare (at most only one or two within the world at any one time),
and they still existed within predominantly rural societies, except
for a few city-states. Only in the late nineteenth century did Lon-
don emerge as the first city with several million inhabitants; the
megacities with 10 million or more inhabitants only emerged in
the second half of the twentieth century. By 2001, there were 17
of these (United Nations 2002). Only with the industrial revolu-
tion did the increasing concentration of population (and produc-
tion) in urban areas become commonplace.

Changes in urbanization levels were underpinned by large
economic, social, political, and demographic changes. The main
driver of urbanization (understood as an increase in the propor-
tion of a population living in urban areas) is economic growth; in
general, the most urbanized nations are those with the highest per
capita incomes, and the nations with the largest increases in their
levels of urbanization are those with the largest economic growth.
Decolonization and the development of independent nation-
states had large influences on urbanization levels for all of Africa
and much of Asia, in part as controls on the rights of the inhabi-
tants to live in or move to urban centers were dismantled, and
in part because the building of the institutions for independent
governments increased urban employment. In some countries,
such as Australia, colonizing populations concentrated in urban
settlements from the start, resulting in somewhat different patterns
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Table 27.6. Urban Population and Land Percentages and Densities by Selected MA Systems and Continent (CIESIN et al. 2004a,
2004b)

System Africa Asia Latin America Oceania Europe North America World

Share of population that resides in urban areas

(percent)

Coastal 71.5 55.7 82.1 89.2 83.7 90.4 64.9

Cultivated 40.5 36.6 68.8 71.1 71.6 97.5 45.3

Dryland 43.5 37.7 67.0 54.2 67.4 88.2 44.8

Forest 22.7 23.2 58.9 47.0 56.2 69.3 35.6

Inland water 51.2 41.3 74.6 80.5 79.1 85.3 51.8

Mountain 21.7 23.0 57.8 12.4 47.9 66.1 30.3

Overall 38.4 37.5 67.9 70.8 70.9 81.5 46.7

Urban land as share of total land
(percent)

Coastal 5.4 13.0 8.8 3.3 11.6 11.6 10.2

Cultivated 1.8 6.9 4.6 1.9 9.7 13.0 6.8

Dryland 0.6 3.0 2.7 0.1 5.0 4.1 2.1

Forest 0.5 2.6 1.2 1.0 1.9 4.2 2.0

Inland water 1.2 5.0 2.8 1.0 3.2 3.8 3.2

Mountain 1.1 1.6 2.7 0.4 1.7 1.8 1.7

Overall 0.8 3.5 2.6 0.6 3.9 4.7 2.8

Urban population density
(persons per square kilometer)

Coastal 2,123 1,934 789 610 640 497 1,119

Cultivated 1,279 1,352 548 300 630 258 793

Dryland 1,200 1,034 541 159 522 265 749

Forest 997 956 685 300 387 206 478

Inland water 1,647 1,536 655 451 604 302 826

Mountain 810 879 746 191 387 154 636

Overall 1,278 1,272 656 427 588 289 770

Average population density
(persons per square kilometer)

Coastal 160 451 83 23 89 64 175

Cultivated 56 255 36 8 85 34 119

Dryland 18 82 21 0 39 12 36

Forest 23 105 14 6 13 12 27

Inland water 37 185 25 6 25 13 51

Mountain 42 60 34 6 14 4 36

Overall 27 120 26 4 32 17 46

Share of urban dwellers in cities over 1 million
(percent)

Coastal 56.1 69.6 54.9 67.7 50.9 79.0 65.3

Cultivated 49.8 47.5 40.6 37.0 44.0 55.5 47.0

Dryland 50.3 41.6 39.4 27.2 38.4 59.6 43.3

Forest 25.9 39.9 53.7 39.9 36.7 54.8 42.9

Inland water 54.6 56.7 45.9 56.0 46.1 61.3 54.4

Mountain 19.8 34.1 59.8 0.7 23.3 46.5 38.5

Overall 45.9 50.6 49.3 57.4 44.5 61.5 49.8
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Table 27.7. Distribution of World’s Urban Population by Region, 1950–2010 (Satterthwaite 2002, with statistics from United Nations
2002)

Region 1950 1970 1990 2000 Projection for 2010
Urban population (million)

Africa 32 82 197 295 426

Asia 244 501 1,023 1,376 1,784

Europe 287 424 521 534 536

Latin America and the Caribbean 70 164 313 391 470

Northern America 110 171 213 243 273

Oceania 8 14 19 23 26

World 751 1,357 2,286 2,862 3,514

Share of population living in urban areas (percent)

Africa 14.7 23.1 31.8 37.2 42.7

Asia 17.4 23.4 32.2 37.5 43.0

Europe 52.4 64.6 72.1 73.4 75.1

Latin America and the Caribbean 41.9 57.6 71.1 75.4 79.0

Northern America 63.9 73.8 75.4 77.4 79.8

Oceania 61.6 71.2 70.8 74.1 75.7

World 29.8 36.8 43.5 47.2 51.5

Share of world’s urban population (percent)

Africa 4.3 6.1 8.6 10.3 12.1

Asia 32.5 37.0 44.8 48.1 50.8

Europe 38.3 31.3 22.8 18.7 15.3

Latin America and the Caribbean 9.3 12.1 13.7 13.7 13.4

Northern America 14.6 12.6 9.3 8.5 7.8

Oceania 1.0 1.0 0.8 0.8 0.8

of urban growth. In general, rapid demographic growth influ-
enced growth rates for urban populations but had little influence
on urbanization levels.

Although the general trend worldwide is toward increasingly
urbanized societies, the aggregate statistics in Tables 27.7 and 27.8
obscure the great diversity in urban trends between nations (and
how these change over time) and within nations, especially the
large-population nations. Nations may have been urbanizing
more slowly than anticipated in the past two decades because of
poor economic performance, but this may not register in the of-
ficial estimates of countries that have not had recent population
censuses. Many of the world’s largest cities have had significant
decelerations in their population growth rates and have much
smaller populations in 2000 than had been anticipated. In 1978,
for example, the United Nations Population Division projected
Mexico City’s population in 2000 to be 31 million and that of
São Paulo to be 26 million, whereas the population of both these
cities in 2000 was estimated at 18 million (Satterthwaite 2002).

Most of the world’s largest cities either have key global roles
(the command-and-control centers for global or regional econo-
mies) or are centers linking large national economies with the
global economy. The exceptions tend to be national capitals or
former national capitals in large-population nations (such as
Cairo, Lagos, and Delhi), and there are also locations that have
major roles in the global economy without very large cities, as
shown by Zurich and Silicon Valley. However, the world’s large
cities will increasingly be those that are successful in concentrating
enterprises able to compete in the global economy, and the low-
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and middle-income nations that urbanize most will be those with
more successful economies (Satterthwaite 2002).

The low-income nations in Africa, Asia, and Latin America
that do not have successful economies are unlikely to urbanize
much unless civil conflict or famine drives people to urban cen-
ters. However, recent trends in Africa may appear to contradict
this assessment. In the most recent U.N. Population Division
figures for urban trends, it appears that most of sub-Saharan Africa
continued urbanizing rapidly during the 1990s, despite very poor
economic performance. However, a lack of reliable census data
means that most urban population statistics for the region from
1990 onwards are based on projections from older census data. In
many sub-Saharan African nations, there is only one census avail-
able between 1959 and the present; for many more, there are only
two. In the most recent U.N. Population Division compendium
of urban statistics (United Nations 2004), very few sub-Saharan
African nations had new census data from the past 10 years. Thus
it is likely that many sub-Saharan African nations urbanized much
more slowly during the 1990s than the U.N. figures (based on
projections) suggest.

Although most urbanization will take place in the nations with
growing economies, this is likely to be less concentrated in very
large cities than in the past, or at least less concentrated in what
are today the world’s largest cities. In successful economies with
good transport and communications systems and increasingly
competent local authorities outside the larger cities, new invest-
ment is often targeted outside the largest cities, and most large
cities are also becoming more dispersed (McGee and Robinson

................. 11432$ CH27 10-11-05 15:09:43 PS



805Urban Systems

Table 27.8. Distribution of World’s Largest Cities by Region over Time. The statistics for 2000 in this Table are an aggregation of national
statistics, many of which draw on national censuses held in 1999, 2000, or 2001, but some are based on estimates or projections from
statistics drawn from censuses held around 1990. There is also a group of countries (mostly in Africa) for which there are no census data
since the 1970s or early 1980s, so all figures for their urban populations are based on estimates and projections. (Satterthwaite 2002; data
for 1950 and 2000 from United Nations 2002; data for 1800 and 1900 from IIED database, drawn from various sources, including Chandler
et al. 1974, Chandler 1987, and Showers 1979)

Region 1800 1900 1950 2000
Number of “million cities”
Africa 0 0 2 35

Asia 1 4 31 195

Europe 1 9 29 61

Latin America and the Caribbean 0 0 7 50

Northern America 0 4 14 41

Oceania 0 0 2 6

World 2 17 85 388

Regional distribution of the world’s largest 100 cities
Africa 4 2 3 8

Asia 65 22 36 45

Europe 28 53 35 15

Latin America and the Caribbean 3 5 8 17

Northern America 0 16 16 13

Oceania 0 2 2 2

Average size of the world’s 100 largest cities 187,000 725,000 2.1 million 6.2 million

1995). Within wealthier nations, urbanization has become ob-
scured as increasing numbers of rural dwellers do not work in
typical ‘‘rural’’ occupations such as forestry and farming, including
those who commute to urban areas, those who are retired and
live supported by pensions, and those able to work in rural areas
because of advanced telecommunications systems (such as indus-
trial or service enterprises located in greenfield sites in what are
officially classified as ‘‘rural’’ areas or those who telecommute)
(Pahl 1965).

27.1.3 Urban Systems and Ecosystem Services

The net flow of ecosystem services is invariably into rather than
out of urban systems. These flows have increased even more rap-
idly than has urban population growth in recent centuries, and
the average distance of these flows has increased substantially as
well.

In the fourteenth century, Ibn Khaldûn could advise the plan-
ners of his day to locate new towns in well-protected locations
with wholesome air, ample freshwater resources, and easy access
to pastures for livestock, arable fields for grain, and forests for fuel
(Khaldûn 1981). Few modern urban populations can still rely on
local ecosystem services to meet their fuel, food, or water needs.
The scale of the relationship between urban centers and ecosys-
tem services has expanded, and while the global linkages may be
especially evident for the more affluent cities, this expansion has
been experienced by virtually all urban areas.

In light of these changing spatial relations, it is useful to distin-
guish among the linkages between urban systems and ecosystem
services that exist within urban areas, between urban centers ad-
joining nonurban ecosystems, and between urban centers and dis-
tant ecosystems. Moreover, to appreciate the importance of
relations between urban systems and ecosystem services, it is im-
portant to consider the negative as well as the positive effects that
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urban systems can have on ecosystem services. Even if urban sys-
tems are not major producers of ecosystem services, urban activi-
ties can alter the supply of ecosystem services at every scale, from
within to far beyond the bounds of the urban area itself.

Within urban areas, the primary issue from the perspective of
human well-being is whether the urban settlements provide a
healthy and satisfying living environment for residents. Urban de-
velopment can easily threaten the quality of the air, the quality
and availability of water, the waste processing and recycling sys-
tems, and many other qualities of the ambient environment that
contribute to human well-being. Certain groups (such as low-
income residents) are particularly vulnerable, and certain services
(such as those not easily traded or brought in from outside—the
recreational services provided through urban parks, for instance)
are of concern to all urban dwellers. Moreover, even for easily
traded products, local ecosystems can be important, especially for
households that lack the monetary income to purchase imports.
Agriculture practiced within urban boundaries, for example, con-
tributes significantly to food security in urban Sub-Saharan Africa
(Bakker et al. 2000).

The urban area and its surrounding region is a better scale at
which to understand the relations between urban development and
local ecosystems. People in urban areas have historically been heav-
ily dependent on adjoining systems for food, clean water, waste
disposal, and a range of other services. The intensity of interaction
between an urban system and its surroundings tends to fall off with
increasing distance. Interaction also tends to be more intense along
certain corridors (such as rivers and roads) and within environmen-
tally bounded areas, such as watersheds. Because most urban cen-
ters are growing in population and extent, the peri-urban areas
where the systems adjoining urban systems are located are also un-
dergoing a twofold transformation, with arable land coming under
increasingly intense cultivation and both arable and nonarable land
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being increasingly built over to provide space for commercial, in-
dustrial, and residential establishments and for roads and parking
facilities. The more populated an urban area is, the greater its in-
fluence is likely to be on surrounding areas, although other charac-
teristics, such as industrial production levels and per capita incomes,
can also be important (Hardoy et al. 2001). (Peri-urban is used in
this chapter to refer to land around the edges of an urban area,
either just within or beyond urban boundaries, where land use
patterns are often in the process of changing from more rural (agri-
culture) to more urban (buildings).)

In order to capture all the ecosystem service flows into urban
areas, it is also necessary to consider the global scale, as many of
the ecosystem services contributing to urban well-being do not
depend upon the condition of local environments and ecosystems.
Many products and amenities used in urban areas, including food,
are traded extensively, and their availability depends primarily on
the purchasing power of local residents. By importing goods,
urban consumers are effectively drawing on ecosystem services
from other parts of the planet. The institutions and practices con-
trolling the ecosystems of origin remain outside the political reach
of urban consumers (although emerging exceptions include certi-
fication systems (Bass et al. 2001)). Affluent consumers (and pro-
ducers) are also increasingly likely to be contributing to pollutants
whose impacts are themselves spread out across increasingly large
areas (Wackernagel and Rees 1996; McGranahan et al. 2001).

Table 27.9 presents problems relating to urban systems and
ecosystem services that are potentially of critical importance to
human well-being at each of these three scales. Superficially, these
problems can seem to represent a temporal sequence from past
problems (such as bad urban water and sanitation) toward modern
and even future problems (such as climate change). However,
there are many urban centers today that still have bad urban water
and sanitation, and the more obvious description of the current
state of affairs is that all sets of problems coexist, but with different
severity in different parts of the world. Similarly, although super-

Table 27.9. Priority Problems in Urban Systems and Ecosystem Services at Three Different Spatial Scales

Problem and
Characteristics

Intra-Urban (Urban Systems as 
Human Habitats)

Urban-Region (Urban Systems 
and Their Biospheres)

Urban-Globe (Urban Systems 
and Global Ecosystems)

Priority problem identified unhealthy and unpleasant living 
environments

deteriorating relations with adjoining
ecosystems

excessive “ecological footprints”

Urban areas most closely
associated with problems

low-income cities and neighborhoods large, middle-income, industrial cities affluent cities and suburbs

Indirect driving forces demographic change, inequality; trade
and development that ignores ecology
of infectious diseases and urban
ecosystem services

industrialization, motorization; trade 
and development that ignores impacts
on adjoining ecosystems

material affluence, waste generation;
trade and development that
ignores global ecosystem impacts

Direct driving forces inadequate household access to safe
water, sanitation, clean fuels, land 
for housing

ambient air pollution, groundwater
degradation, river pollution, resource
plundering, land use pressures

greenhouse gas emissions, import
of resource and waste intensive
goods (linear vs. circular flows)

Negative impacts associat-
ed with problem

spread of infectious diseases, loss of
human welfare and dignity

loss of natural ecosystem services,
“modern” diseases, declining 
agroecosystem productivity

global climate change, loss of 
biodiversity, depletion of globally
scarce natural resources

Temporal characterization of
key processes

rapid varied slow

Example of historically 
relevant response

sanitary reform pollution controls sustainable cities? 
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ficially there can seem to be a shift from issues involving the pro-
visioning of private goods (such as water for home consumption)
to those involving the provision of public goods (such as global
climate stability), at their own scales all these issues involve exter-
nalities and public goods.

All these problems also involve issues of human well-being
and social justice, with distinct spatial dimensions. Unhealthy and
unpleasant living conditions involve the most vulnerable groups
living in urban areas and the risks they face when local ecosystem
services are lacking and alternatives are inaccessible. At the second
scale, when urban development harms ecosystems in the sur-
rounding region, there are more extensive issues of spatial injus-
tice, although most of those affected are likely to be of the same
nationality. The third scale involves burdens that urban activities
impose on distant people and future generations by reducing their
access to ecosystem services, either because these services are di-
verted to urban uses or because the ecosystems themselves are
degraded: this raises international issues of spatial justice as well as
issues of temporal justice.

As described in Box 27.3, the patterns described in Table 27.9
can also be represented in terms of stylized urban environmental
transitions, displaying a historical tendency for more economically
successful urban settlements to create more extensive and delayed
environmental burdens. There is also a great deal of variation be-
tween urban centers of similar economic status, and no reason to
assume that this stylized transition represents current or future urban
development patterns. Currently, however, it is rare to find a very
poor urban community that does not face serious environmental
health hazards or a very affluent urban community that does not
impose a large ecological footprint (as described later in this chapter).

27.2 Condition and Trends of Urban Systems and
Ecosystems
This description of condition and trends builds on the spatial clas-
sifications presented earlier. The first section examines the condi-
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BOX 27.3

The Relationship between Economic Conditions and Urban Environmental Burdens

whereas the ‘‘small’’ processes are ‘‘fast’’ (MA 2003, pp. 114–17), with
the result that the burdens associated with low-income settlements affect
poor people in the present, whereas those associated with affluent settle-
ments affect a more extensive public after a considerable delay.

A number of similar diagrams have been generated to describe urban
‘‘transitions’’. Smith and Lee (1993) presented an urban environmental risk
transition in terms of two curves—one representing declining traditional
risks (such as fecally contaminated water and food, or indoor air pollution
due to smoky cooking fuels) and the other increasing modern risks (such
as exposure to industrial pollution). Holdren and Smith (2000) more recently
adapted the Figure reproduced here to present a risk transition that incorpo-
rates the risks arising from global threats such as climate change.

Bai and Imura (2000) and Bai (2003) presented similar curves to pro-
vide a conceptual illustration of a staged evolutionary trajectory of environ-
mental problems in cities as they become more affluent and as their
environmental burdens shift from poverty-related to production-related and
finally to consumption-related challenges. Marcotullio (2004) and Marco-
tullio and Lee (2003) used the Figure as a basis for exploring the differ-
ences between western and rapidly developing Asian urban environmental
transition histories, hypothesizing that transitions in rapidly developing

This stylized diagram portrays local environmental health burdens declin- countries are occurring sooner (at lower incomes), faster (increasing more
ing with increasing urban affluence, global burdens increasing, and city- rapidly over time), and more simultaneously (with greater overlaps among
regional burdens first increasing and then declining (McGranahan et al. sets of environmental burdens) than those experienced by what are now
2001). As with many ecological systems, the ‘‘big’’ processes are ‘‘slow’’ industrial-world cities.

tion and dynamics of ecosystems in and around urban settlements.
The second focuses on the condition and trends in the suitability
of urban areas as habitats for humans. The third section examines
how urban systems relate to adjoining ecosystems and their eco-
system services. The fourth and last section focuses on the global
pressures that urban systems exert on ecosystems.

27.2.1 Condition and Dynamics of Ecosystems
within Urban and Peri-urban Areas

Ecosystems in urban and peri-urban areas often display distinctive
characteristics and dynamics that are neither of human design nor
a hold-over from some rural past. Historically, urban planners
have been inclined to focus on the purposefully designed and built
components of urban systems and to ignore all but the most glar-
ing changes in local ecosystems. Their environmental critics, on
the other hand, have been inclined to focus on the loss of rural
ecosystems and services. The combined effect has been the ne-
glect of new opportunities that urban development creates for
nonhuman species and ecosystems (not all of which benefit hu-
mans, of course).

27.2.1.1 Nonhuman Species and Ecosystems in Urban Areas

Although a concentration of humans is a defining feature of them,
urban areas typically contain numerous opportunities for the per-
sistence of native nonhuman species as well as the invasion or
introduction of exotic species. Similarly, although a high share of
built-over land is often used to identify areas as urban, urban land
is far from impervious and often includes a range of different land
use types, including gardens, grassland, wooded land, and agricul-
tural land.

Urban and peri-urban ecosystems are heavily influenced by
environmental change driven by people, but they also reflect the
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ability of plants, animals, and microorganisms to survive and ex-
ploit these changes. Urban construction and production typically
conflict with wildlife and habitat conservation (Thompson 2003).
They frequently result in the loss of critical wetland habitats, for-
est environments, and coastal sites and threaten many aspects of
biodiversity. Urban development does not eliminate natural proc-
esses, however. It creates different opportunities and allows for
new combinations of species through both introductions of exotic
species to parks and gardens and the migration of invasive species.
Many new opportunities are provided by the habitat shifts created
by modification of biogeochemical cycles and the adjustment of
micro- and local climates to make human life more comfortable,
and some species are more able than others to exploit urban op-
portunities (see Rydell 1992 and Shapiro 2002 for examples relat-
ing to bats and butterflies).

Urban structures themselves provide opportunities for organ-
isms—from the rats in the sewers to the birds nesting under the
eaves of buildings. Spillages in factories, retail outlets, transport
depots, and homes can create abundant food sources. Important
mineral nutrients, such as calcium and magnesium, are common
in building materials and find their way into urban soils (Bradshaw
2003). Parks, gardens, and zoos provide sites for a variety of plants
and animals, including introduced and exotic species. Vacant and
derelict sites are also colonized, and urban areas often include dis-
used sites at various stages of succession. (See Table 27.10.)

The thermal properties of built-over land surfaces result in
more solar energy being stored and converted to sensible heat (the
heat energy stored in a substance as a result of an increase in its
temperature), and the removal of shrubs and trees reduces the
natural cooling effects of shading and evapotranspiration. The
average ambient temperature in urban systems is generally 2–3
degrees higher than in nonurban systems, which can cause dis-
comfort and even health risks in locations that are already warm
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Table 27.10. Essential Steps in the Process of Natural
Succession in Urban Areas (Bradshaw 2003)

Ecosystem Attribute Processes Involved
Colonization by species immigration of plant species 

establishment of those plant
species adapted to the local 
condition

Growth and accumulation of
resources

surface stabilization and accumula-
tion of fine mineral materials

accumulation of nutrients, 
particularly nitrogen

Development of the physical 
environment

accumulation of organic matter

immigration of soil flora and fauna
causing changes in soil structure
and function

Development of recycling process development of soil microflora and
fauna

possible difficulties in urban areas

Occurrence of replacement process negative interactions between
species by competition

positive interaction by facilitation

Full development of the ecosystem further growth

new immigration, including aliens

Arrested succession effect of external factors

reduction of development

Final diversification the city as a mosaic of environ-
ments

high biodiversity as a result

or can lead to greater use of air-conditioning and attendant energy
consumption. It can also exacerbate urban air pollution, alter rain-
fall patterns in and around urban centers, and change the compo-
sition of urban wildlife (see, e.g., Nowak et al. 2002). On the
other hand, the heat island effect can attract warmth-seeking spe-
cies to urban areas, and for people, too, more warmth is not al-
ways a disadvantage.

Within built-up areas, complex mosaics of land use emerge.
The inner areas of many older North American cities, for exam-
ple, have abandoned areas that may be totally neglected or derelict
but that provide opportunities to create urban gardens that can be
beneficial to local residents’ well-being and health (Dinno 2000).
In addition to abandoned spaces, there are numerous areas of veg-
etation that are planted or managed to some degree, ranging from
roadside verges and canal and railway corridors to formal gardens,
parks, urban woodlands, ponds, and lakes.

There is a trend to develop areas of more natural vegetation
in cities, establishing urban nature reserves, such as the 1-hectare
Camley Street Reserve adjacent to Kings Cross Station in London
and the 1,215-hectare Rock Creek Park in Washington, D.C.,
which is 86% wooded. Preserved natural areas can become sym-
bolic for cities, such as the 164-hectare Bukit Timah Reserve in
Singapore and the 11-hectare Bukit Nanas Reserve in Kuala
Lumpur. Other areas are totally ephemeral, being invaded by veg-
etation while awaiting development. The value of these ephem-
eral patches of vegetation depends on how long they are left
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undisturbed and on the character of their substrates. Many derelict
chemical works sites can offer unusually acid or alkaline sites that
provide niches for plants associated with acid peat bogs or highly
saline marshes not normally found in urban areas.

Collins et al. (2000) suggest a number of reasons why new
human-imposed scales for ecological processes are found within
urban areas. First, compared with ecosystems in rural areas, urban
ecosystems are highly patchy and the spatial patch structure is
characterized by a high point-to-point variation and degree of
isolation between patches. Second, disturbances such as fire and
flooding are suppressed in urban areas, and human-induced dis-
turbances are more prevalent. Third, because of the higher tem-
peratures in urban systems, in temperate climates there are longer
vegetation growth periods. Fourth, ecological successions are al-
tered, suppressed, or truncated in urban green areas, and the di-
versity and structure of communities of plants and animals may
show fundamental differences from those of nonurban areas (Nie-
mela 1999; Pickett et al. 2001).

The patchwork nature of urban ecosystems is accentuated by
the variety of agencies, landowners, individuals, and businesses
responsible for parcels of urban land, ranging from municipal
parks and gardens departments, to public hospitals and educational
institutions, to private individuals and corporations. Their differ-
ing goals and practices create diversity among these managed
spaces. The urban environment is thus full of ecological disconti-
nuities. Many species overcome these, simply surmounting obsta-
cles—for example, the way urban foxes dash across main roads to
get at other food sources. For some, however, migration corridors
are important, and many planning strategies incorporate green
corridors along streams or public utility easements. Preliminary
results of investigations in Birmingham, England, suggest that the
River Cole ‘‘wildlife corridor’’ does not enhance the number of
wetland specialist species but it may act to increase and stabilize
the number of habitat generalist species (Small 2000).

Compared with relatively simple temperate forest ecosystems,
temperate industrialized agroecosystems, or tropical plantations,
urban areas tend to be high in species richness as a result of the
high habitat diversity of urban areas (Rebele 1994). However,
some of the species richness is due to introduced species and is
not always conducive to high levels of biodiversity at larger scales.
An imported species that initially increases the species diversity
within an urban area can, in certain circumstances, become an
invasive species that reduces biodiversity in the surrounding areas.
For example, on March 6, 1890, 40 pairs of the European Starling
(Sturnus vulgaris) were released in New York’s Central Park.
Within a few years the starlings had spread from coast to coast,
and they are now one of the most common birds in the United
States, competing with native species (Kieran 1995; Mittelback
and Crewdson 1997).

27.2.1.2 Contrasting Urban and Peri-urban Areas

In several studies, species diversity along an urban-rural gradient
has tentatively been found to be hump-shaped in distribution,
with the highest diversity in areas between rural areas and the
urban core (Blair 1996; Blair and Launer 1997). The generality of
this pattern across taxa has not been thoroughly investigated, nor
have the mechanisms leading to such a pattern. It is, however,
consistent with a more general observation that peri-urban areas
are more varied and changing than are central urban or more
distant rural locations.

In the heart of built-up areas, there is often a large share of
fixed or long-term land uses. Although one building may replace
another, comparatively few green spaces are built on, few new
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roads are created, and few new plants are introduced. It is in the
peripheries and suburbs that the most rapid land use changes typi-
cally occur, usually with a loss of gardens and other open spaces
and with increases in paved and roofed impermeable areas, as
apartments or compound housing units replace single family
dwellings and as retail land office buildings get larger. Sometimes
new green spaces are created in such redevelopment projects, al-
though these are often landscaped and maintained.

At the edge of the built-up area, large tracts of land are affected
by transient uses. These peri-urban areas (except for many pro-
tected areas, which often include river valley and transportation
corridors) undergo a change from rural to increasingly urban uses.
In many North American and Australian peri-urban areas, the
transition typically begins with the building of isolated houses for
comparatively affluent townspeople. In much of Africa, Asia, and
South America, on the other hand, migrants and a mix of long-
standing residents frequently occupy peri-urban areas. Extremely
poor people build temporary dwellings on any land from which
they are not immediately evicted, provided there are employment
opportunities. They may also cultivate food for themselves, hop-
ing to sell the surplus at the roadside or in urban markets. (See
Box 27.4.) Such land cover changes introduce not only plants but
also a variety of waste and other materials to the local environ-
ment, which is likely to alter both the character and the dynamics
of local ecosystems.

Alternatively, land-market economics can lead to agricultural
land around the city being taken out of production while the
owner waits for the price for urban uses to rise. In urbanizing
rice-growing areas of Asia, this process can result in a patchwork
of developed former rice fields, abandoned rice fields, and rice
fields that are still being cultivated. Settlements and even regions
may combine characteristically urban and rural features (McGee
1991).

With tight greenbelt planning regulations around many Euro-
pean cities (Hall 2002), the pace of peri-urban land cover change
is often not as obvious as elsewhere in the world, such as in the
United States, where it has been estimated that urban area has
doubled since 1960 (Heimlich and Anderson 2001). In many rap-
idly growing cities in low- and middle-income countries, areas
that were totally rural 10 years ago may be part of suburbia today.
The peri-urban transition zone migrates out from the city almost
relentlessly unless tight regulations are enforced or transport costs
are high, as they were when many of the more compact cities
developed (Bairoch 1988; Newman and Kenworthy 1999).

Rapid urban development also creates peri-urban demands for
earth resources, especially aggregates and brick-making clays, and
for land for disposal of wastes. Frequently, industries with high
levels of pollution or hazardous wastes are also located in peri-
urban zones, so that there is a high risk of contamination from
industrial chemicals and toxic substances. Thus peri-urban zones
may accommodate potentially conflicting activities. The juxtapo-
sition of emissions of chemicals, disposal of waste, and peri-urban
agriculture can lead to many health hazards. Vermin from waste
dumps can be a threat to crops, domestic animals, and human
beings.

Where urban settlements are themselves combining into large
conurbations, the distinction between urban and peri-urban areas
often ceases to be meaningful. In a multicentered agglomeration,
for example, an area near the middle of the agglomeration may be
peripheral to several sub-centers and retain at least some features
characteristic of peri-urban areas. Green areas often remain be-
tween the original major towns, particularly where there is a his-
tory of greenbelt designation. At the same time, the inner areas
of the city show successive waves of building, demolition, and
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rebuilding as needs change and as industry and business activity
grows and declines.

27.2.1.3 Ecosystem Services in Urban and Peri-urban Areas

Whereas urban development is driven by deliberate human activ-
ity, most of the ecosystem changes that occur in and around cities
are unintentional. These changes affect the supply of ecosystem
services, including the regulation and ecology of human diseases.

By the time a given area is urbanized, most pre-existing eco-
systems are likely to be severely disrupted, if not entirely trans-
formed. Even the ecosystems associated with lands that remain
comparatively undisturbed are likely to be altered by the habitat
fragmentation and pollution that typically accompany urbaniza-
tion (Bradshaw 2003). New opportunities for native species may
arise, but in a different context and with potentially important
implications for local ecosystem dynamics. Newly introduced spe-
cies find opportunities beyond their area of introduction and
compete with native species.

In urban areas and their margins, ecosystems can provide an
especially wide range of services. The most widely recognized
services are associated with green spaces and are recreational and
cultural. Parks have become a central part of the identity of many
urban centers, and greenbelts are an increasingly accepted means
of providing outdoor recreation facilities for urban dwellers. In
the MA sub-global assessment for Stockholm, 10 potential urban
ecosystem services in National City Park have so far been exam-
ined, including not only recreational and cultural values but also
air filtration, regulation of microclimate, noise reduction, surface-
water drainage, nutrient retention, genetic library, pollination,
seed dispersal, and insect pest regulation (Bolund and Hunham-
mar 1999). The sustainable supply of these ecosystem services de-
pends not only on the presence of the parkland but also on the
resilience of the ecosystems that provide them. This resilience
could be undermined by insufficient conservation of parkland and
by increased fragmentation. Alternatively, many of these services
are also provided to at least some degree by non-park land, even
if a park is one of the urban sites where the scope for managing
and enhancing the value of these services is greatest (Elmqvist et
al. 2004).

Just as not all ecosystem services arising from urban ecosystems
are from green spaces, not all green spaces are ecologically bene-
ficial. Urban and suburban lawns, for example, provide recreational
services to their homeowners, aesthetic value to the neighbor-
hood, and a number of other ecosystem services. However, large
quantities of water, fertilizer, and pesticides are applied to main-
tain the aesthetics of the green lawns, especially in affluent coun-
tries, with numerous adverse consequences (Robbins et al. 2001).
Indeed, fertilizers and pesticides are applied more intensively to
lawns in the United States than to arable lands in large parts of the
world (Robbins et al. 2001).

The lack of some ecosystem services in urban systems makes
them more valuable. For example, the at-field value of urban ag-
ricultural produce is greater than that produced elsewhere because
it does not need to be transported so far to reach the consumer.
Some ecosystem services in urban areas can become so degraded
through overuse that changes that would otherwise increase ser-
vice delivery are of no avail. For example, once groundwater is
no longer used for drinking purposes due to low quality, a further
loss in the capacity of local ecosystems to filter and clean the water
is less directly relevant. The result is the importation of the service
from other ecosystems (in this case, through piped or bottled
water), often at higher overall cost. Moreover, high population
densities and the fact that some of these services provide spatially
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BOX 27.4

Urban Agriculture, Vulnerability, and Recycling

For many of today’s urban dwellers, urban agriculture provides an impor- indeed in some cities the very poor find it difficult to gain access to land.
tant source of food and supplementary income, especially in times of Regardless, urban agriculture has helped many urban Africans weather
economic crisis. Although urban agriculture is associated with environ- the continuing crisis, and where the data have been examined there is at
mental health risks, it also has many environmental advantages and can least some evidence that urban agriculture is contributing to food security
help to provide a range of ecosystem services within urban areas. (Maxwell et al. 1998). Urban agriculture has often played a similar role in

There are no reliable estimates of the land used, the labor applied, or other parts of the world. For example, it emerged in Cuba in response to
the outputs produced by urban agriculture. This is not surprising. The the decline of Soviet aid and trade and the persistence of the American
extent of urban agriculture is particularly sensitive to where urban bound- trade embargo (Altieri et al. 1999; Moskow 1999).
aries are drawn, because a large share is located on the margins of urban Increasingly, proponents of urban agriculture also emphasize its eco-
areas. More centrally located agriculture is often spatially scattered and logical benefits (Smit and Nasr 1992). One of the ecological disadvan-
involves a large number of small plots (or even pots and pools) and ani- tages of urban development is that it tends to replace circular flows with
mals (domestic fowl, for instance) that are difficult to identify, let alone linear ones: ecological cycles are disrupted; materials previously returned
monitor. In many cities, agriculture is officially banned, further complicat- to the soil as nutrients become urban waste; substances that are hazard-
ing any attempt to collect reliable statistics. ous at high concentrations accumulate. Urban agriculture provides the

There is, however, a growing body of research detailing the importance opportunity to recycle the nutrients in urban organic waste (Eaton and
of urban agriculture in particular locations and for particular groups (United Hilhorst 2003) and can be combined with ‘‘ecological sanitation’’ to im-
Nations Development Programme 1996; ETC—Urban Agriculture Pro- prove public health (Esrey 2002). The cultivation of plants in urban areas
gramme 2001). This research suggests that urban agriculture can provide can also provide other ecosystem services of particular value to urban
a number of major benefits: income and food security for producers; em- dwellers, such as cooling and pollution reduction.
ployment for under- or unemployed residents; lower prices for urban con- Urban agriculture does pose various problems. It can create environ-
sumers; environmental improvements such as reduced runoff; and avoided mental health problems including food contamination, water pollution, and
costs of wastewater treatment and solid waste disposal. Urban farming the increased prevalence of disease vectors such as malarial mosquitoes
takes place not only in peri-urban fields but also on rooftops, in backyards, (Birley and Lock 1998). When combined with ecological sanitation, there
in community vegetable and fruit gardens, and on unused or public spaces. is the potential for improving public health if the systems are well man-
It produces high-value products like fruit, vegetables, and fish, staples such aged, but there are also severe risks if management is poor. Moreover,
as cassava, maize, and beans, and supplementary products such as ber- theft can be an especially serious problem for urban agriculture. The fact
ries, nuts, herbs, and spices. Urban agricultural enterprises range from that it remains illegal in a great many cities where it is practiced constrains
highly commercialized operations to small informal and occasional enter- its potential (Allen 1999). On the other hand, when agriculture is formally
prises. These latter operations are typically managed by long-term urban allowed, it often has difficulty competing against alternative urban land
residents, by the moderately poor, and often by women. uses (Midmore and Jansen 2003); in some contexts, making urban agri-

From the perspective of current human well-being, the most significant culture legal could make it even harder for the poorest residents to gain
contribution of urban agriculture probably does not lie in the share of access to the land.
overall agriculture production for which it accounts, but in the food security In affluent cities, urban agriculture now tends to be associated with
and supplementary income it can provide to cash-strapped urban resi- the production of high-value products supplied fresh to discerning local
dents, and to women in particular. In response to the economic depriva- consumers. Because arable land is scarce and costly, farm sizes tend to
tions of recent decades, urban agriculture in sub-Saharan Africa provided be small and yields tend to be high. In the United States, for example,
an important safety net for those who could find the land (Maxwell 1999). farming in metropolitan areas accounts for less than one fifth of the crop-

Urban agriculture reportedly grew rapidly in many African cities (Ho- land but for about one third of farms and one third of the value of agricul-
worth et al. 2001; Page 2002; Bryld 2003), largely as an informal activity tural production (Heimlich and Anderson 2001). Even in the United States,
involving either on-plot cultivation in more densely settled areas or off-plot however, urban agriculture is sometimes promoted as a means of improv-
cultivation on urban peripheries and marginal lands (Rogerson 1995). The ing food security for some of the more deprived urban communities (Allen
urban farmers are often not from the poorest groups (Flynn 2001), and 1999).

delimited public benefits (that is, one person’s use does not detract
from use by others) also help make ecosystem services more valu-
able in urban areas.

Some ecosystem services in urban locations are especially im-
portant to vulnerable groups. As described in Box 27.4, urban
agriculture can enhance food security and supplement the liveli-
hoods of the urban poor. In many urban areas, although the more
affluent residents no longer use it, local groundwater continues to
be used by those living in poverty despite being heavily contami-
nated. In Jakarta, for example, bottled water has become popular
for those who can afford it, and piped water is available at a price
in many parts of the city, but a large share of low-income house-
holds still rely on shallow groundwater and are very aware of
differences in quality even among different wells in the neighbor-
hood (McGranahan et al. 1998). Local ecosystem filtration clearly
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affects the quality of water, even if it often cannot make it truly
potable. More generally, those who cannot afford to purchase al-
ternatives are more dependent on local ecosystem services. This
does not mean that protecting ecosystems and ecosystem services
in urban areas will necessarily benefit vulnerable groups: vulnera-
ble people are sometimes evicted from their homes in the name
of environmental protection. It does mean, however, that there is
the potential in many cities for policies that would both enhance
ecosystem services and benefit vulnerable groups.

Among planners and decision-makers, there has historically
been a strong tendency to neglect ecosystem services and other
relations between ecosystems and human well-being, at least until
a local or international crisis has forced such concerns onto the
policy agenda. In many urban settlements, the quality of the urban
groundwater and of the ambient air, for example, has been al-
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lowed to deteriorate considerably before any action has been
taken (Melosi 2000; Tarr 1996). The policy debates are often very
poorly informed, partly because of underlying ignorance about
the processes involved, and partly because they are driven by vested
interests rather than by sincere attempts to understand the nature
of the problem (see, e.g., Davis 2002).

27.2.2 Urban Systems as Habitats for Humans

As long as people continue to live in urban areas, it is important
for their well-being that the urban air be healthy to breathe, that
there be sufficient water of adequate quality to meet domestic
needs, that the urban landscape be pleasing to the eye, that the
urban climate be comfortable, and generally that the urban envi-
ronment be healthy and pleasant for people to live in. With ur-
banization, the ability of local ecosystems to provide these services
tends to decline, even as the number of people per unit of area,
and hence the need for these services, increases.

Many of the services once provided by local ecosystems are
now provided by some combination of more-distant ecosystem
services (such as water diverted to the city through constructed
waterways) and manufactured services (such as water treatment
plants). Even if the health benefits of the economic growth that
has accompanied urbanization in most countries has outweighed
the local loss of ecosystem services, these losses have been ex-
tremely important historically and remain important to this day,
as described later in this section.

Urban development can bring major investments in public
health infrastructure and measures to reduce exposure to environ-
mental hazards. Without such investments and measures, urban
areas would still be far less healthy than rural areas. With them,
however, urban habitats are on average healthier (Montgomery et
al. 2003, Chapter 7). Yet the benefits from urban investments in
public health infrastructure are very unevenly distributed (Hardoy
et al. 2001).

Although urban living is often associated in people’s minds
with industrial and motor vehicle pollution, the role of cities in
facilitating the spread of infectious diseases has probably been
more important to human health, and it remains important today.
Humans are exceptional among animals in the high proportion of
their deaths due to disease (see, e.g., McKeown 1988). Changes
in human densities and travel patterns are implicated in the emer-
gence of many of the most devastating infectious diseases.

Without sufficiently large urban settlements, a number of dis-
eases, including measles and smallpox, could not be maintained in
human populations (the measles virus, for example, can only per-
sist in one person for a couple of weeks, and so at least 26 times a
year it must move to a person who has not been previously in-
fected) (Mascie-Taylor 1993). Trade and urban conditions helped
spread the vectors and eventually the plagues that beset Europe
during its early urbanization, and in the more extreme cases killed
upward of 25% of the population (McNeill 1989). Urban settle-
ments are still important to the spread of epidemics and pandem-
ics, including, for example, HIV/AIDS (Dyson 2003; see also
Chapter 14).

The water, sanitation, and hygiene problems described in the
next section provide an example of urban conditions that histori-
cally created some of the most serious health problems and that
remain significant to this day. In a recent World Health Organiza-
tion ranking of leading risk factors in terms of attributable disease
burdens, unsafe water, sanitation, and hygiene ranked sixth
(WHO 2002). Water and sanitation deficiencies tend to be a par-
ticular risk in economically deprived areas, both rural and urban.
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Urban exposure to chemical pollution is also important to
human health and well-being. Urban development often leads to
unintentional threats to health and well-being by increasing waste
generation or by bringing people into closer contact with waste
products, some of which contain harmful chemicals (as well as
pathogens). These waste products may be in the urban air, water,
or land, in public or private spaces, and in relatively more or
less frequented locations. Exposure to health-threatening ambient
urban air pollution is highest in large industrialized and motorized
cities (McGranahan and Murray 2003), whereas health-threatening
indoor air pollution is particularly severe in homes where smoky
fuels are used without adequate ventilation (Saxena and Smith
2003). Neither surface nor groundwater is potable in most urban
settlements, with chemical water pollution a particularly serious
problem in industrial centers. Solid waste can contribute to urban
air pollution (through burning, for instance) or water pollution
(such as through leaching) or can result in direct exposure.

The ambient air pollution problems described in more detail
later provide an example of an environmental health problem
often considered quintessentially urban. The burden of disease
attributable to urban air pollution is estimated to be less than one
quarter of the burden from water and sanitation problems (WHO
2002). The burden of illness due to indoor air pollution, by con-
trast, is nearly the same as that due to water and sanitation prob-
lems (WHO 2002).

The later sections on air pollution and on water, sanitation,
and health attempt to provide simplified accounts of how urban
conditions affect ecosystem services (such as clean air and water)
and hence human health. It is also important to recognize, how-
ever, that complex environmental interactions and enormous
inter- and intraurban variation in environmental health condi-
tions are themselves characteristic of the challenges encountered
in urban habitats.

First, in the evolution of an epidemic or of an individual’s
health, there are discontinuities and thresholds in relations be-
tween environmental conditions and health outcomes. Thus, for
example, declining sanitary conditions may initially increase the
burden of endemic diarrheal diseases, and then, after crossing
some threshold, allow a cholera epidemic to break out. An urban
settlement’s role in epidemics also depends on its size, with larger
cities acting as reservoirs of disease and providing a source for
outbreaks in smaller settlements below the threshold necessary to
maintain the infection in the human population (Cliff et al. 1998).
Alternatively, whereas the conditions in the United States and
Europe were such that relatively small shifts in the ecology of
malaria could lead to its disappearance, in the parts of sub-Saharan
Africa where malaria is holoendemic (that is, in an equilibrium
where the disease is endemic at a high level among children and
adults show less evidence of the disease), the disease can persist in
the face of far larger shifts (Bradley 1991).

Second, in service-deprived low-income neighborhoods the
conventional boundaries between environmental health problems
do not apply (McGranahan et al. 2001). As the result of home
industries, occupational health hazards are often encountered in
people’s homes. When fecal material is not separated off and con-
tained or flushed away, it can contaminate water supplies, become
mixed with the solid waste, and attract flies and other pests.
Where water is not piped into people’s homes, it is more easily
contaminated with fecal material and less likely to provide for
good hygiene within the home, and there is a risk that water
storage containers will become a breeding site for vectors of dis-
eases such as dengue and dengue hemorrhagic fever. When solid
waste is not contained and carried away, there is a significant like-
lihood that it will create unsightly, malodorous, and inconvenient
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accumulations of refuse and become a breeding ground for pests.
And it will also cause air pollution when it is burned or flooding
when it is washed into the drains. Combined with crowded hous-
ing, smoky fuels, the use of pesticides, and food storage problems,
these multiple hazards often create extremely unhealthy living en-
vironments, especially for infants and children who have not yet
built up resistance to infectious diseases (see, e.g., Cairncross and
Feachem 1993; McGranahan et al. 2001; McGranahan and Mur-
ray 2003).

Third, many of the environmental conditions that facilitate
the transmission of infectious diseases in deprived urban areas lie
in the public domain, such as those associated with poor sanitation
and solid waste removal, and create local public health risks that
private actions cannot address effectively (Pickering et al. 1987;
Bateman et al. 1993; McGranahan et al. 2001). Others, on the
other hand, involve transmission within households. The relative
importance of public and domestic routes of transmission varies,
depending on the disease (Cairncross et al. 1995). Much the same
applies to exposure to chemical pollutants; it is noteworthy that
whereas indoor air pollution was identified as one of major risks
to health in the most recent burden of disease estimates (WHO
2002), it was not even included in previous estimates (Murray and
Lopez 1996).

The very nature of these interconnections makes the resulting
hazards difficult to address, either through the privately negotiated
trades that have historically underpinned the success of market
economies or through public agency. Those who are most affected
tend to have very little income or assets with which to trade and
comparatively little political power with which to influence gov-
ernment agencies or political processes. In any case, pathogens,
pests, and toxins respect neither the boundaries of private prop-
erty nor those of organized communities, administrative areas, or
ministerial responsibilities. These difficulties are important factors
when considering both the history of urban environmental health
and the contemporary situation with regard to urban water, sani-
tation, and air pollution.

27.2.2.1 Urban Water, Sanitation, and Hygiene and Human
Health

In most parts of the world, there have been enormous improve-
ments in urban water and sanitation since the mid-nineteenth
century, when urban water and sanitation problems first gained
international prominence. Nevertheless, according to the most
recent global burden of disease assessment, unsafe water, sanita-
tion, and hygiene still account for almost 6% of the burden of
disease in ‘‘high-mortality developing regions,’’ exceeding all but
two other risk factors (Ezzati et al. 2002). Although the ‘‘urban
penalty’’—the increase in mortality rates associated with living in
urban areas (see, e.g., Dobson 1997; Woods 2003)—that helped
to motivate reform in the nineteenth century is no longer evident,
eliminating unhealthy conditions in African, Asian, and Latin
American urban areas remains a major challenge.

Urban poverty, particularly when combined with rapid urban
population growth, is still closely associated with unsafe water and
sanitation. Reducing the share of the population without ade-
quate water and sanitation services is still central to the develop-
ment goals and targets that have been adopted internationally,
including most notably the Millennium Development Goals. (See
MA Policy Responses, Chapter 20.)

In Table 27.11, the left-hand columns summarize the water
and sanitation statistics that were used in developing exposure es-
timates for the burden of disease just mentioned and also used in
starting to monitor progress toward the water and sanitation tar-

PAGE 812

gets associated with the MDGs. These statistics might seem to
suggest that only a small minority of urban dwellers lack provision
of clean water and sanitation. Even in Africa, 85% of the urban
population had ‘‘improved’’ provision for water and 84% had
‘‘improved’’ provision for sanitation by 2000. Problems are prob-
ably much more serious in rural areas, where most of the 1.1
billion people without access to improved drinking water and
most of the 2.4 billion people without access to improved sanita-
tion live (WHO and UNICEF 2000).

Unfortunately, these statistics are based on a definition of ‘‘im-
proved’’ provision for water and sanitation that includes condi-
tions where the risk of human contamination from fecal-oral
pathogens remains high (Prüss et al. 2002). The Global Assess-
ment from which the statistics are taken acknowledges that, be-
cause of the lack of internationally comparable data, it was not
able to calculate the proportion of people with ‘‘adequate’’ provi-
sion or with ‘‘safe’’ water (WHO and UNICEF 2000).

For water supply, access to ‘‘improved’’ supplies was defined
as being able to obtain at least 20 liters of water per person per
day from a household connection, public standpipe, borehole,
protected dug well, protected spring, or rainwater collector
within 1 kilometer of the user’s dwelling (WHO and UNICEF
2000). In many low-income urban settings, however, standpipes
or other publicly available water sources available within a ki-
lometer may be shared with hundreds and occasionally thousands
of people, and there are often serious deficiencies in the quality
of the water and the regularity of the supply (Hardoy et al. 2001;
UN-Habitat 2003a).

For sanitation, ‘‘improved’’ provision was defined as access to
a private or shared toilet with connection to a public sewer or a
septic tank or access to a private or shared pour-flush latrine, simple
pit latrine, or ventilated improved pit latrine (WHO and UNICEF
2000). In many urban settings, however, dozens of households
share each latrine, making access difficult and maintenance inade-
quate, sometimes causing people and especially children to avoid
using the latrines (UN-Habitat 2003a).

Moreover, detailed case studies often indicate levels of provi-
sion that are difficult to reconcile with the national estimates used
in calculating the figures on ‘‘improved’’ provision in Table
27.11, even accepting the definitions of ‘‘improved’’ supply. For
instance, the national estimates for Bangladesh show that 99% of
its urban population had access to ‘‘improved’’ water supplies in
2000 (WHO and UNICEF 2000), whereas detailed studies in its
two largest cities (Dhaka and Chittagong) show large sections of
their populations having to rely on poor-quality water that was
difficult to obtain (UN-Habitat 2003a). Similarly, the national es-
timates for Tanzania and Kenya show that virtually all their urban
populations had ‘‘improved sanitation,’’ but detailed studies in
their major cities and smaller urban centers showed otherwise,
especially in the large informal areas within urban settlements
where a high proportion of the population of Dar es Salaam and
Nairobi live (UN-Habitat 2003a). The numbers in the right-hand
columns of Table 27.11 are very crude estimates, but they suggest
a far higher level of water and sanitation deprivation (UN-Habitat
2003a).

Such statistics, even if they are rigorously defined and mea-
sured, can misleadingly imply that the underlying problem is a
lack of infrastructure. In effect, health risks arising from the local
ecology of waterborne or water-related diseases are ascribed to
the absence of the presumed solution: more extensive piped water
and sanitation systems (or other ‘‘improved’’ technologies). As
part of this more general tendency to oversimplify, in policy dis-
cussions it is often presumed that ‘‘waterborne’’ diseases, which
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Table 27.11. Different Estimates of Number of Urban Dwellers Lacking Provision for Water and Sanitation, 2000 (WHO and UNICEF
2000; UN-Habitat 2003b)

Region Number (and Share) of Urban Dwellers 
without “Improved” Provision for:

Indicative Estimates for the Number (and Share) 
of Urban Dwellers without “Adequate” Provision for:

Water Sanitation Water Sanitation
Africa 44 million

(15%)

46 million

(16%)

100–150 million

(c. 35–50%)

150–80 million

(c. 50–60%)

Asia 98 million

(7%)

297 million 

(22%)

500–700 million

(c. 35–50%)

600–800 million

(c. 45–60%)

Latin America and the
Caribbean

29 million

(7%)

51 million

(13%)

80–120 million 

(c. 20–30%)

100–150 million

(c. 25–40%)

include most diarrheal diseases, are contracted by people drinking
water contaminated with fecal material.

In fact, although waterborne diseases can be spread via drink-
ing water, they can also spread through person-to-person contact,
and often by other means (Cairncross and Feachem 1993). Many
waterborne diseases can be transmitted mechanically by insects,
and there is some evidence that the presence of flies can make a
large difference to their prevalence (Cohen et al 1991; Levine and
Levine 1991; Crosskey and Lane 1993). Contaminated food is
quite possibly an even greater problem than contaminated water.
Insufficient water for washing is probably more important to
health than poor-quality drinking water. Better sanitation facilities
are unlikely to achieve their potential health improvements unless
they are accompanied by changes in hygiene behavior; in some
circumstances, changes in behavior are the most significant factor
in reducing the prevalence of fecal-oral diseases (Curtis et al.
2000; Curtis and Cairncross 2003).

27.2.2.2 Urban Air Pollution and Human Health

Serious exposure to air pollution began with the advent of burn-
ing fuels for cooking and heat within unventilated abodes. Air
pollution was a major nuisance for many and a serious concern
for some in the industrializing cities of the nineteenth century
(Mosley 2001), but concerted efforts to address ambient air pollu-
tion only began in the twentieth century. In particular, it was the
urban air pollution episodes between the late 1940s and mid-
1960s in Donora (in the state of Pennsylvania), London, Osaka,
and New York City, among other locations, when many died or
were hospitalized, that prompted public concern and responses
including clean air legislation, regulations, and other actions.

Table 27.12 provides the sources of indoor and outdoor air
pollution associated with some of the principal pollutants. The
distribution, magnitude, and trends of many of these pollutants
within ecosystems are addressed in Chapter 13. This section fo-
cuses on their generation and health impacts within urban sys-
tems.

Recent estimates of the global burden of disease suggest that
approximately 5% of trachea, bronchus, and lung cancer, 2% of
cardiorespiratory mortality, and about 1% of respiratory infections
are attributed to urban outdoor air pollution ( WHO 2002, and
see also Ezzati et al. 2002). This amounts to about 800,000 deaths
(1.4% of the total) and about 0.8% of the total global burden
of disease. This burden falls predominantly on low- and middle-
income countries, with 42% occurring in parts of the WHO
Western Pacific Region and 19% occurring in parts of the WHO
Southeast Asian Region.
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Although these figures suggest that outdoor urban air pollu-
tion is an important health concern, the burden of indoor air
pollution is estimated to be considerably higher (Smith and Akbar
2003; WHO 2002). Indoor air pollution concentrations tend to
be highest in low-income settings, and more specifically where
smoky fuels are used in homes with poor ventilation (Saxena and
Smith 2003). Nearly half the world cooks with biofuels, including
more than 75% of those living in India, China, and nearby coun-
tries, and 50–75% of those living in parts of South America and
Africa (WHO 2002). Exposure to pollutants from burning these
fuels is particularly intense for women and young children, who
spend much of their time indoors, and is in aggregate substantially
greater than exposure to outdoor air pollution in cities with se-
vere air pollution problems (Smith and Akbar 2003). Although
ambient air pollution is usually worse in urban centers, overall
exposure to air pollution (both indoor and ambient) is higher in
rural areas because most of these biofuel users are rural (Saxena
and Smith 2003).

There is also considerable variation in exposure to air pollu-
tion between and within urban centers, depending on geographi-
cal factors as well as the types of activities undertaken in and
around the urban centers and the fuels used to power them. Am-
bient air pollution has reached excessively high levels in many
large cities in Asia, Africa, and Latin America (Krzyzanowski and
Schwela 1999), where concentrations of ambient air pollution
often rival and exceed those experienced in industrial countries in
the first half of the twentieth century. Pollution from industries
and power plants can account for a large share of urban emissions,
and it also tends to be the target of initial pollution control mea-
sures. Vehicular pollution is also a chief contributor to overall
local and regional ambient air pollution (NOx, O3, CO, volatile
organic compounds, and suspended particles).

In general, low- and middle-income countries account for
only 10% of the world’s vehicles, including 20% of the buses
(Elsom 1996). Growth rates for vehicle ownership, however, are
two to three times higher in these countries than in high-income
countries. For example, during the 1980s Pakistan experienced an
annual average vehicle growth rate of 9%, Brazil’s was 11%,
China 14%, Kenya 26%, and both the Republic of Korea and
Thailand 30%, compared with 2–3% growth in the United King-
dom and the United States (Elsom 1996). In 1990, there were
700,000 private cars in China and 5 million other motor vehicles.
By 2001, this had risen to more than 5 million private cars and
some 13 million other vehicles. For the next 20 years, East and
Southeast Asia are expected to have the fastest-growing car mar-
kets in the world (Walsh 2003). The number of motor vehicles
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Table 27.12. Sources of Outdoor and Indoor Emissions and
Principal Pollutants (Murray and McGranahan 2003)

Sources Principal Pollutants
Predominantly outdoor 
Fuel combustion, smelters sulfur dioxide and particles

Photochemical reactions ozone

Trees, grass, weeds, plants pollens

Automobiles lead, manganese

Industrial emissions lead, cadmium

Petrochemical solvents, vaporiza-
tion of unburned fuels

volatile organic compounds, 
polycyclic aromatic hydrocarbons

Both indoor and outdoor
Fuel burning nitrogen oxides and carbon 

monoxide

Fuel burning, metabolic activity carbon oxides

Environmental tobacco smoke, 
re-suspension, condensation of
vapors and combustion products

particles

Biologic activity, combustion, 
evaporation

water vapor

Volatilization, fuel burning, paint,
metabolic action, pesticides,
insecticides, fungicides

volatile organic compounds

Fungi, moulds spores

Predominantly indoor
Soil, building construction 

materials, water
radon

Insulation, furnishing, 
environmental tobacco smoke

formaldehyde

Fire-retardant, insulation asbestos

Cleaning products, metabolic 
activity

ammonia

Environmental tobacco smoke polycyclic aromatic hydrocarbons,
arsenic, nicotine, acrolein

Adhesives, solvents, cooking, 
cosmetics

volatile organic compounds

Fungicides, paints, spills, or 
breakages of mercury-containing
products

mercury

Consumer products, house dust aerosols

House dust, animal dander allergens

Infections viable organisms

worldwide is expected to increase from around 660 million in
1990 to 1 billion by 2030 (Faiz et al. 1990).

Besides absolute numbers, the quality and fuel efficiency of
motor vehicles also affects emissions and hence ambient air qual-
ity. High emissions per vehicle are associated with outdated tech-
nologies, older vehicles, poorly surfaced or badly maintained
roads, weaker environmental legislation or weak enforcement of
the regulations, poor vehicle maintenance (as vehicle emission
inspections are less rigorous or nonexistent), and the dominance
of low-quality fuels (such as diesel with high sulfur content)
(Elsom 1996). These circumstances tend to be more common in
low- and middle-income cities than in high-income cities.
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Leaded fuels are also more common in low-income cities and
account for most atmospheric lead in countries where they are
still in use.

27.2.3 Urban Systems Interrelating with
Surrounding Regions

Partly because of the demands that urban systems place on ecosys-
tems in the surrounding region, cities and towns are often presented
as environmentally damaging. This is misleading, particularly if
human well-being is a central concern. If urban activities and resi-
dents moved to rural areas, the demands placed on ecosystems
would be more dispersed, but not reduced. Yet even if, from an
ecosystems perspective, urbanization is preferable to most rural
alternatives involving similar economic production levels, urban
pressures are increasing rapidly as the result of population growth,
economic growth, and urbanization. Moreover, for adjoining
ecosystems, the concentration of people and activities in urban
areas can be a particular burden. Urban centers in the vicinity of
fragile ecosystems are especially problematic. Cities associated
with highly polluting industries typically have a greater impact
on nearby ecosystems than those dominated by service industries.
Poorly managed urban development can be especially destructive
to nearby ecosystems.

27.2.3.1 Urban Systems and Rural Lands

In peri-urban areas, the influence of urban development is visible
and often involves the conversion of land to urban uses, as de-
scribed earlier, but the less direct urban influence on somewhat
more distant rural lands can be just as great and extends from
demand-driven land use changes to the effects of urban remit-
tances on rural development patterns.

In an ecological history of Chicago and the ‘‘Great West,’’
Cronon (1992) describes how innovations in grain markets were
linked to the loss of species diversity in the grasslands, how devel-
opments in meat handling and marketing affected animal stocks
and living conditions on the farms, and how the urban lumber
industry led to the decline of the White Pine forests on which it
depended. When such changes occur, it is not just the increasing
size of urban demands that influences the surrounding ecosystems,
but the changing qualities of urban demands, including, for exam-
ple, the tendency of many urban markets to demand standardized
produce, thereby favoring monoculture and reducing biological
diversity.

Although most contemporary cities do not have as great an
influence on their hinterlands as Chicago once did, urban devel-
opment remains a major influence on agricultural systems. A re-
cent study of peri-urban agriculture in Hanoi documents a process
that is likely to be present in the peripheries of most developing
urban centers: the shift by farmers to producing higher-value
goods in response to consumer demand in the urban areas (van
den Berg et al. 2003). Such goods include vegetables, milk, and
other perishable commodities (including from fish farming,
shrimp farming, and flower production). Here, as in and around
many other cities, agriculture is also disrupted by land speculation
or the conversion of land to urban uses (including farmers who
sub-divide and sell their land for housing, sometimes illegally).
However, cities often provide surprising new opportunities for
farmers: for instance, the demand for ‘‘turf ’’ (sod) and ornamental
plants for middle-class gardens in Mexico City and the demand
by international tourists for authentic ‘‘pre-Columbian’’ food
produce new opportunities for farmers around Mexico City (Lo-
sada et al. 1998; Losada et al. 2000).
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While increasing urban demand for agricultural produce can
be expected to lead to a larger expanse of agricultural land, urban
demands for marketable wood products are often assumed to re-
duce tree cover. In the 1980s and 1990s, for example, urban de-
mands for fuelwood and charcoal were often presented as leading
to ‘‘rings of deforestation’’ around African and Asian cities where
charcoal is a major cooking fuel (Cleaver and Schreiber 1994).
However, as described in Chapter 21, such outcomes depend on
the institutions guiding the resource use. Increasing urban de-
mand can contribute to institutional conflicts over forest use. On
the other hand, it can also motivate efforts to protect and plant
forests. Although the slow growth of most woody products may
inhibit private investment, trees can be planted, and in some cir-
cumstances an increasing demand for wood will result in an
expansion of forest area.

From the perspective of human well-being, many of the more
destructive relations between urban and adjoining systems involve
interrelations that are neither valued within the market economy
nor given priority by government agencies. Urban water demands
often conflict with agricultural demands, and in many circum-
stances the institutions for reconciling such conflicts are neither
equitable nor efficient (Baumann et al. 1998). Urban water pollu-
tion can damage downstream agriculture; conversely, the use of
agricultural fertilizers and pesticides pollutes urban water sources.
Cultivated systems can also lead to erosion, siltation, and more
flooding in downstream urban areas, as well as damage to water
storage facilities and water conveyance services. (See Chapter 26.)
Urban air pollution contributes to acid precipitation, affecting
forests and croplands with low buffering capacity; forest fires con-
tribute to urban pollution concentrations as well as to urban fire
risks.

Although some of these negative relationships have little to do
with urban settlement patterns per se, others are directly related to
the spatial concentration of urban consumption and production.
Urban centers rely on adjacent ecosystem services to break down
their biodegradable wastes, but when the capacities of these local
ecosystems are overwhelmed, people living in downstream settle-
ments are put at risk. These same biodegradable wastes may repre-
sent the loss of nutrients from agricultural and forestry systems.
Urban consumption and production can also result in the accu-
mulation of nondegradable and sometimes toxic substances (such
as heavy metals) at waste sites, where they may leach into the
groundwater or result in human exposure through some other
means. Even relatively small urban centers face such problems,
but they are magnified in large cities, and particularly in large
industrial cities.

Again, it is important to distinguish between the often nega-
tive impacts that urban development has on ecosystems services
and the often positive comparisons that can be made between
well-managed urban development and alternative, less urban, de-
velopment options. It has been suggested, for example, that urban
development in drylands should lead to a reduced risk of deserti-
fication when compared with agricultural development (Portnov
and Safriel 2004). In some circumstances, urban development can
also provide the justification for expensive investments in water
infrastructure, providing the basis for other developments.

27.2.3.2 Urban Development and Regional Water Systems

Historically, urban centers have often been founded near water
sources and waterways, both to provide for urban water demands
and to take advantage of water transport. As described earlier, the
coastal zone is not only the most urbanized of all of the major
systems identified for the MA, it is also the most densely popu-
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lated with rural dwellers. A disproportionate number of urban
centers, including especially large urban centers (over 500,000
people), are located at or near river mouths, which are also eco-
logically critical sites, particularly for some migratory aquatic and
bird species. (See Chapter 20.)

Water is also a resource with a strong regional dimension.
Freshwater resources from surrounding regions are still the major
source of water for urban consumption, unlike many other re-
sources that can more easily be imported great distances. Intra-
regional water flows provide critical connections between urban
systems and the surrounding regions; as indicated earlier, uninten-
tional changes to these water flows can create serious problems.
Even groundwater aquifers can have a regional dimension. The
flow of water represents the largest material flow in and out of
urban areas, and it has been estimated that water represents about
90% of all material entering megacities (Decker et al. 2000).

In assessing the water relations between urban centers and
their surrounding regions, it is important to consider:
• UrbanVUpstream: how measures designed to meet urban de-

mands for water and hydropower have changed the upstream
water flows, affecting, for example, the availability of water
for urban and nonurban users upstream.

• UpstreamVUrban: how upstream water and land use changes
not specifically designed to change urban water conditions
have affected the qualities and quantities of water available to
or flowing through urban centers.

• UrbanVDownstream: how urban water and land use changes
have affected the qualities and quantities of water available
downstream (including coastal waters).
There are some changes that are not captured by these three

categories. Thus, for example, dams and water diversions created
to serve urban demands affect not just upstream users, but also
those downstream, in all the river basins affected. While competi-
tion for good-quality water is often central to these relations,
changes in urban water regimes can also influence flood risks,
biodiversity, wetland and delta ecosystems, fisheries, migratory
aquatic species, and a range of other less obvious water-related
issues. Moreover, groundwater depletion often leads to land subsi-
dence, which can have severe consequences in urban areas.

During the nineteenth and twentieth centuries, rapidly grow-
ing and economically successful urban centers relied on bringing
in water from increasingly distant sources (Tarr 1996). Conflicts
between urban and nonurban users have been common. Urban
water use requires a higher-quality and more stable supply than
that in most rural uses (for irrigation, for example), and the social,
economic, and political importance of cities often ensures that
their demands are given priority. The manner in which the water
demands of Los Angeles were allowed to dominate over those of
Owens Valley provides a well-documented example (Kahrl 1982;
Reisner 2001).

When water is diverted from agriculture to urban areas, ag-
ricultural productivity can be severely affected. For example, in
the Hai river basin in China, most of the freshwater resources
captured by large reservoirs are directed to meet the increasing
water demands from Beijing and Tianjin, and access to water has
become the limiting factor in the region’s agricultural productiv-
ity (Bai and Imura 2001). On the other hand, with decreases in
water availability, farmers have traded off grain production for
other more economically productive uses for their land and their
time, not all of which are so dependent on water, and despite
declining water resources, incomes have been increasing (Nickum
2002).

In most parts of the world, the spatial range of urban water
withdrawals is expanding. In countries with capital-intensive
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water infrastructure, some of the regional water systems have be-
come so closely integrated that it is no longer meaningful to link
urban centers with spatially delimited supply networks: as with
electricity systems, they are simply ‘‘attached to the network’’
(Baumann et al. 1998). Even where there is less water infrastruc-
ture, cities are reaching further upstream for more and fresher
water resources, sometimes even from other river basins. In Af-
rica, where inadequate infrastructure is often cited as a major
problem, in the early 1970s many urban centers still used ground-
water supplies as their primary water sources, but by the 1990s
the primary water sources were more likely to be rivers, and in-
creasingly these river sources were more than 25 kilometers away
(Showers 2002).

Investment in tapping water supplies that are further away is
often undertaken when less costly alternatives have not been ex-
plored. Moreover, when cities and surrounding rural areas com-
pete for water resources, ecological water requirements (the water
needed to maintain ecosystem function and local hydrological cy-
cles) are often neglected. In many situations, demand-side man-
agement is an inexpensive means of freeing up water supplies and
could be used to avoid tapping distant water supplies or under-
mining ecological functions (Baumann et al. 1998). Alternatively,
economic analysis of other measures to improve water supplies in
New York City found that in many cases it would be cheaper
for the city’s residents to pay upstream individuals and enterprises
operating in the city’s upper watershed to adopt less damaging
practices than to invest in more water supply and treatment facili-
ties. Investing in water filtration in New York is estimated to cost
approximately $6 billion for design and construction and $300
million in annual operating expenses (NRC 2000; Pires 2004).

Urban centers themselves can cause a wide range of problems
for people and ecosystems downstream, including those in other
urban locations. Urban areas usually have a high percentage of
paved areas, which concentrates rainwater rather than dissipating
it. This tends to intensify flooding and can cause flash floods.
Changes in the water flows can also affect downstream fish stocks,
recreational opportunities, and biodiversity. (See Chapter 20.)
Sewers convey human waste out of urban locations, often releas-
ing it untreated in local waterways or coastal waters. Human
waste not only poses a health risk for people who might come to
ingest the contaminated water, it causes eutrophication and dam-
ages aquatic ecosystems downstream. (See Chapter 12.) Chemical
water pollution is also a major problem, particularly around large
industrial centers.

Coastal zones are among the worst affected by urban develop-
ment, and they combine many of the most critical land and water
issues. As indicated earlier, the share of land in coastal zones that
is urban is particularly high, and land conversion and habitat losses
of coastal wetlands, dune systems, and coral reefs are often irre-
versible. (See Chapter 19.) Urban areas at river mouths often con-
stitute bottlenecks for aquatic migratory species. Other important
situations related to urban areas in coastal systems are the develop-
ment of ports out of natural harbors, the dredging of shipping
channels, and the development of industrial centers in the coastal
fringe. Port development also creates the risks of species invasion,
with large ships in harbors acting as vectors for species introduced
via ballast-water transfer and hull fouling.

Although high levels of urbanization are not in and of them-
selves a problem, urban development undertaken with little re-
gard for its ecological implications can be extremely destructive.
Dispersed rural settlements can bring about more vegetation frag-
mentation than population concentration in urban areas, with a
strong negative impact on the health of inland water systems. The
concentration of population in urban areas makes it easier to treat
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wastewater and avoid pollution, as point pollution sources are
more likely to be controlled or eliminated. There are also many
opportunities in urban areas for reusing wastewater and for engag-
ing in demand-side management for conservation and for improving
well-being. There are indications that water-management systems
are slowly changing, with more attention being given to improv-
ing water use efficiency and productivity and less of a tendency
to assume that water shortages must be met by more water infra-
structure (Gleick 2003). On the other hand, concentrating settle-
ment concentrates the burdens, and where urban development is
poorly managed, concentration will make local disturbances even
worse.

27.2.4 Urban Systems Creating Global Ecosystem
Pressures

If the environmental shortcomings of the affluent city in the nine-
teenth century were unsanitary slums and environmental health
problems within the city, and those of the affluent city in the
twentieth century were urban pollution and environmental deg-
radation in and around the city, then the major environmental
burden of the affluent city in the twenty-first century is likely to
be the global burden it imposes, often on ecosystems far removed
from the city itself.

The importance of global trade and of global environmental
burdens has grown considerably over the past two centuries, and
especially in the last few decades. (See Chapter 3.) Urban devel-
opment has been an integral part of this process; all urban centers
are engaged to some degree in the production and consumption
of internationally traded goods and in contributing to globally
burdensome wastes such as greenhouse gases, persistent organic
pollutants, and ozone-depleting substances. In general, however,
global ecosystem pressures derive from the consumption and
wastage undertaken to support the lifestyles of the world’s more
affluent residents, most of whom live in the urban centers of high-
income countries. As much as two thirds of total consumption
and pollution can be traced to cities in rich countries alone (Rees
1997).

Increasing long-distance trade spreads the ecological burden
of consumption, but it also increases the likelihood that consum-
ers will neglect the costs of ecological pressures and damage. If a
population depends on local ecosystems and degrades these
through excessive growth or overexploitation, the negative con-
sequences (declining productivity) are more likely to inhibit fur-
ther growth. Trade serves to short-circuit such negative feedback
and may even lead to positive feedback. Urbanites who live
mainly on imported goods lose their incentive to conserve re-
maining local or regional stocks of natural capital (biophysical re-
sources). Thus, a city interested in promoting economic growth
may sacrifice prime cropland on the urban fringe to ‘‘highest and
best (economic) use,’’ permanently destroying the land’s agricul-
tural potential. Second, people living on imports are less likely
to be aware of the negative ecological or social consequences of
unsustainable production processes in the distant regions that are
supplying them. The most successful traders are those who seek
out and find the least-cost supplies, whether the low costs are
based on a real comparative advantage or on the fact that the loss
of ecosystem services is not being costed into the supply chain.

Urban systems are also vulnerable to global environmental
shifts, including climate change and its consequences. In addition
to the direct effects of warming on the habitability of urban cen-
ters, many cities are vulnerable to flooding from sea level rise or
to damage from tropical storms. Nevertheless, most assessments of
the global pressures of urban development focus first and foremost
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on impacts outside urban boundaries, recognizing that in the long
run these impacts too will affect the well-being of urban residents.

27.2.4.1 Ecological Footprint Analysis

Ecological footprint (or eco-footprint) analysis is a quantitative
tool that estimates the load imposed on the ecosphere by any
specified human population in terms of the land and water (eco-
system) area dedicated to supporting that population (Rees 1992;
Rees and Wackernagel 1994; Wackernagel and Rees 1996). It
does not capture the dynamics of either ecosystems or markets,
nor does it provide the basis for assessing whether any given eco-
logical burden involves economic externalities or can be justified
in terms of human well-being. Summing up ecological footprints
is inevitably complicated by the diversity of services that any
given ecological area can provide. Ecological footprint estimates
are revealing, however, not only in demonstrating how much
more extensive urban footprints are than the urban areas them-
selves, but also in allowing the ecological pressures of different
urban centers or different population groups to be compared, at
least roughly.

An eco-footprint analysis begins with the quantification of the
material and energy resources required to support the consump-
tion demands of the study population at its present material stan-
dard of living. The method is based on the fact that many of these
resource and waste flows can then be converted into a corre-
sponding productive land and water area. Thus, the ecological
footprint of a specified population can be formally defined as ‘‘the
area of land and water ecosystems required, on a continuous basis,
to produce the resources that the population consumes, and to
assimilate the wastes that the population produces, wherever on
Earth the relevant land/water is located’’ (Rees 2001). A com-
plete eco-footprint analysis would therefore include the ecosys-
tem area that the population effectively appropriates to supply its
needs through all forms of economic activity, including trade, plus
the area it needs to provide its share of certain (usually free) land-
and water-based services of nature, such as the carbon sink func-
tion.

The size of the eco-footprint depends on four factors: popula-
tion, the average material standard of living, the productivity of
the land/water base (whether local or ‘‘imported’’ in trade goods),
and the efficiency of resource harvesting, processing, and use. Re-
gardless of the relative importance of these factors and how they
interact, every population has an ecological footprint. (For full
details of the methodology, see Wackernagel et al. 1999; Rees
2001, 2003; World Wide Fund for Nature 2002; Monfreda et al.
2004.)

Eco-footprint analysis reveals that the residents of the more
urban high-income countries impose a vastly larger load on Earth
than do the residents of low-income countries. The citizens of
high-income countries such as the United States and Canada have
average ecological footprints of 8–10 hectares, or up to 20 times
larger than the eco-footprints of the citizens of the world’s poor-
est countries such as Bangladesh or Mozambique (see, e.g., World
Wide Fund for Nature 2002).

Because consumption, production, and trade data are gener-
ally compiled at the national level by domestic statistical offices
and international agencies, it is easiest to estimate national eco-
footprints. Data specific to lower-level political entities such as
states, provinces, or cities are generally much harder to come by.
Nevertheless, a rough estimate of the eco-footprint of any given
city can be made by multiplying the city’s human population by
the national per capita ecological footprint, and methods do exist
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for developing estimates at sub-national levels (see method ap-
plied in Wackernagel 1998).

Various researchers have estimated urban eco-footprints by
using different assumptions and levels of detail. Despite method-
ological differences, such studies invariably show that the eco-
footprints of typical modern cities are two to three orders of mag-
nitude larger than those of the geographic or political areas they
occupy (see, e.g., Rees 2003).

A city may represent as little as 0.1% of the area of the host
ecosystems that sustain it. Such fractions emphasize that even in a
stable world, no city or urban region as presently configured
could be sustainable on its own. Moreover, the combined re-
quirements of urban systems are increasingly unsustainable in the
long run; in a politically unstable world, dependence on extensive
and often distant ecosystems raises issues of shorter-term sustain-
ability.

27.2.4.2 The Urban Sustainability Multiplier

Although cities, particularly high-income cities, have large eco-
footprints, they also provide many opportunities to lighten the
human load on Earth’s ecosystems. To begin with, cities are con-
centrations of buildings and associated infrastructure, and the
‘‘built environment’’ is a key consumer of materials and energy,
with considerable scope for savings. To a first approximation, the
construction, operation, and maintenance of the built environ-
ment accounts for 40% of the materials used by the world econ-
omy and for about one third of energy consumption. Studies
indicate that buildings in the United States account for between
15% and 45% of the total environmental burden in each of eight
major categories of impact used for life-cycle assessment (an inte-
grated ‘‘cradle to grave’’ approach to assessing the environmental
performance of products and services) (Levin et al. 1995; Levin
1997). However, given equivalent levels of consumption, in-
creased human density is associated with lower eco-footprints.

Many other attributes of urban life provide leverage in dealing
with the energy and material dimensions of sustainability. To-
gether these factors contribute to what might be called the ‘‘urban
sustainability multiplier’’ and include the following (Rees 2003):
• high population densities, which reduce the per capita de-

mand for occupied land;
• lower costs per capita of providing piped treated water, sewer

systems, waste collection, and most other forms of infrastruc-
ture and public amenities;

• a high proportion of condominiums, apartment buildings, and
other multiple-family dwelling units, which reduces per capita
consumption of building materials and service infrastructure;

• increasing interest in eco-neighborhoods and forms of coop-
erative housing, which reduces demand for appliances and
personal automobiles;

• easy access to the necessities for life and to urban amenities by
walking, cycling, and public transit. This further reduces the
demand for private automobiles, thereby lowering fossil en-
ergy consumption and air pollution (some residents even
adopt an auto-free lifestyle);

• a high density and diversity of communication infrastructure,
reducing the need for energy-intensive travel to face-to-face
meetings;

• greater possibilities and a greater range of options for material
recycling, reuse, remanufacturing and a concentration of the
specialized skills and enterprises needed to make these things
happen;

• economies of scale and agglomeration economies that make
electrical co-generation possible and facilitate the use of waste
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process-heat from industry or power plants for local (neigh-
borhood) water and space heating, thus reducing demand for
energy; and

• the opportunity to implement the principles of low-throughput
‘‘industrial ecology’’ (that is, the creation of closed-circuit in-
dustrial parks in which the waste energy or materials of some
firms are the essential feed-stocks for others).
Walker and Rees (1997) provide a graphic illustration of the

economies associated with housing type and attendant urban
form. They show that the increased density and consequent en-
ergy and material savings associated with high-rise apartments,
compared with single-family houses, reduce the part of the per
capita urban ecological footprint associated with housing type and
related transportation needs by about 40%. Such gains are inde-
pendent of building materials used. Similarly, Kenworthy and
Laube (1996) detail how personal energy consumption associated
with transportation needs is dramatically inversely related to urban
density. The sprawling cities of Australia and the United States
feature vastly less energy-efficient transportation systems than can
be found in wealthy, compact Asian cities. European cities gener-
ally fall somewhere in between.

27.3 Important Processes Driving Change
This section explores some of the important drivers of urban
system change and their impact on urban systems and, at least
indirectly, ecosystem services. Drivers can have either direct or
indirect impacts on urban development. (See Chapter 1.) Among
indirect drivers being considered in this assessment, those asso-
ciated with globalization, technological change, political shifts
(including institutional and legal framework changes), and demo-
graphic shifts are of particular importance for urban systems. Di-
rect drivers for urban centers include, among other things,
changes in land use (the expansion of cities and urban areas) and
user rights and structures.

Contemporary urban development around the world also re-
flects the fossil fuel economy; energy use and availability are pri-
mary urban drivers. Without petroleum-based fuels and the
transportation systems they underpin, existing urban systems
would be inconceivable, not just because they would be unsus-
tainable but because they would be dysfunctional (Droege 2004).
More generally, energy underpins economic growth, globaliza-
tion flows, and technological advances, all of which operate
through urban centers. Globally, urban activities, including intra-
and interurban transport, consume approximately 75 percent of
the world’s fossil fuel production (Droege 2004). Urban activities
in high-income countries account for a disproportionate share of
this consumption, but even urban centers in very low-income
countries have levels of energy consumption that are higher than
the historical norm.

Globalization and other drivers are experienced differently in
different parts of the world. The urbanization and feminization of
poverty (United Nations Centre for Human Settlements 2001;
Chant 2003), the aging of populations (Lutz et al. 2004), and the
adoption of telecommunication technologies are all examples of
trends that are common to many different types of cities but that
take different forms (see, e.g., United Nations Centre for Human
Settlements 1996, 2001).

The following sections examine drivers and urban develop-
ment in low-, middle- and high-income cities. This division has
been selected because of its political significance as much as its
empirical relevance.
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27.3.1 Low-income Cities and Middle-income
Cities with Economic Difficulties

Not all nations and their cities have benefited economically from
globalization. Many nations have not benefited from contempo-
rary trade and foreign direct investments flows, which underpin
globalization, and therefore their urban centers are not considered
‘‘world cities’’ (see, e.g., Friedmann 1986, 1995). These include,
for example, cities in the lowest-income economies of Africa,
Asia, and Latin America (Lo 1994; Gilbert 1996; Rakodi 1997).
Macroeconomic conditions and national debt burdens have
played an important role in the recent development of some of
these cities, and the predominance of agricultural and mineral
trade and the lack of manufacturing have made them more de-
pendent on rural than on urban economic activity and more sus-
ceptible to changes in commodity market prices. When global
primary commodity prices fell in the early 1980s and interest rates
increased, many of these countries experienced recessions com-
bined with high inflation and increased debt. Foreign and domes-
tic investment typically slowed, housing finance became less
available, and infrastructure deteriorated. Without foreign invest-
ment, the application of new technologies slowed, particularly
digital information and communication technologies, which fur-
ther exacerbated the ‘‘digital divide’’ (United Nations Centre for
Human Settlements 2001).

Regulatory frameworks, including policy documents, laws,
traditions, regulations, standards, and procedures, influence urban
development, although often not in a straightforward manner.
The lack of provision of adequate shelter and the generation of
slums themselves are often due in part to inappropriate regulatory
frameworks (Payne and Majale 2004). The lack of appropriate
institutional structures helps drive ecological and environmental
trends within and around cities in this category. Ability to finance
infrastructure and provide public services depends heavily on in-
tragovernmental institutional arrangements, because capital mar-
kets rarely provide an adequate source of finance in low-income
countries and because users, or potential users, in these cities are
typically unable to pay the large costs associated with construction
(United Nations Centre for Human Settlements 1996). Lack of
access to land, because of its high cost or inadequate property
rights and land tenure arrangements, has facilitated the develop-
ment and expansion of slum and squatter areas within urban set-
tlements (Hardoy et al. 2001).

These direct and indirect pressures have combined to affect
cities in this category in a number of ways. One important out-
come has been a reshaping of urban structure through the expan-
sion of urban slums and squatter (sub-) settlements. The UN
Habitat suggests, for example, that squatter settlements house 40–
50% of the people living in Calcutta; 50–60% of those living in
Bombay, Delhi, Lagos, and Lusaka; and 60% or more of those
living in Dar es Salaam, Kinshasa, Addis Ababa, Cairo, Casa-
blanca, and Luanda (see ‘‘Global Trends’’ from the Global Urban
Observatory, at www.unchs.org/habrdd/global.html). Informal
areas within urban settlements are not aberrations; rather, they are
the dominant means through which cities in this category are
growing. Moreover, many of these are expanding in ecologically
sensitive areas, such as on steep hillsides, riverbanks, and wetlands
(Hardoy et al. 2001).

The results of these pressures on human ecology have been
just as stark as changes in urban form. The increase in size of
cities without adequate infrastructure has put pressure on the basic
ecosystem services necessary for healthy life. Inadequate and un-
safe piped water supply, a lack of proper sewerage and storm-
water drainage, lack of provision for garbage collection and dis-
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posal, and indoor air pollution that results from burning biomass
have all affected human health and well-being (Bartone et al.
1994; McGranahan et al. 1996). The shift of population to urban
areas, the lack of access to safe drinking water, the lack of the
simplest latrines, the spread of preventable diseases and health
risks, inadequate secure and healthy shelter, and hunger have
combined to move considerable poverty and poverty-related
problems from rural to urban settings (United Nations Centre for
Human Settlements 2001).

Flooding and a general proneness to other natural disasters
affect these communities more than more-wealthy settlements.
Natural disasters act as both a driver and a consequence of current
development patterns. Without adequate governance, regulation,
and public spending, increasing numbers of the urban population
are locating on floodplains, within swamps, and in other ecologi-
cally sensitive areas. This development pattern is making parts of
a large number of cities vulnerable to natural disasters. Among the
total reported deaths from disasters between 1993 and 2002, more
than 53% were in countries at low levels on the Human Develop-
ment Index, compared with just 4% of deaths in countries with
high levels and 42% in countries with medium levels of human
development (International Federation of Red Cross and Red
Crescent Societies 2001).

Although most of the ecological challenges remain localized
and associated with health and safety issues, activities within cities
in this category have generated city-wide ecological impacts. Nat-
ural resources in and directly around these cities are being de-
pleted as urban populations search for space to live, biofuels for
cooking, and water for daily needs (World Commission on Envi-
ronment and Development 1987; Hardoy et al. 2001). The pres-
sures inherent in consumption patterns of citizens in cities of this
category are far less than those created by more affluent urban
residents, but the context can mean that these pressures have seri-
ous consequences both locally and throughout the metropolitan
region.

In some cities in this category there are promising signs of
economic growth. For example, since the 1980s many if not most
Latin American countries have experienced positive growth, not-
withstanding fluctuations (Tulchin 1994). Recently, some of the
cities in Asia that were previously disconnected from the world
economic system of trade and foreign direct investment have be-
come connected to it, and cities such as Phnom Penh and Hanoi
are on the brink of rapid economic growth. This growth, how-
ever, does not ensure either improved well-being for all or de-
creased ecosystem impact. Indeed, citizens in rapidly developing
cities may be experiencing intensive local ecological deterioration
while increasing their burdens on hinterlands and ecosystems at
larger scales and farther away.

27.3.2 Rapidly Growing Middle-income Cities

Cities in this category are undergoing rapid development and are
sometimes included as ‘‘second-tier’’ world cities (Taylor 2004).
They are the locations of the world’s new industrial production
systems, and many of them are in Asia. The most obvious impacts
of indirect drivers are increasingly rapid economic development.
For example, during the mid-1990s Jakarta’s economy was grow-
ing at 8.2% annually (Soegijoko and Kusbiantoro 2001) and
Shanghai’s at 14.2% annually (Ning 2001). This growth has been
facilitated by the transnational connections between these cities
and international investment capital. Many of the cities in this
category are linked to the global economy and have experienced
the world city formation process—the process by which the
world’s capital accumulates in cities through global trade and
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investments (Friedmann and Wolff, 1982), as they become manu-
facturing production centers (Lo and Yeung 1996; Lo and Marco-
tullio 2001).

Rapid economic growth has been driven, in some cases, by
the emergence of clusters of private-sector organizations applying
new technologies to production processes in and around cities
(Hall 1995). For example, new industrial regions have sprung up
in and around some cities within this category: Guangzhou, Kuala
Lumpur, Seoul, Singapore, and Taipei, which are among the lead-
ers of the high-technology and computer industries.

Rapid growth has been associated with rapid urbanization,
rapid urban growth rates, and large urban sizes. The trend, partic-
ularly within the rapidly developing world, has been toward very
large urban agglomerations, or megacities and megaurban regions
(Fuchs et al. 1994; McGee and Robinson 1995; Gilbert 1996).

Although cities in this category have been able to compete
successfully within the global economy, they have paid the price
in terms of disruption to local ecosystems (Lo and Marcotullio
2001). The growth of the largest cities has slowed over the past
few decades, but at the same time their internal ecosystem service
conditions have worsened, suggesting that rapid demographic
growth is not the primary source increasing urban environmental
burdens (Brennan 1999). For example, the larger, slower-growing
Asian megacities are among the world’s most severely environ-
mentally distressed (Asian Development Bank 1997).

In contrast to the experiences of cities in industrial countries,
where the emergence of ecological challenges appeared over
longer periods of technological and socioeconomic change and in
a more sequential order, rapidly developing cities may experience
a new mix of environmental challenges at lower levels of income
that increasingly appear concurrently (Marcotullio 2004). Within
a single city there are often pressing challenges associated with
basic sewage and sanitation, industrial water and air pollution,
greenhouse gas emissions, and green space.

In Bangkok, for example, transport accounts for 70% of urban
energy consumption. The level of the city’s GDP is three times
the national average, and 70–80% of the city’s population has
been described as ‘‘middle class’’ (Plumb 1999), with the associ-
ated increased consumption levels that wealth brings. At the same
time, Bangkok, like many of these cities in this category, has sub-
stantial numbers of people without water supply and sanitation
services. Further, Bangkok is a major source of pollution, both
industrial and residential, for the Chao Phraya River and a grow-
ing source of consumption, with related wider ecological impacts.
Hence, Bangkok is experiencing several different sets of burdens
simultaneously (Marcotullio 2003).

Given the forecasts for urbanization and industrialization in
the Asian region, the overlapping burdens experienced within
cities in this category are not likely to disappear in the medium
term. The same may be said for rapidly developing cities in other
parts of the world. From the policy perspective, this phenomenon
has produced important questions concerning how to manage this
mix of environmental problems in order to ensure the well-being
of the urban population, the ecological integrity of urban region,
and the long-term viability of economic growth.

27.3.3 High-income Cities

Cities that are at the top of the global networked hierarchy are
also rapidly growing as producers of business services for global
capital and finance (Sassen 1991; Honjo 1998). During the recent
past, those in North America have been undergoing restructuring,
as some have moved from industrial to service-dominated econo-
mies and others have grown as rapidly as cities in the developing
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world. Other than the influence of globalization flows, particu-
larly important drivers of urban system change in this category
include demographic shifts, technological advances, and institu-
tional and policy changes.

Important demographic shifts include the reduced birth rate,
the increase in the older population, and the decrease in house-
hold size. Most of the OECD nations have stopped growing in
size and are experiencing increases in the proportion of aged pop-
ulations (Lutz et al. 2004). This has substantially affected urban
population structures. For instance, while the proportion of the
elderly is greater in the nonmetropolitan regions of the United
States than in the metropolitan regions, more than 74% of the
older population resides in metropolitan areas, and the number
and share of the elderly are increasing in both (Glasgow 2000). In
1990, the U.S. population over 65 years of age living in metro-
politan areas reached 23.1 million. This has social and economic
consequences: increasing numbers and proportions of the elderly
translate into both proportionately fewer middle-aged care pro-
viders and proportionately fewer contributors of social security
funding.

Accompanying the low or even negative overall natural in-
crease in urban populations in the United States and Europe, av-
erage household size has shrunk to fewer than three, and the
number of single-person households has increased to 25% in Eu-
rope and 20% in the United States. In Europe, the increased de-
mand for new households is expected to account for 12.5 million
new dwelling units in 2000–05 and for 11.5 million units in
2005–10. Despite the stabilization of the size of the urban popula-
tion, the increasing number of households is still driving the de-
mands for construction materials, space for building, energy,
transport, and natural resources. Satisfying these demands can
have an adverse impact on biodiversity (Keilman 2003; Liu et al.
2003).

Another important driver for urban system change is techno-
logical advance. Advances in transportation and communications
have allowed the decentralization of industry and the loss of man-
ufacturing jobs from urban centers. At the same time, the increas-
ing application of information and communication technologies
has facilitated both an expansion of markets and control over na-
tional and international economic space (globalization) and the
rise of the service sector dominated by advanced business services
(Sassen 1991). Moreover, within the OECD, new industrial re-
gions based upon these technologies have sprung up around the
older industrial areas (such as the Western Crescent around Lon-
don, the southwest sector of Paris, the south of France, the Mu-
nich region, Silicon Valley, and Los Angeles) and some older cities
(such as Munich and Tokyo) have transformed themselves into
high-tech centers. Contrary to former predictions that these tech-
nologies would make cities unnecessary, dense human concentra-
tions within the new global economy are increasingly important
(see, e.g., Sassen 1991; Taylor 2004).

Environment-related policies within cities of this category
have played an important role in providing cleaner and more hab-
itable internal urban environments and have therefore become
important ecosystem drivers. User charges, including utility
charges for water and wastewater and pollution charges for solid
waste, affect the use of these services. (See Chapter 7.) Air quality
is protected in many urban areas by user charges such as road tolls
(used as a traffic regulator) and pollution charges used to control
and reduce emissions. Land use is regulated through user charges
such as betterment charges and access fees to parks and beaches,
which are widely used, in part to protect landscapes. Zoning and
transferable development policies have been extensively used to
conciliate environmental and development aims, including con-
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servation of greenbelts, wetlands, cultural heritage sites, and
coastal areas, and for the preservation of open space, green space,
and farmland in urban hinterlands (World Resources Institute
1996).

On the other hand, decreasing household sizes, increasing ve-
hicle ownership and usage, highway development, air-conditioning,
mall construction, and new building technologies combine to fa-
cilitate land use change at urban fringes (Rusk 2001) and hence
directly affect hinterland ecosystems. U.S. cities are consuming
land at rates faster than that of population growth. For example,
the Washington, D.C., area lost 85,000 hectares of farmland, for-
est, wetlands, and other open spaces during the 1980s, and Cali-
fornia continues to lose wetlands at a rate of almost 2,000 hectares
per year. Environmentally related impacts of sprawl are increas-
ingly evident, as urbanization in these economies is associated
with the degradation of water resources and water quality,
changes in hydrology, increased inputs of water pollution and nu-
trients, and increased acidity and higher water temperatures of
lakes, ponds, and streams (US Environmental Protection Agency
2001). There are also growing concerns about the health implica-
tions of this urban sprawl (Frumkin et al. 2004).

Moreover, increased transportation has also had significant
global ecosystem impacts through greenhouse gas emissions. In
1997, the U.S. transportation sector accounted for 32% of na-
tional carbon emissions from fossil fuels, or 473.1 million tons of
carbon. From 1984 to 1997, carbon emissions from transportation
increased by 25% (rising from 379 million tons). In addition, ve-
hicle use contributes to emissions of two other greenhouse gases,
methane and nitrous oxide. Total emissions of these gases for the
United States in 1997 were 213 tons of methane and 205 tons of
nitrous oxide (US Environmental Protection Agency 2001).

27.4 Responding to the Environmental and
Ecological Burdens of Urban Systems
Many of the reasons why ecosystem services and environmental
problems in general have tended to be neglected in urban systems
are similar to the reasons they have been neglected elsewhere.
• Ecosystem services are provided through complex and poorly under-

stood processes, taking place mostly beyond urban boundaries. It is
often difficult to understand how ecosystem changes affect
human well-being, and hence which ecosystems are of partic-
ular value and which changes will result in the greatest losses
(MA 2003). In urban areas, people are also likely to be even
less aware than rural dwellers of how dependent they are on
ecosystem services and how their actions affect distant ecosys-
tems.

• Ecosystems services (and environmental burdens that affect ecosystems)
are difficult for private agencies to own and trade. Only a small share
of ecosystem services accrue to the owner of property where
the ecosystem is located, and it is rarely feasible for the owner
to charge beneficiaries for the services that they receive. It
is equally difficult for those affected by ecosystem change to
negotiate with those who are causing the changes to take
place. Thus property owners rarely have the incentive to take
account of how they are altering the availability of ecosystem
services. Attempts have been made to develop markets for
ecological or environmental services, but these remain rudi-
mentary.

• Ecosystem services are difficult for public agencies to manage or regu-
late. Ecosystems located on private land are difficult for gov-
ernment agencies to regulate in the best of circumstances.
Even where public land is involved, the benefits of ecosystem
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services typically cross administrative and sectoral boundaries,
and often no agency has the responsibility and capacity to care
for the relevant ecosystems.

• The groups most vulnerable physically and socially tend to be the least
influential economically and politically. The urban dwellers most
dependent on local environmental services and conditions are
the urban poor in low-income countries. Alternatively,
among those most likely to be affected by global ecological
degradation and resource depletion are future generations,
who do not even have a political or economic presence.
There have been some notable successes despite these diffi-

culties. This applies at all scales, from the intraurban environmen-
tal health issues so common in low-income areas to the global
pressures associated with affluent urban lifestyles. The enormous
variation in and among urban centers makes it difficult to general-
ize about the relevance of these successes. Moreover, even if they
reflect the potential for addressing urban environmental and eco-
logical challenges, the relevance of past successes to future re-
sponses is limited.

The concerted responses to sanitary threats that emerged in a
number of cities in the nineteenth century are testimony to the
potential for changing urban environmental management when
the need arises. They included elements addressing each of the
four challenges just noted and combined them in what came to
be known as the sanitary movement (Melosi 2000).

Enormous progress was made in the study of urban public
health issues: the nineteenth century saw eventual ascendance of
the bacterial theory of disease over alternatives such as miasma
theory, which held the diseases were contracted from the vapors
emitted by, for example, urban filth (Rosen 1993). Municipal and
national governments were put under pressure to organize sani-
tary improvements, and although there was successful resistance
to demands to control air pollution (Mosley 2001), water and
sewerage improvements received widespread support (Melosi
2000). There was public debate over the appropriate organization
form for local water and sanitation networks (Jacobson 2000), and
in many cities private enterprises helped undertake major public
infrastructure projects. The increasing efforts to address water and
sanitation were linked to changes that had given more political
influence to the urban residents at risk (Szreter 1998, 2002).

Despite these successes, the problems that motivated the
nineteenth-century sanitary reforms remain some of the major
challenges for twenty-first-century urban areas. It has been esti-
mated that more than 900 million people live in urban slums,
characterized as having inadequate housing and basic services
(UN-Habitat 2003b, 2003c). As indicated, a poorly documented
but appreciable share of urban and rural dwellers do not have
access to adequate water and sanitation, and this remains one of
the major causes of preventable illness and death globally. The
ecology of disease in low-income urban settlements remains
poorly understood, debate over the appropriate roles of the public
and private sectors continues, and the political influence of slum
dwellers is still not sufficient to secure needed improvements.
Moreover, conventional infrastructure projects, involving water-
borne sewage systems and long-distance water conveyance, can
have large environmental as well as economic costs.

The urban environmental problems that helped motivate the
environmental movement in industrial countries in the twentieth
century also remain a major challenge. There is a considerable
body of work on sustainable cities (Haughton and Hunter 1994;
Satterthwaite 1999; Beatley 2004), and the agenda for action
agreed on at the United Nations Conference on Environment
and Development in 1992 (Agenda 21) explicitly attempted to
ground global aspirations in local initiatives (Local Agenda 21s).
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Moreover, numerous technologies have been developed that,
if adopted on a large scale, would radically reduce the ecological
footprint of urban settlements. For example, industrial parks that
promote the use of wastes from one production process as inputs
into another are emerging in Canada, Denmark, the United
States, and many countries in Asia, following the model set by
Kalundborg in Denmark (Cohen-Rosenthal and Musnikow
2003). Rapid bus transit systems in Latin American cities such as
Bogotá, Quito, and Curitiba provide successful alternative exam-
ples to the previous solutions of heavy and light rail (Fjellstrom
2003). Fuel-efficient cars and cleaner fuels are becoming increas-
ingly available, creating a potentially significant influence on re-
ducing local and global burdens of urban transport systems.
Indeed, some have argued that the technological bases for reduc-
ing environmental pressures manyfold, without sacrificing human
well-being, have been available for some time now (Weizsäcker
et al. 1997).

There is no evidence, however, that the tendency toward in-
creasing ecological footprints per capita has been reversed, even
in upper-income countries where footprints are the largest and
least sustainable. In part this is due to the large use of materials to
produce the tools necessary for high-technology products. For
example, manufacturing one desktop computer and a 17-inch
cathode ray tube monitor requires at least 240 kilograms of fossil
fuels, 22 kilograms of chemicals, and 1,500 liters of water. In
terms of mass, the total amount of materials used is about equal to
that of a midsize car (Williams 2003). The large energy and mate-
rial inputs for these products, without recycling, does not suggest
a dematerialization of the ‘‘knowledge society’’ in the near future.

In summary, although past trends demonstrate considerable
potential for addressing urban environmental and ecological bur-
dens, they do not indicate whether this potential will be realized.
Historically, concerted responses have been a reaction to crises
rather than the result of forward thinking. Sanitary reform, for
example, emerged at a time when epidemics flourished as the
result of unsanitary urban conditions, and it has proved far more
difficult to maintain in the face of less dramatic diseases. It is possi-
ble to interpret the history of some of the world’s affluent cities
as a series of victories over ecological and environmental chal-
lenges: first a sanitary revolution (nineteenth century), then a pol-
lution revolution (twentieth century), and now an anticipated
sustainability revolution. It is also possible, however, to interpret
this same sequence as a process of displacement that has left most
contemporary cities in a very difficult situation.
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28.1 Introduction
This chapter draws on previous chapters to present a portrait of
the major changes in the condition of ecosystems, the services
they provide, the drivers of change, and the prospects for sustain-
ability. It is organized around major questions and issues rather
than around services and systems per se. The time frame for con-
sidering these issues is generally the last several decades, although
in some instances this has been expanded where data allow or if
needed to illustrate some particularly important points.

The chapter examines some of the implications of the ob-
served trends and trade-offs for the continued capacity of ecosys-
tems to provide services for human well-being but does not
consider different trajectories into the future or possible policy
responses, as these are considered in the Scenarios and Policy Re-
sponses volumes of the MA. Finally, the chapter outlines some of
the major needs for continued research and data, focusing primar-
ily on the areas that most severely hampered the ability of the MA
Condition and Trends Working Group to reach conclusions.

28.2 How Have Ecosystem Services Contributed
to Recent Improvements in Human Well-being?
Substantial improvements in human well-being in many parts of
the globe have been apparent over the last half of the twentieth
century. (See Chapter 5.) World population has more than dou-
bled over the last 50 years (see Table 28.1), and consumption of
many ecosystem services has grown even more. (See Chapters

Table 28.1. Global Population and Life Expectancy, 1950, 1975,
and 2000 (United Nations 2003)

Population size 
1950 1975 2000

(million)
Industrial countries 813 1,047 1,194

Developing countries 1,706 3,021 4,877

Africa 221 408 796

Asia 1,398 2,398 3,680

Europe 547 676 728

Latin America and Caribbean 167 322 520

North America 172 243 316

Oceania 13 22 31

World 2,519 4,068 6,071

Life expectancy, both sexes combined
1950–55 1970–75 1995–2000

(years)

Industrial countries 66.1 71.4 74.8

Developing countries 41.0 54.7 62.5

Africa 37.8 46.2 50.0

Asia 41.4 56.3 65.7

Europe 65.6 71.0 73.2

Latin America and Caribbean 51.4 60.9 69.4

North America 68.8 71.6 76.4

Oceania 60.3 65.8 73.2

World 46.5 58.0 64.6
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7–17.) Life expectancy has increased in most areas of the world
and infant mortality rates have declined almost everywhere, with
the exceptions of the former Soviet Union and sub-Saharan Af-
rica. Famines have become less common, and hunger has declined
in absolute terms, although it remains a significant problem in
some specific regions. (See Chapters 6 and 8.) Arrayed against this
aggregate pattern of gains is the growing disparity of wealth, both
between and within countries, and the failure of Africa in particu-
lar to share in the decades of major economic gains and the
growth in social and institutional capabilities. (See Chapters 5 and
6.)

Numerous factors have contributed to these overall global im-
provements in human well-being, including major gains in manu-
factured and social capital, increased efficiencies associated with
research and technology development, and the emergence of
more-effective national and international institutions. (See Chap-
ter 3.) But the human capacity to exploit ecosystem services has
played a central role, and people have been extraordinarily suc-
cessful in most of the world in using those services to meet a
wide range of needs, such as food, clean air and water, shelter and
protection from natural hazards, and cultural fulfillment. As
human populations and individual well-being have increased, so
has the consumption of ecosystem services, leading to increasing
demands on ecosystems to provide for people.

The use of ecosystem services has also changed in its nature,
in large part due to research and technology development, allow-
ing for more-efficient use and production of services such as clean
water and food and for partial substitutes to be developed for
other services, such as for some fibers and for some cultural ser-
vices. However, the parallel increased efficiency of use of many
ecosystem services has been offset by increases in the absolute
amounts of consumption of services, giving rise to serious con-
cerns about the sustainability of their supply. (See Chapters 7–17.)
In addition, the increasing consumption of some ecosystem ser-
vices is clearly resulting in trade-offs in other services and thereby
in the availability of certain benefits to people around the world.
Such trade-offs in services, and thereby human well-being, are
occurring across temporal and spatial scales; some areas and some
people have gained, but at the same time some areas and some
people are losing out.

Social and institutional issues are important in the effective use
of ecosystem services. The enormous expansion of human capital
has been crucial in securing both greater efficiency in and simply
greater use of natural resources. Social institutions play an impor-
tant role in facilitating growth, avoiding overexploitation, and
managing environmental impacts. A decision-making environ-
ment with transparency, extensive flows of information, account-
ability, and minimization of corruption is a key to efficient uses
of ecosystem services. The weight of evidence, however, suggests
that current international disparities in income and wealth and in
gender equality seriously constrain the development of institu-
tional capabilities to support major future gains in human well-
being. Well-functioning legal and judicial systems also contribute
to sustainable development and the protection of environmental
assets.

28.3 Which Areas Have Seen the Biggest
Changes in Ecosystems over the Last Several
Decades?
Changes in land cover, driven by the way people use land, are
perhaps the most important single change in terrestrial ecosys-
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tems, affecting the supply of services. (See Chapters 21–27.) Al-
though there has been a rapid expansion in the availability of data
and information on ecosystems, there has not yet been a system-
atic examination, using global and regional observations, of the
status and trends in land cover. This section summarizes a synthe-
sis of the available information on rapid land cover change for
about 1980 to 2000. Coastal and marine systems have also under-
gone dramatic changes during this period—for example, through
the loss of mangrove forests and degradation of coral reefs in
coastal areas (see Chapter 19), the declines in the abundance of
marine fishes, and degradation of the sea bed in many areas (see
Chapter 18). Of all the broad ecosystem types, inland waters are
thought to be the most altered by human actions, particularly
through the decline in water quality (see Chapters 7, 15, and 20)
and the loss and fragmentation of wetlands (see Chapter 20).

The types of land use change included in the terrestrial analysis
presented here are forest cover changes (deforestation and forest
expansion), land degradation in drylands, and expansion of urban
settlements. (See Box 28.1.) Information is also presented on re-
cent changes in cropland extent.

Deforestation has been the most frequently measured process
of land cover change on a regional scale; more datasets are avail-
able for the tropics than the boreal zones. During the 1990s, de-
forestation and forest degradation appeared to be more frequent
in the tropics than elsewhere. (See Figure 28.1 in Appendix A
and Chapter 21.) In particular, the Amazon Basin and Southeast
Asia had large concentrations of deforestation ‘‘hotspots.’’

It is possible that areas of deforestation or degradation in the
boreal or temperate regions (such as Canada or Siberia) are under-
represented. For example, forest degradation in Siberia, mostly

BOX 28.1

Constructing the Land Cover Change Maps

Deforestation and forest degradation. The map of the main areas of
deforestation and forest degradation is based on three types of data
sources: expert opinion gathered through formal procedures, remote
sensing-based products, and national statistics. To avoid the coarse
scale of national statistics, priority was given to the remote sensing
and expert opinion data. The final map identifies, for each ‘‘forested’’
grid cell, how many input datasets covered the area and how many
times it was considered as a main area of deforestation or forest degra-
dation by these different datasets. A second color code represents
the reliability (estimated in terms of convergence of evidence) of the
information—that is, the frequency of detection as a hotspot relative to
the number of data sets covering the area (see legend for color code).
The information based on (sub)-national statistics provides average
annual rates of deforestation and should be considered as secondary
to the other sources because it is not at a fine resolution. When that
rate is higher than 3% per year, the area is considered as rapid
change.

Desertification. The map of the main areas of degraded land is
constrained by lack of reliable data compared with the maps on defor-
estation and cropland extent. Most available data are quite heteroge-
neous in terms of monitoring methods or indicators used.

Changes in urban extent. While urban areas are defined as any
region with population density greater than a threshold, the impact of
urbanization on land cover is better measured by the change in built-
up area. The final map shows the spatial distribution of the population
density in 1995 and identifies the most populated and most rapidly
changing cities of more than 750,000 inhabitants.
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related to logging activities, has been rapidly increasing in recent
years. Moreover, the frequency of major fires, which are a natural
disturbance factor in boreal forests, has increased globally since
1960. (See Chapter 16.)

There also remains uncertainty even within regions for which
data are available. National statistical data indicating no net loss of
forest can mask more detailed trends, such as a combination of
deforestation in some regions and expansion of plantation forests
in others. Some European countries, the United States, and Can-
ada all experienced an overall increase in forest cover at the na-
tional level. (See Chapter 21.)

Most of the known areas of degraded dryland are found in
Asia (see Figure 28.2 in Appendix A and Chapter 22), although
not all the drylands of the world have been well studied. Major
gaps occur in knowledge of dryland areas around the Mediterra-
nean basin, in eastern Africa, in parts of South America (North of
Argentina, Paraguay, Bolivia, Peru, and Ecuador) and in the
United States. If all drylands were equally well studied, the global
distribution of the most degraded land might turn out to be differ-
ent, but the patterns currently observed in Asia would likely re-
main the same. The available data do not support the claim that
the African Sahel is currently a desertification ‘‘hotspot.’’ (See
Chapter 22.)

The most populated areas of the world are located in the
Gangetic plain of northern India, on the plain and north plateau
of China, and on the island of Java in Indonesia. The most popu-
lated cities, with more than 750,000 inhabitants, are mainly lo-
cated on the eastern coast of the United States, in Western
Europe, and in India and East Asia. The most rapidly growing
cities are located around the tropical belt, however, rather than in
temperate regions. (See Figure 28.3 in Appendix A and Chapter
27.)

Data availability to determine cropland expansion and aban-
donment varies regionally. However, it is likely that the largest
and most rapid areas of cropland increase are found in Southeast
Asia, followed by Bangladesh, the Indus Valley, parts of the Mid-
dle East and Central Asia, the region of the Great Lakes of eastern
Africa, and the southern border of the Amazon Basin in Latin
America. (See Chapter 26.) North America accounts for most of
the main areas of decrease in cropland (in the southeastern United
States), followed by Asia (eastern part of China) and South
America (parts of Brazil and Argentina). Areas of decrease in crop-
land extent are located in most other continents, although Africa
is the only continent where no decrease in cropland was identi-
fied. Data quality issues are extremely important in evaluating
these trends, and a graphic presentation of these changes, together
with the associated data and an assessment of the data, is available
at www.MAweb.org.

28.4 What are the Main Drivers of Change That
Affect Ecosystems, Ecosystem Services, and
Associated Human Well-being?
The human and environmental forces that drive changes in eco-
systems, and thereby changes in ecosystem services and human
well-being, are highly variable from place to place. As such, ge-
neric explanations or statements of causality are difficult to create.
Driving forces are almost always multiple and interactive, so that
a one-to-one linkage between particular driving forces and
changes in ecosystems and ecosystem services is usually not possi-
ble. (See Chapters 3, 4, and 11.) Similarly, the linkage between
particular changes in ecosystem services and various indicators of
human well-being is often not well understood. (See Chapters 5

................. 11432$ CH28 10-11-05 15:10:13 PS



831Synthesis

and 7–17.) In both cases, the causal linkage is almost always highly
mediated by other factors, thereby complicating statements of
causality or attempts to establish the proportionality of various
contributors to changes. Analyses of driving forces generally dis-
tinguish between direct factors (the immediate causal agents of
change) and the more indirect underlying factors that themselves
cause change in the direct drivers. (See Chapter 3.)

Drivers of biodiversity loss are reasonably well understood, at
least qualitatively. It is well established, for example, that habitat
conversion, degradation, and fragmentation on land (usually for
agricultural expansion) and in the oceans (mostly associated with
fishing activities) have been the most important direct drivers of
biodiversity loss globally in the recent past. Although habitat
change will continue to be an important threat to biodiversity,
the impacts of climate change, invasive non-native species, pollu-
tion, and nutrient overload are all increasingly important. (See
Chapter 4.)

Some other linkages between drivers and impacts are also well
known. In the case of impacts on human health, for example, it is
known that burning wood, charcoal, and dung in poorly designed
stoves has serious adverse effects on indoor air quality and is
thought to be responsible for some 1.6 million deaths per year,
almost all in developing countries. (See Chapters 9 and 27.) There
is a complex set of driving forces affecting the increasing risk of
infectious diseases in humans, including logging, dam and road
building, agricultural expansions, urban sprawl, and pollution of
coastal areas. (See Chapter 14.) With regard to adverse impacts on
inland waters, land use change, nutrient overload, and pollution
have been the key human driving forces. (See Chapter 20.)

Population growth, economic development, and increasing
consumption and production are all important indirect drivers of
change in ecosystems and ecosystem services. However, increas-
ing attention is being given to the role of government policies
relating to, for example, investments in rural roads, irrigation,
credit systems, and agricultural research and extension, which
have often served to expand food production. (See Chapter 8.)
Policies that restrict trade, capital, and labor flows have condi-
tioned access to international markets and have structured the in-
ternational food system and global patterns of food production
and consumption. Small-scale food producers in many poorer
countries have been particularly affected by many such policies,
as have general patterns of nutrient cycling. (See Chapter 12.)

28.5 Is There Evidence That Changes Made to
Ecosystems in Order to Increase Provisioning
Services Have Altered Regulating, Cultural, or
Supporting Services?
The growth in human well-being at the global scale over the
last several decades has come in large part because of increases in
provisioning services from several major ecosystems. These
changes have been particularly significant in cultivated systems,
where the largest changes in the recent past have been as a result
of intensification rather than the large-scale conversion of unculti-
vated land to agriculture (see Chapters 8 and 26), and in coastal
and marine systems, where changes have occurred due to in-
creased fish harvest and the increasing addition of nutrients in
coastal systems (see Chapters 8, 12, 18, and 19). Over the last 50
years forests have also been changed dramatically, with the largest
changes in tropical and sub-tropical forests, where there has been
substantial clearing and transformation of previously forested land
for agricultural and timber production. (See Chapters 9 and 21.)
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Changes in forests in the temperate and boreal zone, while re-
gionally important, have generally been small in the recent past
compared with changes in the sub-tropics and tropics, and they
have often involved increases in forest cover. (See Chapter 21.)

This section explores the major changes in ecosystem provi-
sioning services over the last several decades and the trade-offs
that have come as a result of the increased focus of human man-
agement on provisioning services. Over the past 50 years, there
have also been substantial changes in some of the regulating, cul-
tural, and supporting services that ecosystems provide, and those
that are considered to be the most important are presented here.
In some cases, these have been the direct result of managing eco-
systems primarily for their provisioning services. In other cases,
they are the direct result of transformation of ecosystems and hab-
itat to other uses entirely. The major trade-offs in other services
for the enhancement of provisioning services have come from the
influence of ecosystems on atmospheric composition and climate
feedbacks, nutrient cycling, the spread of disease, and biodiversity
itself.

28.5.1 Food

Globally, ecosystems have met the rising demand for food over
the last 50 years. The availability of basic food items such as cereals
has increased faster than population growth, and the price of sta-
ple food items for many people is lower. (See Chapter 8.) There
are significant regional differences in the accessibility to food,
however.

Marine capture fisheries are the exception to the general in-
crease in food availability. Globally, fish catches have declined
over the last 10–15 years, and prices for fish from capture fisheries
have risen. (See Chapters 8 and 18.) Although the cultivation of
some of the targeted marine species has the potential to offset this
decline at cheaper prices than for capture fisheries, the current
high dependence on wild capture fisheries suggests that this po-
tential will not be realized in the next few years.

The last 50 years has witnessed major successes in global agri-
culture, largely the result of improved crop varieties, synthetic
fertilizer, irrigation, and other agricultural technologies, although
expansion of land area under cultivation has played a role in many
developing countries, particularly in sub-Saharan Africa. (See
Chapter 26.) Food production from croplands has outpaced pop-
ulation growth over the last several decades when viewed in the
global aggregate, with increases in food output per capita most
rapid in East Asia. Yet in the world’s poorest regions, especially in
sub-Saharan Africa, yields have not benefited from advances seen
elsewhere, and food insecurity persists. In sub-Saharan Africa, per
capita food output has declined. (See Chapter 8.)

The intensification of agriculture underlies the enormous in-
crease in the flow of food provisioning services over the last sev-
eral decades, including of crops, livestock, and aquaculture. The
trade-offs associated with the increases in this service are many,
most prominently:
• major impacts on nutrient cycling, as rapid growth in the ap-

plication of excess synthetic fertilizer contributes nitrogen and
phosphorus to inland waters and coastal systems (see Chapters
12, 19, and 20), and

• loss of biodiversity in cultivated systems with monocultures
associated with intensive agriculture (see Chapters 4 and 26).
The increase in land area under cultivation associated with

agricultural extensification has involved a different set of trade-
offs, most notably:
• habitat fragmentation and loss of biodiversity as land (mainly

forest) is cleared for cropland (see Chapters 4 and 21), and

................. 11432$ CH28 10-11-05 15:10:13 PS



832 Ecosystems and Human Well-being: Current State and Trends

• impacts on atmospheric composition, particularly the green-
house gas carbon dioxide, and climate regulation as biomass is
cleared for cropland (see Chapters 13, 21, and 26).
Over the long term, declines in supporting and regulating

ecosystem services, such as soil fertility, water cycling, and genetic
resources, potentially undermine the ability of food production to
keep pace with population growth in the absence of new, major
technological advancements in agriculture. Those relying on sub-
sistence agriculture are among the poorest and the most directly
vulnerable to reductions in these ecosystem services, as their lack
of economic resources limits access to alternative food sources.
(See Chapter 7.)

28.5.2 Water

Over the last 50 years, people’s access to water has also improved
globally, although—like food—there are regional differences in
quantity and quality of supply. (See Chapter 7.) The regulating
and provisioning of water and its associated benefits (such as for
food production through irrigation, or energy production
through hydropower) has been a key factor in improving human
well-being. The provisioning services of cultivated and dryland
systems in particular have been possible primarily through the de-
livery and regulation of water through irrigation and flood con-
trol. The capacity of ecosystems to provide clean and reliable
sources of water, however, is in decline in many parts of the
world. (See Chapters 15, 16, 20, 21, and 24.)

Human well-being has improved through managing water
use, controlling floods, providing transportation, irrigation, gen-
erating hydroelectricity and pollution control. The trade-offs for
these improvements have included habitat fragmentation and loss,
biodiversity loss, increases in certain human health risks, and de-
clines in sediment supplies to the coastal zone. Levels of organic
pollution (such as human and animal wastes and excess fertilizers)
and inorganic pollution (such as pesticides, heavy metals, and
PCBs) are increasing, much of which is from cultivated and urban
systems. (See Chapters 15, 26, and 27.) Many of these pollutants
are ultimately deposited in freshwater, coastal, and marine sys-
tems, affecting aquatic habitats, fish stocks, and the health of local
human populations. (See Chapters 15, 19, and 20.)

The deterioration of the quantity or quality of fresh water is
especially acute in cultivated systems, dryland systems, urban sys-
tems, and wetlands. (See Chapters 20, 22, 26, and 27.) The per
capita availability of water has declined significantly since 1960
and the trend is expected to continue, albeit more slowly, until at
least 2010. (See Chapter 7.) Economic development, including
food provisioning and other water uses, will be most affected in
those areas experiencing or at risk of water scarcity, particularly
drylands. (See Chapter 22.)

28.5.3 Fish

Total fish supply has increased over the last 50 years but the cost
to the sustainability of fish stocks and to the quality of many
coastal and marine environments has been high. (See Chapters 18
and 19.) Technological changes followed by economic subsidies
have fueled the expansion of fisheries into every ocean. Many
fishing fleets are continuing to fish further offshore and deeper to
sustain catches and to meet the growing demand for fish products,
and this has led to a number of targeted stocks in all oceans having
collapsed due to overfishing. (See Chapter 18.) More recently, the
demand for selected marine products throughout the year has fu-
eled the growth of inland, coastal, and offshore aquaculture, with
consequential impacts to ecosystems. For example, the develop-
ment of shrimp aquaculture has accounted for a significant loss of
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coastal habitat, in particular mangroves, in many tropical coun-
tries. (See Chapters 8 and 19.)

Globally, per capita consumption of fish is increasing, espe-
cially in Asia and the Americas, while in Europe and Africa con-
sumption growth is moderate. Aquaculture production is
increasing in both freshwater and marine systems at a rate of ap-
proximately 1 million tons per year , and it now supplies almost
one third of all fish consumed, thereby sustaining increasing per
capita consumption. (See Chapter 19.) However, much of the
increase in marine aquaculture is in high-value species such as
shrimp and salmon and therefore is not necessarily meeting the
needs of poor consumers. Capture fisheries also provide employ-
ment and subsistence opportunities for many of the world’s poor,
many of whom are without access to property or property rights.

Provisioning of fish for food directly and indirectly (via fish-
meal, animal feed, and fertilizers) has in many places resulted in
degradation of coastal and marine systems and of other ecosystem
services. (See Chapters 18 and 19.) Overfishing of many fish
stocks in shallow coastal shelf systems has changed highly diverse,
complex, and robust coastal ecosystems into systems of reduced
diversity and resilience. (See Chapter 19.) Due to fishing pres-
sures, for example, the Gulf of Thailand has changed since 1970
from a system with a high diversity of fish, including top preda-
tors, to one dominated by small, short-lived species that support a
low-value fishery from which catches are mainly used for feed in
the high-value invertebrate aquaculture industry. Such a reduced-
diversity system may be more sensitive to external impacts and
has a lower capacity to deliver ecosystem services. (See Chapter
11.)

Many coral reefs have shifted to algal-dominated systems
where recovery is highly unlikely due to a combination of over-
fishing, disease, and climate change. (See Chapter 19.) The impact
of destructive fishing practices such as bottom trawling and
bombing exacerbates the problem of overfishing and restoration
of depleted stocks. (See Chapter 18.) Although our understanding
of the impact of overfishing in deep water and pelagic systems on
regulating and supporting services is limited, the exploited species
in some deepwater systems such as seamounts that were fished in
the 1970s have not been recorded since then (see Chapter 18),
suggesting that such systems are unable to recover over the short
to medium term.

Overfishing has also affected the cultural services provided by
marine and coastal systems. Many communities whose culture is
based on a long history of fishing are in decline, with many fishers
and their families migrating to urban areas. Those who choose to
remain find that their social and economic conditions often de-
cline. (See Chapter 18.)

28.5.4 Atmospheric Composition and Climate
Feedbacks

Ecosystems influence air quality and climate, both through natural
processes that maintain the status quo and through management-
induced changes that can be either detrimental or beneficial to
human well-being. (See Chapter 13.) Ecosystems play an impor-
tant role in cleansing the atmosphere of pollutants. Changes in
ecosystems as a result of human activity are one of the main driv-
ers of change in climate and air quality, along with fossil fuel
burning and industrial emissions, and concentrations of key
greenhouse gases and other atmospheric constituents will con-
tinue to change in the future as a result of human impacts on
ecosystems.

The most important changes in ecosystems leading to changes
in atmospheric composition and climate feedbacks have been land
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clearing for agriculture, ranching, and urbanization—mostly
through deforestation and biomass burning, although draining of
wetlands has also been important, as has the increase in rice culti-
vation and livestock production. (See Chapters 9, 13, and 21.)
These activities have resulted in an increase in concentrations of
many trace gases in the atmosphere that subsequently change the
chemistry of the troposphere and reduce the atmosphere’s own
capacity to remove pollutants (atmospheric cleansing capacity).
These trace gases also act as pollutants themselves, act as fertilizing
agents, change ozone concentration in the troposphere, and affect
global climate (through impacts on radiative forcing, greenhouse
gases, and cloud formation). Finally, ecosystem changes such as
decreasing forest cover alter the physical properties of Earth’s sur-
face that in turn influence climate and hydrology, although these
effects have likely been relatively smaller than the direct effects on
atmospheric composition. (See Chapter 13.)

28.5.5 Nutrient Cycling

Nutrient cycling has been affected significantly in the last few
decades, mainly from large-scale changes in agriculture and its
inputs. (See Chapters 12 and 26.) As such, most of the trade-offs
with other services can be tracked by focusing on areas where
agriculture has changed substantially.

Changes in the extent and management of cultivated lands
are nothing new. Before the Industrial Revolution, both because
human populations were smaller and because there was a need to
maintain forests and woodlands for fuel, the expansion of agricul-
tural land was relatively small. Between 1950 and 1980, however,
more land was converted to cropland than in the 150 years be-
tween 1700 and 1850 (see Chapter 26), due to both the needs of
growing human populations and the availability of coal as an en-
ergy source. Cropland expansion has been estimated at about
1,200 million hectares over roughly the last 300 years.

With the exception of many tropical regions, which have ex-
perienced recent expansion of croplands, much of the potentially
productive agricultural land appears already to have come under
cultivation, thereby limiting potential for further expansion. (See
Chapter 26.) Instead, there have been major increases in the in-
tensification of the management of cultivated lands, including the
increased addition of nutrients. This is reflected in part in the
available data for the application of nitrogen-based fertilizer and
in the observation that cropland yields have largely continued to
rise on a per-hectare basis even as the rate of cropland expansion
has dropped in much of the world. (See Chapters 8 and 26.)

The changes in the nitrogen cycle have been dramatic. Fertil-
izers spread on agricultural land, enhancement of N-fixation by
planted legumes, biomass burning, fossil fuel combustion, land
clearance, and wetland drainage have contributed to a doubling
of natural inputs of nitrogen to ecosystems. (See Chapter 12.) The
increase of biologically available nitrogen due to these sources,
coupled with the leaching of phosphorus fertilizers and wastes,
has led to substantially increased eutrophication in a number of
aquatic systems. (See Chapters 19 and 20.) The increase in num-
ber, extent, and severity of periodically anoxic zones in estuarine
systems around the world, for example (see Chapter 19), is a di-
rect consequence of this trade-off.

Impairment of the nutrient cycling service is due to a disrup-
tion of a number of regulatory mechanisms that operate at differ-
ent spatial and temporal scales. (See Chapter 12.) In soils, for
example, synchrony between nutrient supply and demand by
plants is a complex system whose stability requires a minimum
biodiversity of plants and soil organisms. The intermediate storage
of nutrients in soil aggregates is often decreased by a severe deple-
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tion of the abundance and diversity of the plants and soil organ-
isms that create this structure. Another effect of human activities
on nutrient cycling has been the impairment or removal of the
buffers, such as riparian forests and wetlands, that naturally ensure
a close cycling of nutrients and thereby reduce losses to other
compartments of the biosphere. (See Chapter 12.)

28.5.6 Spread of Disease

Historically, many diseases have emerged from altered ecosystems
or domesticated animals (such as tuberculosis, measles, plague, and
HIV), while other disease agents are in the process of adapting
to human-dominated systems. Newly resurgent diseases deserve
special attention if they have recently increased in incidence or
emerged in a new geographical location, if they are of major pub-
lic health importance and economic impact, or if they are difficult
to control (such as antibiotic-resistant strains). Among these, ma-
laria, leishmaniasis, dengue, and schistosomiasis are of major con-
cern for the tropics; West Nile virus and Lyme disease in North
America and Europe; and Japanese encephalitis in Asia. (See
Chapter 14.) Also, food- and water-borne diseases stemming from
intensive livestock or fish production are a growing concern. (See
Chapter 8.) Approximately 75% of all emerging diseases are zoo-
notic (coming from animals), thus stressing the importance of fur-
ther investigation of the role of biodiversity and ecological
dynamics that are now recognized as central to disease prevention.

The most important drivers of ecosystem change that have
affected infectious disease risk include tropical deforestation, road
building, expansion of irrigation and dam building, local and re-
gional weather anomalies, intensification of animal production
systems, urban sprawl, poor sanitation, and pollution of coastal
zones. (See Chapter 14.) The groups most vulnerable to disease
risks from these changes include poor populations with little shel-
ter or sanitation, which increases exposure to these risks, who
have few financial resources to respond adequately. Activities such
as international trade and travel have also led to an increase in
infectious diseases. West Nile virus and monkeypox in North
America and SARS globally are prime examples.

The magnitude and direction of altered disease incidence de-
pends both on the type of land use change and the size of the
human population exposed. Migration to a newly accessible forest
or shoreline of a dam, for example, results in higher potential for
disease epidemics. And the type of land use change, whether from
mining, irrigation, dam construction, deforestation, or other
causes, will promote specific diseases depending on geographic
location. Major changes in habitat can both increase or decrease
the risk of a particular infectious disease. (See Chapter 14.)

While many systems, such as forests, drylands, or cultivated
systems, contain a distinct set of infectious diseases, several major
diseases (including malaria and dengue) are more ubiquitous oc-
curring across many ecosystems. For example, malaria is transmit-
ted by 26 differing species of Anopheline mosquitoes that are each
dominant in varying habitats and geographic locations. While
Anopheles gambiae and An. funestus are the primary malaria vectors
in Africa, An. darlingi is the primary carrier in South America,
and An. dirus is in parts of Southeast Asia. Each species responds
differently to a specified land use change, and it is therefore diffi-
cult to generalize ecosystem change effects across many regions.

On the other hand, some diseases such as yellow fever can be
transferred across ecosystems. The natural zoonotic cycle of yel-
low fever occurs between mosquitoes and monkeys high in forest
canopies, but the disease can move into savanna, agricultural, and
even urban areas facilitated by human economic activities such as
logging or forest clearing for crops and livestock.
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Large preserved natural systems, due to their physical and bio-
logical characteristics, are relatively unreceptive to the introduc-
tion of many invasive human and animal pathogens that are
brought in through human migration and settlement. For exam-
ple, schistosomiasis, Kala-azar, and cholera have been introduced
in the Amazon region but have not been able to become estab-
lished in the natural forest system. (See Chapter 14.)

Higher levels of biodiversity can reduce the risk of some vector-
borne diseases via a ‘‘dilutional effect’’ or by maintaining natural
predators. (See Chapters 11 and 14.) The former effect has been
documented in the case of Lyme disease in North America and is
likely true for many diseases where the capability of an animal
host to be infected and carry a disease agent varies greatly across
the intermediate animal hosts on which an insect vector must
feed. Schistosomiasis in Lake Malawi provides a good example of
the relationship of disease emergence to natural predators, as it
rose rapidly following overfishing of fish predators on the snail
intermediate host for the parasite that causes the disease.

28.5.7 Biodiversity

It is well established that losses in biodiversity are occurring globally
at all levels, from ecosystems through species, populations, and
genes. (See Chapter 4.) The current documented rate of species
extinction is two orders of magnitude higher than the average rate
of species extinction from the fossil record, and there is a continu-
ing trend for conversion of naturally occurring, species-rich eco-
systems into more intensively managed habitats with reduced
biodiversity. Losses at the population level are variable but sub-
stantial in certain systems, such as marine, freshwater, and agricul-
tural systems, and more common in large and long-lived species.
Figure 28.4 (in Appendix A) presents the aggregate global trends
in populations of well-studied species. The extent of loss of ge-
netic diversity is less well understood and is mainly inferred from
declines in higher levels of biodiversity organization, although re-
corded losses in agricultural genetic diversity are widespread. (See
Chapters 4 and 26.)

There are some instances where biodiversity is increasing, in
terms of extent of habitat and species composition, such as in
temperate forest areas in the northern hemisphere. (See Chapters
4 and 21.) However, available data show aggregate global declines
in both the distribution and diversity of biomass. Although wide-
spread, losses of biodiversity are currently particularly prevalent in
areas of high species richness, such as tropical forests and coral reef
systems. (See Chapters 4, 19, and 21.) Inland waters are also likely
to be experiencing high levels of biodiversity loss in most parts of
the world. (See Chapter 20.) Habitat conversion (generally for
agricultural expansion), degradation, and fragmentation continue
to be the most important direct drivers of biodiversity loss glob-
ally, although there is an increasing impact of invasive non-native
species, of nutrient pollution, and of climate change in many sys-
tems. Island systems in particular have historically been affected
by the introduction of exotic species, with widespread negative
impacts on native island biodiversity.

The impacts of current trends of biodiversity loss on human
well-being are multifaceted. While people benefit directly from
components of biodiversity in the form of provisioning services
and are therefore affected directly by declines in availability of
those elements of biodiversity that are providing those goods, the
more fundamental role of biodiversity is in the functioning of
ecosystems and thereby in the capacity of ecosystems to provide
the full range of ecosystem services. (See Chapters 4 and 11.) Both
the amount of living material (biomass) and its diversity and distri-
bution play important roles in determining the capacity of systems
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to provide services now and into the future. Evidence suggests
that decreases in the amount of live biomass have directly affected
the capacity of some ecosystems to provide services, such as the
capacity of tropical forests to regulate local and regional climate
(see Chapter 13) and to protect from natural hazards (see Chapter
17) or the capacity of marine, coastal, and inland water systems to
provide food (see Chapters 8, 18, 19, and 20). And these services
show declining trends.

Current understanding of the consequences of losses in the
diversity of biomass is poor and on the whole is limited to a selec-
tion of species that play particularly obvious roles in ecosystem
functions, such as pollinators for the provision of food services.
(See Chapter 11.) The consequences of losses in most rare or
restricted-range species are likely to be subtle. Indeed, some pro-
visioning services, such as timber and food, appear most efficiently
produced from less diverse systems, such as forest plantations and
agricultural landscapes, as evidenced by the wide coverage of cul-
tivated systems. (See Chapter 26.)

However, all ecosystem services are ultimately reliant on eco-
system functions and on the interactions between elements of bio-
diversity. (See Chapter 1.) It is also likely that more diverse
systems are more resilient, resistant, and adaptable to changes in
drivers. (See Chapter 11.) Among the most important factors
identified is the degree of functional redundancy found between
species within an ecosystem. For example, in many ecosystems
there are several species that fix nitrogen. If the loss of any one of
them is compensated for by the growth of others and there is no
overall loss in nitrogen fixation, then the impacts of the loss of
the species are reduced, in terms of the system’s capacity to fix
nitrogen.

There may, of course, be other consequences of the loss of
these species. The possibility of significant losses of function in-
creases as more species, and variability within species, are lost and
as redundancy is reduced—that is, there is an asymptotic relation-
ship between biodiversity and ecosystem functioning. Greater
functional redundancy represents greater insurance that an ecosys-
tem will continue to provide both higher and more predictable
levels of services. (See Chapter 11.)

Although there have been significant benefits derived from
the commercial exploration of biodiversity across a range of in-
dustrial sectors, and particularly from pharmaceutical bioprospect-
ing, the consequences of losses of genetic and species diversity on
bioprospecting potential remains largely speculative, especially in
marine and coastal areas. (See Chapter 10.) Unlike some other
services where there are minimum thresholds, however, overall
declines in the amount of biodiversity proportionately reduce the
resource base from which commercial exploration is possible.

There have been significant impacts of declining biodiversity
on cultural services. Globally, many cultural values associated with
the conservation of components of biodiversity, particularly relat-
ing to the amount and diversity of natural systems and of species
and populations, continue to be affected directly through the cur-
rent trends in declining biodiversity. (See Chapter 17.)

28.6 Is There Evidence That the Capacity of
Ecosystems to Provide Services Is Reaching
Critical Levels?
In addition to documenting the actual trade-offs that have been
made while managing ecosystems for different services, the extent
to which those trade-offs have resulted in a reduction in the ca-
pacity of ecosystems to provide services is also important to con-
sider. If the underlying capacity of ecosystems to provide a range
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of services has been reduced, then there are obvious implications
for the future not only of the ecosystems and services in question,
but also for human well-being.

Of the services and systems examined in this report, it is clear
that at a global level there are two issues where the capacity to
continue to provide services has most clearly declined. One is
marine and coastal capture fisheries, as described earlier in this
chapter and in Chapter 18. It is now well established that the capac-
ity of the oceans to provide fish for food has declined substantially
and in some regions showing no sign of recovery. The other is
the loss of biodiversity, in large part because the rates of loss (of
species diversity) are so much more rapid than the creation of
new diversity through evolutionary processes. (See earlier section
and also Chapter 4.) The implications of this loss are less immedi-
ately clear than those of the decline of marine fisheries, but over
the long run they are likely to be considerably more important.
In addition, some systems have eroded their capacity to provide
services on a regional basis, such as inland waters (Chapter 20),
forests (Chapter 21), and drylands (Chapter 22). The implications
of this regional reduction in capacity are explored more fully in
the next section.

Understanding how the decline in the capacity of ecosystems
to provide services has occurred is as important as documenting
where the capacity has declined. A good deal of ecosystem change
and corresponding decline in ecosystem services is gradual and
occurs over long time frames. Such chronic loss of ecosystem ser-
vices certainly affects human well-being but over decadal or inter-
generational time frames. However, some ecosystem changes are
nonlinear or abrupt and sometimes irreversible. The reasons for
such nonlinearities include:
• intrinsic features of the ecology of certain ecosystems (that is,

ecological thresholds),
• the magnitude and nature of the impact causing change (such

as changes occurring in response to technological advances),
and

• the features of the drivers of change (such as social and cultural
‘‘ratchets’’ that allow change in only one direction).
While each of these is described here separately, it should be

noted that they are often present in tandem, particularly when
large-scale ecosystem changes occur.

Significant changes in ecosystem structure and function can
occur when certain triggers result in changes in the dominant
species. An excellent example of this is provided by coral reef
ecosystems that undergo rather sudden shifts from coral-dominated
to algal-dominated reefs. The trigger for such phase shifts, which
are for all intents and purposes irreversible, is usually multifaceted
and includes increased nutrient input leading to eutrophic condi-
tions and the removal of herbivorous fishes that maintain the
balance between corals and algae. (See Chapter 19.) Once the
thresholds for the two ecological processes of nutrient loading and
herbivory (one an upper threshold and one a lower threshold) are
passed, the regime shift occurs within months, and the resulting
ecosystem, though stable, is less productive and less diverse than
before the transformation. Human well-being is affected not only
by reductions in food supply and income from reef-related indus-
tries (such as diving and snorkeling, aquarium fish collecting), but
also by increased costs accruing from the decreased ability of reefs
to protect shorelines, as algal reefs are more prone to being bro-
ken up in storm events, leading to shoreline erosion and seawater
breaches of land.

Nonlinear changes in ecosystem structure and function can
also occur at the regional level, affecting, for example, regional
climate. (See Chapter 13.) The vegetation in a region influences
climate through albedo, transpiration, and the aerodynamic prop-
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erties of the surface. In the Sahel region of North Africa, vegeta-
tion cover is almost completely controlled by rainfall. When
vegetation is present, rainfall is quickly recycled, generally in-
creasing precipitation and in turn leading to a denser vegetation
canopy. Model results suggest that land degradation leads to a sub-
stantial reduction in water recycling and may have contributed to
the observed trend in rainfall reduction in the region over the
last 30 years. In tropical regions, deforestation generally leads to
decreased rainfall. Since forest existence crucially depends on
rainfall, the relationship between tropical forests and precipitation
forms a positive feedback, which, under certain conditions, theo-
retically leads to the existence of two steady states: rainforest and
savanna. Some models suggest only one stable climate-vegetation
state in the Amazon.

Introduced invasive species can also act as a trigger for dra-
matic changes in ecosystem structure, function, and delivery of
services. (See Chapters 3, 4, and 11.) In marine systems, species
are commonly brought into new areas through ballast water dis-
charges from ships, and they sometimes establish in new areas
through outcompeting native species for food and space. One
example is the rapid and irreversible change in the Black Sea,
where the carnivorous ctenophore Mnemiopsis leidyi caused the
loss of 26 major fisheries species and has been implicated (along
with other factors) in subsequent growth of the anoxic ‘‘dead
zone.’’ (See Chapter 19.)

Certain kinds of human activity can lead directly to largely
irreversible changes—the most obvious being habitat loss from
conversion to urban environments, tourist resorts, ports and har-
bors, reservoirs, and agricultural lands. Habitat loss results in loss
of not only the ecosystem services provided by the affected habi-
tat, but often also the services provided by associated habitats. For
instance, development of a port in an estuary may prevent people
from obtaining food from the estuary and at the same time affect
nearby fisheries whose target species depend on the estuary for
nursery habitat. Even minor losses in species or habitat extent
may reduce the capacity of ecosystems for adjustment to changing
environments, with consequences for ecosystem function, ser-
vices, and human-well being. (See Chapter 11.)

Finally, technological advances and other changes in drivers
can have nonlinear impacts. For instance, societies moving from
subsistence harvesting to harvesting with improved technology
can cause very sudden and large changes in the rate of resource
exploitation. These jumps in exploitation rates often pass the
threshold for sustainability and result in crashes of harvested popu-
lations, such as fish stocks. The changes in drivers are also, in
effect, irreversible, since a return to previous, low-tech methods
is unlikely.

Another driver with a potentially disproportionate effect on
environmental degradation and loss in services is human migra-
tion. This outcome can occur when in-migrants originate from
culturally or ethnically different groups than local residents and
have neither the same vested interests in environmental protec-
tion nor societal self-regulatory mechanisms, as do local commu-
nities. Such effects of migration are often not captured in
assessments of population impact on environment, since migra-
tion, and especially internal migration, is often difficult to moni-
tor and rarely shows up in population census data.

28.7 Are There Parts of the World in Which
Recent Declines or Stagnation in Human Well-
being Can Be Attributed to Changes in
Ecosystem Services?
This assessment shows that global environmental change is highly
variable among the world’s regions. Some trends and their im-
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pacts become apparent only when the scale of analysis shifts from
the global to regional and local scales. This section details some of
the major findings emerging from the assessment at these lower
scales and illustrates the needs to look at ecosystem changes at
multiple scales.

Population growth rates are now declining nearly everywhere
in the world, but with substantial regional differences. Substantial
population growth is still expected in sub-Saharan Africa, South
Asia, and the Middle East over the next few decades. The share
of the global population represented by North America and Eu-
rope is expected to decline from 17% to 10%, while Africa’s share
is expected to increase from 13% to 23%. Urban populations are
growing three times as fast as the population as a whole, creating
ecological and socioeconomic problems in cities and surrounding
hinterlands. Most of this growth will occur in developing coun-
tries. The most critical environmental effects, meanwhile, are
local, such as unsafe water supply and indoor air pollution, where
residents are also drawing down ecosystem services at ever-greater
distances.

The trend toward an increasing proportion of urban dwellers
can also most easily be seen on continental and regional scales.
Over the past 50 years, there have been relatively modest in-
creases in the proportion of the population living in urban areas
in Europe (from 52% to 73%) and North America (64% to 77%).
But both the absolute numbers and the percentages have in-
creased dramatically in the developing regions of Africa (from
15% to 37%), Asia (17% to 38%), and Latin America and the
Caribbean (42% to 75%). By the year 2000, Asia had 195 cities of
more than a million inhabitants (up from 31 in 1990) out of a
global total of 388 such cities. Asia also had 45 of the 100 largest
cities in the world, while Europe had 15, North America 13, and
Latin America 17. (See Chapter 27.)

Global agriculture has registered many successes for the provi-
sioning of food from the world’s ecosystems, but again a regional
perspective reveals problems among generally favorable aggregate
trends. Farmers in some of the world’s poorest countries and
other resource-poor regions have not shared in the yield increases
over the past several decades. Per capita food output has actually
declined in sub-Saharan Africa.

Meanwhile, policy distortions and market failures are impor-
tant problems contributing to the highly variable pattern of food
provisioning and food security. OECD countries provide exten-
sive subsidies to their agricultural sectors and also protect them
through tariffs, quotas, and export subsidies. The worldwide con-
sequences of these institutional arrangements have been lower
prices for internationally traded commodities, higher tax bills, and
the overuse of agricultural inputs, such as fertilizers, with associ-
ated consequences on ecosystems. (See Chapters 12, 19, and 20.)

Despite widespread increases in the use of fertilizers in other
parts of the world, sub-Saharan Africa stands out as a particular
problem area where declining soil fertility is a principal constraint
for sustaining food production and where soil nutrient stocks are
being used unsustainably and fertilizer application remains low.
(See Chapter 26.) Meanwhile, rising populations, declining use of
fallow, the cultivation of fragile lands, and limited conservation
investments are all apparent in many developing regions.

Although there is substantial reason to believe that the world
in the coming decades can produce sufficient food to feed its
growing population, important regional issues exist in the global
pattern of cultivated land. Many regions have experienced de-
clines in the area of cultivated lands over the last several decades,
as described earlier. Due partly to increased competition for alter-
native land uses and to reduced availability of suitable land (partic-
ularly outside the tropics), there is declining potential for further
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expansion of agricultural lands; future increasing agricultural pro-
ductivity in many parts of the world is likely to come largely from
the intensification of the management of existing cultivated lands.
(See Chapters 8 and 26.)

Access to sufficient clean fresh water is a problem at a global
scale, but also one with a strong regional component. The essen-
tial functions of clean water are several: maintaining human and
environmental health; supporting essential economic production,
such as agriculture, energy, and industry; diluting and transporting
wastes; and contributing to religious and cultural activities. (See
Chapters 7, 15, 17, 20, and 26.) Despite their critical importance,
these freshwater services are under threat throughout the world,
and the world’s poor people, concentrated in developing coun-
tries, are at particular risk. In the mid-1990s, some 80 countries
with 40% of the world’s population were already suffering from
serious water shortages. North Africa and the Middle East, in par-
ticular, face great pressure and demand on already overstressed
water resources. Azerbaijan, Egypt, and Libya, for example, were
already using 55%, 110%, and 770%, respectively, of their sustain-
able water supplies in the early 1990s.

Water pollution is exacerbating local water scarcity in many
parts of the world and is expected to accelerate in coming dec-
ades. In developing countries, 90% of sewage continues to be
discharged into rivers, lakes, and coastal areas. In Africa, where
such problems are particularly intense, major pollution sources
include fecal contamination and toxic pollution from cities, in-
dustrial centers, and mining sites. (See Chapters 7 and 15.) It is
clear, meanwhile, that environmental water is often the loser
worldwide, for water needs also to be left in rivers and lakes to
maintain the health of ecosystems and fisheries, which are already
under heavy pressure from population and economic growth.
(See Chapter 20.)

Differential vulnerability to environmental change and pov-
erty also reveal strong regional and local variability. (See Chapter
6.) In the face of general global food availability and the progress
in reducing the incidence of famine, many developing countries
are experiencing declines in agricultural production and food se-
curity, especially among small-scale farmers, isolated rural popula-
tions, and those living on marginal lands. The global trends in
natural disasters reveal that Asia is disproportionately affected,
with more than 70% of all lives lost from natural disasters occur-
ring there. (See Chapters 6 and 16.) In China alone, floods affect
more than 100 million people on average annually.

Sea level rise from climate change poses risks for low-lying
coastal areas throughout the world (see Chapters 19 and 23), but
particularly vulnerable are the small islands of the Pacific, coral
reefs, and the deltas of such areas as Egypt and Bangladesh. And
the Intergovernmental Panel on Climate Change has concluded
that the adverse impacts of ongoing and future climate change
will occur largely in the developing countries already beset by
poor sanitation, water stresses, financial pressures for needed de-
velopment programs, and poor health and inadequate medical
services.

28.8 What Are the Most Critical Gaps in
Knowledge and the Most Crucial Research
Needs?
There are many limitations on the scientific community’s ability
to provide a comprehensive judgment about the conditions and
trends in ecosystems and the services they provide. Although it is
certain that human well-being is affected by changes in the provi-
sion of ecosystem services, the details of that relationship remain
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difficult to untangle except in the simplest cases, such as the ability
of ecosystems to provide food to increasing numbers of people.
This section categorizes the main types of uncertainties that limit
the ability to synthesize the results presented in the individual
chapters on systems and services. Two major needs are focused
on: data and information, and processes and understanding.

28.8.1 Data and Information

The most basic limitation is that there are many important fea-
tures of today’s world for which no information is available, much
less the high quality, well-documented, and comparable informa-
tion that is necessary to understand crucial problems. For exam-
ple, we have relatively little replicable data on forest extent that
can be tracked over time. Methods of measuring forest extent
vary from country to country, and in spite of large efforts by inter-
national agencies to harmonize the information, the ability to
document changes in this is surprisingly poor for much of the
world.

A similar situation exists for cropland, where methodological
issues and significant data gaps cloud the picture of cropland con-
version and the use of cropland over time in most regions. The
global distribution of wetlands remains unknown, as does the ac-
tual current distributions of many important plant and animal spe-
cies, much less their changes over time.

All these gaps in information result in significant constraints
on documenting the trade-offs between provisioning and non-
provisioning services. While there is high certainty in some cases
relating to large-scale trends such as climate change, species losses,
and land degradation, the weakness in documentation and infor-
mation on regional trends remains a serious handicap. Interest-
ingly, local data and information can in turn be of extremely high
quality, in part because the scales of measurement are more ame-
nable to traditional sampling technologies and methods. How-
ever, the ability to generalize from local information to regional
and global information is limited.

28.8.2 Processes and Understanding

The ability to provide a clear picture of the trade-offs among
ecosystem services, and therefore information that is relevant to
the continued management of ecosystems for human well-being,
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is also constrained by limits in understanding of the relevant proc-
esses and underlying relationships. For example, while it has be-
come much clearer over the past decade that biodiversity is
important for ecosystem functioning, there is limited understand-
ing of the ways in which biodiversity regulates ecosystem func-
tioning at local and regional scales, and there is intrinsic difficulty
in predicting unexpected, accelerated, and some times irreversible
changes triggered by alterations of local and regional biodiversity.
The response of ecosystems to changes in the availability of im-
portant nutrients, including carbon, especially through increasing
atmospheric pathways is not broadly understood and cannot be
deduced strictly through model simulations.

One of the most critical needs for further information is an
improved understanding of the factors governing the capacity of
ecosystems to provide services. Documenting threshold changes
in ecosystems and understanding the structural and dynamic char-
acteristics of systems that lead to threshold and irreversible
changes is clearly important in this respect and is currently not
well understood. Equally important is the development of both
conceptual and quantitative models that can begin to give both
scientific and policy communities advance warning of when the
capacity of systems is beginning to be eroded or thresholds are
likely to be reached, so that action may be taken before significant
adverse trade-offs have occurred.

Table 28.2 on page 838 synthesizes some of the main recom-
mendations for data and information on particular ecosystems and
services that are the most important ones for building the capacity
to forecast changes in ecosystem services. The table identifies a
selection of the critical issues to be resolved by further research,
why those issues are important, and what processes or questions
are important to understand in terms of those issues. Finally, the
minimum data and information that will be required to address
the issues raised are identified.
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Table 28.2. Critical Issues Requiring Research and Data Collection to Forecast Significant Impacts of Ecosystem Change on Human
Well-being. This list is intended to highlight the most critical issues and does not identify many other important research and data needs.

Which ecosystems and ser-
vices most critically require
research and data collection
to forecast significant impacts
on human well-being? Why is the issue critical? What do we need to know?

What types of data are
required?

Drylands in all semiarid areas direct dependence of poor on ecosystem
services and coping capacity during
times of stress; intensifying use for
rangeland and cropland

Where is productivity of drylands declining
from intensifying use? What are the feed-
backs from intensifying rangeland and crop-
land on soil fertility, climate regulation, and
access to water? Where and how is human
well-being changing in response to changes
in productivity?

indicators of land 
productivity; indicators 
of human well-being
attributable to changes 
in land productivity

Coastal and marine systems 
in all parts of the world

recipient of nutrients from food produc-
tion systems; importance for fisheries

Where is nutrient input and overharvesting
affecting fisheries? Where are declining fish-
eries affecting access to protein?

nutrient inputs; trends in
fish populations

Tropical forests most significant repository of biodiversity,
with high cultural value and potential
implications for ecosystem function; rapid
conversions expected to continue; non-
timber forest products can be major con-
tributor to household food, medicine, tra-
ditional livelihoods

Where is habitat loss causing declines in bio-
diversity? What are the effects of habitat loss
on species and populations over what time
scales?

indicators of habitat extent
and quality, indicators of
biodiversity

Boreal forest acceleration of natural disturbances (e.g.,
pests and fire)

What drivers are most important for acceler-
ating disturbance regimes? What are antici-
pated responses to climatic changes?

information on interaction
of disturbance regimes
and global change

Inland waters water is basic societal and biological
need; human health and economic devel-
opment issue; direct provision of food

What are contemporary and historical pat-
terns of water infrastructure, use, and supply?
What is the access of humans to surface and
groundwater sources? Sustainability of fish-
eries?

basic surface hydrography
and well-log data from
around the world; extent
of fisheries; water quality
data

Polar systems most sensitive to climate change; poten-
tially significant feedbacks to climate 
regulation; importance of traditional 
livelihoods

How are polar systems responding to climate
change? How does the climate regulation
function of polar systems change in response
to climate change?

species composition;
changes in hydrology and
trace gas fluxes’ rate and
extent of change in per-
mafrost and peat

Food and cultivated systems cultivated systems occupy a large global
area; food provision critical for human
well-being; large changes in ecosystem
states and services due to provision of
food

What are the trade-offs in other services
inherent in different management practices?
What is the overall sustainability of current
fisheries management?

contemporary simultane-
ous data on outputs and
other services from differ-
ent cultivation and grazing
systems

Emergence of disease related
to ecosystem change

potentially large implications for human
health

Which types of ecosystem changes trigger
the emergence of disease? Which types of
diseases and which ecosystems are poten-
tially the most significant?

occurrences of diseases
related to ecosystem
change
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Appendix A

Color Maps and Figures

Figure 4.3. The 14 WWF Biomes and Eight Biogeographic Realms of the World. Biomes are coded in colors and listed with abbreviations
that will be used in following figures and tables (e.g., TMF). Biogeographic realms are named in the figure. Ecoregions are nested within both
biomes and realms.
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Figure 4.4. Land Cover Composition of Six of the Eight Terres-
trial Biogeographic Realms. Oceania and Antarctica are omitted
because land cover data were not available.

Figure 4.6. Land Cover Composition of 14 Terrestrial Biomes. Biome codes as in Figure 4.3. Tundra bar does not reach 100% because
7% of this biome was unclassified by the land cover dataset.
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Figure 4.10. Global Species Richness of Terrestrial Mammals per Half-degree Cell. N � 4,734. Dark orange colors correspond to
higher richness, dark blue colors correspond to lower richness. Maximum richness equals 258 for mammals. Color scale based on 20 equal-
area classes. (Baillie et al. 2004)

Figure 4.11 Global Species Richness of Amphibians per Half-degree Cell. N � 5,743. Dark orange colors correspond to higher richness,
dark blue colors correspond to lower richness. Maximum richness equals 142 for amphibians. Color scale based on 20 equal-area classes.
(Baillie et al. 2004).
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Figure 4.12. Global Richness of Finfish Species (and Finfish Families in Parentheses) across FAO Areas (data source Froese and
Pauly 2003)

Figure 4.13. Global Species Richness of Vascular Plants Modeled and Mapped across Ecoregions. Dark orange colors correspond to
higher richness, dark blue colors correspond to lower richness. Maximum richness equals 10,000 for plants. Color scale based on 20 equal-
area classes. (Kier et al. 2002; Olson et al. 2001)
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Figure 4.16. Major Anthropogenic Variables Acting as Drivers of Change on Different Scales of Ecological Organization or
Biodiversity Levels. Color=degree of driver impact on ecological scale (red=maximum impact followed by orange, then yellow); X=upward
trend of driver impact on ecological scale; 1 to 5=degree of impact reversibility (5=least reversible); Shading=degree of certainty based on
expert knowledge (dark shading=least certain); ?=information on trends unknown. Impact indices were based on a year 2010 timeframe.

Figure 4.18. Density Map on Extent to Which the Ranges of
Threatened Bird Species Have Contracted in Central and South
America. The color scale indicates the number of threatened bird
species that used to occur in a pixel, but now no longer do so.
(BirdLife International 2004a; unpublished data from BirdLife’s World
Bird Database)
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Figure 4.22. Background and Contemporary Extinction Rates. Background extinction rates are in black, extinction rates based on ob-
served extinctions over the past 100 years are in yellow and estimated contemporary extinction rates using a number of different approaches
are in orange. Based on background extinction rates from the fossil record: aMay (1995), bAlroy (1998) (lower estimate of 0.21), cFoote (1997)
(higher estimate of 0.46). Observed extinctions over the past 100 years: d, e, fBaillie et al. (2004). Projections based on threatened species:
gPimm and Brooks (1997), hSmith et al. (1993) (also uses recently extinct species), iMace (1994). Plant extinctions using species-area curve
with assumptions about habitat loss from agricultural/urban expansion and from climate change: jMA Scenarios, Chapter 10. Increased energy
consumption: kEhrlich (1994). Species-area relationship from deforestation rates: four studies in lReid (1992).
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Figure 4.25. Density Distribution Map of Globally Threatened Mammal and Bird Species Mapped at a Resolution of 1/4 Degree Grid
Cell. N � 1,063 mammals and 1,213 birds. Dark orange colors correspond to higher richness, dark blue colors to lower richness. Maximum
richness equals 25 for mammals and 25 for birds. Color scale based on 10 equal-area classes. (Baillie et al. 2004)
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Figure 5.5. Global Distribution of Infant Mortality Rate (Robinson Projection; UNICEF, DHS, NSOs, NHDRs)
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Figure 5.8. MA Regions and Systems and Relative Measures of
Well-being

Figure 5.9. Infant Mortality Rate in MA Subsystems, Regional
Averages Compared with Global Averages
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Source: Millennium Ecosystem Assessment
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Figure 6.3. Polynomial Trends in the Numbers of Natural Disasters, Persons Killed, and Persons Affected, 1974–2003 (CRED 2003)

Figure 6.6. Climate Change Risks for Agricultural Systems. The five ‘‘Reasons for Concern’’ follow the IPPC’s template from the Third
Assessment Report’s Summary for Policymakers (IPPC 2001). (Downing 2002)
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(cubic meters/second)

Figure 7.1. Global Renewable Water Supply as River Discharge and Populations Dependent on Accessible Runoff at Point of Origin.
River flows, or total blue water (Bt) is that water passing through 50 km x 50 km grid cells. The top map depicts the global renewable water
supply. The bottom map depicts total renewable blue water that is accessible to humans (Ba). Due to their remoteness, some high runoff-
generating regions (e.g., Amazonia) fail to support significant populations and are effectively inaccessible. Populations served by nonrenew-
able groundwater or desalinization are not shown. Table 7.2 gives aggregated regional summaries of the geographic distributions shown here.
(Dividing by 31.7 converts values in the top map into units of cubic kilometers per year.)
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Figure 7.3. Contemporary Geography of Non-sustainable Withdrawals for Irrigation. The following divisions based on calculated con-
sumptive use by crops were used: High overdraft: �1 km3/yr; Moderate: 0.1–1 km3/yr; Low: 0–0.1 km3/yr. All estimates made on ca. 50 km
x 50 km resolution grids. The map indicates where there is insufficient fresh water to fully satisfy irrigated crop demands. The imbalance in
long-term water budgets necessitates diversion of surface water or the tapping of groundwater resources. The areas shown with moderate-
to-high levels of non-sustainable use occur over each continent and are known to be areas of aquifer mining and/or major water transfer
schemes.

Figure 7.5. Contrast between Mid-1990s and Pre-disturbance Transports of Total Nitrogen through Inland Aquatic Systems Resulting
from Anthropogenic Acceleration of This Nutrient Cycle. While peculiarities of individual pollutants, rivers, and governance define the
specific character of water pollution, the general patterns observed for nitrogen are representative of anthropogenic changes to the transport
of waterborne constituents through inland waterways. Elevated contemporary loading to one part of the system (e.g., to croplands) often
reverberate through other parts of the system (e.g., coastal zones), exceeding the capacity of natural systems to assimilate additional
constituents. (Green et al. 2004)

PAGE 850................. 11432$ APPA 10-21-05 14:14:59 PS



851Color Maps and Figures

Figure 7.10. Percentage of Cropland Area by River Basin. Cropland areas exclude those with more balanced mosaics of cropland and
natural vegetation. (Revenga et al. 2000)

Figure 7.11. Percentage Urban and Industrial Land Use by River Basin (Revenga et al. 2000)
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Figure 7.13. Proportion of Population with Improved Drinking Water Supply, 2002 (WHO/UNICEF 2004)

Figure 7.14. Proportion of Population with Improved Sanitation Coverage, 2002 (WHO/UNICEF 2004)
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Box 7.4 Figure A

Box 7.4 Figure B
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Figure 8.2 Spatial Distribution of Value of Food Production for Crops, Livestock, and Fisheries, 2000. The map shows the approximate
value of production in year 2000 using FAOSTAT (2003) production data for all food crops and livestock products weighted by a set of
1989–91 global average commodity prices denominated in International US dollars. These prices are used by FAO to compute its Production
Indices. The image was constructed from a composite rainfed-irrigated cropland surface using the global 1992–3 cropland map of Ramankutty
and Foley (1998) intersected by the global irrigation map of Doell and Siebert (1999). Crop production was allocated by country in proportion
to the share of each 100 km2 occupied by rainfed and irrigated agriculture assuming irrigated agriculture is, on average, twice as productive
as rainfed agriculture. Livestock production was allocated across a global pasture dataset (Foley et al. 2003) by country, assuming production
was distributed into each pixel in proportion to its area of pasture/rangeland.

Figure 8.3 Spatial Distribution of Food Production in Parts of
Asia for Crops, Livestock, and Fisheries, 2000. This map shows a
detail of Figure 8.1. Notice the high value of food production—both
marine and terrestrial—in coastal areas.
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Figure 9.1 Forest Regions Used in Wood Products Analyses. Regions are based on closed forest cover, continents, climate, and national
boundaries. (FAO 2001a; cartography, P. Gonzalez)

Figure 10.1 Summary of Different Kinds of Natural Product
Structures Produced by Different Organisms (Bioactive Natural
Product Database, Szenzor Management Consulting Company,
Budapest, cited in Henkel et al. 1999)
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Box 10.3 Figure Lake in Australia Covered by the Weed Salvinia
(Photos from CSIRO, Australia)
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Figure 12.3 Contrast between Contemporary and Preindustrial Loadings of Easily Transported Nitrogen onto Land Mass of Earth
and Geography of Relative Increases in Riverborne Nitrogen Fluxes Resulting from Anthropogenic Acceleration of Cycle. Contempo-
rary time is from the mid-1990s. While the peculiarities of individual pollutants, rivers, and governance define the specific character of water
pollution, the general patterns observed for nitrogen are representative of anthropogenic changes to the transport of waterborne constituents.
Elevated contemporary loadings to one part of the system (e.g., to croplands) often reverberate to other parts of the system (e.g., coastal
zones), exceeding the capacity of natural systems to assimilate additional constituents. (Green et al. 2004)
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The Same Lake Six Months Later Following the Release of a
Weevil Biological Control Agent
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Figure 12.6 Global Map of Soil Sensitivity to Acidic Inputs from Atmospheric Sulfur and Nitrogen Deposition. This map shows the
ability of the soil to buffer acid deposition. Problems of acidification are most likely to arise where high projected rates of deposition coincide
with high sensitivity—for instance, in Southeast Asia. (Kuylenstierna et al. 2001)
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Figure 13.5 Maps of Carbon Dioxide Fluxes Estimated from Atmospheric Measurements, July 1995 to June 2000 (in gC/m2/year)
(Rödenbeck et al. 2001). The spatial allocation of sources and sinks of CO2 is derived from measurements of atmospheric concentrations
from a network of sites over the globe using a technique known as inverse modeling. This technique gives the sum of all fluxes. Positive
numbers denote a source into the atmosphere; negative numbers denote a sink from the atmosphere. The magnitude and spatial allocation
of fluxes is very sensitive to the number of measuring sites and the time period of the analysis. The top figure is the total flux excluding fossil
fuel emissions to highlight the terrestrial vegetation fluxes. The bottom figure includes fossil fuel emissions; therefore land areas appear to be
sources or smaller sinks.
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Figure 13.8 Map of Land Surface Albedo Captured by the MODIS Satellite Instrument (Schaaf et al. 2002; Lucht et al. 2000). Albedo is
the fraction of solar radiation reflected back into the atmosphere from Earth’s surface. Higher albedo means that more energy leaves the
planetary boundary layer (net cooling of the atmosphere). Regions where there were no data available, e.g., due to clouds, are indicated by
black. The top figure is of data sampled in January 2001. In the northern areas during the winter season, snow albedo is very high (up to
0.8, red). The boreal forest belt can be clearly seen in blue and green since trees mask snow, reduce albedo, and warm the surface air
during the snow season. The bottom figure is of data sampled in June 2001. In comparison with January 2001, the northern land areas have
a much lower albedo due to the absence of snow. In this map, the area with the highest albedo (up to 0.5, green and yellow) is the Sahara
desert. High albedo in this region suppresses rainfall during the summer rain season.
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Figure 14.1 Current Map of Infectious and Parasitic Diseases

Figure 16.2 MODIS Fire Pixels Detected May 20–22, 2004 (Image
courtesy of MODIS Rapid Response Project at NASA/GSFC)
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Figure 16.3 Residence Time in Lakes, Reservoirs, and Soils, by
Basin (Green et al. 2004)

................. 11432$ APPA 10-21-05 14:19:00 PS



861Color Maps and Figures

Figure 16.6 Global Patterns of Burned Area in 2000, Based on the GBA2000 Product (Grégoire et al. 2003)

Figure 16.7 Map of Most Frequent and Exceptional Fire Events in the Tropics, 1997–2000 (Lepers 2003)
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Figure 16.10 Main Areas of Deforestation and Forest Degradation and Number of Floods, by Country, 1980–2000 (Lepers 2003;
OFDA/CRED)
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Figure 18.7 Predator Diversity in the Ocean. Predicted from the Northwest Atlantic Longline Logbook (A), Observer Data (B), Hawaiian
Observer Data (C), and Australian Observer Data (D). Codes indicate level of species diversity. Dotted line represents 1,000-m isobaths,
identifying the outer margins of continental slopes. (Worm et al. 2003)
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Figure 18.8 Changes in Marine Biomass in North Atlantic in 1900, 1950, 1975, and 1999 (in tons per square kilometer) (Christensen et
al. 2003)
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Figure 18.17 Changes in Distant Water Fleet Access as Number of Agreement Years for 1960s, 1970s, 1980s, and 1990s (Alder and
Sumaila 2004)
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Figure 19.5 Global Distribution of Mangrove Forests, and Levels of Sediment Loading on Mangroves in the Asia–Pacific Region
(UNEP-WCMC 2003a; Syvitski et al. 2005)
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Figure 19.6 Global Distribution of Major Coral Reefs and Levels of Nitrogen on Caribbean Coral Reefs (UNEP-WCMC 2003d; Syvitski
et al. 2005)
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Figure 19.7 Global Distribution of Seagrasses, and Levels of Sediment Loading on European Seagrass Areas (UNEP-WCMC 2003c;
Syvitski et al. 2005)
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Figure 20.1 Distribution of Inland Water Systems Described as Large Lakes, Reservoirs, and Wetlands (Adapted from Lehner and Döll
2004 and LakeNet)

Figure 20.2 Summary Analysis of Capacity of a Range of Eco-
systems to Produce Services (WRI et al. 2000)
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Figure 20.4 Number of Threatened versus Non-threatened Wet-
land-dependent Amphibian Species by Major Habitat Type l (Data
compiled under the Global Amphibian Assessment; IUCN et al. 2004)
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Figure 20.7 Pictorial Presentation of the Direct Drivers of Change in Inland Waters (Ratner et al. 2004)
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Figure 20.8 Changes in the Aral Sea, 1960–2001 (UNEP 2002)

PAGE 871................. 11432$ APPA 10-21-05 14:24:33 PS



872 Ecosystems and Human Well-being: Current State and Trends

Figure 20.9 Changes in Area of Water in Lake Chad, 1963–2001 (UNEP 2002)
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Figure 20.10 Changes in the Mesopotamian Marshes, 1973–2000 (Partow 2001)

Figure 20.11 Fragmentation and Flow Regulation of Global Rivers (Revenga et al. 2000)
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Figure 21.1 Global Forest and Woodland Cover by Aggregated Category and Continent. Open forests and fragmented forests have a
canopy closure from 10–40%, and closed forests have a canopy closure of less than 40%. (FRA 2000 datasets)

Figure 21.2 Distribution of Global Forests by Ecological Zone (FRA 2000 datasets)
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Figure 23.1 Fishing Pressure in Coastal Areas Based on the Number of People Actively Fishing per Kilometer of Coastline
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Figure 23.2 Sewage Pollution Index for Coastal Areas
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Figure 24.5 Mountains of the World Based on Topography Alone (Kapos et al. 2000) Copyright UNEP-WCMC, Cambridge, UK
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Figure 25.1 Major Subtypes of Arctic and Antarctic Terrestrial Ecosystems (Arctic modified from McGuire et al. 2002; Antarctic modified
from Holdgate 1970)

Figure 25.8 Interaction of Global and Northern Hemisphere Temperature Trends (Hinzman et al. in press; Mann et al. 1999)
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Figure 26.1 Evolution of Cultivated Systems from Pre-Industrial to Contemporary Times (Ramankutty et al. 2002)

Figure 26.2 Contemporary Global Extent of Cultivated Systems (Wood et al. 2000)
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Figure 26.3 Agroecological Characterization of Cultivated Systems. This map classifies cultivated systems according to their major
agroecological characteristics. Farm management practices have not been mapped consistently at a global scale, but important agroecological
sub-divisions determined by climate, rainfall, irrigation, and slope are broadly indicative of the type of cultivation opportunities and constraints.
This typology also gives some indication of potential productivity and of cultivation externalities—e.g., irrigation suggests higher productivity
and a more intensive use of freshwater resources; cultivation in semiarid and sloping areas may have lower productivity and higher potential
for soil erosion (Wood et al. 2000). The map is a composite of the 1 km. resolution global irrigation map produced by Kassel University and
FAO (Doell and Siebert 2002), climate data from the Global Agroecological Zones project (FAO/IIASA 2001) and the PAGE agricultural extent
(Wood et al. 2000).

Box 26.1 Figure B. Comparison of Cropland and Cropland Mosaic Areas by Data Source
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881Color Maps and Figures

Figure 27.1 Urban Areas across the Globe (Copyright 2004: The Trustees of Columbia University in the City of New York. Center for
International Earth Science Information Network, Columbia University; International Food Policy Research Institute, World Bank; and Centro
Internacional de Agricultura Tropical, 2004. Global Rural-Urban Mapping Project: Urban Mask version 1. Palisades, NY: CIESIN, Columbia
University. Available at http://sedac.ciesin.columbia.edu/gpw.)

Figure 28.1 Areas of Rapid Land Cover Change Involving Defor-
estation and Forest Degradation (Lepers et al. 2005)
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Figure 28.2 Areas of Rapid Land Cover Change Involving De-
sertification and Land Degradation (Lepers et al. 2005)
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Figure 28.3 Areas of Rapid Land Cover Change Involving
Changes in Urban Extent (Lepers et al. 2005)

Figure 28.4 The Living Planet Index, 1970–2000. The Living Planet
Index is an indicator of the state of the world’s biodiversity: it mea-
sures trends in populations of vertebrate species living in terrestrial,
freshwater, and marine ecosystems.

PAGE 882................. 11432$ APPA 10-21-05 14:30:58 PS



Appendix B

Authors

Argentina
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Abbreviations and Acronyms

AI aridity index

AKRSP Aga Khan Rural Support Programme

AMF arbuscular mycorrhizal fungi
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CIFOR Center for International Forestry Research

CITES Convention on International Trade in Endangered
Species of Wild Fauna and Flora

CMS Convention on the Conservation of Migratory Species
of Wild Animals (Bonn Convention)

CONICET Consejo de Investigaciones Cientı́ficas y Técnicas
(Argentina)

COP Conference of the Parties (of treaties)

CPF Collaborative Partnership on Forests

CSIR Council for Scientific and Industrial Research (South
Africa)

CV contingent valuation
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DAF decision analytical framework
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DHF dengue hemorrhagic fever
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EID emerging infectious disease

EKC Environmental Kuznets Curve

EMF ectomycorrhizal fungi
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E/MSY extinctions per million species per year

ENSO El Niño/Southern Oscillation

EPA Environmental Protection Agency (United States)

EPI environmental policy integration

EU European Union
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FAO Food and Agriculture Organization (United Nations)
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GATS General Agreement on Trade and Services

GATT General Agreement on Tariffs and Trade

GCM general circulation model

GDI Gender-related Development Index

GDP gross domestic product

GEF Global Environment Facility

GEO Global Environment Outlook

GHG greenhouse gases

GIS geographic information system

GIWA Global International Waters Assessment

GLASOD Global Assessment of Soil Degradation

GLC Global Land Cover

GLOF Glacier Lake Outburst Flood

GM genetic modification

GMO genetically modified organism

GNI gross national income

GNP gross national product

GPS Global Positioning System

GRoWI Global Review of Wetland Resources and Priorities for
Wetland Inventory

GSG Global Scenarios Group

GSPC Global Strategy for Plant Conservation

GtC-eq gigatons of carbon equivalent

GWP global warming potential

HDI Human Development Index

HIA health impact assessment

HIPC heavily indebted poor countries

HPI Human Poverty Index

HPS hantavirus pulmonary syndrome
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HWB human well-being

IAA integrated agriculture-aquaculture

IAM integrated assessment model

IBI Index of Biotic Integrity

ICBG International Cooperative Biodiversity Groups

ICDP integrated conservation and development project

ICJ International Court of Justice

ICRAF International Center for Research in Agroforestry

ICRW International Convention for the Regulation of
Whaling

ICSU International Council for Science

ICZM integrated coastal zone management

IDRC International Development Research Centre (Canada)

IEA International Energy Agency

IEG international environmental governance

IEK indigenous ecological knowledge

IFPRI International Food Policy Research Institute

IGBP International Geosphere-Biosphere Program

IIASA International Institute for Applied Systems Analysis

IK indigenous knowledge

ILO International Labour Organization

IMF International Monetary Fund

IMPACT International Model for Policy Analysis of Agricultural
Commodities and Trade

IMR infant mortality rate

INESI International Network of Sustainability Initiatives
(hypothetical, in Scenarios)

INTA Instituto Nacional de Tecnologı́a Agropecuaria
(Argentina)

IPAT impact of population, affluence, technology

IPCC Intergovernmental Panel on Climate Change

IPM integrated pest management

IPR intellectual property rights

IRBM integrated river basin management

ISEH International Society for Ecosystem Health

ISO International Organization for Standardization

ITPGR International Treaty on Plant Genetic Resources for
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ITQs individual transferable quotas

ITTO International Tropical Timber Organization

IUCN World Conservation Union

IUU illegal, unregulated, and unreported (fishing)

IVM integrated vector management
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IWMI International Water Management Institute

IWRM integrated water resources management

JDSD Johannesburg Declaration on Sustainable Development

JI joint implementation

JMP Joint Monitoring Program

LAC Latin America and the Caribbean

LAI leaf area index

LARD livelihood approaches to rural development

LDC least developed country

LEK local ecological knowledge

LME large marine ecosystems

LPI Living Planet Index

LSMS Living Standards Measurement Study

LULUCF land use, land use change, and forestry

MA Millennium Ecosystem Assessment

MAI mean annual increments

MBI market-based instruments

MCA multicriteria analysis

MDG Millennium Development Goal

MEA multilateral environmental agreement

MENA Middle East and North Africa

MER market exchange rate

MHC major histocompatibility complex

MICS multiple indicator cluster surveys

MIT Massachusetts Institute of Technology

MPA marine protected area

MSVPA multispecies virtual population analysis

NAP National Action Program (of desertification convention)

NBP net biome productivity

NCD noncommunicable disease

NCS National Conservation Strategy

NCSD national council for sustainable development

NDVI normalized difference vegetation index

NE effective size of a population

NEAP national environmental action plan

NEP new ecological paradigm; also net ecosystem
productivity

NEPAD New Partnership for Africa’s Development

NFAP National Forestry Action Plan
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NFP national forest programs

NGO nongovernmental organization

NIH National Institutes of Health (United States)

NMHC non-methane hydrocarbons

NOAA National Oceanographic and Atmospheric
Administration (United States)

NPP net primary productivity

NSSD national strategies for sustainable development

NUE nitrogen use efficiency

NWFP non-wood forest product

ODA official development assistance

OECD Organisation for Economic Co-operation and
Development

OSB oriented strand board

OWL other wooded land

PA protected area

PAH polycyclic aromatic hydrocarbons

PCBs polychlorinated biphenyls

PEM protein energy malnutrition

PES payment for environmental (or ecosystem) services

PFT plant functional type

PNG Papua New Guinea

POPs persistent organic pollutants

PPA participatory poverty assessment

ppb parts per billion

PPI potential Pareto improvement

ppm parts per million

ppmv parts per million by volume

PPP purchasing power parity; also public-private partnership

ppt parts per thousand

PQLI Physical Quality of Life Index

PRA participatory rural appraisal

PRSP Poverty Reduction Strategy Paper

PSE producer support estimate

PVA population viability analysis

RANWA Research and Action in Natural Wealth Administration

RBO river basin organization

RIDES Recursos e Investigación para el Desarrollo Sustentable
(Chile)

RIL reduced impact logging

RLI Red List Index

RO reverse osmosis
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RRA rapid rural appraisal

RUE rain use efficiency

SADC Southern African Development Community

SADCC Southern African Development Coordination
Conference

SAfMA Southern African Millennium Ecosystem Assessment

SAP structural adjustment program

SAR species-area relationship

SARS severe acute respiratory syndrome

SBSTTA Subsidiary Body on Scientific, Technical and
Technological Advice (of CBD)

SEA strategic environmental assessment

SEME simple empirical models for eutrophication

SES social-ecological system

SFM sustainable forest management

SIDS small island developing states

SMS safe minimum standard

SOM soil organic matter

SRES Special Report on Emissions Scenarios (of the IPCC)

SSC Species Survival Commission (of IUCN)

SWAP sector-wide approach

TAC total allowable catch

TBT tributyltin

TC travel cost

TCM travel cost method

TDR tradable development rights

TDS total dissolved solids

TEIA transboundary environmental impact assessment

TEK traditional ecological knowledge

TEM terrestrial ecosystem model

TESEO Treaty Enforcement Services Using Earth Observation

TEV total economic value

TFAP Tropical Forests Action Plan

TFP total factor productivity

TFR total fertility rate

Tg teragram (1012 grams)

TK traditional knowledge

TMDL total maximum daily load

TOF trees outside of forests

TRIPS Trade-Related Aspects of Intellectual Property Rights
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TSU Technical Support Unit

TW terawatt

UMD University of Maryland

UNCCD United Nations Convention to Combat Desertification

UNCED United Nations Conference on Environment and
Development

UNCLOS United Nations Convention on the Law of the Sea

UNDP United Nations Development Programme

UNECE United Nations Economic Commission for Europe

UNEP United Nations Environment Programme

UNESCO United Nations Educational, Scientific and Cultural
Organization

UNFCCC United Nations Framework Convention on Climate
Change

UNIDO United Nations Industrial Development Organization

UNRO United Nations Regional Organization (hypothetical
body, in Scenarios)

UNSO UNDP’s Office to Combat Desertification and Drought

USAID U.S. Agency for International Development

USDA U.S. Department of Agriculture

VOC volatile organic compound

VW virtual water

WBCSD World Business Council for Sustainable Development

WCD World Commission on Dams

WCED World Commission on Environment and Development

WCMC World Conservation Monitoring Centre (of UNEP)

WFP World Food Programme

WHO World Health Organization

WIPO World Intellectual Property Organization

WISP weighted index of social progress

WMO World Meteorological Organization

WPI Water Poverty Index

WRF white rot fungi

WSSD World Summit on Sustainable Development

wta withdrawals-to-availability ratio (of water)

WTA willingness to accept compensation

WTO World Trade Organization

WTP willingness to pay

WWAP World Water Assessment Programme

WWF World Wide Fund for Nature

WWV World Water Vision
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Glossary

Abatement cost: See Marginal abatement cost.
Abundance: The total number of individuals of a taxon or taxa in an

area, population, or community. Relative abundance refers to the
total number of individuals of one taxon compared with the total
number of individuals of all other taxa in an area, volume, or com-
munity.

Active adaptive management: See Adaptive management.
Adaptation: Adjustment in natural or human systems to a new or

changing environment. Various types of adaptation can be distin-
guished, including anticipatory and reactive adaptation, private and
public adaptation, and autonomous and planned adaptation.

Adaptive capacity: The general ability of institutions, systems, and
individuals to adjust to potential damage, to take advantage of op-
portunities, or to cope with the consequences.

Adaptive management: A systematic process for continually improv-
ing management policies and practices by learning from the out-
comes of previously employed policies and practices. In active
adaptive management, management is treated as a deliberate experi-
ment for purposes of learning.

Afforestation: Planting of forests on land that has historically not con-
tained forests. (Compare Reforestation.)

Agrobiodiversity: The diversity of plants, insects, and soil biota found
in cultivated systems.

Agroforestry systems: Mixed systems of crops and trees providing
wood, non-wood forest products, food, fuel, fodder, and shelter.

Albedo: A measure of the degree to which a surface or object reflects
solar radiation.

Alien species: Species introduced outside its normal distribution.
Alien invasive species: See Invasive alien species.
Aquaculture: Breeding and rearing of fish, shellfish, or plants in ponds,

enclosures, or other forms of confinement in fresh or marine waters
for the direct harvest of the product.

Benefits transfer approach: Economic valuation approach in which
estimates obtained (by whatever method) in one context are used to
estimate values in a different context.

Binding constraints: Political, social, economic, institutional, or eco-
logical factors that rule out a particular response.

Biodiversity (a contraction of biological diversity): The variability
among living organisms from all sources, including terrestrial, ma-
rine, and other aquatic ecosystems and the ecological complexes of
which they are part. Biodiversity includes diversity within species,
between species, and between ecosystems.

Biodiversity regulation: The regulation of ecosystem processes and
services by the different components of biodiversity.

Biogeographic realm: A large spatial region, within which ecosys-
tems share a broadly similar biota. Eight terrestrial biogeographic
realms are typically recognized, corresponding roughly to continents
(e.g., Afrotropical realm).

Biological diversity: See Biodiversity.
Biomass: The mass of tissues in living organisms in a population, eco-

system, or spatial unit.
Biome: The largest unit of ecological classification that is convenient

to recognize below the entire globe. Terrestrial biomes are typically
based on dominant vegetation structure (e.g., forest, grassland). Eco-
systems within a biome function in a broadly similar way, although
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they may have very different species composition. For example, all
forests share certain properties regarding nutrient cycling, distur-
bance, and biomass that are different from the properties of grass-
lands. Marine biomes are typically based on biogeochemical
properties. The WWF biome classification is used in the MA.

Bioprospecting: The exploration of biodiversity for genetic and bio-
chemical resources of social or commercial value.

Biotechnology: Any technological application that uses biological sys-
tems, living organisms, or derivatives thereof to make or modify
products or processes for specific use.

Biotic homogenization: Process by which the differences between
biotic communities in different areas are on average reduced.

Blueprint approaches: Approaches that are designed to be applicable
in a wider set of circumstances and that are not context-specific or
sensitive to local conditions.

Boundary organizations: Public or private organizations that synthe-
size and translate scientific research and explore its policy implica-
tions to help bridge the gap between science and decision-making.

Bridging organizations: Organizations that facilitate, and offer an
arena for, stakeholder collaboration, trust-building, and conflict res-
olution.

Capability: The combinations of doings and beings from which people
can choose to lead the kind of life they value. Basic capability is the
capability to meet a basic need.

Capacity building: A process of strengthening or developing human
resources, institutions, organizations, or networks. Also referred to
as capacity development or capacity enhancement.

Capital value (of an ecosystem): The present value of the stream of
ecosystem services that an ecosystem will generate under a particular
management or institutional regime.

Capture fisheries: See Fishery.
Carbon sequestration: The process of increasing the carbon content

of a reservoir other than the atmosphere.
Cascading interaction: See Trophic cascade.
Catch: The number or weight of all fish caught by fishing operations,

whether the fish are landed or not.
Coastal system: Systems containing terrestrial areas dominated by

ocean influences of tides and marine aerosols, plus nearshore marine
areas. The inland extent of coastal ecosystems is the line where land-
based influences dominate, up to a maximum of 100 kilometers
from the coastline or 100-meter elevation (whichever is closer to
the sea), and the outward extent is the 50-meter-depth contour. See
also System.

Collaborative (or joint) forest management: Community-based
management of forests, where resource tenure by local communities
is secured.

Common pool resource: A valued natural or human-made resource
or facility in which one person’s use subtracts from another’s use and
where it is often necessary but difficult to exclude potential users
from the resource. (Compare Common property resource.)

Common property management system: The institutions (i.e., sets
of rules) that define and regulate the use rights for common pool
resources. Not the same as an open access system.

Common property resource: A good or service shared by a well-
defined community. (Compare Common pool resource.)
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Community (ecological): An assemblage of species occurring in the
same space or time, often linked by biotic interactions such as com-
petition or predation.

Community (human, local): A collection of human beings who
have something in common. A local community is a fairly small
group of people who share a common place of residence and a set
of institutions based on this fact, but the word ‘community’ is also
used to refer to larger collections of people who have something else
in common (e.g., national community, donor community).

Condition of an ecosystem: The capacity of an ecosystem to yield
services, relative to its potential capacity.

Condition of an ecosystem service: The capacity of an ecosystem
service to yield benefits to people, relative to its potential capacity.

Constituents of well-being: The experiential aspects of well-being,
such as health, happiness, and freedom to be and do, and, more
broadly, basic liberties.

Consumptive use: The reduction in the quantity or quality of a good
available for other users due to consumption.

Contingent valuation: Economic valuation technique based on a sur-
vey of how much respondents would be willing to pay for specified
benefits.

Core dataset: Data sets designated to have wide potential application
throughout the Millennium Ecosystem Assessment process. They
include land use, land cover, climate, and population data sets.

Cost-benefit analysis: A technique designed to determine the feasibil-
ity of a project or plan by quantifying its costs and benefits.

Cost-effectiveness analysis: Analysis to identify the least cost option
that meets a particular goal.

Critically endangered species: Species that face an extremely high
risk of extinction in the wild. See also Threatened species.

Cross-scale feedback: A process in which effects of some action are
transmitted from a smaller spatial extent to a larger one, or vice
versa. For example, a global policy may constrain the flexibility of a
local region to use certain response options to environmental
change, or a local agricultural pest outbreak may affect regional food
supply.

Cultivar (a contraction of cultivated variety): A variety of a plant devel-
oped from a natural species and maintained under cultivation.

Cultivated system: Areas of landscape or seascape actively managed
for the production of food, feed, fiber, or biofuels.

Cultural landscape: See Landscape.
Cultural services: The nonmaterial benefits people obtain from eco-

systems through spiritual enrichment, cognitive development, re-
flection, recreation, and aesthetic experience, including, e.g.,
knowledge systems, social relations, and aesthetic values.

Decision analytical framework: A coherent set of concepts and pro-
cedures aimed at synthesizing available information to help policy-
makers assess consequences of various decision options. DAFs orga-
nize the relevant information in a suitable framework, apply decision
criteria (both based on some paradigms or theories), and thus iden-
tify options that are better than others under the assumptions charac-
terizing the analytical framework and the application at hand.

Decision-maker: A person whose decisions, and the actions that fol-
low from them, can influence a condition, process, or issue under
consideration.

Decomposition: The ecological process carried out primarily by mi-
crobes that leads to a transformation of dead organic matter into
inorganic mater.

Deforestation: Conversion of forest to non-forest.
Degradation of an ecosystem service: For provisioning services, de-

creased production of the service through changes in area over
which the services is provided, or decreased production per unit
area. For regulating and supporting services, a reduction in the benefits
obtained from the service, either through a change in the service or
through human pressures on the service exceeding its limits. For
cultural services, a change in the ecosystem features that decreases the
cultural benefits provided by the ecosystem.

Degradation of ecosystems: A persistent reduction in the capacity to
provide ecosystem services.
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Desertification: land degradation in drylands resulting from various
factors, including climatic variations and human activities.

Determinants of well-being: Inputs into the production of well-
being, such as food, clothing, potable water, and access to knowl-
edge and information.

Direct use value (of ecosystems): The benefits derived from the ser-
vices provided by an ecosystem that are used directly by an eco-
nomic agent. These include consumptive uses (e.g., harvesting
goods) and nonconsumptive uses (e.g., enjoyment of scenic beauty).
Agents are often physically present in an ecosystem to receive direct
use value. (Compare Indirect use value.)

Disability-adjusted life years: The sum of years of life lost due to
premature death and illness, taking into account the age of death
compared with natural life expectancy and the number of years of
life lived with a disability. The measure of number of years lived
with the disability considers the duration of the disease, weighted by
a measure of the severity of the disease.

Diversity: The variety and relative abundance of different entities in a
sample.

Driver: Any natural or human-induced factor that directly or indirectly
causes a change in an ecosystem.

Driver, direct: A driver that unequivocally influences ecosystem proc-
esses and can therefore be identified and measured to differing de-
grees of accuracy. (Compare Driver, indirect.)

Driver, endogenous: A driver whose magnitude can be influenced by
the decision-maker. Whether a driver is exogenous or endogenous
depends on the organizational scale. Some drivers (e.g., prices) are
exogenous to a decision-maker at one level (a farmer) but endoge-
nous at other levels (the nation-state). (Compare Driver, exogenous.)

Driver, exogenous: A driver that cannot be altered by the decision-
maker. (Compare Driver, endogenous.)

Driver, indirect: A driver that operates by altering the level or rate of
change of one or more direct drivers. (Compare Driver, direct.)

Drylands: See Dryland system.
Dryland system: Areas characterized by lack of water, which con-

strains the two major interlinked services of the system: primary pro-
duction and nutrient cycling. Four dryland subtypes are widely
recognized: dry sub-humid, semiarid, arid, and hyperarid, showing
an increasing level of aridity or moisture deficit. See also System.

Ecological character: See Ecosystem properties.
Ecological degradation: See Degradation of ecosystems.
Ecological footprint: An index of the area of productive land and

aquatic ecosystems required to produce the resources used and to
assimilate the wastes produced by a defined population at a specified
material standard of living, wherever on Earth that land may be lo-
cated.

Ecological security: A condition of ecological safety that ensures ac-
cess to a sustainable flow of provisioning, regulating, and cultural
services needed by local communities to meet their basic capabilities.

Ecological surprises: unexpected—and often disproportionately
large—consequence of changes in the abiotic (e.g., climate, distur-
bance) or biotic (e.g., invasions, pathogens) environment.

Ecosystem: A dynamic complex of plant, animal, and microorganism
communities and their non-living environment interacting as a
functional unit.

Ecosystem approach: A strategy for the integrated management of
land, water, and living resources that promotes conservation and sus-
tainable use. An ecosystem approach is based on the application of
appropriate scientific methods focused on levels of biological organi-
zation, which encompass the essential structure, processes, functions,
and interactions among organisms and their environment. It recog-
nizes that humans, with their cultural diversity, are an integral com-
ponent of many ecosystems.

Ecosystem assessment: A social process through which the findings
of science concerning the causes of ecosystem change, their conse-
quences for human well-being, and management and policy options
are brought to bear on the needs of decision-makers.

Ecosystem boundary: The spatial delimitation of an ecosystem, typi-
cally based on discontinuities in the distribution of organisms, the
biophysical environment (soil types, drainage basins, depth in a
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water body), and spatial interactions (home ranges, migration pat-
terns, fluxes of matter).

Ecosystem change: Any variation in the state, outputs, or structure
of an ecosystem.

Ecosystem function: See Ecosystem process.
Ecosystem interactions: Exchanges of materials, energy, and infor-

mation within and among ecosystems.
Ecosystem management: An approach to maintaining or restoring

the composition, structure, function, and delivery of services of nat-
ural and modified ecosystems for the goal of achieving sustainability.
It is based on an adaptive, collaboratively developed vision of desired
future conditions that integrates ecological, socioeconomic, and in-
stitutional perspectives, applied within a geographic framework, and
defined primarily by natural ecological boundaries.

Ecosystem process: An intrinsic ecosystem characteristic whereby an
ecosystem maintains its integrity. Ecosystem processes include de-
composition, production, nutrient cycling, and fluxes of nutrients
and energy.

Ecosystem properties: The size, biodiversity, stability, degree of or-
ganization, internal exchanges of materials, energy, and information
among different pools, and other properties that characterize an eco-
system. Includes ecosystem functions and processes.

Ecosystem resilience: See Resilience.
Ecosystem resistance: See Resistance.
Ecosystem robustness: See Ecosystem stability.
Ecosystem services: The benefits people obtain from ecosystems.

These include provisioning services such as food and water; regulating
services such as flood and disease control; cultural services such as spiri-
tual, recreational, and cultural benefits; and supporting services such as
nutrient cycling that maintain the conditions for life on Earth. The
concept ‘‘ecosystem goods and services’’ is synonymous with ecosys-
tem services.

Ecosystem stability (or ecosystem robustness): A description of the
dynamic properties of an ecosystem. An ecosystem is considered sta-
ble or robust if it returns to its original state after a perturbation,
exhibits low temporal variability, or does not change dramatically in
the face of a perturbation.

Elasticity: A measure of responsiveness of one variable to a change in
another, usually defined in terms of percentage change. For exam-
ple, own-price elasticity of demand is the percentage change in the
quantity demanded of a good for a 1% change in the price of that
good. Other common elasticity measures include supply and income
elasticity.

Emergent disease: Diseases that have recently increased in incidence,
impact, or geographic range; that are caused by pathogens that have
recently evolved; that are newly discovered; or that have recently
changed their clinical presentation.

Emergent property: A phenomenon that is not evident in the constit-
uent parts of a system but that appears when they interact in the
system as a whole.

Enabling conditions: Critical preconditions for success of responses,
including political, institutional, social, economic, and ecological
factors.

Endangered species: Species that face a very high risk of extinction
in the wild. See also Threatened species.

Endemic (in ecology): A species or higher taxonomic unit found
only within a specific area.

Endemic (in health): The constant presence of a disease or infectious
agent within a given geographic area or population group; may also
refer to the usual prevalence of a given disease within such area or
group.

Endemism: The fraction of species that is endemic relative to the total
number of species found in a specific area.

Epistemology: The theory of knowledge, or a ‘‘way of knowing.’’
Equity: Fairness of rights, distribution, and access. Depending on con-

text, this can refer to resources, services, or power.
Eutrophication: The increase in additions of nutrients to freshwater

or marine systems, which leads to increases in plant growth and
often to undesirable changes in ecosystem structure and function.

Evapotranspiration: See Transpiration.
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Existence value: The value that individuals place on knowing that a
resource exists, even if they never use that resource (also sometimes
known as conservation value or passive use value).

Exotic species: See Alien species.
Externality: A consequence of an action that affects someone other

than the agent undertaking that action and for which the agent is
neither compensated nor penalized through the markets. Externali-
ties can be positive or negative.

Feedback: See Negative feedback, Positive feedback, and Cross-scale feed-
back.

Fishery: A particular kind of fishing activity, e.g., a trawl fishery, or a
particular species targeted, e.g., a cod fishery or salmon fishery.

Fish stock: See Stock.
Fixed nitrogen: See Reactive nitrogen.
Flyway: Areas of the world used by migratory birds in moving be-

tween breeding and wintering grounds.
Forest systems: Systems in which trees are the predominant life forms.

Statistics reported in this assessment are based on areas that are domi-
nated by trees (perennial woody plants taller than five meters at ma-
turity), where the tree crown cover exceeds 10%, and where the
area is more than 0.5 hectares. ‘‘Open forests’’ have a canopy cover
between 10% and 40%, and ‘‘closed forests’’ a canopy cover of more
than 40%. ‘‘Fragmented forests’’ refer to mosaics of forest patches
and non-forest land. See also System.

Freedom: The range of options a person has in deciding the kind of
life to lead.

Functional diversity: The value, range, and relative abundance of
traits present in the organisms in an ecological community.

Functional redundancy (� functional compensation): A characteris-
tic of ecosystems in which more than one species in the system can
carry out a particular process. Redundancy may be total or partial—
that is, a species may not be able to completely replace the other
species or it may compensate only some of the processes in which
the other species are involved.

Functional types (� functional groups � guilds): Groups of organ-
isms that respond to the environment or affect ecosystem processes
in a similar way. Examples of plant functional types include nitro-
gen-fixer versus non-fixer, stress-tolerant versus ruderal versus com-
petitor, resprouter versus seeder, deciduous versus evergreen.
Examples of animal functional types include granivorous versus
fleshy-fruit eater, nocturnal versus diurnal predator, browser versus
grazer.

Geographic information system: A computerized system organizing
data sets through a geographical referencing of all data included in
its collections.

Globalization: The increasing integration of economies and societies
around the world, particularly through trade and financial flows, and
the transfer of culture and technology.

Global scale: The geographical realm encompassing all of Earth.
Governance: The process of regulating human behavior in accordance

with shared objectives. The term includes both governmental and
nongovernmental mechanisms.

Health, human: A state of complete physical, mental, and social well-
being and not merely the absence of disease or infirmity. The health
of a whole community or population is reflected in measurements
of disease incidence and prevalence, age-specific death rates, and life
expectancy.

High seas: The area outside of national jurisdiction, i.e., beyond each
nation’s Exclusive Economic Zone or other territorial waters.

Human well-being: See Well-being.
Income poverty: See Poverty.
Indicator: Information based on measured data used to represent a

particular attribute, characteristic, or property of a system.
Indigenous knowledge (or local knowledge): The knowledge that is

unique to a given culture or society.
Indirect interaction: Those interactions among species in which a

species, through direct interaction with another species or modifi-
cation of resources, alters the abundance of a third species with
which it is not directly interacting. Indirect interactions can be tro-
phic or nontrophic in nature.
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Indirect use value: The benefits derived from the goods and services
provided by an ecosystem that are used indirectly by an economic
agent. For example, an agent at some distance from an ecosystem
may derive benefits from drinking water that has been purified as it
passed through the ecosystem. (Compare Direct use value.)

Infant mortality rate: Number of deaths of infants aged 0–12 months
divided by the number of live births.

Inland water systems: Permanent water bodies other than salt-water
systems on the coast, seas and oceans. Includes rivers, lakes, reser-
voirs wetlands and inland saline lakes and marshes. See also System.

Institutions: The rules that guide how people within societies live,
work, and interact with each other. Formal institutions are written
or codified rules. Examples of formal institutions would be the con-
stitution, the judiciary laws, the organized market, and property
rights. Informal institutions are rules governed by social and behav-
ioral norms of the society, family, or community. Also referred to as
organizations.

Integrated coastal zone management: Approaches that integrate
economic, social, and ecological perspectives for the management
of coastal resources and areas.

Integrated conservation and development projects: Initiatives
that aim to link biodiversity conservation and development.

Integrated pest management: Any practices that attempt to capital-
ize on natural processes that reduce pest abundance. Sometimes used
to refer to monitoring programs where farmers apply pesticides to
improve economic efficiency (reducing application rates and im-
proving profitability).

Integrated responses: Responses that address degradation of ecosys-
tem services across a number of systems simultaneously or that also
explicitly include objectives to enhance human well-being.

Integrated river basin management: Integration of water planning
and management with environmental, social, and economic devel-
opment concerns, with an explicit objective of improving human
welfare.

Interventions: See Responses.
Intrinsic value: The value of someone or something in and for itself,

irrespective of its utility for people.
Invasibility: Intrinsic susceptibility of an ecosystem to be invaded by

an alien species.
Invasive alien species: An alien species whose establishment and

spread modifies ecosystems, habitats, or species.
Irreversibility: The quality of being impossible or difficult to return

to, or to restore to, a former condition. See also Option value, Precau-
tionary principle, Resilience, and Threshold.

Island systems: Lands isolated by surrounding water, with a high pro-
portion of coast to hinterland. The degree of isolation from the
mainland in both natural and social aspects is accounted by the isola
effect. See also System.

Isola effect: Environmental issues that are unique to island systems.
This uniqueness takes into account the physical seclusion of islands
as isolated pieces of land exposed to marine or climatic disturbances
with a more limited access to space, products, and services when
compared with most continental areas, but also includes subjective
issues such as the perceptions and attitudes of islanders themselves.

Keystone species: A species whose impact on the community is dis-
proportionately large relative to its abundance. Effects can be pro-
duced by consumption (trophic interactions), competition,
mutualism, dispersal, pollination, disease, or habitat modification
(nontrophic interactions).

Land cover: The physical coverage of land, usually expressed in terms
of vegetation cover or lack of it. Related to, but not synonymous
with, land use.

Landscape: An area of land that contains a mosaic of ecosystems, in-
cluding human-dominated ecosystems. The term cultural landscape
is often used when referring to landscapes containing significant
human populations or in which there has been significant human
influence on the land.

Landscape unit: A portion of relatively homogenous land cover
within the local-to-regional landscape.
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Land use: The human use of a piece of land for a certain purpose (such
as irrigated agriculture or recreation). Influenced by, but not synon-
ymous with, land cover.

Length of growing period: The total number of days in a year during
which rainfall exceeds one half of potential evapotranspiration. For
boreal and temperate zone, growing season is usually defined as a
number of days with the average daily temperature that exceeds a
definite threshold, such as 10� Celsius.

Local knowledge: See Indigenous knowledge.
Mainstreaming: Incorporating a specific concern, e.g. sustainable use

of ecosystems, into policies and actions.
Malnutrition: A state of bad nourishment. Malnutrition refers both to

undernutrition and overnutrition, as well as to conditions arising
from dietary imbalances leading to diet-related noncommunicable
diseases.

Marginal abatement cost: The cost of abating an incremental unit
of, for instance, a pollutant.

Marine system: Marine waters from the low-water mark to the high
seas that support marine capture fisheries, as well as deepwater (�50
meters) habitats. Four sub-divisions (marine biomes) are recognized:
the coastal boundary zone; trade-winds; westerlies; and polar.

Market-based instruments: Mechanisms that create a market for
ecosystem services in order to improving the efficiency in the way
the service is used. The term is used for mechanisms that create new
markets, but also for responses such as taxes, subsidies, or regulations
that affect existing markets.

Market failure: The inability of a market to capture the correct values
of ecosystem services.

Mitigation: An anthropogenic intervention to reduce negative or un-
sustainable uses of ecosystems or to enhance sustainable practices.

Mountain system: High-altitude (greater than 2,500 meters) areas and
steep mid-altitude (1,000 meters at the equator, decreasing to sea
level where alpine life zones meet polar life zones at high latitudes)
areas, excluding large plateaus.

Negative feedback: Feedback that has a net effect of dampening per-
turbation.

Net primary productivity: See Production, biological.
Non-linearity: A relationship or process in which a small change in

the value of a driver (i.e., an independent variable) produces an dis-
proportionate change in the outcome (i.e., the dependent variable).
Relationships where there is a sudden discontinuity or change in
rate are sometimes referred to as abrupt and often form the basis of
thresholds. In loose terms, they may lead to unexpected outcomes
or ‘‘surprises.’’

Nutrient cycling: The processes by which elements are extracted from
their mineral, aquatic, or atmospheric sources or recycled from their
organic forms, converting them to the ionic form in which biotic
uptake occurs and ultimately returning them to the atmosphere,
water, or soil.

Nutrients: The approximately 20 chemical elements known to be es-
sential for the growth of living organisms, including nitrogen, sulfur,
phosphorus, and carbon.

Open access resource: A good or service over which no property
rights are recognized.

Opportunity cost: The benefits forgone by undertaking one activity
instead of another.

Option value: The value of preserving the option to use services in
the future either by oneself (option value) or by others or heirs (be-
quest value). Quasi-option value represents the value of avoiding
irreversible decisions until new information reveals whether certain
ecosystem services have values society is not currently aware of.

Organic farming: Crop and livestock production systems that do not
make use of synthetic fertilizers, pesticides, or herbicides. May also
include restrictions on the use of transgenic crops (genetically modi-
fied organisms).

Pastoralism, pastoral system: The use of domestic animals as a pri-
mary means for obtaining resources from habitats.

Perturbation: An imposed movement of a system away from its cur-
rent state.
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Polar system: Treeless lands at high latitudes. Includes Arctic and Ant-
arctic areas, where the polar system merges with the northern boreal
forest and the Southern Ocean respectively. See also System.

Policy failure: A situation in which government policies create ineffi-
ciencies in the use of goods and services.

Policy-maker: A person with power to influence or determine poli-
cies and practices at an international, national, regional, or local
level.

Pollination: A process in the sexual phase of reproduction in some
plants caused by the transportation of pollen. In the context of eco-
system services, pollination generally refers to animal-assisted polli-
nation, such as that done by bees, rather than wind pollination.

Population, biological: A group of individuals of the same species,
occupying a defined area, and usually isolated to some degree from
other similar groups. Populations can be relatively reproductively
isolated and adapted to local environments.

Population, human: A collection of living people in a given area.
(Compare Community (human, local).)

Positive feedback: Feedback that has a net effect of amplifying pertur-
bation.

Poverty: The pronounced deprivation of well-being. Income poverty
refers to a particular formulation expressed solely in terms of per
capita or household income.

Precautionary principle: The management concept stating that in
cases ‘‘where there are threats of serious or irreversible damage, lack
of full scientific certainty shall not be used as a reason for postponing
cost-effective measures to prevent environmental degradation,’’ as
defined in the Rio Declaration.

Prediction (or forecast): The result of an attempt to produce a most
likely description or estimate of the actual evolution of a variable or
system in the future. See also Projection and Scenario.

Primary production: See Production, biological.
Private costs and benefits: Costs and benefits directly felt by individ-

ual economic agents or groups as seen from their perspective. (Ex-
ternalities imposed on others are ignored.) Costs and benefits are
valued at the prices actually paid or received by the group, even if
these prices are highly distorted. Sometimes termed ‘‘financial’’ costs
and benefits. (Compare Social costs and benefits.)

Probability distribution: A distribution that shows all the values that
a random variable can take and the likelihood that each will occur.

Production, biological: Rate of biomass produced by an ecosystem,
generally expressed as biomass produced per unit of time per unit of
surface or volume. Net primary productivity is defined as the energy
fixed by plants minus their respiration.

Production, economic: Output of a system.
Productivity, biological: See Production, biological.
Productivity, economic: Capacity of a system to produce high levels

of output or responsiveness of the output of a system to inputs.
Projection: A potential future evolution of a quantity or set of quanti-

ties, often computed with the aid of a model. Projections are distin-
guished from ‘‘predictions’’ in order to emphasize that projections
involve assumptions concerning, for example, future socioeconomic
and technological developments that may or may not be realized;
they are therefore subject to substantial uncertainty.

Property rights: The right to specific uses, perhaps including ex-
change in a market, of ecosystems and their services.

Provisioning services: The products obtained from ecosystems, in-
cluding, for example, genetic resources, food and fiber, and fresh
water.

Public good: A good or service in which the benefit received by any
one party does not diminish the availability of the benefits to others,
and where access to the good cannot be restricted.

Reactive nitrogen (or fixed nitrogen): The forms of nitrogen that are
generally available to organisms, such as ammonia, nitrate, and or-
ganic nitrogen. Nitrogen gas (or dinitrogen), which is the major
component of the atmosphere, is inert to most organisms.

Realm: Used to describe the three major types of ecosystems on earth:
terrestrial, freshwater, and marine. Differs fundamentally from bio-
geographic realm.
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Reforestation: Planting of forests on lands that have previously con-
tained forest but have since been converted to some other use.
(Compare Afforestation.)

Regime shift: A rapid reorganization of an ecosystem from one rela-
tively stable state to another.

Regulating services: The benefits obtained from the regulation of
ecosystem processes, including, for example, the regulation of cli-
mate, water, and some human diseases.

Relative abundance: See Abundance.
Reporting unit: The spatial or temporal unit at which assessment or

analysis findings are reported. In an assessment, these units are cho-
sen to maximize policy relevance or relevance to the public and thus
may differ from those upon which the analyses were conducted
(e.g., analyses conducted on mapped ecosystems can be reported on
administrative units). See also System.

Resilience: The level of disturbance that an ecosystem can undergo
without crossing a threshold to a situation with different structure
or outputs. Resilience depends on ecological dynamics as well as the
organizational and institutional capacity to understand, manage, and
respond to these dynamics.

Resistance: The capacity of an ecosystem to withstand the impacts of
drivers without displacement from its present state.

Responses: Human actions, including policies, strategies, and inter-
ventions, to address specific issues, needs, opportunities, or prob-
lems. In the context of ecosystem management, responses may be of
legal, technical, institutional, economic, and behavioral nature and
may operate at various spatial and time scales.

Riparian: Something related to, living on, or located at the banks of a
watercourse, usually a river or stream.

Safe minimum standard: A decision analytical framework in which
the benefits of ecosystem services are assumed to be incalculable and
should be preserved unless the costs of doing so rise to an intolerable
level, thus shifting the burden of proof to those who would convert
them.

Salinization: The buildup of salts in soils.
Scale: The measurable dimensions of phenomena or observations. Ex-

pressed in physical units, such as meters, years, population size, or
quantities moved or exchanged. In observation, scale determines the
relative fineness and coarseness of different detail and the selectivity
among patterns these data may form.

Scenario: A plausible and often simplified description of how the fu-
ture may develop, based on a coherent and internally consistent set
of assumptions about key driving forces (e.g., rate of technology
change, prices) and relationships. Scenarios are neither predictions
nor projections and sometimes may be based on a ‘‘narrative story-
line.’’ Scenarios may include projections but are often based on ad-
ditional information from other sources.

Security: Access to resources, safety, and the ability to live in a predict-
able and controllable environment.

Service: See Ecosystem services.
Social costs and benefits: Costs and benefits as seen from the perspec-

tive of society as a whole. These differ from private costs and bene-
fits in being more inclusive (all costs and benefits borne by some
member of society are taken into account) and in being valued at
social opportunity cost rather than market prices, where these differ.
Sometimes termed ‘‘economic’’ costs and benefits. (Compare Private
costs and benefits.)

Social incentives: Measures that lower transaction costs by facilitating
trust-building and learning as well as rewarding collaboration and
conflict resolution. Social incentives are often provided by bridging
organizations.

Socioecological system: An ecosystem, the management of this eco-
system by actors and organizations, and the rules, social norms, and
conventions underlying this management. (Compare System.)

Soft law: Non-legally binding instruments, such as guidelines, stan-
dards, criteria, codes of practice, resolutions, and principles or decla-
rations, that states establish to implement national laws.

Soil fertility: The potential of the soil to supply nutrient elements in
the quantity, form, and proportion required to support optimum
plant growth. See also Nutrients.
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Speciation: The formation of new species.
Species: An interbreeding group of organisms that is reproductively

isolated from all other organisms, although there are many partial
exceptions to this rule in particular taxa. Operationally, the term
species is a generally agreed fundamental taxonomic unit, based on
morphological or genetic similarity, that once described and ac-
cepted is associated with a unique scientific name.

Species diversity: Biodiversity at the species level, often combining
aspects of species richness, their relative abundance, and their dissim-
ilarity.

Species richness: The number of species within a given sample, com-
munity, or area.

Statistical variation: Variability in data due to error in measurement,
error in sampling, or variation in the measured quantity itself.

Stock (in fisheries): The population or biomass of a fishery resource.
Such stocks are usually identified by their location. They can be, but
are not always, genetically discrete from other stocks.

Stoichiometry, ecological: The relatively constant proportions of the
different nutrients in plant or animal biomass that set constraints on
production. Nutrients only available in lower proportions are likely
to limit growth.

Storyline: A narrative description of a scenario, which highlights its
main features and the relationships between the scenario’s driving
forces and its main features.

Strategies: See Responses.
Streamflow: The quantity of water flowing in a watercourse.
Subsidiarity, principle of: The notion of devolving decision-making

authority to the lowest appropriate level.
Subsidy: Transfer of resources to an entity, which either reduces the

operating costs or increases the revenues of such entity for the pur-
pose of achieving some objective.

Subsistence: An activity in which the output is mostly for the use of
the individual person doing it, or their family, and which is a sig-
nificant component of their livelihood.

Subspecies: A population that is distinct from, and partially reproduc-
tively isolated from, other populations of a species but that has not
yet diverged sufficiently that interbreeding is impossible.

Supporting services: Ecosystem services that are necessary for the
production of all other ecosystem services. Some examples include
biomass production, production of atmospheric oxygen, soil forma-
tion and retention, nutrient cycling, water cycling, and provisioning
of habitat.

Sustainability: A characteristic or state whereby the needs of the pres-
ent and local population can be met without compromising the abil-
ity of future generations or populations in other locations to meet
their needs.

Sustainable use (of an ecosystem): Human use of an ecosystem so that
it may yield a continuous benefit to present generations while main-
taining its potential to meet the needs and aspirations of future gen-
erations.

Symbiosis: Close and usually obligatory relationship between two or-
ganisms of different species, not necessarily to their mutual benefit.

Synergy: When the combined effect of several forces operating is
greater than the sum of the separate effects of the forces.

System: In the Millennium Ecosystem Assessment, reporting units that
are ecosystem-based but at a level of aggregation far higher than that
usually applied to ecosystems. Thus the system includes many com-
ponent ecosystems, some of which may not strongly interact with
each other, that may be spatially separate, or that may be of a differ-
ent type to the ecosystems that constitute the majority, or matrix, of
the system overall. The system includes the social and economic
systems that have an impact on and are affected by the ecosystems
included within it. For example, the Condition and Trend Working
Group refers to ‘‘forest systems,’’ ‘‘cultivated systems,’’ ‘‘mountain
systems,’’ and so on. Systems thus defined are not mutually exclu-
sive, and are permitted to overlap spatially or conceptually. For in-
stance, the ‘‘cultivated system’’ may include areas of ‘‘dryland
system’’ and vice versa.

Taxon (pl. taxa): The named classification unit to which individuals or
sets of species are assigned. Higher taxa are those above the species
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level. For example, the common mouse, Mus musculus, belongs to
the Genus Mus, the Family Muridae, and the Class Mammalia.

Taxonomy: A system of nested categories (taxa) reflecting evolution-
ary relationships or morphological similarity.

Tenure: See Property rights, although also sometimes used more spe-
cifically in reference to the temporal dimensions and security of
property rights.

Threatened species: Species that face a high (vulnerable species), very
high (endangered species), or extremely high (critically endangered species)
risk of extinction in the wild.

Threshold: A point or level at which new properties emerge in an
ecological, economic, or other system, invalidating predictions
based on mathematical relationships that apply at lower levels. For
example, species diversity of a landscape may decline steadily with
increasing habitat degradation to a certain point, then fall sharply
after a critical threshold of degradation is reached. Human behavior,
especially at group levels, sometimes exhibits threshold effects.
Thresholds at which irreversible changes occur are especially of con-
cern to decision-makers. (Compare Non-linearity.)

Time series data: A set of data that expresses a particular variable
measured over time.

Total economic value framework: A widely used framework to dis-
aggregate the components of utilitarian value, including direct use
value, indirect use value, option value, quasi-option value, and existence
value.

Total factor productivity: A measure of the aggregate increase in
efficiency of use of inputs. TFP is the ratio of the quantity of output
divided by an index of the amount of inputs used. A common input
index uses as weights the share of the input in the total cost of pro-
duction.

Total fertility rate: The number of children a woman would give
birth to if through her lifetime she experienced the set of age-
specific fertility rates currently observed. Since age-specific rates
generally change over time, TFR does not in general give the actual
number of births a woman alive today can be expected to have.
Rather, it is a synthetic index meant to measure age-specific birth
rates in a given year.

Trade-off: Management choices that intentionally or otherwise change
the type, magnitude, and relative mix of services provided by eco-
systems.

Traditional ecological knowledge: The cumulative body of knowl-
edge, practices, and beliefs evolved by adaptive processes and handed
down through generations. TEK may or may not be indigenous or
local, but it is distinguished by the way in which it is acquired and
used, through the social process of learning and sharing knowledge.
(Compare Indigenous knowledge.)

Traditional knowledge: See Traditional ecological knowledge.
Traditional use: Exploitation of natural resources by indigenous users

or by nonindigenous residents using traditional methods. Local use
refers to exploitation by local residents.

Transpiration: The process by which water is drawn through plants
and returned to the air as water vapor. Evapotranspiration is com-
bined loss of water to the atmosphere via the processes of evapora-
tion and transpiration.

Travel cost methods: Economic valuation techniques that use ob-
served costs to travel to a destination to derive demand functions for
that destination.

Trend: A pattern of change over time, over and above short-term
fluctuations.

Trophic cascade: A chain reaction of top-down interactions across
multiple tropic levels. These occur when changes in the presence or
absence (or shifts in abundance) of a top predator alter the produc-
tion at several lower trophic levels. Such positive indirect effects of
top predators on lower tropic levels are mediated by the consump-
tion of mid-level consumers (generally herbivores).

Trophic level: The average level of an organism within a food web,
with plants having a trophic level of 1, herbivores 2, first-order car-
nivores 3, and so on.

Umbrella species: Species that have either large habitat needs or other
requirements whose conservation results in many other species
being conserved at the ecosystem or landscape level.
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Uncertainty: An expression of the degree to which a future condition
(e.g., of an ecosystem) is unknown. Uncertainty can result from lack
of information or from disagreement about what is known or even
knowable. It may have many types of sources, from quantifiable
errors in the data to ambiguously defined terminology or uncertain
projections of human behavior. Uncertainty can therefore be repre-
sented by quantitative measures (e.g., a range of values calculated by
various models) or by qualitative statements (e.g., reflecting the
judgment of a team of experts).

Urbanization: An increase in the proportion of the population living
in urban areas.

Urban systems: Built environments with a high human population
density. Operationally defined as human settlements with a mini-
mum population density commonly in the range of 400 to 1,000
persons per square kilometer, minimum size of typically between
1,000 and 5,000 people, and maximum agricultural employment
usually in the vicinity of 50–75%. See also System.

Utility: In economics, the measure of the degree of satisfaction or hap-
piness of a person.

Valuation: The process of expressing a value for a particular good or
service in a certain context (e.g., of decision-making) usually in
terms of something that can be counted, often money, but also
through methods and measures from other disciplines (sociology,
ecology, and so on). See also Value.

Value: The contribution of an action or object to user-specified goals,
objectives, or conditions. (Compare Valuation.)

Value systems: Norms and precepts that guide human judgment and
action.

Voluntary measures: Measures that are adopted by firms or other
actors in the absence of government mandates.
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Vulnerability: Exposure to contingencies and stress, and the difficulty
in coping with them. Three major dimensions of vulnerability are
involved: exposure to stresses, perturbations, and shocks; the sensi-
tivity of people, places, ecosystems, and species to the stress or per-
turbation, including their capacity to anticipate and cope with the
stress; and the resilience of the exposed people, places, ecosystems,
and species in terms of their capacity to absorb shocks and perturba-
tions while maintaining function.

Vulnerable species: Species that face a high risk of extinction in the
wild. See also Threatened species.

Water scarcity: A water supply that limits food production, human
health, and economic development. Severe scarcity is taken to be
equivalent to 1,000 cubic meters per year per person or greater than
40% use relative to supply.

Watershed (also catchment basin): The land area that drains into a
particular watercourse or body of water. Sometimes used to describe
the dividing line of high ground between two catchment basins.

Water stress: See Water scarcity.
Well-being: A context- and situation-dependent state, comprising

basic material for a good life, freedom and choice, health and bodily
well-being, good social relations, security, peace of mind, and spiri-
tual experience.

Wetlands: Areas of marsh, fen, peatland, or water, whether natural or
artificial, permanent or temporary, with water that is static or flow-
ing, fresh, brackish or salt, including areas of marine water the depth
of which at low tide does not exceed six meters. May incorporate
riparian and coastal zones adjacent to the wetlands and islands or
bodies of marine water deeper than six meters at low tide laying
within the wetlands.

Wise use (of an ecosystem): Sustainable utilization for the benefit of
humankind in a way compatible with the maintenance of the natural
properties of the ecosystem
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genetic diversity, 94–96, 95

habitat change and, 96–97, 109, 109–111

human disease and, 319, 321–322

improving knowledge of, 111–114

gaps in knowledge and data, 114

indicators of global status, 111–112

infectious diseases and, 407–408

agriculture, 319

marine systems, 321–322

invasive species. See Invasive species

inventories, 45–47

island systems and, 667

loss

air quality and, 384

bioprospecting and, 292

climate change and, 384

dryland systems, conservation of, 644–645

ecosystem damage and, 422

forests and, 588

groundwater diversion and, 567

human well-being and, 322

marine ecosystem services, provision of, 320–322

marine fisheries and, 488–490

natural disasters and, 445–446

new products and industries from. See

Bioprospecting

overexploitation and, 98–99

pest and disease control in agricultural systems,

317–319

polar systems and, 724–728

populations, 92–94

current status of, 93–94

definition and measurement, 92–93

recent trends in, 99–104

recent trends in, 99–111

regulating services and, 307–319. See also Regulating

services

species. See Species

substitutions, feasibility of, 32

summary of trends, 114–115

supporting services and, 301–307

trade-offs, 834

Biofortification, 232

Biofuels, 283, 764

Biogeographic realms, 82–85, 84–85

current status of, 82–85

definition and measurement, 82

recent trends in, 110–111, 110–111

Biological invasions. See Invasive species

Biomass fuels, 260–261, 262, 614, 764. See also

Fuelwood
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air quality and burning of, 382–384

climate change and burning of, 382–384

pollution from burning of, 375–376, 376

Biomediation, 281–282

Biomes, 85–87, 86–87

current status of, 86–87

definition and measurement, 85–86

oceans classified in, 479, 480

recent trends in, 109–111, 110

Biomimetics, 279–280

Biomonitoring, 280, 281

Biophysical feedback, 316

Bioprospecting, 271–295

benefit-sharing and partnerships, 285–289

biodiversity loss and, 292

biofuels, 283

biological control and crop protection, 279, 280,

856

biomediation, 281–282

biomimetics, 279–280

biomonitoring, 280, 281

botanical medicine industry, 276–278, 278–279,

605

distribution and value of, 283–284

ecological restoration, 282–283

ecotourism. See Ecotourism

equity considerations, 289

ethnobotanical, 276

national and international agreements and

partnerships, 285–289

horticulture and agricultural seeds, 280–281, 281

indigenous peoples’ declarations, codes, research

agreements, and policies, 291–292

intellectual property rights, 290

intergovernmental agreements, 289–290

legal environment, 289–292

‘‘lotus effect,’’ 276

microbially produced enzymes, 283

national and international agreements and

partnerships, 285–289

national laws on access to genetic resources and

traditional knowledge, 290–291

overharvesting, 293

overview of industries involved in, 274–283, 275

personal care and cosmetics industries, 278–279

pharmaceutical, 274–276, 277, 286–287

range of organisms from which drugs derived, 274,

855

recent industry trends, 285, 286

threats to and impacts of, 292–293

traditional knowledge, loss of, 292

Biotech. See Bioprospecting

Biotic homogenization, 109

Birds. See also Waterbirds

climate change and, 99, 573

cranes’ sacred status, 559

current extinction threat, 106, 107, 845

farmland birds in Europe, 760

geographical patterns of extinction, 108

inland water systems and, 564–566, 565

polar systems and, 726, 727

recent population trends in, 100, 101, 222, 843

shorebirds and seabirds, 526–527

Blackflies and river blindness, 403

Blue baby syndrome, 196, 577

Bonn Convention, 504

Boreal forests. See Forests

Botanical medicine industry, 276–278, 278–279, 605

Bovine spongiform encephalopathy (‘‘mad cow’’

disease), 407

Brazil. See Latin America

Breeding sites and transmission of infectious diseases,

397–407, 404–405

Bushmeat hunting, 528

disease emergence and, 407

Butterflies, 104

C
Call for action, 22–23

Canada. See also North America

forests in, 591

Capacity building and dryland systems, 656

Carbon cycle, 344, 344, 360

Carbon dioxide, 360–367, 362, 366, 858

agriculture and, 366, 768, 778, 779

fertilization and, 377

fluxes, 367, 858

forests and, 366, 612–613

future trends in, 366–367

mountain systems and, 690

ocean acidification and, 374–375

Carbon flux in polar systems, 723, 723

Carbon monoxide, 376

Carbon sequestration, 316–317, 345–346, 379

agriculture and, 778, 779

dryland systems and, 631, 632, 653

forests and, 605–606

iron enrichment of ocean waters for, 505

wood products and, 252

Caribbean. See also Island systems

mammal extinction in, 107

nutrient balance in, 336

trends in coral cover in, 103

Caribou and reindeer, 725–726, 728–729

Caspian Sea, 566

Caviar industry, 566

CBD. See Convention on Biological Diversity

Center for Disease Control and Prevention (U.S.), 197

Center for International Forestry Research (CIFOR),

589

Chagas disease, 408

Charcoal, 259–260, 260

Chemicals pollution, 196–197, 811

Children. See Infants and children

China. See also Asia

air pollution causing death and illness in, 421

aquaculture in, 221

integrated agriculture-aquaculture systems in, 777

water diversion project in, 184–185

Choice modeling as valuation method, 57–58

Cholera, 405–406, 530, 834

CIFOR (Center for International Forestry Research),

589
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CITES. See Convention on International Trade in

Endangered Species of Wild Fauna and Flora

Climate change

agriculture and, 382, 382, 768–769, 848

Aral Sea, 568

as driver of change, 5, 361

background of, 358–359, 359

biodiversity and, 99, 315–317, 384

biogeochemical effects of ecosystems on, 359–371,

360. See also Greenhouse gases

biomass burning and, 382–384

biophysical effects of ecosystems on, 371–374

biophysical hotspots, 372–374

birds and, 573

coastal systems and, 528, 534–535

coral reefs and, 523

deforestation and, 381, 383

dryland systems and, 382, 382, 630–631, 631,

650–651, 653

feedbacks on, 378

fires and, 451

fish and, 573

food provision and, 228–229

forests and, 612–613

human well-being, effect on, 378–380

inland water systems and, 557–558, 573

interannual variability, 378

invasive species and, 384

island systems and, 383, 676

marine fisheries and, 490, 498

marine organism changes and, 384

marine systems and, 383, 498

mountain systems and, 689

polar systems and, 721–724, 729

regulation of, 13

surface properties and, 371–372

threats and potential benefits of, 152

trade-offs, 832–833

trends in, 8

urbanization and, 383

water resources and, 188–189, 189

wetlands drying and draining and, 382, 383

Closed forests, 589, 590

Cloud formation, 371, 697

Coastal systems, 513–549

atolls, 522–523

background, 516–518

climate change and, 534–535

condition of, 16–18, 518–525

coral reefs. See Coral reefs

delimitation of, 516, 517

demographics and, 529–531, 530, 541

diversion of waters from, 534, 535

drivers of change in, 536–537, 539

ecosystem services and relative magnitude provided

by, 527

estuaries, marshes, salt ponds, and lagoons, 518–521,

519, 519–520, 530

fishing and, 479

floods, role in regulation of, 444–445

globalization and, 537
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habitat changes and, 537

human health and, 517

human well-being and, 530–531, 531, 542–543

hypoxic zones, 536

infectious diseases and changes in, 405–406

international agreements and, 541–542

intertidal habitats, deltas, beaches, and dunes,

521–522

joining management with watershed management,

541

kelp forests, 523–524

linkages with other systems, 527–528, 528

management interventions, 540–542

mangroves, 521, 530, 537, 540

marine fisheries, interactions with, 498

marine mammals and, 526

marine wildlife and, 525–527

market values of, 531–532

nonmarket values of, 532–533

productivity of, 516, 516

projections of trends and areas of rapid change,

533–536

recreation and, 532–533

rock and shell reefs, mud flats, coastal seamounts, and

rises, 524

schematic of, 518

seagrass beds or meadows, 523, 530, 868

sediment loads into, 529

semi-enclosed seas, 524–525

sewage pollution and, 674, 876

subtypes of, 518–525

tourism and, 532–533

trade-offs and synergies, 536, 537–540

turtles. See Turtles and tortoises

urbanization and, 536, 801, 816

value of, 531–533

vulnerability of, 517, 530

waterbirds and, 526–527

zoning and, 539

Coccidioidomycosis, 405

Cognitive development and nutrition, 236

Collective action, need for, 22–23

Commercialization of food industry, 228

Commission for the Conservation of Antarctic Marine

Living Resources, 487

Commission of the Andean Community, 290, 291

Common Fisheries Policy (EU), 495, 506

Conceptual framework of ecosystem assessment,

25–36, 30

assessment tools, 34–35

cross-scale interactions and, 33

drivers of change and, 32–33

ecosystems and their services, 29–32

human well-being as focus of, 29

reporting categories used in, 31

statement of problem, 26–28

strategies and interventions, 35–36

values associated with ecosystems, 33–34, 34

vulnerability, 146–147, 147

Condition and Trends Working Group

assessment schedule, xv

structure of assessment report, xv–xvii, xvi

Conflict management in marine fisheries, 501

Conflicts and wars, 126, 127–128, 128

forests and, 611

mountain systems and, 708

Consumer household wastes, 431

Continental shelf areas. See Coastal systems

Contingent valuation, 57

Convention on Biological Diversity (CBD)

benefit-sharing and partnerships, 285–286

biodiversity target for 2010, 112–114, 113

corporate compliance with, 291

cultural diversity, preservation of, 472

ecosystem approach endorsed by, 29

efficacy of, 289–290

equity considerations, 289

Global Strategy for Plant Conservation, 104

marine biodiversity, joint study with UNCLOS, 501

national legislation under, 290–291

Convention on International Trade in Endangered

Species of Wild Fauna and Flora (CITES),

501, 504

Convention on Migratory Species, 26

Convention on the Conservation of Antarctic Marine

Living Resources (1980), 734

Convention on the Conservation of Migratory Species

of Wild Animals (Bonn Convention), 504

Convention on Wetlands. See Ramsar Convention on

Wetlands

Convention to Combat Desertification, 26, 289

Coordinating Body of Indigenous Organizations of the

Amazon Basin, 290

Coral reefs, 3, 103, 115, 484, 489, 505, 522–523, 527,

530, 532–533, 535, 832, 867

Core data sets used in MA, 65, 65

Cosmetics industries, 278–279

Cost-based approaches to valuation, 56–57

Costs

of fire damage, 452

of fresh water delivery, 192–194

of illness, 56

of salinization, 436, 437

Cotton production. See Fiber production

Craft wood, 251–252

Crocodiles, 525–526, 564

Crops. See Agriculture

Cross-scale interactions, 33

Crustaceans, 104

Cryptosporidiosis, 409

Cultivated systems. See Agriculture

Cultural and religious drivers, 75

Cultural identity, 458–460, 460, 633

Cultural landscapes, 461–462, 462–464, 561, 633

Cultural services, 455–476

adaptive management strategies, 474

aesthetic services, 467–469, 468

agriculture and, 786–787

background, 457–458

defined, 29

drivers of change in, 472

dryland systems and, 633–634

fire regulation changes affecting, 449
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food provision and, 237

forests and, 606–607

human well-being and

aesthetic services, 469

cultural identity, 460, 472–473

cultural landscapes, 462

health, 473

inspirational services, 467

material well-being, 473

spiritual services, 465

inland water systems and, 559

inspirational services, 465–467, 633

island systems and, 669–672

knowledge systems and, 458

landscape management and sustainability, 473, 473

lessons learned, 473–474

links between language, culture, and natural

environment, 459, 460

mountain systems and, 705–706

polar systems and, 729, 733

links to ecosystem services, 736–737

trade-offs between industrial development and

cultural resources, 733

recreation, 469–472

tourism. See Tourism

trade-offs. See Trade-offs

traditional technologies, 473, 473–474. See also

Knowledge

trends in, 9–10, 14, 458–472

cultural identity, 458–460, 460

cultural landscapes, 461–462, 462–464

spiritual services, 462–465

Cycad and current extinction threat, 106

Cyclones, 676

D
Dams and reservoirs

effect of, 97, 178, 534

hydroelectriticy needs in Brazil and, 569

investment in, 191

mountain systems and, 697–698

Nepal, floods and landslides affecting, 698

number of, 560

trade-off with disease, 396, 402

water supply and, 171–172, 177, 183–184, 184

Danube River, 569

DDT, 434. See also Pesticides

Dead Sea, 569

Decision-making process

drivers of change and, 32

public participation in, 32

strategies and interventions in, 35–36

Deforestation, 597–600, 598–599, 830. See also

Tropical forests

agricultural expansion and, 597, 608

air quality and climate change due to, 381

areas of rapid land cover change involving, 881

defined, 597

direct drivers of, 608–609

flooding and, 450, 862

indirect drivers of, 609, 610
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infectious disease and, 402, 402–403

policies and subsidies for, 609

road extension and, 609

temperate and boreal forest ecosystems, 609–612

urbanization and, 815

vulnerability to natural disasters and, 154

wood products and, 254

Demographic data, 47–48

Demographic drivers, 74

coastal systems and, 529–531, 530, 541

dryland systems and, 649

fires and, 451

Dengue fever, 404–405, 811

Desalinization, 172, 668–669

Desertification, 636–640, 637, 830

areas of rapid land cover change involving, 881

drivers of change in, 645–648

overutilization of mountain waters leading to, 697

paradigm, 645–648, 648

satellite remote sensing and, 638

vulnerability to natural disasters and, 154, 155

Deserts, 634. See also Desertification

Atacama, 528

condition of, 16

Namib, 528

Sahara, 373–374, 374

Detoxification processes for waste, 425–428, 426–428

Development-related wastes, 423, 423–424

Diarrhea

child mortality and, 420

cryptosporidiosis as cause of, 409

global warming and, 379

malnutrition and, 233, 235

vitamin A deficiency and, 232

water contamination and, 195, 577, 813

zinc-deficient children and, 233

Diet. See Food provision

‘‘Diet transition,’’ 226, 227

Direct drivers. See Drivers of change

Disaster Risk Index, 150

Diseases. See Infectious diseases

Dragonflies and damselflies (Odonata), 562, 563

Drainage

inland water systems and, 566–567

wetlands and, 382, 383

World Bank lending for, 191

Drinking water. See Fresh water

Drivers of change, 2, 4–6, 32–33, 73–76, 830–831

air quality and, 361

anthropogenic drivers, 96–99, 843

climate change and, 361

defined, 33

demographic drivers, 74

direct drivers, 33

economic drivers, 74

endogenous drivers, 33

exogenous drivers, 33

for agriculture, 769–776, 770

for coastal systems, 536–537, 539

for cultural services, 472

for dryland systems, 645–651

for fires, 449, 450–451

for food provision, 222–229, 223–224. See also Food

provision

for forests, 607–613

for fresh water, 181–190

management of water supplies, 182–185

population growth, 181–182

for inland water systems, 566–573

for island systems, 672–676

for marine fisheries, 490–492

for mountain systems, 705, 706–709

for polar systems, 729–731

for timber production and consumption, 252–254

for urbanization, 818–820

for waste processing and detoxification, 430–431,

432–434

indirect drivers, 33

interactions among, 33, 76

sociopolitical drivers, 74–75

within MA conceptual framework, 33

Drought, 577, 612–613, 668

Drugs. See Pharmaceutical industry

Dryland systems, 623–662. See also Desertification

adaptation of new technologies, 655–656

air quality and, 382, 382

alternative livelihoods for, 642–644

aquaculture in, 643

biochemicals and, 632

biodiversity and, 634, 634–635, 644–645, 656

biophysical indirect and direct drivers in, 650–651

capacity building and, 656

carbon sequestration and, 631, 632, 653

cash crop agriculture, 642–643

climate change and, 650–651, 653

climate regulation and, 630–631, 631

condition of, 16, 636–645

conservation of biodiversity, 644–645

cultivated drylands, condition and trends of,

641–642

water use and, 652

cultural services of, 633–634

defined, 626

demographic drivers in, 649

deserts. See Deserts

drivers of change in, 645–651

dust from, 653

economic drivers, 650

ecosystem services provided by, 626–636

ecosystems in, 626

evaporation and, 630–631

fires and, 651

floods and, 651

food and fiber, 631–632

forests and, 603–604, 628

freshwater provisioning, 632–633

globalization and, 650

governance approaches, 650

grasslands, 634

habitat loss and fragmentation, 635

human well-being and, 133–134, 653–655, 654

dependence on ecosystems and socioeconomic

drivers, 655
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Dryland systems (continued)

responses to improve, 655–656

hunger and child mortality in, 654, 654

infant mortality rate in, 654

compared to forests, 135

infectious diseases and, 400–402

inherent instability of, 646

interrelationships between services, biodiversity,

livelihoods, and aridity, 635–636, 636

land degradation of, 636–640

land tenure policies and, 649

land uses in, 627, 637–640, 640

livestock grazing, effect of, 635

Mediterranean forests, woodlands, and shrublands

biome, 634–635

misleading responses to degradation, 646–648, 647

mono-cropping systems, 649

nutrient cycling and, 629

oases in hyper-arid and arid drylands, 641–642

pollination and, 631

primary production of, 629, 630

provisioning services of, 631–633

rainfall and, 631

rangelands, condition and trends of, 640–641, 641

recreation and tourism, 634, 643–644

regulating services of, 630–631

seed dispersal and, 631

semiarid and dry subhumid agriculture, 642

silviculture and rain-fed horticulture, 642

socioeconomic and policy drivers in, 648–650

soil formation and conservation, 628–629

species endangerment and extinction in, 644, 644

subtypes of, 626, 627–629

supporting services of, 628–629

trade-offs and synergies, 651–653

traditional knowledge and, 655

traditional livelihoods and, 651–652

urban livelihoods and, 643

urbanization and, 652–653, 653

water regulation and, 630, 649–650

water use and, 650

woodfuel and, 632

Dust deposition, 339, 528

dryland systems and, 653

fertilization and, 377–378

infectious disease and, 401

mineral dust, 371

pollution from, 377

E
Earth Summit (1992), 710

Ebola virus, 407

Eco-footprint analysis, 817

Economic conditions and growth

agriculture and, 771, 781–784

dryland systems and, 650

fires and, 451

food provision and, 225, 225

island systems, 674–675

losses due to wastes, 421–422

marine fisheries, 495–497
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mountain systems, 700–705, 703

natural disasters and, 452

urbanization, 800

Economic theory and human well-being, 127, 135

Economic valuation, 54, 54–59. See also Value

associated with ecosystem services

application of, 58–59

intrinsic value, 62–63

Ecosystem engineers, 315

Ecosystem services. See also Cultural services;

Provisioning services; Regulating services;

Supporting services

biodiversity and, 2–4, 29

conceptual framework and, 29–32

critical levels in capacity of ecosystems to provide,

834–835

cultural and spiritual services. See Cultural services

defined, 27

dryland systems providing, 626–636

forests providing, 588, 600–607, 601, 608

linkage with human well-being, 2, 28, 53, 139–140

sensitivity to ecosystem change, 132–139

of mountain systems, 688, 689

provisioning services. See Provisioning services

regulating services. See Regulating services

supporting services. See Supporting services

trade-offs of. See Trade-offs

trends in, 6–14, 7–10

urbanization and, 799, 805–806, 806–807

urban and peri-urban areas, 809–811

values associated with, 33–34, 34

Ecosystems, 29

areas with biggest changes in, 829–830

boundaries for, 29, 83

condition of, 14–20, 15

defined, 27, 81

degradation of, 27

fresh water, environmental flows for, 177–179

urbanization, relationship to, 799

Ecotourism, 27, 283

dryland systems and, 634, 643–644

forests and, 607

island systems and, 18, 670–672, 671

polar systems and, 729

Edge effects, 96, 311–312

forest/urban interface, 408–409

El Niño effects

island systems and, 668

rodents and, 401

El Niño-Southern Oscillation (ENSO), 229, 567

Employment and livelihood

agriculture, 781–784

dryland systems, 642–644

interrelationships between services, biodiversity,

livelihoods, and aridity, 635–636, 636

traditional livelihoods, 651–652

urban livelihoods, 643

forest products industry, 249

forests, 597

marine fisheries, 494–495, 497

mountain systems, 701

polar systems and, 734

Endangered species. See Biodiversity; IUCN Red List of

Threatened Species

Endogenous drivers. See Drivers of change

Energy. See also Fuelwood

biofuels, 283, 764

fossil fuels, 261

island systems and, 672–673, 673

Engineered wood products, 253

ENSO. See El Niño-Southern Oscillation

Equity and access rights

agriculture and, 785–786

human well-being, inequitable distribution of, 2

marine fisheries and, 499–501

Estuaries, 518–521, 519–520, 530

Ethnobotanical development, 276, 285–289

Europe. See also European Union; specific countries

Danube River, 569

fires in, 447, 448, 449

fish consumption in, 558

floods in, 447–448, 447–448

invasive species in rivers of, 570

karst in Slovenia, 561

Mediterranean wetland program (MedWet), 574,

575

waste containment failures in, 557

European Union

biodiversity target for 2010, 112

Common Fisheries Policy, 495, 506

cultural heritage in, 461

marine strategy, 504

Eutrophication, 4–5, 345, 345–346, 437–438, 438,

534. See also Nitrogen

inland water systems, 572, 572–573

Evaporation and dryland systems, 630–631

Evapotranspiration, 371, 372

Everglades, 574

Evolution of life and biodiversity, 81, 81–82

Exogenous drivers. See Drivers of change

Extinction. See Biodiversity

Extreme events. See Natural disasters and extreme

events

F
FAO. See Food and Agriculture Organization

Fertilizers, application of

air quality and, 377

cultivated systems and, 760, 764, 767

ecosystem consequences of, 4–5, 32

trends in industrial and developing countries, 423

waste discharge of, 420

water contamination and, 785

Fiber production, 7, 12, 262–265

agricultural, 262, 262–265

animal fibers, 265

cotton, 262–264, 263

cultivated systems and, 764

domestic animals, 265

dryland systems and, 631–632

eco-textiles, 467

flax, hemp, jute, and sisal, 264–265

forests and, 604–605
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shatoosh, 266

silk, 264

sustainability of, 265–266

wildlife, 265

wood fibers, 265

Fine arts, 466

Fires. See also Natural disasters and extreme events

biomass burning. See Biomass fuels

climate change and, 451

demographic factors and, 451

dryland systems and, 651

ecosystem conditions providing regulatory services

for, 445–446, 860

drivers of changes in, 449, 450–451

evidence for changes, 447, 448–449

forest fires, 612

human impacts from, 452–453

land use/cover change and, 451

recent major fires, 381, 861

scientific and technological drivers and, 451

sociopolitical drivers and, 451

Fish and fisheries

aboriginal fishing, 499

Aral Sea, 568

as food source, 6, 219–221, 831, 832

biodiversity and, 488–490

climate change and, 490, 498

coastal boundary zone, 483–486

coastal systems, interactions with, 498

condition and trends of, 16–17, 481–490

conflict management, 501

demand and fish prices, 491, 492

drivers of change in, 490–492

ecosystem and habitat diversity, 488–489

effectiveness of fisher mobilization, 502

effectiveness of protected areas, 501–502

employment related to, 494–495, 497

environmental impacts of capture fishing vs. other

uses, 492–497

equity and access rights, 499–501

export and import, 496–497

food and protein, 494, 497

food preferences and consumption, 491, 497, 832

freshwater fisheries and food security, 221

future demand for, 27

genetic diversity, 489–490

global trends of, 481–483, 482, 488

globalization, 491–492

habitat changes, 492, 495

illegal fishing, 491

infectious diseases and, 98

inland water systems, 103, 558, 563–564, 571–572

international fisheries instruments, 501, 505–506

invasive species, 222

iron enrichment of ocean waters for carbon

sequestration, 505

island systems and, 498, 667–668

management interventions in, 503–506

marine fisheries, 477–511, 481

national economies and foreign exchange, 495–497,

865
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number of fishing vessels, 490

overexploitation of, 98, 103, 219–220, 222, 482,

484, 505, 832, 875

PCBs in, 421

polar biome, 487, 487–488

polar systems and, 487, 487–488, 727–728, 730–731

population trends in, 102–103, 103, 842

protein from, 481, 494, 497, 558

rebuilding of fish stock, 506

recent trends in trade, commercialization, and

intensification, 219, 220

recreational fishing, 499, 533

small-scale vs. large-scale fisheries, 499, 500

species diversity, 489

subsidies, 228, 490–491, 495, 499, 505

marine fisheries, 495, 499, 505

sustainability of, 502–503, 505–506

technological change, 491

trade-offs and synergies, 492–497, 493

trade-winds biome, 486–487

trophic level, 220, 220–221, 482, 483, 486

unintentional trade-offs, 497–498

user rights and protection status, 498–502

vulnerability of, 502–503

water pollution and, 197

westerlies biome, 487

Floods, 13–14, 194–195. See also Natural disasters and

extreme events

benefits of, 555–556

dryland systems and, 651

ecosystem conditions providing regulatory services

for, 444–446, 446, 860

drivers of changes in, 449–450, 450

evidence for changes, 447–448, 447–448

human impacts from, 452–453, 576–577

island systems and, 675–676

mountain systems and, 698

rural areas and, 452

Flu pandemic of 1918–1919, 407

Food and Agriculture Organization (FAO), 246

Code of Conduct (1995), 504

forest information compiled by, 588

International Plan of Action for Seabirds, 504

mountain poverty assessment by, 701

Food provision, 6–11, 7, 209–241. See also Agriculture;

Provisioning services

biodiversity necessary for, 3, 221–222

biofortification, 232

commercialization of food industry, 228

cultural aspects of, 237

demand for food, 222–226, 769, 831

distributional dimensions, 238

domesticated species, 213–219

drivers of change for, 222–229

advertising of food and changing food preferences,

225–226

climate change, 228–229

demand for food, 222–226

‘‘diet transition,’’ 226, 227

income growth, 225, 225

land use change, 229

population growth and age structure, 224

urbanization, 224–225

dryland systems and, 631–632

fish. See Fish and fisheries

food chain, 220, 220

food preferences and consumption, 225–226

marine fisheries, 491, 497

food safety, 235–236

government policies, effect of, 3

household economic impacts, 236–237

human well-being and, 229–238

dietary energy supply, 230–231, 231–232

dietary quality and diversity, 231–233

health and nutrition, 229–235, 230–231

hunger, 233, 234

obesity, 233–235

inland water systems, 558

nutrition

agriculture linkages, 784–785

cognitive development and, 236

labor productivity and, 236–237

macroeconomic growth and, 237

polar systems and, 728–729

predation and food web interactions, 314–315

spatial distribution of value of, 11, 213, 854

structure and distribution of, 213

trends in, 19, 212, 763–764, 831–832

wild foods, importance of, 6, 11

aquaculture, 221

fisheries, 219–221. See also Fish and fisheries

Food safety, 235–236

Food shortage, 6–11, 155–157

access inequalities, 6, 749

assessment methodology, 155–156, 156

dryland systems, hunger and child mortality

in, 654

global influence on local food balance, 156–157

hunger and, 233, 234

infectious diseases and malnutrition, 409

local biodiversity and, 222

reporting vulnerability, 157

scarcity confirmed in smaller-scale assessments, 76

wild foods at local level, 156, 156–157

Forest fires. See Fires

Forest Inventory and Analysis database, 303

Forest plantations, 248, 599–600, 606

defined, 590

mountain systems and, 693–694

Forest/urban interface and infectious disease

biodiversity change at, 408

genetic changes in disease vectors at, 408–409

Forests, 585–621. See also Deforestation; Tropical

forests

agricultural expansion and, 597, 608

agroforestry systems, services provided by, 607

background, 587–590

bamboos and rattans, 255–256, 605

biodiversity and, 601–603, 602

biodiversity loss in, 588

boreal, 373, 589, 596, 606, 608, 609–612

carbon dioxide and, 366, 612–613
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Forests (continued)

carbon sequestration and, 605–606

certification, 254

changes in area and condition of, 597–600, 598–599

climate change and, 612–613

closed forests, 589, 590

condition of, 16, 592–597

defined, 590

distribution by forest types, 595–596

distribution of people in, 596–597

drivers of change in, 607–613

dryland systems and, 603–604, 628

ecosystem services provided by, 588, 600–607, 601,

608

employment related to, 597

extent of, 592–595, 594–595, 874

fiber, fuel, and non-wood forest products, 604–605

fires. See Fires

global forest cover, changes in, 597–599

global mapping methodologies, 592, 593

human well-being and, 613–614

infant mortality rate in, compared to drylands, 135

infectious disease and

interspecies host transfer and, 407

population density variations and, 408

island systems and, 603–604, 669

management practices, 602

mountain systems and, 603–604, 691–694, 693, 704

national-level forest information, 590–592

natural forests, 596

non-wood forest products, 255–257, 604–605

plantations. See Forest plantations

private vs. public ownership, 247, 247, 611

protected areas, 602, 602

recreation and, 607

regions used in wood products analyses, 246,

246–247, 855

sociocultural values and services, 606–607

soil and water protection, 603

sustainable management, 253–254, 589

trees outside of, 596

value of forest services, 600, 605, 607

wood volume and biomass, 596

Fossil fuels, 261

FRA-2000. See Global Forest Resources Assessment 2000

(FAO)

Freedom of choice and human well-being, 30

Fresh water, 8, 12. See also Water resources

agriculture and, 761–763

available supplies for humans, 170–174

background, 168–170

consequences of poor water quality on human well-

being, 195–197

dams and reservoirs. See Dams and reservoirs

data collection, 169–170

definitions of key terms, 169

delivery cost and pricing, 192–194

distribution, magnitude, and trends in, 170–181,

171, 852

drivers of change for, 181–190

management of water supplies, 182–185

population growth, 181–182
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dryland systems and, 632–633

environmental flows for ecosystems, 177–179

estimates of renewable supply, 173, 173, 849

flows accessible to humans, 172–174, 173

global ranking of water quality issues based on

regional assessment, 181, 182–183

global trends in water diversion and flow distortion,

177

governance and management of environmental

flows, 177–179, 178

history and projected trends of use (1960–2010), 176

human well-being and changes in provision of,

190–197

benefits and investment requirements, 190–191

indicators or indices for national or regional scale,

191–192

infectious disease and changes in freshwater systems,

405–406

island systems and, 668–669

MA context, 168

Ministerial Declaration of 2nd World Water Forum,

168, 170, 193

nutrient excess in, 345–346, 348

polar systems and, 724

pollution. See Water pollution

privatization of management and delivery, 193–194

quality of water, 179–180, 179–181

sanitation and provision of clean water, 197,

197–198

scarcity of, 175–177, 191–192

total flows, 172

trade-offs in use of, 197–199, 200

uncertainties in estimates of, 171

water-borne diseases. See Water-related diseases

water use, 174–175, 174–175

Freshwater mollusks, 104

Fuelwood, 12, 257–261, 604

dryland systems and, 632

forests and, 604–605

future availability, 257–259

human well-being and, 259

polar systems and, 728–729

production and consumption, 257, 258

resource availability, 261

supply analysis in Southern Africa region, 258

sustainability of, 265–266

Fungal pneumonia, 405

G
Gender-related Development Index, 127

Gender-related issues

deforestation and, 614

farming and, 774, 785, 786

island systems and, 672

water poverty and, 192

Genetic changes of disease vectors or pathogens,

408–409

Genetic diversity, 7, 12–13, 94–96, 95

agriculture and, 757–758, 758

marine fisheries and, 489–490

Genetic drift, 94

Genetically modified crops, 773, 773, 786

Geographic information systems (GIS), 44

Geographical patterns of extinction, 107–109, 108

Glaciers, 689, 690, 690, 691

Global Amphibian Assessment, 564

Global Assessment of Soil Degradation (1991), 637, 647

Global Burned Area Product, 612

Global energy sources and costs, 253

Global Environmental Change and Human Security

Project (International Human Dimensions

Programme on Global Environmental

Change), 150, 151

Global Forest Resources Assessment 2000 (FAO), 104,

590, 591, 592, 596, 599, 612

Global Leaders for Tomorrow Environment Task Force

(2002), 150, 152

Global mapping methodologies for forests, 592, 593

Global scale of wastes, 425

Global Strategy for Plant Conservation, 104

Globalization

coastal systems and, 537

dryland systems and, 650

island systems and, 675

marine fisheries and, 491–492

timber and, 252

vulnerability to natural disasters and, 154

GLOBSCAR on fire activity, 448

Governance

dryland systems and, 650

fresh water and environmental flows and, 177–179,

178

Government policies

food provision, effect of, 3

mountain systems and, 706

trade policies. See Trade

traditional knowledge and, 459

Grasslands, 634

Great Lakes (U.S.), 103, 558, 571

Green chemistry, 424

Greenhouse gases, 359–371, 365. See also specific type

cultivated systems and, 768

future trends of, 21, 366–367, 369, 371

Groundwater. See Inland water systems

H
Habitat fragmentation, 96, 310

dryland systems and, 635

infectious disease and, 408

Habitat loss and changes, 5–6, 96–97

coastal systems and, 537

dryland systems and, 635

infectious diseases and, 397–407, 398, 402

island systems and, 674

marine fisheries and, 492, 495

recent trends in, 109, 109–111

Hantavirus, 401, 406

Hazard regulation. See Natural disasters and extreme

events

Hazardous materials, consumer-use, 431

HDI. See Human Development Index

Heat island effect of cities, 807–808
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Heavy metals, 196, 376, 522, 557, 730

Hedonic analysis as valuation method, 57

Herbicides. See Pesticides

Herbivory, 310–312

Heritage conservation, 465, 465, 633. See also Cultural

services

Hides, skins, and greasy wool, 266

High-income cities, 819–820

HIV/AIDS, 159, 394, 396, 406, 605, 785

Homogenization of species, 109

Hoodia, 285–286, 286

Horticulture and agricultural seeds, 280–281, 281, 314

dryland systems, 642

Household trash and hazardous wastes, 431

Human Development Index (HDI), 127, 128, 153

Human well-being, 123–142

aggregations of multiple dimensions in, 127

agriculture and, 781–787

air quality, effect on, 380–381

mortality and disability-adjusted life years, 380

assessment methods

aggregate indicators, 62

economic valuation of ecosystem services for,

54–59

health indicators, 59–60, 61

indicators of specific dimensions of, 59–62, 129,

129–131

poverty and equity as indicators, 60–61

basic material for a good life, 29, 125–126

air quality and, 380

climate change and, 379

cultural services and, 473

drylands and, 654

sensitivity to ecosystem change, 132–135

biodiversity and, 322

climate change and, 378–380

coastal systems and, 530–531, 531, 542–543

cultural services and

aesthetic services, 469

cultural identity, 460, 472–473

cultural landscapes, 462

health, 473

inspirational services, 467

material well-being, 473

spiritual services, 465

decline or stagnation in, 835–836

defined, 27

dryland systems and, 133–134, 653–655, 654

dependence on ecosystems and socioeconomic

drivers, 655

responses to improve, 655–656

economic value and. See Value associated with

ecosystem services

ecosystem services’ contribution to, 829

food provision and, 229–238. See also Food

provision

forests and, 613–614

freedom and choice, 30, 126

drylands and, 654

sensitivity to ecosystem change, 135–139

fresh water and changes in provision of, 190–197
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fuelwood and, 259

groundwater, importance for, 557

health, 29–30, 126

agriculture linkages, 784–785

air quality and, 380–381, 813–814

climate change and, 379

coastal systems and, 530

cultural services and, 473

drylands and, 654

floods and fires, impact on, 452–453

groundwater diversion and, 567

indicators, assessment of, 59–60, 61

nutrition and, 229–235, 230–231

polar systems and environmental effects on, 737

sensitivity to ecosystem change, 139

urbanization and, 812–813, 813–814, 821

wastes, damage caused by, 420–421

inland water systems and, 575–578, 576

island systems and, 667, 676–678

linkage with ecosystem services, 2, 28, 53, 139–140

sensitivity to ecosystem change, 132–139

mountain systems and, 705, 711–713

natural disasters and, 127, 194–195, 443, 452–453

nutrient cycles, effect when altered, 347–351

patterns and trends in distribution of, 127–132, 847

distributional patterns, 128

global trends, 127–128

spatial patterns, 128–131, 129–131

temporal patterns, 129, 131–132

polar systems and, 734–738

poor water quality, consequences of, 195–197

poverty reduction and, 29–32, 32–33

provisioning services and. See Provisioning services

regulating services and. See Regulating services

security and, 29, 126–127

air quality and, 380

climate change and, 379

drylands and, 654

fires, 451–452

floods, 451

sensitivity to ecosystem change, 139

social relations and. See Social issues

substantial improvements in, 2

urbanization and, 806

Hunger. See Food shortage

Hydrocarbons, 435

Hydroelectriticy needs in Brazil, 569

Hydrology. See Water resources

Hypoxic zones, 536

I
ICBG. See International Cooperative Biodiversity

Groups

Illegal fishing, 491

InBio (Instituto Nacional de Biodiversidad), 287

Incineration of wastes, 428, 431

Income growth. See Economic conditions and growth

Index of Biotic Integrity, 111

India

agriculture and poverty reduction in, 783, 783

Biological Diversity Act (2002), 291

Bundelkhand region and land cover change,

161–162, 162

cholera epidemics in, 406

drylands in, 656

fresh water supply in, 172

integrated agriculture-aquaculture systems, 777

lymphatic filariasis in, 404

mosquito-borne diseases and irrigation in, 399, 400

spirit sanctuaries in, 27

wetland plants removing chemical and industrial

discharges in, 557

Indigenous peoples. See also Nomadic lifestyle

declarations, codes, research agreements, and

policies, 291–292

traditional knowledge of. See Knowledge

Indonesia. See also Asia

gotong royong (mutual help) in farming operations,

786

natural disasters and extreme events, 675

recent major fires, 381, 567

Indoor pollution, 12, 813

Industrial development and water resources, 190

Industrial waste, 420, 572

Industrial wood residues, 260

Infants and children

anemia from drinking water, 196, 577

mortality rate, 846–847

coastal vs. inland areas, 530

dryland systems, 135, 654

malnutrition and, 229, 233

water-related diseases as cause, 577

Infectious diseases, 98, 391–415, 860. See also specific

disease

agricultural practices and niche invasion, 406

Amazon region

forest arboviruses and, 402–403

forest’s resilience in preventing, 397

antibiotics in animal feed and resistant bacteria, 408

assessment methods for, 409–410

biodiversity and, 407–408

agriculture, 319

marine systems, 321–322

breeding sites and effect on transmission of,

397–407, 404–405

bushmeat hunting and disease emergence, 407

coastal and freshwater system changes and

transmission of, 405–406

drylands and grasslands change and transmission of,

400–402

ecology of, 394–395, 395

ecosystem change and, 395–396, 396, 410–411

emergence, 397–398

defined, 395

environmental contamination of infectious agents of

diseases, 409

extinction and, 98

forest systems

interspecies host transfer and, 407

population density variations and, 408

forest/urban interface

biodiversity change at, 408
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Infectious diseases (continued)

genetic changes in disease vectors at, 408–409

habitat change and transmission of, 397–407, 398,

402

historical perspective on, 394

human hosts transferring to wildlife, 407

human-induced genetic changes of disease vectors or

pathogens, 408–409

irrigation and water development, 397–400, 785

malnutrition and, 409

mosquito-borne diseases, 399, 402, 402, 403, 404,

405

niche invasion and transmission of, 406–407

nomadic lifestyle and, 409

‘‘reemerging,’’ 397

defined, 395

regulatory trends in, 9, 13, 396–409

rodent-borne hemorrhagic viruses, 400

schistosomiasis, 398–399

trade-offs and, 395, 833–834

tropical forest changes and transmission of, 402–403

tsetse flies and, 400

urbanization and transmission of, 403–405, 408,

811–812

water-related diseases, 195–196, 395, 397–400, 409,

530, 577, 675

Influenza, 406, 407

Inland water systems, 551–583. See also specific lakes,

rivers, and seas

amphibians and, 564

aquatic plants, 562

background, 553–554

birds and, 564–566, 565

climate change and, 557–558, 573

condition of, 14–16, 559–566, 869

cultural value of, 559

drainage, clearing, and infilling, 566–567

drivers of change in, 566–573, 870

drylands and, 652

economic value of ecosystem services provided by,

555, 555, 557

extent of, 559–561, 560, 851, 869

fish and fisheries in, 103, 563–564, 571–572

fungi, 562

human well-being and, 575–578, 576

hydrological regulation, 555–556

invasive species and, 570–571

invertebrates, 562–563

loss and degradation of, 560–561

mammals and, 566

management of interventions, 573–575

modification of water regimes, 568, 568–570

mountain systems and, 696

physical change in, 566–567

pollution and eutrophication, 572, 572–573, 769

products from, 558

recharge/discharge of groundwater, 557

recreation and tourism, 558–559

reptiles and, 564

rice, 558

river fragmentation, 97, 569, 873
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sediment retention and water purification, 556–557

services derived from, 554, 554–559

species associated with, 561–562, 561–566

trade-offs and synergies, 573–575

Insecticides. See Pesticides

Insects, 104, 562

polar systems and, 728

Inspirational services, 465–467, 633

Instituto Nacional de Biodiversidad (InBio), 287

Intellectual property rights, 290

Inter-American Development Bank and conservation

efforts, 471

Interactions among drivers and ecosystems, 33

Interbasin transfers and water resources, 184–185

Intergovernmental agreements on biotech

development, 289–290

Intergovernmental Panel on Climate Change (IPCC)

findings used as basis in present assessment, xv, 150

on flood damage, 449

on projected climate change, 378, 612

on sea level, 676

threats and potential benefits of climate change, 152

International agreements

bioprospecting and, 285–289

coastal systems and, 541–542

ethnobotanical development and, 285–289

fisheries, 501, 505–506

International Collective in Support of Fishworkers, 502

International Convention on the Rights of the Child

(1989), 229

International Cooperative Biodiversity Groups (ICBG),

287, 288, 289

International Covenant on Economic, Social and

Cultural Rights (1966), 229

International Disaster Database (OFDA/CRED), 447

International fisheries instruments, 501, 505–506

International Labour Organization’s Convention No.

169 Concerning Indigenous Peoples,

289–290

International Maritime Organization, 504

International Red Cross, 150

on flood damage, 447

International Seabed Authority, 504

International Treaty on Plant Genetic Resources for

Food and Agriculture, 290

International Whaling Commission, 491, 501

International Year of Fresh Water (2003), 168

Intertidal habitats, deltas, beaches, and dunes, 521–522

Introduced pathogens, 98. See also Infectious diseases

Invasive species, 6, 97–98, 307–309

air quality and, 384

climate change and, 384

estuaries and, 520

European rivers and, 570

food provision and, 222

Great Lakes (U.S.) and, 571

inland water systems and, 570–571

island systems and, 673–674

polar systems and, 731

Inventories of ecosystem components, 44–48

biodiversity inventories, 45–47

demographic and socioeconomic data, 47–48

natural resource inventories, 44–45

Invertebrates

inland water systems and, 562–563

recent population trends in, 103–104

Iodine deficiency, 232

IPCC. See Intergovernmental Panel on Climate

Change

Iron, 232, 336

enrichment of ocean waters for carbon sequestration,

505

Irrigation, 12, 191, 750, 761–762, 850

diversion of groundwater for, effect of, 567

infectious diseases and, 397–400, 785

mosquito-borne diseases, 399, 399

schistosomiasis and, 398–399

Island systems, 663–680

access and transportation, 674–675

adaptation of, 677

air quality and, 383

background, 665–666

biodiversity and, 667

biodiversity hotspots, 667

climate change and, 383, 676

condition and trends in, 18, 667–672

cultural services and, 669–672

definitions and categorization, 666

desalination and, 668–669

diversification of economies, 675

drivers of change in, 672–676

economic changes in, 674–675

energy issues, 672–673, 673

extinction risk and, 107, 108

fisheries and, 667–668

forests and, 603–604, 669

fresh water and, 668–669

gender-related issues, 672

globalization and, 675

habitat loss and, 674

human well-being and, 667, 676–678

insularity of, 666–667

integrated management of, 678

invasive alien species and, 673–674

land degradation and, 674

land ownership, 674

marine fisheries, interactions with, 498

natural disasters and extreme events, 675–676

outmigration from, 672

physical conditions and, 668

pollution and, 674

population issues in, 672

sea level rise and, 676, 676

speciation, 667

tourism and, 670–672, 671

trade and, 675

traditional knowledge and, 669–670, 670

vegetation cover and, 669

vulnerability of, 677–678

water quality and, 669

IUCN Red List of Threatened Species, 105–106, 106,

112, 113, 525, 561, 562, 563, 565, 566
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J
Jakarta Mandate on the Conservation and Sustainable

Use of Marine and Coastal Biological

Diversity (1995), 541

Jamaican reefs, 115

Japanese encephalitis, 400, 833

K
Karst in Slovenia, 561

Kelp forests, 523–524

Knowledge

biodiversity, improving knowledge of, 111–114, 284

critical gaps in, 22, 114, 836–837, 838

cultural services and, 458

of vulnerable peoples and places, 150

traditional and local knowledge, 34–35, 52–53, 459,

459–460, 473, 473–474

agriculture and, 774

dryland systems and, 633, 655

ethnobotanical, 285–286, 286

island systems and, 669–670, 670

loss of, 292, 458

national laws on access to, 290–291

Kyoto Protocol, 366

L
Labor productivity and nutrition, 236–237

Lagoons, 518–521, 519–520, 530

Lake Chad and condition of ecosystem services, 555,

556, 872

Lake Victoria

endangered or extinct fish species in, 563

eutrophication of, 345

Lakes. See Inland water systems

Land cover change, 5–6, 17, 830. See also

Deforestation; Desertification

air quality and climate change due to, 381–384

fires and, 451

mountain systems and, 691–694, 692

water resources and, 185–188, 187

Land ownership. See Property rights

Land use change, 5–6. See also Agriculture;

Deforestation; Urban growth and

urbanization

fires and, 451

food provision and, 229

water resources and, 185–188, 187

Landscape management and sustainability, 461–462,

462–464, 473, 473

Landslides, 698

Language, links with culture and natural environment,

459, 460

Large marine ecosystems (LMEs), 542

Latin America. See also specific countries

arbovirus in, 402–403, 404

Chagas disease in, 408

dams and reservoirs in, 569–570

fires in, 447, 448, 449

fish consumption in, 558

floods in, 447–448

hydroelectriticy needs in Brazil and, 569

leptospirosis in, 409
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malaria in, 402, 404

nutrient balance in, 336

Oropouche fever virus in, 403, 404

Paracas National Reserve case study, 520

rodent-borne hemorrhagic viruses in, 400

water privatization in, 194

wetlands and rivers in, 569

yellow fever in, 403

Law of the Sea Convention (1982), 504

Lead, 420

Legal environment. See also Equity and access rights;

Property rights

for agriculture, 771–772

for bioprospecting, 289–292

for coastal systems, 541–542

for marine fisheries, 498–502

for mountain systems, 707, 707

Leishmaniasis, 405

Leptospirosis, 409

Life expectancy, 128, 128, 380, 829, 829

Livelihoods. See Employment and livelihood

Livestock. See Agriculture

Living Planet Index (LPI), 111–112, 113, 561, 562,

882

LMEs (large marine ecosystems), 542

Local knowledge. See Knowledge

Local management of wastes, 424–425

Logging. See Timber

Low-income cities, 818–819

LPI. See Living Planet Index

Lyme disease, 319, 408, 833, 834

Lymphatic filariasis, 404

M
MA. See Millennium Ecosystem Assessment

Macroeconomic growth and nutrition, 237

‘‘Mad cow’’ disease (bovine spongiform

encephalopathy), 407

Madrid Protocol, 729, 734

Magnuson-Stevens Fisheries Conservation and

Management Act (U.S.), 506

Malaria, 399, 399–400, 402, 404–405, 434, 577, 785,

811

Malaysia. See also Asia

Nipah virus in, 406–407

Malnutrition. See Food shortage

Mammals

current extinction threat, 106, 845

geographical patterns of extinction, 107–108, 845

inland water systems and, 566

Marine Mammal Protection Act (U.S.), 501

marine mammals, 526

polar systems and, 726, 726–727

recent population trends in, 100–102, 101–102, 841

Mangroves, 521, 530, 537, 540, 866

Manila Declaration, 286–287

Marine Mammal Protection Act (U.S.), 501

Marine mammals, 526

polar systems and, 726, 727

Marine organisms

air quality and climate change and, 384

Marine protected areas (MPAs), 501–502, 504–505,

541

Marine systems, 477–511. See also Oceans

air quality and, 383

background, 479–481

biodiversity effects on provision of ecosystem

services in, 320–322

classifications of, 479, 480

climate change and, 383, 498

climate regulation and, 321

coastal boundary zone biome, 483–486

condition of, 16–18

deep-sea habitats and conditions/threats, 486

delimitation of, 516, 517

ecosystem engineers and herbivory, 321

ecosystem services provided by, 481

fisheries. See Fish and fisheries

human effect on, 483, 485

infectious diseases and, 321–322

integrating coastal management and ocean policy,

504

interactions between plans and symbiotic

microorganisms, 320–321

invasion resistance, 320

large marine ecosystems (LMEs), 542

North Atlantic, substantial marine biomass decrease

in, 484, 864

nutrient cycling

dead zones, 346

excess in, 345–346

ocean regions with high nutrient, low

chlorophyll, 346

threats to, 346–347, 348

polar biome, 487, 487–488

pollution, 483

human disease and, 321–322

predators and food webs, 321, 863

sea surface temperature, 372

trade-winds biome, 486–487

user rights and protection status, 498–502

westerlies biome, 487

Marine tourism, 499

Marine wildlife

coastal systems and, 525–527

Marshes, 518–521, 519, 519–520, 530

Material needs and human well-being, 29

Mayaro fever virus, 403, 405

Medicines. See Pharmaceutical industry

Mediterranean forests, woodlands, and shrublands

biome, 634–635

Mekong River and species diversity, 564

Melaka Accord, 287

Meningitis, 401

Merck Manual, The, 420

Mercury, 420

Metals, waste discharge of, 420. See also Heavy metals

Methane, 362, 367–369, 368

Methane emissions and agriculture, 768–769

Mexico. See also Latin America

recent major fires, 381

Micro-Organisms Sustainable Use and Access

Regulation International Code of Conduct,

291
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Microbial degradation of wastes, 425–426

Middle-income cities, 818–819

Millennium Development Goals, 21, 26, 61, 168, 170,

197, 199, 574, 812

Millennium Ecosystem Assessment (MA)

assessment tools for, 34–35

conceptual framework. See Conceptual framework

of ecosystem assessment

reporting categories of, 31

Minimata Bay Disease, 420

Mining

Arctic, 729–730, 734

malaria and, 404

marine fishing, effect on, 482

mountain systems and, 704–705, 706

treatment of effluents from, 557

Modeling, 34

choice modeling as valuation method, 57–58

multiagent modeling, 148–149

numerical simulation models, 43–49, 49

Moderate Resolution Imaging Spectroradiometer

(MODIS) Fire Products, 445, 860

Mollusks in inland waters, 562–563, 563

Monitoring

biomonitoring, 280, 281

nutrient cycling, 347, 348–350

Montane belt, 684, 685

Mortality. See also Infants and children

environmental risk factors and, 380

infectious disease and, 394

Mosquito-borne diseases, 399, 402, 402, 403, 404, 405

Mount Kenya and water catchment, 698

Mountain systems, 681–716. See also specific mountains

aerial extent of, 686–687, 686–687

agricultural systems in, 694–696, 695

alpine belt, 684–685, 685

alpine biota, 696

aquatic biota, 696

atmospheric changes, consequences of, 690–691

atmospheric conditions of, 688–691

background, 683

biota, 687–688, 691–696

carbon dioxide and, 690

condition and trends of, 20, 688–706

crops in, 694

cultural issues and, 705–706

dams for hydropower and irrigation, 697–698

definitions of mountains and altitude belts, 683–686,

684–685, 877

drivers of change in, 705, 706–709

economic conditions of, 700–705, 703

ecosystem services of, 688, 689

extractive industries and public utilities, 704–705

floods and landslides, 698

forest plantations and, 693–694

forests and, 603–604, 691–694, 693, 704

glaciers in, 689, 690, 690, 691

government policies and, 706

human well-being and, 705, 711–713

hydrological importance of, 696–697, 697, 704

land cover in, 691–694, 692
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legal system and, 707, 707

livelihood in, 701

main mountain ranges, 686–687

management and interventions, 711

mineral extraction from, 704

montane belt, 684, 685

natural disasters and, 706

natural forests and, 691

nival belt, 685, 685

nutrients and pollutants, deposition of, 689–690

parks in, 709, 709

population in, 699–700, 699–700, 706

property rights in, 706–708, 707–708

protected areas in, 708, 708–709

rainfall and snow trends, 689

rangelands, 694–696

semi-natural forests and, 692

socioeconomy in, 688, 699–706

soil erosion and sediments, 697

sustainability of, 711–712

temperature trends of, 689

tourism and, 702, 703

trade and, 702

trade-offs and synergies, 709–711

UNESCO Biosphere Reserves, 709

vulnerability of, 712, 712–713

wars and conflicts in, 708

watersheds and, 696–700, 698

MPAs. See Marine protected areas

Multiagent modeling, 148–149

Mutations, 94

N
National Environmental Policy Act of 1969 (U.S.), 467

National Geographical Society map of

‘‘environmentally endangered areas,’’ 149

Natural disasters and extreme events, 2, 441–454

biodiversity and, 445–446

economic effects of, 452

ecosystem conditions providing regulatory services,

446

ecosystem services in context of regulation of, 9,

444, 444–445, 860

human impacts from, 127, 194–195, 443, 452–453,

848

inter-relationships between ecosystems, social

systems, and extreme events, 444, 444

island systems and, 675–676

mountain systems and, 706

poverty and, 452

rural areas and, 452

urbanization and, 819

vulnerability to, 151–155, 154

Natural forests, 596, 691, 697

Natural resources. See also specific type

agricultural production systems and, 775–776

inventories, 44–45

overexploitation of, 5

Nature preserves in urban areas, 808

NatureServe on extinction threat level, 106, 107

New York City water supply management, 179, 816

Nipah virus, 406–407

Nitrogen, 340–341, 341, 856–857. See also

Eutrophication; Nutrient cycling

agricultural use of, 221, 760, 764, 767

fertilization and, 377

future trends of, 21, 833

pollution, 376–377, 437–438, 438, 785

Nitrous oxide, 362–363, 369, 769

Nival belt, 685, 685

Nomadic lifestyle

Arctic nations and, 732

dryland management and, 649

government policies and, 459

infectious diseases and, 409

Non-utilitarian value paradigm, 34

Non-wood forest products, 255–257, 604–605. See also

Forests

North America

endangered species in, 563

fires in, 447, 448, 449, 452

fish consumption in, 558

floods in, 447–448

mollusks and crustaceans in, 562–563

North Atlantic fisheries agreements, 501

North Atlantic Oscillation, 229

Numerical simulation models, 43–49, 49

Nutrient cycling, 331–353, 334, 850. See also

Fertilizers, application of

agriculture and, 346, 764–768, 765–766

balance between nutrients, 335–336, 335–336

coastal systems and, 528, 534

consequences of changes to, 344–347

deficiencies in nutrients, 346

dryland systems and, 629

fresh waters, excess in, 345–346, 348

global carbon cycle, 344, 344

global dust deposition, 339

global nitrogen cycle, 340–341, 341, 856

global phosphorus cycle, 341–342, 342

global sulfur cycle, 342–344, 343, 857

human well-being, effect of altered nutrient cycles,

347–351

input and output processes, 339–340

iron, 336

marine waters

dead zones, 346

excess in, 345–346

ocean regions with high nutrient, low

chlorophyll, 346

threats to, 346–347, 348

monitoring and assessment of, 347, 348–350

mountain systems and, 689–690

organic matter, role of, 336–337

retention in ecosystems, 337–338

silicon, 337

soil erosion and, 338–339, 339

trade-offs, 833

Nutrition. See Food provision

O
Oases in hyper-arid and arid drylands, 641–642

Obesity, 233–235
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Oceans. See also Marine systems

carbon dioxide and, 360–361, 366, 374–375

integrating coastal management and ocean policy,

504

iron as essential fertilizer in, 336, 505

North Atlantic, substantial marine biomass decrease

in, 484, 864

regions with high nutrient, low chlorophyll, 346

silicon in, 337

Odonata (dragonflies and damselflies), 562, 563

OFDA/CRED International Disaster Database, 447,

449

Oil crops, 214, 215, 764

Onchocerciasis (river blindness), 403

Organic agriculture, 767, 772

Organic matter, role of, 336–337

Oropouche fever virus, 403, 405

Outmigration

from Arctic, 735

from island systems, 672

from mountain systems, 698, 699

Overexploitation

agriculture and overgrazing, effect of, 401

biodiversity and, 98–99

bioprospecting and, 293

fish and fisheries. See Fish and fisheries

natural resources, 5

Overharvesting, 293

Ozone. See Stratospheric ozone; Tropospheric ozone

P
Pan-European Common Bird Monitoring Scheme, 113

Paracas National Reserve case study, 520

Parks in mountain systems, 709, 709

Particulates, 376

Partitioning and wastes, 429

Partnerships

bioprospecting, 285–289

ethnobotanical development, 285–289

Patents, 290

Pathogen die-off, 426–427

PCBs, 421, 434–435

Peatlands

climate change and, 369

extent of, 560

products from, 558

threats to, 567, 567

Performing arts, 466

Permafrost temperature, 723, 724

Persistent organic pollutants (POPs), 431, 434–435

mountain systems and, 690

polar systems and, 730, 737

Pest regulation, 9, 317–319, 759

integrated pest management and crops, 777

Pesticides

biodiversity, effect on, 221, 760

human health and, 784

inland water systems and, 572, 577

persistent organic pollutants (POPs), 431, 434–435

use in countries at different levels of development,

424
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waste discharge of, 420

water contamination and, 181, 197, 785

Pharmaceutical industry, 8, 274–276, 277, 286–287

botanical medicine, 276–278, 278–279, 605

coastal systems and, 532

range of organisms from which drugs derived, 274,

855

waste discharge of, 420, 577

Philippines

agroforestry practices, 780

Presidential Executive Order on bioprospecting, 287

Phosphorus cycle, 341–342, 342

Photochemical degradation, 427

Phyto Nova, 287

Plantations

agricultural plantations, 248–249

bamboos and rattans, 256

defined, 590

forests, 248, 590, 599–600, 606

timber, 248–249, 253, 604

Plants. See also Agriculture; Horticulture and

agricultural seeds

aquatic plants, 562

dryland plant species, 635

interactions with animals, 310–314

interactions with symbiotic microorganisms,

309–310

polar systems and, 724–725, 725

recent trends in, 104, 842

wetland plants removing chemical and industrial

discharges, 557

Pneumonia, 405

Polar systems, 717–743, 720

aesthetic and recreational values, 737–738

biodiversity and, 724–728

birds in, 726, 727

carbon flux in, 723, 723

caribou and reindeer, 725–726, 728–729

climate change and, 721–724, 729, 878

condition and trends in, 19–20, 721–729

contaminants and, 730

cultural services and, 729, 733

links to ecosystem services, 736–737

trade-offs between industrial development and

cultural resources, 733

drivers of change in, 729–731

ecosystem feedbacks and, 722–724

environmental effects on human health, 737

Eurasian river discharge into, 723–724, 724

extractive industries in, 729–730

fish in, 727–728

food, fuel, and fiber in, 728–729

fresh water and, 724

human well-being and, 734–738

hydrologic change and, 729

increased UV-B, 731, 737

insects in, 728

introduction of exotic species into, 731

land ownership and, 734

managing ecosystem services and institutional trade-

offs, 733–734

marine fisheries and, 487, 487–488, 730–731

marine mammals in, 726, 727

permafrost temperature, 723, 724

protected areas in, 734, 738

scientific study in, 738

subsistence and cash economies, 732–733

terrestrial ecosystems in, 878

terrestrial mammals in, 726, 726–727

trade-offs and synergies, 731–734, 732

vegetation changes in, 724–725, 725

wetlands in, 723

Political drivers. See Sociopolitical drivers of change

Pollination

cultivated systems and, 759

dryland systems and, 631

regulatory trends in, 9, 312, 313, 314

Pollution. See also Air quality; Wastes; Water pollution

ecosystem problems associated with, 4–5

island systems and, 674

marine systems, 483

polar systems and, 730

regulatory trends in, 9, 13

Polynesian tree snail, extinction of, 98

POPs. See Persistent organic pollutants

Population changes, 5, 129–132

agriculture and, 770–771

Arctic, 734–736, 735–736

areas characterized by low well-being and low

ecosystem productivity, 2, 3

fishing and marine resources linked with, 528

food provision and, 224

fresh water and, 181–182

island systems, 672

mountain systems, 699–700, 699–700, 706

urban areas, 799–800, 800–802

wastes proportional to, 422–423

Potsdam Institute for Climate Impact Research, 155

Poverty

agriculture and, 771, 782–783, 783

ecosystem degradation and, 27

human well-being and, 32–33

indicators of, 60–61

reduction of poverty, 29–32

malnutrition and, 229–230

natural disasters and, 452

unequal access to ecosystem services, 2, 32

urbanization and, 810, 812

vulnerability to natural disasters and, 154

Precipitation. See Rainfall

Predators

food web interactions and, 314–315, 321

habitat fragmentation and, 408

natural enemies of crop predators, 318

ocean regime shifts and, 524, 863

Pricing

agriculture, 773

demand and fish prices, 491, 492

Principles on Access to Genetic Resources and Benefit-

sharing for Participating Institutions, 291

Privatization of fresh water, 193–194

Productivity changes, 55–56, 57
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coastal systems and, 516, 516

labor productivity and nutrition, 236–237

Property rights

agriculture and, 771, 780, 783

dryland systems and land tenure policies, 649

forests, private vs. public ownership, 247, 247

intellectual property rights, 290

island systems and, 674

mountain systems, 706–708, 707–708

polar systems and, 734

Protected areas

forests, 602, 602

marine. See Marine protected areas (MPAs)

mountain systems, 708, 708–709

polar systems, 734, 738

Protocol on Environmental Protection to the Antarctic

Treaty (1959). See Madrid Protocol

Provisioning services. See also specific type of service

biodiversity and, 2

defined, 29

demand increasing for, 4, 831–834

dryland systems and, 631–633

fire regulation changes affecting, 449

fresh water. See Fresh water

trade-offs. See Trade-offs

trends in human use of, 6, 7–8, 11–13

Public participation in decision-making, 32

R
Rabies, 406, 408

Rainfall. See also Climate change

acid rain, 375

agricultural rain-fed systems, 750

dryland systems and, 631

silviculture and rain-fed horticulture, 642

fire incidence and, 451

forests and, 612

mountain systems and, 689

tropical forests, impacts in, 373

Ramsar Convention on Wetlands, 26, 541, 554, 574,

575

Rangelands

dryland systems and, 640–641, 641

mountain systems and, 694–696

Rattan. See Bamboos and rattans

Recreation, 469–472. See also Tourism

coastal systems and, 532–533

dryland systems and, 634, 643–644

forests and, 607

inland water systems and, 558–559

polar systems and, 737–738

Recreational fishing, 499, 533

Recycling, 810

Red List. See IUCN Red List of Threatened Species

Reducing Disaster Risk: A Challenge for Development

(UNEP), 150

Reforestation, defined, 597

Registry of Toxic Effects of Chemical Substances, 420

Regulating services

biodiversity and, 2, 307–319

defined, 29
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dryland systems and, 630–631

fire regulation changes affecting, 449

fires and floods, 444–446

ecosystem changes on capacity to provide,

446–449, 860

trade-offs. See Trade-offs

trends in, 8–9, 13–14, 307–319

Remote sensing, 40–44

cultivated systems and, 755

desertification and, 638

forest extent and, 593, 598

natural disasters and, 445

Reptiles

geographical patterns of extinction, 109

inland water systems and, 564

recent population trends in, 102

Research and development

agricultural research and development, 226, 227

private vs. public research, 773–774, 785

critical needs, 836–837, 838

Resettlement and water transfers, 185

Resilience, 147–148

Rice

consumption of and food security, 558

irrigation and infectious diseases, 399, 399–400

methane emissions and, 769

urbanization and, 809

Rift Valley Fever, 401–402

Risk assessment, 35

Risk maps, 149

River blindness (onchocerciasis), 403

Rivers and lakes. See Inland water systems

Roads

deforestation and, 609

mountain systems and, 705

Rock and shell reefs, mud flats, coastal seamounts, and

rises, 524

Rodent-borne hemorrhagic viruses, 400

Rural areas. See also Agriculture

disproportionate loss of well-being in, 2

floods in, 452

urbanization’s influence on, 814–815

Russia

Arctic region of. See Arctic

Caspian Sea, 566

forests in, 589, 590, 591, 606, 614

recent major fires, 381

S
Sacred groves, species, and places, 27, 463, 465–466,

559, 607, 633, 705

Sahara. See Africa

Sahel region. See Africa

Salinization, 435–436, 436–437, 557

Salmon, 528

Salmon anemia, 98

Salt ponds, 518–521, 519–520, 530

Sanitation, 852. See also Wastes; Water pollution

urbanization and, 812–813, 813, 821

Sarawak-Medichem Pharmaceuticals, 287

SARS (severe acute respiratory syndrome), 407, 833

Scavenging and wastes, 429

Scenario-building, 35

Schistosomiasis, 398–399, 577, 785, 834

Science and technology drivers, 75–76

for fires, 451

Sea level rise and island systems, 676, 676

Sea urchins, 524

Seagrass beds or meadows, 523, 530, 868

Security and human well-being. See Human well-being

Sediments

coastal systems, loads into, 529

inland water systems, retention of, 556–557

mountain systems, retention of, 697

Seeds, 280–281, 281, 314

dispersal and dryland systems, 631

Sequestration of wastes, 427–428

Sewage. See Wastes

Sharks, 103

Shatoosh, 266

Shifting cultivation, 750–751

Shrimp in Thailand, 537, 538

Silicon, 337

Slash-and-burn agriculture, 750–751

Slovenia and karst, 561

Slums and squatter settlements, 818

Snakes, freshwater, 564

Social impacts of timber extraction, 254–255

Social issues

air quality and, 381

climate change and, 379–380

drylands and, 654

human well-being and, 30, 126

sensitivity to ecosystem change, 139

Socioeconomic data, 47–48

Socioeconomy in mountain systems, 699–706

Sociopolitical drivers of change, 74–75

for agriculture, 771–772

for dryland systems, 648–650

for fires, 451

public participation in decision-making and, 32

Soil biodiversity, 759

Soil erosion, 338–339, 339, 603

agriculture and, 778–779

forests and, 603

mountain systems and, 697

Soil formation and conservation

dryland systems, 628–629

mountain systems, 696

technologies to improve, 774

South Africa

salinization in, 436

water legislation in, 178

water pricing and access of the poor, 194

South America. See Latin America

Southern Africa

environmental stress in, 159–161

fuelwood supply analysis in, 258

Species

changes in composition of, 2–3, 87–92

concentration in certain geographical areas, 3

definition and measurement, 87–88
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direct and indirect interactions between, 309–315

domesticated species of food, 213–219

extinction. See Biodiversity

geographic centers of endemism and evolutionary

distinctiveness, 90–92, 92

inland water systems, 561–562, 561–566

marine fisheries, diversity of, 489

number of, 3, 88, 90

current global protected area network and, 93

variations in richness in time and space, 88, 89–91,

90

Spiritual services, 462–465, 533, 633

Sri Lanka. See also Asia

mosquito-borne diseases and irrigation, 399

Stakeholders

importance of, 28

participation of, 32

State of the World’s Fisheries and Aquaculture, The (FAO),

102–103

Stockholm Convention on Persistent Organic

Pollutants, 432

Stratospheric ozone, 375, 731

Sturgeon, 103

Subsidies

agriculture, 226–228, 771

deforestation, 609

marine fisheries, 490–491, 495, 499, 505

Substitutions, feasibility of, 32

Sulfur, 342–344, 343, 369, 611, 857

Supporting services

biodiversity and, 301–307

dryland systems and, 628–629

fire regulation changes affecting, 449

primary productivity, 301–307

trade-offs. See Trade-offs

trends in, 10, 14

Surface albedo, 371, 373–374, 859

Surprises caused by complex interactions, 304,

305–306

Sustainability, 20–22, 22, 27, 32

components of, 152

forests, 253–254, 589

fuelwood, 265–266

landscape management for, 473, 473

marine fisheries, 502–503, 505–506

mountain systems, 711–712

timber, 265–266

urban areas, 809, 817–818

Sustainable Fisheries Act (U.S.), 506

Svalbard Treaty (1920), 734

Swidden agriculture, 750–751

Swiss Reinsurance Company study on catastrophe

losses, 447

Syndromes approach, 148

System boundary definitions, 66

T
Teak, 252, 590, 595, 600

Technological advances and urbanization, 820

Technology. See also Science and technology drivers

agriculture, 773–774
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bamboos and rattans, development and substitution,

257

dryland systems and adaptation of new technologies,

655–656

harvesting timber, 253

marine fisheries, 491

Temperate and Boreal Forest Resources Assessment, 596

Temporal scope of assessment, xv, 34

Thailand and coastal systems, 537, 538

Tigris and Euphrates Rivers (Mesopotamian marshes),

569, 873

Timber, 7, 11–12, 247–255. See also Forests

carbon sequestration in wood products, 252

consumption, 249

craft wood, 251–252

deforestation and, 254, 608

drivers of change in production and consumption,

252–254

employment in forest products industry, 249

engineered wood products and utilization

technology, 253

environmental impacts of extraction, 254

future availability, 249–251

global energy sources and costs, 253

globalization and, 252

illegal logging, 248

industrial roundwood, 247, 247–251

industrial wood residues, 260

mechanization of harvesting, 253

plantations, 248–249, 253, 604

political and economic change, impact of, 254

social impacts of extraction, 254–255

supply shifting, 252–253

sustainability of, 265–266

trade, 249, 250

wood pulp, 251, 251

Time scale of assessments. See Temporal scope of

assessment

Tourism, 469–472, 471. See also Ecotourism

coastal systems and, 530, 532–533

economic importance of, 470, 471

forests and, 607

inland water systems and, 558–559

island systems and, 18, 670–672, 671

marine tourism, 499

mountain systems and, 702, 703

Trade

agricultural policy, 226–228, 785

subsidies and import tariffs, 226–228, 771

agriculture policy and, 785

bamboos and rattans, 256

driver of change, 5

fish export and import, 496–497

island systems and, 675

liberalization and food preferences, 226

mountain systems and, 702

timber, 249, 250

Trade-offs, 827–838

agriculture, 776–777, 778, 781–782

air quality, 832–833

Arctic, between industrial development and cultural

resources, 733

between ecosystem services, 4, 6, 21–22, 63–64,

63–65, 322, 831–834

biodiversity, 834

climate change, 832–833

coastal systems, 536, 537–540

dryland systems, 651–653

fresh water use, 197–199, 200

infectious diseases, 395, 833–834

inland water systems, 573–575

marine fisheries, 492–497, 493

unintentional trade-offs, 497–498

mountain systems, 709–711

nutrient cycling, 833

polar systems, 731–734, 732

Trade-Related Aspects of Intellectual Property Rights

(TRIPS), 290

Traditional and local knowledge. See Knowledge

TRAFFIC Southeast Asia, 102

Transpiration, 371, 372

Transport processes for wastes, 428–429

Transportation. See also Roads

Arctic off-road travel, 733, 733

island systems and, 674–675

mountain systems and, 703

Travel cost, 57

Trees. See Forests; Timber

TRIPS. See Trade-Related Aspects of Intellectual

Property Rights

Tropical forests

biochemical and biophysical interactions in, 370,

372–373

biomass burning and, 376

climate change and, 613

conservation efforts, 471

deforestation, 602, 614

direct drivers of, 607–609, 608

indirect drivers of, 609, 610

rainfall impacts and, 373

drivers of change in, 607–609

ecosystem services provided by, 608

extent of, 594, 594

extinction risk and, 3, 107

flooding and, 450

indigenous territories, 611

infectious diseases and, 402–403

regeneration of, 589

resilience in preventing infectious diseases, 397

seed dispersal and, 314

Tropospheric ozone, 369, 375, 376

Tsetse flies, 400

Tsunamis, 675

Turtles and tortoises, 102, 525–526, 564

U
U.K. Commission on Intellectual Property Rights, 290

Uncertainty, 22, 171

UNCLOS (United Nations Convention on the Law of

the Sea), 504, 505, 506, 541

UNEP. See United Nations Environment Programme

UNESCO

Biosphere Reserves, 709
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on islands and traditional ecological knowledge, 670

World Heritage Centre, 472

World Heritage Sites, 709

United Nations. See also Millennium Development

Goals

Commission on Sustainable Development, 706

Conference on Environment and Development

(1992), 588

Fish Stock Agreement (1995), 504

forest initiatives of, 588, 600

Land Degradation Assessment in Drylands, 637

on freshwater supply, 177

Population Division statistics on urbanization, 804

United Nations Environment Programme (UNEP)

on vulnerability, 150

Regional Seas Programme, 504

World Conservation Monitoring Centre figures on

forest protection, 602

Universal Declaration of Human Rights (1948), 229

Uppsala conflict database, 126

Urban growth and urbanization, 795–825, 830

agriculture and, 810, 810, 815

air pollution, 383, 811, 813–814, 814

areas of rapid land cover change involving, 882

background, 797–806

classifying, 799–802

climate change and, 383

coastal systems and, 536, 801, 816

condition of, 18–19, 806–818

contrasting urban and peri-urban areas, 808–809

defining urban areas and populations, 798

drivers of change in, 818–820

dryland systems and, 652–653, 653

eco-footprint analysis, 817

economic conditions and, 800

ecosystem services and, 799, 805–806, 806–807

urban and peri-urban areas, 809–811

ecosystems, relationship to, 799

food provision and, 224–225

global ecosystem pressures created by, 816–818

habitats for humans, 811–814

health and, 812–813, 813–814, 821

air pollution and, 813–814

heat island effect of, 807–808

high-income cities, 819–820

human well-being and, 806

infectious diseases, transmission of, 403–405, 408,

811–812

interrelating with surrounding regions, 814–816

location of, 800–802, 803, 881

low-income cities, 818–819

malaria in Brazil and, 405

middle-income cities

rapidly growing, 819

with economic difficulties, 818–819

natural disasters and, 819

nature preserves in, 808

nonhuman species and ecosystems in, 807–808, 808

population size, 799–800, 800–802

poverty and, 810, 812

recycling and, 810
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responses to environmental and ecological burdens

of, 820–821

rural lands, influence on, 814–815

sanitation, 812–813, 813, 821

slums and squatter settlements, 818

species richness and, 808

sustainability, 817–818

technological advances and, 820

trends, 802–805, 804–805

vulnerability associated with, 154, 810, 810

wastes and, 422–423, 811

water resources and, 189–190, 812–813, 813,

815–816

U.S. Farm Bill (2002), 771, 772

Utilitarian value paradigm, 34

UV-B and polar systems, 731, 737

V
Value associated with ecosystem services, 33–34, 34,

53–63, 136–138

coastal systems and, 531–533

economic valuation, 54, 54–59

application of, 58–59

intrinsic value, 62–63

forest services, 600, 605, 607

inland water systems and, 555, 555, 557

linking ecosystem services and human well-being.

See Human well-being

measuring well-being, 54

plant-based pharmaceuticals, 285

valuation methods, 55–58, 56

benefits transfer, 58

choice modeling, 57–58

contingent valuation, 57

cost-based approaches, 56–57

hedonic analysis, 57

illness and human capital, cost of, 56

productivity changes, 55–56, 57

summary of, 58

travel cost, 57

Vehicle emissions, 424

Venezuela. See also Latin America

mining and malaria, 404

Virtual water, 185, 186–187, 853

defined, 187

Viruses. See Infectious diseases

Vitamin A, 232

Volatile organic compounds, 363, 376

Vulnerability, 143–164

assessment of, 149–151

country scores, 153

case studies, 157–162

Argentina, 157–159, 158

Bundelkhand, India, 161–162, 162

Southern Africa, 159–161

coastal systems, 517, 530

conceptual framework for analyzing, 146–147, 147

defined, 146

desertification and, 154, 155

food insecurity. See Food shortage

implications for assessment policy, 162

island systems, 677–678

marine fisheries, 502–503

methods and tools for analysis, 148–149

multiagent modeling, 148–149

risk maps, 149

syndromes approach, 148

mountain systems, 712, 712–713

natural disasters and, 151–155

resilience and. See Resilience

urbanization and, 154, 810, 810

W
Warfare. See Conflicts and wars

Waste exposure, safe levels of, 429–430

Wastes, 417–439. See also Pollution

animal wastes, 767, 769

biological update and trophic-level concentration, 429

coastal systems and, 674, 876

consumer household wastes, 431

damage caused by, 420–422

defined, 419

detoxification processes, 425–428, 426–428

development-related wastes, 423, 423–424

drivers of change in processing and detoxification,

430–431, 432–434

economic losses due to, 421–422

ecosystem ability to assimilate, 429–430

ecosystem ability to detoxify or use, 425–429

ecosystem damage and loss of diversity, 422

eutrophication, 437–438, 438

exposure, safe levels of, 429–430

global scale of, 425

hazardous materials, consumer-use, 431

human health damage caused by, 420–421

hydrocarbons, 435

incineration of, 428, 431

local management of, 424–425

management of, 424–425

microbial degradation, 425–426

national management of, 424, 425

partitioning and, 429

pathogen die-off, 426–427

persistent organic pollutants (POPs), 431, 434–435

photochemical degradation, 427

population-proportional wastes, 422–423

regulatory control of, 424

salinization, 435–436, 436–437

scavenging and, 429

sequestration of, 427–428

sewage treatment, 180

threshold differences for human health, ecosystem,

and economic loss, 422

transport processes, 428–429

trends in, 422–424

types of, 420, 421

urbanization and, 422–423, 811

vehicle emissions, 424

wetlands and pollution abatement, 436–437, 557

Water hyacinth, 97, 557, 570

Water pollution, 179–180, 179–181, 420

agriculture and, 763, 785
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chemicals in, 196–197

coastal systems and, 530, 534

drinking water, 421

inland water systems, 572, 572–573

island systems and, 669

national releases in selected countries, 424

Water Poverty Index (WPI), 192

Water-related diseases, 195–196, 395, 397–400, 409,

530, 577, 675, 813

Water resources

agriculture and, 762–763, 763

climate change and, 188–189, 189

dams and reservoirs. See Dams

diseases, water-related, 195

dryland systems and, 630, 649–650, 650

floods. See Floods; Natural disasters and extreme

events

fresh water. See Fresh water

groundwater. See Inland water systems

hydrological regulation, 555–556, 603

industrial development and, 190

inland. See Inland water systems

interbasin transfers, 184–185

irrigation. See Irrigation

land use and cover change and, 185–188, 187

management of, 12, 177–179

marine. See Marine systems

mountain systems, importance of, 696–697, 697,

704

polar systems and, 729

pollution. See Water pollution

regulatory trends in, 8–9

scarcity of water, 12, 170–181

trade-offs in use of, 197–199, 200, 832

urbanization and, 189–190, 812–813, 813, 815–816

virtual water, 185, 186–187, 853

defined, 187

watersheds. See Watershed management

Water Resources Vulnerability Index (Stockholm

Environment Institute), 191

Water Stress Index, 191

Waterbirds

Aral Sea, 568
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coastal systems and, 526–527

inland systems and, 564–566, 565

Watershed management

forests and, 603

joining with coastal systems, 541

mountain systems and, 696–700, 698

Wealth-poverty gap. See Poverty

Weather patterns. See Climate change

Well-being. See Human well-being

West Nile virus, 394, 833

Wetlands. See also Inland water systems

air quality and climate change due to drying and

draining of, 382, 383

in Brazil, 569

coastal systems and, 519

condition of, 14–16

economic value of ecosystem services provided by,

555, 555, 557

education centers and programs, 559

evapotranspiration and, 374

floods, role in regulation of, 444–445

greenhouse gases and, 369

plants removing chemical and industrial discharges,

557

polar systems and, 723

pollution abatement and, 436–437, 557

restoration projects, 574–575

Whales, 101, 491

WHO. See World Health Organization

Wild foods. See Food provision

Wild plants and animals. See also Biodiversity

human hosts transferring infectious diseases to, 407

overexploitation of, 98–99

SARS and wild animal handlers, 407

WIPO (World Intellectual Property Organization), 290

WMO Global Runoff Data Center, 169

Wood fuel. See Fuelwood

Wood pulp, 251, 251

Woodlands. See Forests

World Agroforestry Centre (formerly ICRAF), 282

World Atlas of Desertification (1997), 626, 637

World Bank

lending for irrigation and drainage, 191

on human well-being, 127

World Commission on Dams, 396, 574

World Commission on Environment and

Development, 588

World Commission on Forests and Sustainable

Development, 588

World Commission on Protected Areas, 709

World Conservation Union, 470

World Disaster Reports, 194

World Food Summits (1996 & 1999), 229

World Health Organization (WHO)

on global warming, 379

on infectious disease, 394, 395, 785, 811

on plants used in health care, 286

World Intellectual Property Organization (WIPO), 290

World List of Threatened Trees, The (1998), 601

World Resources Institute’s inventory of natural forests,

596

World Summit on Sustainable Development (2002),

150, 193

World Tourism Organization, 469

World Trade Organization (WTO)

Agreement on Agriculture, 228, 772

Trade-Related Aspects of Intellectual Property

Rights (TRIPS), 290

World Turtle Database, 564

World Water Development Report (UN/WWAP

2003), 168

World Water Forum (2000), 168, 170, 193

WPI (Water Poverty Index), 192

WTO. See World Trade Organization

Y
Yellow fever, 403, 833

Z
Zebra mussel, 97–98, 570

Zimbabwe. See also Africa

maps of desertification in, 638–639

Zinc deficiency, 232–233

Zoning

coastal systems and, 539

cultivated systems and, 771

Zoonotic diseases, 406, 784, 833
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