
U N I T E D  N A T I O N S  D E V E L O P M E N T  P R O G R A M M E  

U N I T E D  N A T I O N S  E N V I R O N M E N T  P R O G R A M M E  

W O R L D  B A N K

W O R L D  R E S O U R C E S  I N S T I T U T E

T h e  Fr a y i n g  W e b  o f  L i f e

P e o p l e  a n d     
E c o s y s t e m s

WORLD     RESOURCES  
2000 –2001

A  G U I D E  T O

Fu l l  
Re p o r t  

F o r t h
c om i n g  

S e p t embe r  2
000



WORLD  RESOURCES  REPORT
Carol Rosen, Editor-in-Chief, 

since July 1999

Leslie Roberts, Editor-in-Chief, 

before July 1999

Gregory Mock, Senior Editor

Wendy Vanasselt, Associate Editor 

Janet Overton, Managing Editor

Lori Han, Production Coordinator

Amy Wagener, Research Assistant

Rich Barnett, Outreach and 

Marketing Director

Data  and  Maps

Dan Tunstall, Information Director 

Robin White, Data Tables Manager 

Christian Ottke, Associate

Carmen Revenga, Associate 

Mark Rohweder, Analyst

Siobhan Murray, Map Manager 

Ken Kassem, Analyst 

Yumiko Kura, Analyst

Kate Sebastian, Analyst

P i l o t  Ana lys i s  o f  G l oba l

Ecosystems

Norbert Henninger, Project Manager

Walter V. Reid, Guest Editor

Agroecosystems

Stanley Wood, Kate Sebastian, Sara Scherr 

Coastal Ecosystems

Lauretta Burke, Yumiko Kura, 

Ken Kassem, Mark Spalding, 

Carmen Revenga

Forest Ecosystems

Emily Matthews, Siobhan Murray, 

Richard Payne, Mark Rohweder

Freshwater Systems

Carmen Revenga, Jake Brunner, 

Norbert Henninger, 

Ken Kassem, Richard Payne

Grassland Ecosystems

Robin White, Siobhan Murray, 

Mark Rohweder

PR INC IPAL  PARTNERS
United Nations Development Programme

Roberto Lenton, Charles McNeil, 

Ralph Schmidt, Susan Becker, 

Kristen Lewis 

United Nations Environment Programme

Dan Claasen, Ashbindu Singh,  

Anna Stabrawa, Marion Cheatle

World Bank

Robert Watson, John Dixon, 

Kirk Hamilton, Stefano Pagiola

SEN IOR  ADV ISORS
Agriculture

Mary Tiffen, Drylands Research, 

United Kingdom

Biodiversity

Patrick Dugan, Director, Global 

Programme, IUCN 

Calestous Juma, Kennedy School of 

Government, Harvard University

Thomas Lovejoy, Chief Biodiversity 

Advisor, World Bank 

Cristian Samper, Director General, 

Instituto Alexander von Humboldt, 

Colombia

Peter Schei, International Negotiations 

Director, Directorate for Nature 

Management, Norway

Brian Walker, Wildlife and Ecology, 

CSIRO, Australia

Coastal/Marine

Edgardo Gomez, Marine Science 

Institute, University of the Philippines

Kathleen Sullivan Sealey, Department of 

Biology, University of Miami

Ecologists/Generalists

Serge Antoine, Comité 21, France

Munyaradzi Chenje, Director, 

Environment Resource Centre for 

Southern Africa, Zimbabwe

Madhav Gadgil, Centre for Ecological 

Sciences, Indian Institute of Science

Hiroyuki Ishi, Graduate School of 

Frontier Science, University of Tokyo

Eugene Linden, Contributor, 

Time Magazine

Pamela Matson, Geological and 

Environmental Sciences, 

Stanford University

Robert McNamara, former President, 

World Bank

Bedrich Moldan, Director, 

Environmental Centre, Charles 

University, Czech Republic

John Mugabe, Executive Director, 

African Centre for Technology Studies, 

Kenya

Walter V. Reid, Millennium Ecosystem 

Assessment Secretariat

J. Alan Brewster, Associate Dean, 

School of Forestry and Environmental 

Studies, Yale University; former Editor-

in-Chief, World Resources Report

Forests

Valerie Kapos, World Conservation 

Monitoring Centre, United Kingdom

Grasslands

Habiba Gitay, Australian National 

University

Sustainable Development

Theo Panayotou, Harvard Institute for 

International Development

Water

Melanie L.J. Stiassny, Herbert R. and 

Evelyn Axelrod, Research Curator and 

Chair, Department of Ichthyology, 

American Museum of Natural History

WORLD     
RESOURCES  

2000 –2001



U N I T E D  N A T I O N S  D E V E L O P M E N T  P R O G R A M M E  

U N I T E D  N A T I O N S  E N V I R O N M E N T  P R O G R A M M E  

W O R L D  B A N K

W O R L D  R E S O U R C E S  I N S T I T U T E

W O R L D R E S O U R C E S I N S T I T U T E Washington, D.C.

T h e  Fr a y i n g  We b  o f  L i f e

P e o p l e  a n d  
E c o s y s t e m s

WORLD     
RESOURCES  

2000 –2001

A  G U I D E  T O



A Guide to World Resources 2000–2001:

People and Ecosystems: The Fraying Web of Life

© 2000 World Resources Institute
All rights reserved. Printed on recycled paper.
First printing April 2000

Published by World Resources Institute
10 G Street NE
Washington, DC 20002 USA

This guide summarizes the full volume, World Resources 2000–2001:

People and Ecosystems: The Fraying Web of Life, which will be pub-
lished in English in September 2000. The World Resources series is a
collaborative product of four organizations: the United Nations
Development Programme, the United Nations Environment Pro-
gramme, the World Bank, and the World Resources Institute. The
views expressed in this volume are those of staff from each organiza-
tion and do not necessarily reflect the judgments of the organiza-
tions’ boards of directors or member governments.

Ordering information for the full volume in English is provided
on the last page of this guide. For further information, contact the
supplier of each edition.

English hardcover edition:

Elsevier Science Ltd.
The Boulevard
Langford Lane, Kidlington
Oxford OX5 1GB, UK

English paperback edition:

World Resources Institute
10 G Street, NE
Washington, DC 20002 USA

French edition:

Editions Eska
12, rue du Quatre-Septembre
75002 Paris, France

Spanish edition:

Ecoespaña Editorial
Apto. 16.158
28080 Madrid, Spain

Japanese edition:

Nikkei Business Publications, Inc.
2-7-6, Hirakawacho, Chiyoda-ku
Tokyo 102-8622, Japan

Photo credits

Cover Fall harvest in the Kathmandu Valley of Nepal: Sara Elder

Page 2 Harvesting grain, Kathmandu Valley, Nepal: Sara Elder

Page 22 Great Egret

Page 23 Fishermen, Cochin, India: Photodisc



T A B L E O F C O N T E N T S
P A R T I  REPAIRING THE FRAYING WEB OF LIFE

CHAPTER 1 L inking People  and Ecosystems
How Viable Are Earth’s Ecosystems?
Losing the Link?
Ecosystems: Sources of Wealth and Well-Being
Trade-Offs and Costs
Pressures Driving Deg radation 

Overuse and Conversion
Demog raphics, Consumption, and Economics
Distorted Prices, Under valued Ser vices
Subsidies and Other Policy Failures 
Property Rights and Poverty: Who Owns Ecosystems

Managing for Healthy Ecosystems 

CHAPTER 2 Taking Stock of  Ecosystems
Measuring Ecosystem Condition

Limitations of Looking for Naturalness
Advantages of an Integ rated Assessment
The Importance of Scale
An Abundance of Indicators, a Scarcity of Meaning

The Pilot Ecosystem Analysis
Goals for Assessing Condition and Information

What Shape Are the World’s Ecosystems In?
Food Production
Water Quantity
Water Quality
Carbon Sequestration
Biodiversity
Recreation and Tourism

A G R O E C O SY S T E M S

Extent and Modification
Growth of Ag ricultural Area
Intensification
Soil and Climate Conditions

Food Production
Economic and Nutritional Value
Growing Consumption, Growing Demand

Deteriorating Conditions
Regional Differences
The Bottom Line for Food Production?

Water Quantity and Quality
Quantity
Quality
Efficiency of Use
The Bottom Line for Water?

Biodiversity
Ill Effects of Conversion and Intensification
The Bottom Line for Biodiversity?

Carbon Sequestration

C O A S TA L  E C O SY S T E M S

Extent and Modification
Direct Changes in Mang roves, Coral Reefs, and 
Other Habitats
Indirect Pressures on Coastal Regions

Food from Marine Fisheries
Water Quality
Biodiversity
Shoreline Protection
Tourism and Recreation

F O R E S T  E C O SY S T E M S

Extent and Modification
Change in Forest Cover
Forest Fragmentation
Forest Fires

Production of Fiber
Production of Fuelwood
Biodiversity
Carbon Sequestration
Water Quality and Quantity

F R E S H WAT E R  SY S T E M S

Extent and Modification
Rivers
Wetlands
Watersheds

Water Quantity
Water Quality
Food from Inland Fisheries
Biodiversity

G R A S S L A N D  E C O SY S T E M S

Extent and Modification
Food Production
Biodiversity
Carbon Sequestration
Cultural and Recreational Ser vices

I N F O R M AT I O N  N E E D S

Ecosystem and Land Use Characterization
Food Production

A g ricultural Systems

A  G U I D E  T O  W O R L D  R E S O U R C E S  2 0 0 0 – 2 0 0 1

T h e  Fr a y i n g  We b  o f  L i f e

P e o p l e  a n d  
E c o s y s t e m s

WORLD     
RESOURCES  

2000 –2001



Fisheries
Biodiversity Distribution and Condition
Soil Erosion
Water
Grassland Condition
Freshwater Condition
Coastal Condition
Forest Condition
Economic Value of Nonmarketed Goods and Ser vices
Appendix

Mountains
Polar Regions
Islands
Urban Areas

CHAPTER 3 L iv ing in  Ecosystems
From Deterioration to Renewal
Lessons of Experience
What Does the Future Hold?

F O R E S T  E C O SY S T E M S

Up from the Roots: Regenerating India’s Dhani
Forest Through Community Action

From Restricted Use to Overuse
A Time for Action
A Plan for Life
Sharing the Benefits 
Beyond Timber and Fuel: Pursuing Social Goals
Equity and Other Challenges
State vs. Local Control: Who Should Reap the 
Benefits of Regeneration?
Forest Reg rowth, Community Renewal

Toward Community Stewardship of Forests in 
Colombia

A G R O E C O SY S T E M S

Regaining the High Ground: Reviving the Hillsides of
Machakos, Kenya

A Land of  Hills and Dr y Plains
Changing Attitudes: Compulsor y Government 
Conser vation and Akamba Innovation
Machakos Today
Can the “Miracle” Continue?

Cuba’s A g ricultural Revolution

C O A S TA L  E C O SY S T E M S

Replumbing the Everglades: Wetlands Restoration in
South Florida

Draining the Marsh, Stopping the Flood
Trade-Offs: An Ecosystem in Transition
A Change in Attitudes
Restoring the Flow, Revitalizing the System
Beyond the Everglades

Community Management of a Caribbean Mang rove
A Participator y Approach to Coastal Planning in the
Philippines

F R E S H WAT E R  SY S T E M S

Working for Water, Working for Human Welfare in
South Africa
An Invaded Land

Losing Water, Gaining Awareness
The Working for Water Prog ram
Tempering the Tap
Winners and Losers
Beyond Pines and Wattles: The Prog ram’s Future

Managing the Mekong River: Will a Regional
Approach Work?
Protecting the Watershed for New York City 

G R A S S L A N D  E C O SY S T E M S

Sustaining the Steppe: The Future of Mongolian
Grasslands

Nomadic Herding Traditions
Rural Institutions and Herding Practices: 
1920–1990
Different Histories of Grassland Management: 
Chinese and Russian Regions
Mongolia in the 1990s: Following the Chinese and 
Russian Trends
Looking Ahead: What Can Mongolia Learn from Its 
Neighbors?

CHAPTER 4 Adopt ing an Ecosystems Approach
What Is an Ecosystem Approach?
Applying an Ecosystem Approach

P A R T I I  GLOBAL ENVIRONMENTAL TRENDS

CHAPTER 5 Populat ion and Human Wel l-Being

CHAPTER 6 Food and Water Security

CHAPTER 7 Consumption ,  Energy,  and Wastes

CHAPTER 8 Global  Commons

P A R T I I I DATA TABLES FOR 155 COUNTRIES

CHAPTER 9 Biodiversity  and Protected Areas

CHAPTER 10 Forests and Grasslands

CHAPTER 11 Coastal  Marine and In land Waters

CHAPTER 12 Agriculture and Food 

CHAPTER 13 Freshwater

CHAPTER 14 Atmosphere and C l imate

CHAPTER 15 Energy and Resource Use

CHAPTER 16 Populat ion and Human Development

CHAPTER 17 Basic  Economic Indicators

Notes

References

Acknowledgments

Index

P e o p l e  a n d  E c o s y s t e m s :  T h e  F r a y i n g  W e b  o f  L i f e



R E P A I R I N G  T H E  
F R A Y I N G  W E B

WORLD     
RESOURCES  

2000 –2001

There are times when the most difficult decision of all
is to acknowledge the obvious. It is obvious that the world’s national

economies are based on the goods and services derived from ecosys-

tems; it is also obvious that human life itself depends on the continu-

ing capacity of ecosystems to provide their multitude of benefits. Yet

for too long in both rich and poor nations, development priorities

have focused on how much humanity can take from our ecosystems,

with little attention to the impact of our actions. With this report, the

United Nations Development Programme, the United Nations Envi-

ronment Programme, the World Bank, and the World Resources

Institute reconfirm their commitment to making the viability of

the world’s ecosystems a critical development priority for the 21st

century.
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While our dependence on ecosystems may be obvious, the
task of integrating considerations of ecosystem capacity into
decisions about development is difficult. It requires govern-
ments and businesses to rethink some basic assumptions
about how we measure and plan economic growth. Poverty
forces many people to jeopardize the ecosystems on which
they depend, even when they know that they are cutting tim-
ber or extracting fish at unsustainable levels. Greed or enter-
prise, ignorance or inattention also leads people to disregard
the natural limits that sustain ecosystems. The biggest diffi-
culty of all, however, is that people at all levels, from the farm-
ers at the grassroots to the policy makers in the capitals,
either can’t make good use of the knowledge at hand or lack
basic information about the condition and long-term
prospects of ecosystems. This report, and the Pilot Analysis of
Global Ecosystems on which it is based, is a step toward
addressing this problem.

In our unique collaboration on the World Resources
Report Series, our four organizations undertook this edition
in a genuine partnership to develop recommendations that
would safeguard the world’s ecosystems. We bring together
different perspectives and decades of experience working on
environment and development issues. We are motivated by
the urgent need for solutions that will benefit both people and
ecosystems.

At this moment, in all nations—rich and poor—people are
experiencing the effects of ecosystem decline in one guise or
another: water shortages in the Punjab, India; soil erosion in
Tuva, Russia; fish kills off the coast of North Carolina in the
United States; landslides on the deforested slopes of Hon-
duras; fires in the disturbed forests of Borneo and Sumatra in
Indonesia. The poor, who often depend directly on ecosys-
tems for their livelihoods, suffer most when ecosystems are
degraded. 

At the same time, people in all parts of the world are work-
ing to find solutions: community forest conservation pro-
grams in Dhani, India; collective management of grasslands
in Mongolia; agricultural transformation in Machakos,
Kenya; removal of invasive tree species to protect water
resources in South Africa; and restoration of the Everglades
in the United States. Governments and private interests are
spending billions trying to rectify ecosystem degradation or,
at least, stave off the consequences—and countless billions
more may be needed to restore ecosystems on a global scale.

As these examples and many others in this volume demon-
strate, our knowledge of ecosystems has increased dramatically,
but it has simply not kept pace with our ability to alter them.
Unless we use the knowledge we’ve gained to sustainably develop
Earth’s ecosystems, we risk inflicting ever greater damage on
them with dire consequences for economic development and
human well-being. Thus, the urgency of this issue: shortsighted,
avoidable mistakes can affect the lives of millions of people, now
and in the future. We can continue blindly altering Earth’s
ecosystems, or we can learn to use them more sustainably.

If we choose to continue our current patterns of use, we
face almost certain declines in the ability of ecosystems to
yield their broad spectrum of benefits—from clean water to
stable climate, fuelwood to food crops, timber to wildlife habi-
tat. We can choose another option, however. It requires reori-
enting how we see ecosystems, so that we learn to view their
sustainability as essential to our own. Adopting this “ecosys-
tem approach” means we evaluate our decisions on land and
resource use in terms of how they affect the capacity of ecosys-
tems to sustain life, not only human well-being but also the
health and productive potential of plants, animals, and nat-
ural systems. Maintaining this capacity becomes our passkey
to human and national development, our hope to end poverty,
our safeguard for biodiversity, our passage to a sustainable
future. 

It’s hard, of course, to know what will be truly sustainable
in either the physical or political environments of the future.
That’s why the ecosystem approach emphasizes the need for
both good scientific information and sound policies and insti-
tutions. On the scientific side, an ecosystem approach
should: 

■ Recognize the “system” in ecosystems, respecting their
natural boundaries and managing them holistically rather
than sectorally.

■ Regularly assess the condition of ecosystems and study the
processes that underlie their capacity to sustain life so that
we understand the consequences of our choices.

On the political side, an ecosystem approach should:

■ Demonstrate that much can be done to improve ecosystem
management by developing wiser policies and more effec-
tive institutions to implement them.

■ Assemble the information that allows a careful weighing of
the trade-offs among various ecosystem goods and services
and among environmental, political, social, and economic
goals.

■ Include the public in the management of ecosystems, par-
ticularly local communities, whose stake in protecting
ecosystems is often greatest.

The goal of this approach is to optimize the array of goods
and services ecosystems produce while preserving or increas-
ing their capacity to produce these things in the future. World

Resources 2000–2001 advocates an ecosystem approach and
recommends how we can apply it.

A critical step in taking care of our ecosystems is taking
stock of their condition and their capacity to continue to pro-
vide what we need. Yet, there has never been a global assess-
ment of the state of the world’s ecosystems. This report starts to
address this knowledge gap by presenting results from the Pilot
Analysis of Global Ecosystems, a new study undertaken to be
the foundation for more comprehensive assessment efforts. 



What makes the pilot analysis valuable now, before any
other assessment, is that it compares information already
available on a global scale about the condition of five major
classes of ecosystems: agroecosystems, coastal areas, forests,
freshwater systems, and grasslands. The pilot analysis exam-
ines not only the quantity and quality of outputs but also the
biological basis for production, including soil and water con-
dition, biodiversity, and changes in land use over time. And
rather than looking just at marketed products, such as food
and timber, the pilot analysis evaluates the condition of a
broad array of ecosystem goods and services that people rely
on but don’t buy in the marketplace. The bottom line is a com-
prehensive evaluation, based on available information, of the
current condition of five major ecosystems.

It’s an evaluation that clearly shows the strengths and
weaknesses of the information at hand. The pilot analysis
identifies significant gaps in the data and what it would take
to fill those gaps. Satellite imaging and remote sensing, for
example, have added to information about certain features of
ecosystems, such as their extent, but on-the-ground informa-
tion for such indicators as freshwater quality and river dis-
charge is less available today than in the past. 

Although some data are being created in abundance, the
pilot analysis shows that we have not yet succeeded in coordi-
nating our efforts. Scales now diverge, differing measures
defy integration, and different information sources may not
know of each other’s relevant findings. 

Our partner organizations began work on this edition of
the World Resources Report with a conviction that the chal-
lenge of managing Earth’s ecosystems—and the consequences
of failure—will increase significantly during the 21st century.
We end with a keen awareness that the scientific knowledge
and political will required to meet this challenge are often
lacking today. To make sound ecosystem management deci-
sions in the 21st century, dramatic changes are needed in the
way we use the knowledge and experience at hand, as well as
the range of information brought to bear on resource man-
agement decisions.

A truly comprehensive and integrated assessment of
global ecosystems that goes well beyond our pilot analysis is
needed to meet information needs and to catalyze regional and
local assessments. Planning for such a Millennium Ecosystem
Assessment is already under way. In 1998, representatives
from a broad range of international scientific and political
bodies began to explore the merits of and to recommend the
structure for such an assessment. After consulting for a year
and considering the preliminary findings in this report, they
concluded that a global assessment of the past, present, and
future of ecosystems was feasible and urgently needed. They
urged local, national, and international institutions to sup-
port the effort as stakeholders, users, and sources of expertise.
If concluded successfully, the Millennium Ecosystem Assess-
ment will generate new information, integrate current knowl-
edge, develop methodological tools, and increase public

understanding. At local, national, and regional scales it will
build the capacity to obtain, analyze, and act on improved
information. Our institutions are united in supporting this
call for the Millennium Ecosystem Assessment.

At the dawn of a new century, we have the ability to change
the vital systems of this planet, for better or worse. To change
them for the better, we must recognize that the well-being of
people and ecosystems is interwoven and that the fabric is
fraying. We need to repair it, and we have the tools at hand to
do so. What better time than now?

Mark Malloch Brown

Administrator, 

United Nations Development Programme

Klaus Töpfer

Executive-Director, 

United Nations Environment Programme

James D. Wolfensohn

President, 

World Bank

Jonathan Lash

President, 

World Resources Institute
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Tr y to imagine Earth without ecosystems.
Ecosystems are the productive engines of the planet—communi-
ties of species that interact with each other and with the physical
setting they live in. They surround us as forests, grasslands,
rivers, coastal and deep-sea waters, islands, mountains—even
cities. Each ecosystem represents a solution to a particular chal-
lenge to life, worked out over millennia; each encodes the lessons
of survival and efficiency as countless species scramble for sun-
light, water, nutrients, and space. Stripped of its ecosystems,
Earth would resemble the stark, lifeless images beamed back
from Mars by NASA cameras in 1997.

That image also underscores the difficulty of recreating the
natural life-support systems that ecosystems provide, should we
damage them beyond their capacity to rebound. The world’s fer-
tile soils, for instance, are a gift of millions of years of organic and
inorganic processes. Technology can replicate the nutrients soils
provide for crops and native flora, but on a global scale the costs
would be prohibitive.
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The fact is, we are utterly dependent on ecosystems to sus-
tain us. From the water we drink to the food we eat, from the
sea that gives up its wealth of products, to the land on which
we build our homes, ecosystems yield goods and services that
we can’t do without. Ecosystems make the Earth habitable:
purifying air and water, maintaining biodiversity, decom-
posing and recycling nutrients, and providing myriad other
critical functions.

Harvesting the bounty of ecosystems roots our econ-
omies and provides us employment, particularly in low- and
middle-income countries. Agriculture, forestry, and fishing
are responsible for one of every two jobs worldwide and
seven of ten jobs in sub-Saharan Africa, East Asia, and the
Pacific. In a quarter of the world’s nations, crops, timber,
and fish still contribute more to the economy than indus-
trial goods (World Bank 1999b:28–31, 192–195). Global agri-
culture alone produces US$1.3 trillion in food and fiber
each year (Wood et al. [PAGE] 2000).

Ecosystems feed our souls as well, providing places for
religious expression, aesthetic enjoyment, and recreation.
In every respect, human development and human security
are closely linked to the productivity of ecosystems. Our
future rests squarely on their continued viability.

If our life on Earth is unimaginable without ecosystems,
then we need to know how to live better within them. The
world is large, nature is resilient, and humans have been
altering the landscape for tens of thousands of years, all of
which makes it easy to ignore warning signs that human
activities might be damaging the capacity of an ecosystem to
continue to deliver goods and services.

In fact, many nations and societies have completely
altered the landscape, converting wetlands, prairies, and
forests to other uses, and continue to prosper. What was
once 200 Mha of tallgrass prairie in the heartland of the
United States has been converted almost entirely to crop-
land and urban areas. The once-extensive forests of Europe
have suffered much the same fate. These conversions have
brought obvious benefits, such as stable food supplies and
industrial production, that have made the United States and
some European nations economic powerhouses. But they
also impose costs—eroded topsoil, polluted wells and water-
ways, reduced fish yields, and lost wildlands and scenic
places—that threaten to erode the wealth and quality of life
these nations enjoy.

We don’t have to look far to see how high the costs of
degrading ecosystems can be. The rich waters of the Black
Sea used to yield more than 700,000 tons of anchovy, stur-
geon, bonito, and other valuable fish annually. But over the
last 30 years, human pressures have radically altered the
Black Sea ecology. Beginning in the 1970s, increasing pollu-
tion brought on frequent algal blooms. A rapid rise in fish-
ing in the 1980s depleted key fish stocks. In 1982, the final
blow came with the accidental introduction of a jellyfish-like
creature, a ctenophore, that soon dominated the aquatic

I n  e v e r y  r e s p e c t ,  h u m a n  

d e v e l o p m e n t  a n d  h u m a n  

s e c u r i t y  a r e  c l o s e l y

l i n k e d  t o  t h e  

p r o d u c t i v i t y  o f  

e c o s y s t e m s .  

O u r  f u t u r e  

r e s t s  s q u a r e l y  

o n  t h e i r  c o n t i n u e d  

v i a b i l i t y .

4
W O R L D  R E S O U R C E S  2 0 0 0 – 2 0 0 1



food web, directly competing with native fish for food. By
1992, the Black Sea fish catch had collapsed to one-third of
its former volume (Prodanov et al. 1997:1–2). Now most fish-
ers from the six nations surrounding the sea bring up nearly
empty nets, and the once prominent fishing industry hem-
orrhages jobs and profits (Travis 1993:262–263). 

Ecosystem degradation showed a different face to the
Chinese living alongside the Yangtze River in 1998. In
prior years, loggers had cut forests in the river’s vast
watershed, while farmers and urban developers drained
lakes and wetlands and occupied the river’s f lood plains.
In the meantime, little heed to soil conservation allowed
2.4 billion metric tons of earth to wash downstream each
year, silting lakes and further reducing the buffers that
formerly absorbed f loodwaters (Koskela et al. 1999:342).
When record rains fell in the Yangtze basin in the summer
of 1998, these degrading practices amplified the f looding,
which left 3,600 people dead, 14 million homeless, and
$36 billion in economic losses (NOAA 1998; World Bank
1999a). The Chinese government is now trying to restore
the ecosystem’s natural f lood-control services, but it
could take decades and billions of dollars to reforest
denuded slopes and reclaim wetlands, lakes, and f lood
plains. 

How V iab l e  Are  Earth ’ s  Ecosystems?

In spite of the costs of degrading ecosystems and our
dependence on their productivity, we know surpris-
ingly little about the overall state of Earth’s ecosys-
tems or their capacity to provide for the future. We

need to know: How viable are Earth’s ecosystems today?
How best can we manage ecosystems so that they remain
healthy and productive in the face of increasing human
demands?

This special millennial edition of the World Resources
Report, World Resources 2000–2001, tries to answer these
questions, focusing on ecosystems as the biological
underpinning of the global economy and human well-
being. It considers both predominantly natural ecosys-
tems like forests and grasslands as well as human-con-
structed ecosystems like croplands, orchards, or other
agroecosystems. Both ecosystem types are capable of pro-
ducing an array of benefits, and both are crucial to human
survival. 

This chapter examines how people rely on ecosystems
and surveys the factors that drive how people use, and often
degrade, ecosystems. Chapter 2 assesses the current state of
global ecosystems, presenting the results of a major new
analysis of ecosystem conditions and pressures undertaken
by World Resources Institute, the International Food Policy
Research Institute, and many other collaborators. In Chap-

ter 3, case studies illustrate trade-offs involved in managing
ecosystems and ways that some communities responded as
their local ecosystems declined. Chapter 4 considers the
greater challenge of managing ecosystems in the 21st cen-
tury to keep them productive and vital, even as our popula-
tion and consumption grow.

All these chapters focus on the goods and services that
ecosystems yield as fundamental measures of ecosystem
health. This “goods and services” approach emphasizes
how we depend on ecosystems on a daily basis.

Los ing  the  L i nk?

It is easy to lose touch with our link to ecosystems,
despite their importance. For the millions of us
who depend directly on forests or fisheries for our
survival, the vital importance of ecosystems is a

fact of daily life. But for the millions of us who live in
cities or suburbs and have transitioned from working the
soil to working at computer keyboards, our link to ecosys-
tems is less direct. We buy our food and clothing in stores
and depend on technology to deliver water and energy. We
take for granted that there will be food in the market, that
transportation and housing will be available, and all at
reasonable cost. Too often, we’re only reminded of our
link to natural systems when a fishery collapses, a reser-
voir goes dry, or air pollution begins to make us sick—
when the f low of goods and services is disrupted. Then we
suddenly become aware of the real value of these
resources and the potential economic and biological costs
of mismanagement. 

Unfortunately, mismanagement of ecosystems abounds.
Worldwide, human overuse and abuse of major ecosystems
from rainforests to coral reefs to prairie grasslands have
degraded or destroyed hectare upon hectare of once-produc-
tive habitat. This has harmed wildlife, to be sure, as the
number of endangered species attests. But it has also
harmed human interests by depleting the flow of the very
goods and services we depend on.

Decline in the productive capacity of ecosystems can
have devastating human costs. Too often, the poor are first
and most directly affected by the degradation of ecosystems.
Impoverished people are generally the most dependent on
ecosystems for subsistence and cash, but usually exert the
least control over how ecosystems are used or who reaps the
benefits of that use.

In many areas, declining agricultural productivity,
diminished supplies of freshwater, reduced timber yields,
and declining fish harvests have already taken a significant
toll on local economies.
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Many of the challenges we face today—defor-
estation, soil erosion, desertification, saliniza-
tion, and loss of biodiversity—were problems

even in ancient times. What is different now is the scale,
speed, and long-term nature of modern civilization’s
challenges to Earth’s ecosystems. Before the industrial
revolution, environmental degradation was much more

gradual—occurring over hundreds or thousands of
years—and relatively localized. The cumulative actions
of rapidly growing and industrializing societies, however,
have given rise to more complex problems. Acid rain,
greenhouse gas emissions, ozone depletion, toxic waste,
and large-scale industrial accidents are examples of
such problems with global or regional consequences.

Box 1.1   H i s to r y  o f  U s e  a n d  A b u s e

7000 BC–
1800 BC

2600 BC–
present

2500 BC–
900

800 BC–
200 BC

200 BC–
present

50 BC– 450

Mesopotamia/Sumer

Salinization and water-
logging of Sumer’s
agroecosystem

Lebanon

Overuse and
exploitation of
Lebanon’s cedar
forest

Mayan Empire

Soil erosion, loss of
agroecosystem
viability, and water
siltation in Central
America

Greece

Conversion and
deforestation in the
Mediterranean

China

Desertification along
the Silk Road

Roman Empire

Desertification and
loss of agroecosystem
viability in North Africa

Around 7000 BC, people in this region (now, largely, Iraq) began to modify the
natural environment. Lacking adequate rainfall, land had to be irrigated for cul-
tivation, and the demand for food increased as the population grew. The irri-
gated land became salinized and waterlogged. Records noting “the earth
turned white” with salt date back to 2000 BC. By 1800 BC, the agricultural sys-
tem—the foundation of Sumerian civilization—collapsed.

At one time, Mount Lebanon was covered with a forest of cedars that were
famous for their beauty and strength. Solomon’s temple was built of cedar
from this area as were many Phoenician ships. In the third millennium BC,
Byblos grew wealthy from its timber trade. The Egyptians used cedar timber for
construction and used the resin for mummification. The exploitation continued
through the centuries. Only four small groves remain today.

Mayans lived in what are now parts of Mexico, Guatemala, Belize, and Hon-
duras. The agriculture techniques they used were creative and intensive—
clearing hillsides of jungle, terracing fields to contain soil erosion, draining
swamps by digging ditches and using the soil from the ditches to form raised
fields. Eventually too much was demanded of this system. Soil erosion reduced
crop yields, and higher levels of silt in rivers damaged the raised fields.
Decreased food production and competition for the remaining resources may
have led to that civilization’s demise.

In Homeric times, Greece was still largely covered with mixed evergreen and
deciduous forests. Over time the trees were cleared to provide land for agricul-
ture, fuel for cooking and heating, and construction materials. Overgrazing
prevented regeneration. The olive tree, favored for its economic value, began to
flourish in ancient Greece because it grew well on the degraded land.

The fortification of the Great Wall during the Han dynasty gave rise to inten-
sive cultivation of farmland in northern and western China and to the growth
of a major travel and trade route that came to be known as the Silk Road.
Deserts began irreversibly expanding in this area as a result of the demands of
a growing population and gradual climate changes.

The challenge of providing food for the population of Rome and its large stand-
ing armies plagued the empire. The North African provinces, once highly pro-
ductive granaries, gradually became degraded as Roman demands for grain
pushed cultivation onto marginal lands, prone to erosion. Scrub vegetation
spread and some intensively cultivated areas became desertified. The irriga-
tion systems the Romans used depended on watersheds that have since been
deforested, and now yield less runoff, reducing the chance of restoring
productivity.
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Canary Islands

Human and natural
resource exploitation,
degradation and
extinctions in many
regions

Australia and
New Zealand

Loss of biodiversity
and proliferating
invasive species in
island ecosystems

North America

Conversion, loss of
habitat, and
unrestrained killing
of wildlife in North
America

Germany and Japan

Industrial chemical
poisoning of
freshwater systems

United States
and Canada

Soil erosion and loss
of biodiversity in the
United States and
Canada

Worldwide

Industrial chemicals
deplete the world’s
protective ozone layer

Originally from North Africa, the Guanches were a people who inhabited the
Canary Islands for more than 1,000 years before the Spanish arrived in the
1400s. The Spanish enslaved the Guanches, cleared the forests, and built sugar
cane plantations. By 1600 the Guanches were dead, victims of Eurasian dis-
eases and plantation conditions. As in the Canary Islands, regions in the
Americas, Africa, and Asia where people were forced to grow and export cash
crops such as sugar, tobacco, cotton, rubber, bananas, or palm oil, continue to
suffer from deforestation, soil damage, biodiversity losses, and economic
dependency instituted during colonization.

There were no hoofed animals in Australia and New Zealand before Europeans
arrived at the end of the 18th century and began importing them. Within 100
years there were millions of sheep and cattle. The huge increase in grazing ani-
mals killed off many of the native grasses that were not well adapted to inten-
sive grazing. Island biodiversity worldwide suffered some of the most dramatic
losses after nonnative plants and animals were introduced. Island flora and
fauna had developed in isolation over millennia and thus lacked natural preda-
tors. Many island bird species, for example, were flightless and became easy
prey for invaders. It is estimated that 90 percent of all bird extinctions occurred
on islands.

As land was cleared for settlement and cultivation around the world, animal
habitats of almost every kind were reduced; animals were killed for food, hides,
or recreation as commerce spread. In North America, herds of bison, totaling
perhaps as many as 50 million, were hunted to near extinction by the end of the
19th century. Aquatic as well as terrestrial species became targets of exploita-
tion and extincition. In the 19th century, whales were killed in large numbers to
support industrializing economies in need of whale oil in great quantity, mainly
for lighting and lubricants. On the northwest coast of North America, whale
populations were on the verge of extinction by the 20th century. 

The industrial revolution had a profound impact on the waters of the world.
Rivers that ran through industrial zones, like the Rhine in Germany, or rivers
that ran through mining zones, like the Watarase in Japan, became heavily pol-
luted in the 19th century. The German chemical industry poisoned the Rhine so
badly that salmon, which had been plentiful as late as 1765, were rare by 1914.
Japan’s most important copper mine in the 1800s dumped mine tailings in the
Watarase River, and sulfuric acid from smelters contaminated the water and
killed thousands of hectares of forest trees and vegetation. Fish and fowl died
and local residents became sick. The human birth rate dipped below the death
rate in the nearby town of Ashio in the 1890s. 

The Great Plains of the United States and Canada were ploughed in the late
19th and early 20th centuries and planted with new forms of drought-resistant
wheat. Once the protective original grass cover was destroyed, drought in the
1930s enabled high, persistent wind storms to blow away much of the dry soil.
Soil conservation methods were subsequently introduced such that when wind
erosion again affected the area in the 1950s and in the 1970s, the consequences
were less severe.

Chlorofluorocarbons (CFCs) are a family of volatile compounds invented in
1928. Thought to be the world’s first nontoxic, nonflammable refrigerants, their
use grew rapidly. They also were used as industrial solvents, foaming agents,
and aerosol propellants. CFC production peaked in 1974, the same year
researchers noted that CFC emissions could possibily damage human health
and the ozone layer. In 1985, the discovery of an “ozone hole” over the Antarc-
tic coincided with a first-ever coordinated international effort to phase out pro-
duction of CFCs and other ozone-depleting substances. Worldwide phase out
of CFC production is scheduled for 2010.

1400–1600

1800

1800

1800–1900

1900

1928–
present
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E c o s y s t e m s  s u s t a i n

u s .  T h e y  a r e

E a r t h ’ s  p r i m a r y

p r o d u c e r s ,  s o l a r -

p o w e r e d  f a c t o r i e s

t h a t  y i e l d  t h e  m o s t

b a s i c  n e c e s s i t i e s —

f o o d ,  f i b e r ,  w a t e r .

E c o s y s t e m s  a l s o

p r o v i d e  e s s e n t i a l

s e r v i c e s — a i r  a n d

w a t e r  p u r i f i c a t i o n ,

c l i m a t e  c o n t r o l ,

n u t r i e n t  c y c l i n g ,

a n d  s o i l

p r o d u c t i o n —

s e r v i c e s  w e  c a n ’ t

r e p l a c e  a t  a n y

r e a s o n a b l e  p r i c e .

Box 1.2   L i n k i n g  E c o s y s te m s  a n d  Pe o p l e

An urban professional in Tokyo reads a

newspaper printed on pulped trees from

North American forests. Her food and cloth-

ing come from plants and animals raised

around the world—cotton and cashmere

from Asia, fish from the Pacific and Indian

oceans, beef from Australian and North

American grasslands, fruits and vegetables

from farmlands on four continents. The cof-

fee she sips comes from tropical Central

American plantations, but it is brewed with

water from wells near the city. 

In a Borneo village chil-

dren get to school via

river, poled in long boats

handmade from local trees.

In nearby paddies, families

grow rice, their main dietary

staple as well as a source of

pepper, a cash crop, and

wine.

The Shuar of Amazonian Ecuador find shelter in houses with thatched roofs

made from the local palm leaves. They also use palm-leaf stems for weav-

ing baskets and containers. They grow manioc, papaya, sweet potato, and other

crops derived from the rainforest, for their own subsistence and for cash. The for-

est is also the source of their woodfuel and medicines, as well as fish and game.
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E c o s y s t e m  G o o d s  S e r v i c e s  

■ Food crops
■ Fiber crops 
■ Crop genetic resources

■ Fish and shellfish
■ Fishmeal (animal feed)
■ Seaweeds (for food and

industrial use)
■ Salt
■ Genetic resources

■ Timber
■ Fuelwood
■ Drinking and irrigation

water
■ Fodder
■ Nontimber products

(vines, bamboos, leaves,
etc.)

■ Food (honey, mushrooms,
fruit, and other edible
plants; game)

■ Genetic resources

■ Drinking and irrigation
water

■ Fish
■ Hydroelectricity
■ Genetic resources

■ Livestock (food, game,
hides, fiber)

■ Drinking and irrigation
water

■ Genetic resources

■ Maintain limited watershed functions (infiltration, flow control,
partial soil protection)

■ Provide habitat for birds, pollinators, soil organisms important
to agriculture

■ Build soil organic matter
■ Sequester atmospheric carbon
■ Provide employment  

■ Moderate storm impacts (mangroves; barrier islands)
■ Provide wildlife (marine and terrestrial) habitat
■ Maintain biodiversity
■ Dilute and treat wastes
■ Provide harbors and transportation routes
■ Provide human habitat
■ Provide employment
■ Provide for aesthetic enjoyment and recreation

■ Remove air pollutants, emit oxygen
■ Cycle nutrients
■ Maintain array of watershed functions (infiltration, purification,

flow control, soil stabilization)
■ Maintain biodiversity
■ Sequester atmospheric carbon
■ Moderate weather extremes and impacts
■ Generate soil
■ Provide employment
■ Provide human and wildlife habitat
■ Provide for aesthetic enjoyment and recreation 

■ Buffer water flow (control timing and volume)
■ Dilute and carry away wastes
■ Cycle nutrients
■ Maintain biodiversity
■ Provide aquatic habitat
■ Provide transportation corridor
■ Provide employment 
■ Provide for aesthetic enjoyment and recreation

■ Maintain array of watershed functions (infiltration, purification,
flow control, soil stabilization)

■ Cycle nutrients
■ Remove air pollutants, emit oxygen
■ Maintain biodiversity 
■ Generate soil
■ Sequester atmospheric carbon
■ Provide human and wildlife habitat
■ Provide employment 
■ Provide for aesthetic enjoyment and recreation

Agroecosystems

Coastal
Ecosystems

Forest
Ecosystems 

Freshwater
Systems

Grassland
Ecosystems 

Prima ry Goods and Services Provided by Ecosys tems



■ In Canada’s maritime provinces, collapse of the cod fish-
ery in the early 1990s left 30,000 fishers dependent on
government welfare payments and decimated the
economies of 700 communities in Newfoundland alone
(Milich 1999:628).

■ Urban water shortages in China—greatly aggravated by
overextraction and pollution of nearby rivers and
groundwater sources—cost urban economies an esti-
mated US$11.2 billion per year in reduced industrial out-
put and afflict nearly half of the nation’s major cities
(WRI et al. 1998:120).

■ Commercial cutting of India’s forests and conversion of
forests to agriculture have left the traditional system of
village management of local forests in shambles. This
has brought shortages of fuelwood and building materi-
als to many of the 275 million rural Indians who draw on
local forest resources (Gadgil and Guha 1992:113–145,
181–214; WCFSD 1999:59). 

If this pattern holds, the loss of healthy ecosystems will ulti-
mately act as a brake not just on local economies, but on
national and global development as well.

Adopt ing  a  Human  Perspect i ve  

A ll organisms have intrinsic value; grasslands,
forests, rivers, and other ecosystems do not
exist to serve humans alone. Nonetheless,
World Resources 2000–2001 deliberately

examines ecosystems, and their management, from a
human perspective because human use is the primary
source of pressure on ecosystems today, far outstripping
the natural processes of ecosystem change. In the mod-
ern world, virtually every human use of the products and
services of ecosystems translates into an impact on those
ecosystems. Thus, every use becomes either an opportu-
nity for enlightened management or an occasion for
degradation. 

Responsible use of ecosystems faces fundamental obsta-
cles, however. Typically, we don’t even recognize ecosys-
tems as cohesive units because they often extend across
political and management boundaries. We look at them in
pieces or concentrate on the specific products they yield.
We miss their complexity, the interdependence of their
organisms—the very qualities that make them productive
and stable. 

The challenge for the 21st century, then, is to under-
stand the vulnerabilities and resilience of ecosystems, so
that we can find ways to reconcile the demands of human
development with the tolerances of nature. That requires
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A n  e c o s y s t e m  i s  a

c o m m u n i t y  o f  

i n t e r a c t i n g  o r g a n i s m s

a n d  t h e  p h y s i c a l  

e n v i r o n m e n t  t h e y  l i v e

i n .  E v e r y  h e c t a r e  o f  t h e

p l a n e t  i s  p a r t  o f  a n

e c o s y s t e m .



learning to look at our activities through the living lens of
ecosystems. In the end, it means adopting an ecosystem-
oriented approach to managing the environment—an
approach that respects the natural boundaries of ecosys-
tems and takes into account their interconnections and
feedbacks.

Sources  o f  Wea l th  and  We l l -Be ing

Ecosystems are not just assemblages of species,
they are systems combined of organic and inor-
ganic matter and natural forces that interact
and change. The energy that runs the system

comes from the sun; solar energy is absorbed and turned
into food by plants and other photosynthesizing organ-
isms at the base of food chains. Water is the crucial ele-
ment f lowing through the system. The amount of water
available, along with the temperature extremes and the
sunlight the site receives, largely determine what types of
plants, insects, and animals live there, and how the
ecosystem is categorized.

Ecosystems are dynamic, constantly remaking them-
selves, reacting to natural disturbances and the competition
among and between species. It is the complex, local interac-
tion of the physical environment and the biological commu-
nity that gives rise to the particular package of services and
products that each ecosystem yields; it also is what makes
each ecosystem unique and vulnerable.

Scale also is important. A small bog, a single sand dune, or
a tiny patch of forest may be viewed as an ecosystem, unique
in its mix of species and microclimate—a microenvironment.
On a much larger scale, an ecosystem refers to more extensive
communities—a 100 or 1,000 km2 forest, or a major river sys-
tem, each having many such microenvironments. 

This edition of the World Resources Report examines
ecosystems on an even larger scale. It considers five main
types or categories of ecosystems: grasslands, forests, agroe-
cosystems, freshwater systems, and coastal ecosystems.
Together, these five major ecosystem types cover most of the
Earth’s surface and render the bulk of the goods and ser-
vices people derive from ecosystems. Dividing ecosystems
in this way allows us to examine them on a global scale and
think in broad terms about the challenges of managing
them sustainably.

Divisions between ecosystems are less important, how-
ever, than the linkages between them. Grasslands give way
to savannas that segue into forests. Freshwater becomes
brackish as it approaches a coastal area. Polar, island,
mountain, and even urban ecosystems blend into and add to
the mix. All these systems are tightly knit into a global con-
tinuum of energy and nutrients and organisms—the bios-
phere in which we live.

D irec t  and  I nd i rec t  Bene f i t s

The benefits that humans derive from ecosystems
can be direct or indirect (Daily 1997:1–10; ESA
1997a:1–13). Direct benefits are harvested largely
from the plants and animals in an ecosystem in

the form of food and raw materials. These are the most
familiar “products” an ecosystem yields—crops, livestock,
fish, game, lumber, fuelwood, and fodder. Genetic resources
that flow from the biodiversity of the world’s ecosystems
also provide direct benefits by contributing genes for
improving the yield and disease resistance of crops, and for
developing medicines and other products. 

Indirect benefits arise from interactions and feedback
among the organisms living in an ecosystem. Many of
them take the form of services, like the erosion control and
water purification and storage that plants and soil
microorganisms provide in a watershed, or the pollination
and seed dispersal that many insects, birds, and mammals
provide. Other benefits are less tangible, but nonetheless
highly valued: the scenic enjoyment of a sunset, for exam-
ple, or the spiritual significance of a sacred mountain or
forest grove (Kellert and Wilson 1993). Every year, mil-
lions of people make pilgrimages to outdoor holy places,
vacation in scenic regions, or simply pause in a park or
their gardens to ref lect or relax. As the manifestation of
nature, ecosystems are the psychological and spiritual
backdrop for our lives. 

Some benefits are global in nature, such as biodiversity
or the storage of atmospheric carbon in plants and soils.
Others are regional; watershed protection that prevents
flooding far downstream is an example. But many ecosys-
tem benefits are local, and these are often the most impor-
tant, affecting people directly in many aspects of their daily
lives. Homes, industries, and farms usually get their water
supplies from local sources, for instance. Jobs associated
with agriculture and tourism are local benefits as well.
Urban and suburban parks, scenic vistas, and the enjoy-
ments of backyard trees and wildlife are all local products
that define our sense of place.

Because so many ecosystem goods and services are
enjoyed locally, it follows that local inhabitants often suffer
most when these benefits are lost. By the same token, it is
local inhabitants who usually have the greatest incentive to
preserve the ecosystems they depend on. In fact, local peo-
ple hold enormous potential both for managing ecosystems
sustainably and for damaging them through careless use.
But local communities rarely exert full control over the
ecosystems they inhabit; with the market for ecosystem
goods becoming increasingly global, outside economic
forces and government policies can overwhelm the best
local intentions.
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Box 1.3   Wate r  Fi l t rat i o n  a n d  P u r i f i c at i o n

At every stage of its journey between earth and sky,
water can pick up pollutants and wastes—as it
flows from a spring into streams, rivers, and the

sea; as it pools into ponds and lakes; when it returns from the
atmosphere as rain; when it soaks back into the soil after use
on croplands or as effluent from sewage systems. 

Fortunately, ecosystems can cleanse the water for us.

■ Soils are inhabited by microorganisms that consume and recy-
cle organic material, human and animal feces, and other poten-
tial toxins and pathogens. Deeper rocky layers of an aquifer
may continue the cleansing process as water seeps through. 

■ Plants and trees hold soil in place as the water filters
through. The vegetation interacts with fungi and soil micro-
organisms to generate many of soil’s filtering capabilities.

■ Freshwater bodies dilute pollutants where large quantities
of municipal, agricultural, and industrial waters are drained
or released. 

■ Wetlands intercept surface runoff, trap sediments from
floodwaters, sequester metals, and excel at removing nitro-
gen and minerals from the water. A hectare of cattail marsh
can consume three times as many nutrients as a hectare of
grassland or forest (Trust for Public Land 1997:16).

In many places, however, we are straining nature’s ability
to filter and purify water. Where land is stripped of vegetation
or overcultivated, rainwater flows downstream—unfiltered—
over compacted and crusted soils. We have drained and con-
verted half of all wetlands worldwide (Revenga et al. [PAGE]
2000), and we add levels of pollutants to watersheds that
overwhelm their natural purification and dilution capacities. 

To an extent, we can replace ecosystems’ natural clean-
ing service with wastewater treatment plants, chlorination
and other disinfectant processes, and artificial wetlands.
But these options typically are expensive and do not pro-
vide the many other benefits supplied by forests and nat-
ural wetlands, such as wildlife habitat, open space, and
flood protection.

Here are some global and local indicators of our depen-
dence on the water filtration and purification services that
ecosystems provide. The human and economic costs of try-
ing to replace them can be high.

■ Percentage of the world’s population that lacks access
to clean drinking water:
28 percent, or as many as 1.7 billion people (UNICEF 2000)

■ Number of people who die each year because of pol-
luted drinking water, poor sanitation, and domestic
hygiene: 
5 million. Additionally, waterborne diseases such as diar-
rhea, ascariasis, dracunculiasis, hookworm, schistosomia-
sis, and trachoma cause illness in perhaps half the popula-
tion of the developing world each year (WHO 1996).

■ Percentage of urban sewage in the developing world
that is discharged into rivers, lakes, and coastal
waters without any treatment:
90 percent (WRI et al. 1996:21)

■ Amount spent on bottled water worldwide in 1997:
$42 billion (Beverage Industry 1999)

■ Amount U.S. consumers spent on home water filtra-
tion systems in 1996:
$1.4 billion (Trust for Public Land 1997:24)

■ Cost incurred by households in Jakarta that must buy
kerosene to boil the city’s public water before use:
Rp 96 billion or US$52 million a year (1987 prices) (Bhatia
and Falkenmark 1993:9)

■ Replacement cost of the water that would be lost if thir-
teen of Venezuela’s National Parks that provide critical
protection for urban water supplies were deforested:
$103 million to $206 million (net present value) (Reid
forthcoming:6)

■ Typical cost to desalinize seawater:
$1.00–$1.50 per cubic meter (UNEP 1999:166)

■ Amount of open space and critical recharge area
paved over every day in the United States:
11.7 km2 (TPL 1997:3)

■ Estimated annual value of water quality improvement
provided by wetlands along a 5.5-km stretch of the
Alchovy River in Georgia, USA
$3 million (Lerner and Poole 1999:41)

■ Cost to construct wetlands to help process and recy-
cle sewage produced by the 15,000 residents of
Arcata, California:
$514,600 for a 40-ha system (Marinelli 1990). The city’s alter-
native was to build a larger wastewater treatment plant at a
cost of $25 million (Neander n.d.).

The  Costs  of  C lean  Water



13
C h a p t e r  1 :  L i n k i n g  P e o p l e  a n d  E c o s y s t e m s

To many people, bees are known simply as prodigious
honey makers and bats as cohorts of vampires and
darkness. Rarely do we recognize that thousands of

species of plants could not reproduce without their help. Wind
pollinates some plants, but 90 percent of all flowering
plants—including the great majority of the world’s food
crops—would not exist without animals and insects transport-
ing pollen from one plant to another. Of the world’s 100 most
important crops, bees alone pollinate more than 70 percent
(Nabhan and Buchmann 1997:136, 138). Besides food, pollina-
tors help produce other agricultural products that enhance
our lives, including dyes, fuelwood, tropical timbers, and tex-
tile fibers such as cotton and flax. The diets of many birds
and mammals also are based on seeds and fruits produced by
pollination.

No wonder, then, that agricultural specialists consider the cur-
rent worldwide decline in pollinators a cause for alarm. Losses 
of pollinators have been reported on every continent except 

Antarctica. Some are on the verge of extinction; pesticides,
mites, invasive species, and habitat loss and fragmentation are
major killers. The consequences of continued pollinator declines
could include billions of dollars in reduced harvests, cascades of
plant and animal extinctions, and a less stable food supply. 

Few studies have calculated the economic contribution of
all pollinators, globally, to agricultural production and bio-
diversity, but

■ The FAO recently estimated the 1995 contribution from
pollination to the worldwide production of just 30 of the
major fruit, vegetable, and tree crops (not including pasture
or animal feeds) to be in the range of $54 billion (interna-
tional dollars) per year (Kenmore and Krell 1998).

■ Estimates of the value of pollination just for crop systems
in the United States range from US$20 to $40 billion
(Kearns et al. 1998:84).

Box 1.4  Po l l i n at i o n

Pollinators for the World’s Flowering Plants
(Angiosperms)

Estimated Total

Number of Percentage of

Pollinators Plant Species Pollinated Plant Species Pollinated*

Wind 20,000 8.30

Water 150 0.63

Bees 40,000 16.60

Hymenoptera 43,295 18.00

Butterflies/Moths 19,310 8.00

Flies 14,126 5.90

Beetles 211,935 88.30

Thrips 500 0.21

Birds 923 0.40

Bats 165 0.07

All Mammals 298 0.10

All Vertebrates     1,221 0.51

351,923

*Total percentage does not equal 100, reflecting pollination by
more than one pollinator.
Source: Buchmann and Nabhan 1996:274.

Dependence of Selected U.S. Crops on Honey Bee 
Pollination

1998 Quantity Percentage of 

Produced Crop Loss Without

Crops (metric tons) Honey Bee Pollination*

Temperate Fruits

Almonds 393,000 90

Apples 5,165,000 80

Cherries 190,000 60

Oranges 12,401,000 30

Pears 866,500 50

Strawberries 765,900 30

Vegetables and Seeds

Asparagus 92,800 90

Cabbage 2,108,200 90

Carrots 2,201,000 60

Cottonseed 7,897,000 30

Sunflowers 2,392,000 80

Watermelons 1,673,000 40

*Crop losses are estimates of loss if managed honey bee populations
were eliminated in the United States, with no replacement of their
services by alternative pollinators.
Sources: FAO 2000; Southwick and Southwick 1992.
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With an estimated 13 million species on Earth
(UNEP 1995:118), few people take notice of an
extinction of a variety of wheat, a breed of sheep,

or an insect. Yet it is the very abundance of species on Earth
that helps ecosystems work at their maximum potential. Each
species makes a unique contribution to life. 

■ Species diversity influences ecosystem stability and under-
girds essential ecological services. From water purification to
the cycling of carbon, a variety of plant species is essential to
achieving maximum efficiency of these processes. Diversity
also bolsters resilience—an ecosystem’s ability to respond to
pressures—offering “insurance” against climate change,
drought, and other stresses.

■ The genetic diversity of plants, animals, insects, and
microorganisms determines agroecosystems’ produc-
tivity, resistance to pests and disease, and, ultimately,
food security for humans. Extractions from the
genetic library are credited with annual increases
in crop productivity worth about $1 billion per
year (WCMC 1992:433); yet the trend in agoe-
cosystems is toward the replacement of
polycultures with monocultures and
diverse plant seed varieties with uni-
form seed varieties (Thrupp 1998:
23–24). For example, more than 2,000 rice
varieties were found in Sri Lanka in 1959,
but just five major varieties in the 1980s
(WCMC 1992:427).

■ Genetic diversity is fundamental to human health.
From high cholesterol to bacteria fighters, 42 per-
cent of the world’s 25 top-selling drugs in 1997
were derived from natural sources. The global
market value of pharmaceuticals derived from
genetic resources is estimated at $75–$150 bil-
lion. Botanical medicines like ginseng and echi-
nacea represent an annual market of another
$20–$40 billion, with about 440,000 tons of plant
material in trade, much of it originating in the
developing world. Not fully captured by this com-
mercial data is the value of plant diversity to the 75 percent of
the world’s population that relies on traditional medicine for
primary health care (ten Kate and Laird 1999:1–2, 34, 101,
334–335).

The threat to biodiversity is growing. Among birds and
mammals, rates may be 100–1,000 times what they

would be without human-induced
pressures—overexploitation, invasive
species, pollution, global warming,

habitat loss, fragmentation, and con-
version (Reid and Miller 1989).

Regional extinctions, particularly the
loss of populations of some species in

tropical forests, may be occurring 3–8
times faster than global species extinc-
tions (Hughes et al. 1997:691). 

Such localized extinctions may be
just as significant as the extinction of
an entire species worldwide. Most of the
benefits and services provided by
species working together in an ecosys-
tem are local and regional. If a keystone
species is lost in an area, a dramatic
reorganization of the ecosystem can
occur. For example, elephants disperse
seeds, create water holes, and trample
vegetation through their movements
and foraging. The extinction of ele-
phants in a piece of savanna can cause
the habitat to become less diverse and

open and cause water holes to silt up, which would have dra-
matic repercussions on other species in the region (Goudie
2000:67).

Box 1.5   B i o l o g i c a l  D i ve r s i t y

Origins of Top 150 Prescription Drugs in the 
United States of America

Total Number Natural Semi-
Origin of Compounds Product synthetic Synthetic Percent

Animal 27 6 21 — 23

Plant 34 9 25 — 18

Fungus 17 4 13 — 11

Bacteria 6 5 1 — 4

Marine 2 2 0 — 1

Synthetic 64 — — 64 43

Totals 150 26 60 64 100

Source: Grifo et al. 1997:137.

Va scula r Plant s
Threatened on a 
Global Scale

Of the estimated
250,000–270,000 species of
plants in the world, only 751
are known or suspected to
be extinct. But an enormous
number—33,047, or 12.5 per-
cent—are threatened on a
global scale. Even that grim
statistic may be an under-
estimate because much
information about plants is
incomplete, particularly in
the tropics.

Source: WCMC/IUCN 1998.



Carbon is the basis of life, cycling through the oceans,
atmosphere, vegetation, and soils. Through photosyn-
thesis, plants take up carbon as carbon dioxide (CO2)

and convert it to sugar for energy; animals consume the
plants; and when both plants and animals die, carbon is
returned to the atmosphere as the organisms decay. But ever-
increasing emissions of carbon from fossil fuel combustion
and deforestation are unbalancing the global carbon cycle;
there’s less carbon in the soil and vegetation and more in the
atmosphere. Because CO2 in the atmosphere captures the
sun’s heat, increasing amounts destabilize the global climate.

It is estimated that prior to the 18th century, increases in
atmospheric carbon were less than 0.01 billion metric tons of
carbon (GtC) per year (Ciaias 1999). The Industrial Revolution
and subequent global development greatly increased fossil
fuel emissions, as did the clearing of forests and other land-
use changes that release carbon. By 1998, there was approxi-
mately 176 GtC more carbon in the atmosphere than in 1850,
an increase of nearly 30 percent (IPCC 2000:4). Today, human

activities emit an estimated 7.9
GtC to the atmosphere annually
(IPCC 2000:5). The oceans absorb
slightly less than 30 percent of
this carbon and terrestrial
ecosystems absorb slightly more,
but that leaves 40 percent of
yearly emissions to accumulate in
the atmosphere (IPCC 2000:5).

Reducing anthropogenic car-
bon emissions is one way to miti-
gate climate change. Other ways
depend on maintaining the ability
of ecosystems to absorb carbon.
Through photosynthesis, plants
provide the most effective and
efficient way to recapture and
store atmospheric carbon.
■ Oceans are the major carbon

reservoir or “sink.” Through
chemical and biological pro-
cesses, including phytoplank-
ton’s growth and decay, oceans
store roughly 50 times more
carbon than is in the atmos-
phere, mostly as dissolved inor-
ganic carbon (IPCC 2000:30). 

■ Soil and its organic layer store
about 75 percent of total terres-
trial carbon (Brown 1998:16).
Most of the carbon released to
the atmosphere in the last 2
centuries occurred as grass-
lands and forests were con-
verted to agricultural uses. 

■ Forests are the most effective
terrestrial ecosystem for
recapturing carbon, but not all
forests offer the same seques-
tration benefits. Faster-grow-
ing young trees absorb about 30
percent more carbon than
mature wood, but an older for-
est stores more carbon overall
in the soil and in above- and
below-ground vegetation than
a tree plantation of the same
size. Latitude, climate, species mix, and other biological
and ecosystem factors also affect carbon fluxes in forests
(see Brown 1998:10).

15
C h a p t e r  1 :  L i n k i n g  P e o p l e  a n d  E c o s y s t e m s

Box 1.6   C a r b o n  S to ra g e

Oceans,
38,000–40,000

GtC

Land areas,
2,100–2,200

GtC

Atmosphere,
720–800

GtC

Global Carbon 
Storage

Soil
951—1,555

GtC

Vegetation
262—880

GtC

Carbon Stored in Soil
versus Vegetation

Agroecosystems
263–487 GtC

Forests
487–956 GtC

Grasslands
412–820 GtC

Other
51–170 GtC

Carbon Storage 
in Terrestrial 
Ecosystems

Sources: IPCC 1996:63;
Matthews et al. [PAGE]
2000. Data on carbon
stored in soil versus veg-
etation and in terrestrial
ecosystems is derived
from the International
Geosphere-Biosphere
Programme. Thus esti-
mated share of carbon in
each ecosystem varies
slightly from PAGE
results in Chapter 2,
because PAGE defini-
tions of ecosystems
accommodate some over-
lap of transitional areas.

Earth’s Annual Carbon Budget, 1989–98

Gigatons of carbon

Type of emission or uptake per year

Human-induced emissions into the atmosphere

Emissions from consumption and production

(fossil fuel combustion and cement production) 6.3 +– 0.6

Net emissions from land use change 

(fires, deforestation, agriculture) 1.6 +– 0.8 

Ocean and terrestrial capture from the atmosphere

Net uptake by oceans (photosynthesis

and ocean capture minus ocean release) 2.3 +– 0.8

Net uptake by terrestrial ecosystems

(photosynthesis and terrestrial storage 

minus decay and respiration) 2.3 +– 1.3

Carbon added to the atmosphere each year 3.3 +– 0.2

Source: IPCC, 2000:5. Error limits correspond to an estimated 90 per-

cent confidence interval. Emissions from consumption and produc-

tion are calculated with high confidence. Net emissions from land use

change are estimated from observed data and models. Uptake by

oceans is based on models. Carbon added to the atmosphere each

year is measured with high accuracy. Uptake by terrestrial ecosys-

tems is an imputed amount (the difference between total emissions

and estimated uptake by oceans and atmosphere). 



Manag ing  Ecosystems :
Trade-Of fs  and  Costs  

People often modify or manage ecosystems to
enhance the production of one or more goods,
such as crops or trees or water storage. The degree
of modification varies widely. Some ecosystems

are heavily affected, others remain relatively unaltered, and
management ranges through various types of use—from
nondestructive rubber tapping, to clear-cutting, and even to
single-species tree plantations. Similarly, aquatic ecosys-
tems can range from free-flowing rivers to artificial ponds
for raising fish or shrimp.

Sometimes the dividing line between “natural” and
“managed” ecosystems is clear. A farm is obviously a highly
managed ecosystem—an agroecosystem. But often manage-
ment is more subtle: a fence dividing a rangeland, a forest
access road, a seawall protecting a private beach, a moun-
tain stream diverted to supply a village with water. In any
case, human influence, even if it is not intensive manage-
ment, is pervasive among all ecosystem types.

The decision to manage or alter an ecosystem involves
trade-offs. Not all benefits can be obtained at the same time,
and maximizing one benefit may reduce or eliminate others.
For example, converting a natural forest to a tree plantation
may increase the production of marketable pulp or lumber,
bringing high monetary returns per hectare, but it generally
decreases biodiversity and habitat value compared with a
natural forest. Likewise, damming a river may increase the
water available for irrigation or hydroelectric power produc-
tion and decrease the danger of floods, but it may also dis-
rupt natural breeding cycles of fish and damage aquatic
habitats downstream by diverting water or releasing it at
inappropriate times.

To a certain extent, we accept these trade-offs as neces-
sary to efficiently produce food, power, and the other things
we need. Historically, we have been hugely successful at
selectively increasing those ecosystem goods we value most.
It is only recently that we have begun to focus on the dangers
of such trade-offs. 

The environmental awareness and knowledge we have
gained over the last 30 years have taught us that there are
limits to the amount of alteration that ecosystems can toler-
ate and still remain productive. The loss of a hectare of for-
est habitat or a single plant or insect species in a grassland
may not affect the functioning of the system drastically or
immediately, but it may push the system toward a threshold
from which it cannot recover.

Biological thresholds remind us that it is the cumulative
effects of human activities that factor most in ecosystem
decline. A series of small changes, each seemingly harmless,
can result in cumulative impacts that are irreversible; this is
sometimes called the “tyranny of small decisions.” The pro-
gressive conversion of a mangrove forest is a good example. 

Mangroves serve as nurseries for many species of fish
and shellfish that then leave the mangrove and are later
caught in surrounding waters. The value of this seafood is
often many times greater than the wood, crabs, and other
fish harvested within the mangrove forest itself. But in
regions where mangroves grow, raising shrimp is a prof-
itable enterprise. Converting small sections of the man-
grove to shrimp ponds may have little impact on the fish
harvest in surrounding waters. But if shrimp growers grad-
ually convert the entire mangrove to ponds, the local fishery
will collapse at some point.

Determining the threshold between sustainability and
collapse is no easy matter. This is one reason why it is diffi-
cult to manage ecosystems responsibly. Ecosystems are nat-
urally resilient and can accommodate considerable distur-
bance. But how much? Our understanding of ecosystems,
although it has increased rapidly, is still too limited to
answer this crucial question. For most ecosystems, we have
yet to master the details of how organisms and environment
interact and connect, how changes in one element of the sys-
tem reverberate through the whole, or what factors moder-
ate the speed of change in an ecosystem. At a global level, we
still lack even the most basic statistics on ecosystems—how
much and where they have been modified, for example, or
how their productivity has changed over time. So at both an
individual ecosystem level and at a larger national or
regional level, we find it nearly impossible to predict how
close to the edge our management has brought us, or to
determine the extent of the trade-offs we have already made.

How Are  Ecosystems  Degraded?

Human activities have put global ecosystems under siege:

■ Some 75 percent of the major marine fish stocks are
either depleted from overfishing or are being fished at
their biological limit (Garcia and Deleiva In press).

■ Logging and conversion have shrunk the world’s forest
cover by as much as half, and roads, farms, and resi-
dences are rapidly fragmenting what remains into
smaller forest islands (Bryant et al. 1997:9).

■ Some 58 percent of coral reefs are potentially threatened
by destructive fishing practices, tourist pressures, and
pollution (Bryant et al. 1998:6). 

■ Fully 65 percent of the roughly 1.5 billion ha of cropland
worldwide have experienced some degree of soil degrada-
tion (Wood et al. [PAGE] 2000). 

■ Overpumping of groundwater by the world’s farmers
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exceeds natural recharge rates by at least 160 billion m3

per year (Postel 1999:255). 

The pressures responsible for these declines continue to
increase in most cases, accelerating ecosystem change
(Vitousek et al. 1997:498). (See Chapter 2 for a detailed look
at ecosystem conditions.)

In many instances, the principal pressure on ecosystems
is simple overuse—too much fishing, logging, water diver-
sion, or tourist traffic. Overuse not only depletes the plants
and wildlife that inhabit the ecosystem, but also can frag-
ment the system and disrupt its integrity—all factors that
diminish its productive capacity. 

Outright conversion of forests, grasslands, and wetlands
to agriculture or other uses is a second principal pressure
reshaping global ecosystems and the benefits they give.
Invasive species, air and water pollution, and the threat of
climate change are key ecosystem pressures as well. 

AGRICULTURAL CONVERSION
When farmers convert a natural ecosystem to agriculture,
they change both the composition of the ecosystem and how
it functions. In agroecosystems, naturally occurring plants
give way to a few nonnative crop species. Wildlife is pushed

to the margins of the system. Pesticides may decimate insect
populations and soil microorganisms. Soil compaction
causes water to infiltrate the soil differently, and runoff and
erosion may increase. The cycle of nutrients through the
system shifts as fertilizers are applied and soil bacteria and
vegetation change.

The result is a substantial change in benefits. Food pro-
duction—clearly a boon—surges, but most other benefits suf-
fer to some degree. Biodiversity and the benefits associated
with it, such as production of a wide variety of wild plants
and animals and the availability of diverse genetic material,
often decline substantially. At the scale of conversion preva-
lent today, that can mean huge biodiversity losses in the
aggregate. One study estimates that in the species-rich trop-
ics, forest conversion commits two to five species of plants,
insects, birds, or mammals to extinction each hour (Hughes
et al. 1997:691).

Agriculture in converted areas may also increase pres-
sures on surrounding ecosystems through the introduction
of nonnative species that become invasive and displace
indigenous species. Bioinvasions are second only to habitat
loss, usually through conversion, as a threat to global biodi-
versity. In South Africa, nonnative tree species originally
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(continues on p. 22)

C o n v e r s i o n  r e p r e s e n t s  t h e  u l t i m a t e  i n  h u m a n  i m p a c t  o n  a n

e c o s y s t e m ,  a n d  t h e  m o s t  a b r u p t  c h a n g e  i n  t h e  g o o d s  

a n d  s e r v i c e s  i t  p r o d u c e s .  
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Box 1.7  L i n k i n g  Pe o p l e  a n d  E c o s y s te m s : H u m a n - I n d u c e d  P re s s u re s

Thousands of used tires

are shipped into the

United States from Asia for

retreading and resale every

year. Some have contained

larvae of the Asian tiger mos-

quito. Already the mosquito

has established itself in 25

states, feeding on mammals

and birds. Some of the mos-

quitos carry the equine

encephalitis virus, often fatal

to horses and people.

Alogging concessionaire in Gabon clear-

cuts areas in its assigned tract, paying

the government a sizable permit fee. Its con-

tract with the government, which owns the

tract, allows it to harvest timber at below

market rates if it replants the area. The con-

cessionaire plants seedlings but does noth-

ing to stop the ensuing erosion of topsoil,

the siltation of nearby streams, and the

migration or loss of wildlife that depended

on the mature forest. 

Small-scale, artisanal miners from Venezuela illegally cross the

unmarked border into Brazil deep in the Amazonian rainforest.

Although they have no legal right to mine there for gold, they can eke

out a living for their families if they keep their operation small and move

frequently from place to place. To increase their chances of extracting

gold, they add mercury to the sluice, although the toxic metal is techni-

cally banned. Like thousands of other independents in the area, they let

the mixture run off directly into a tributary where it poisons local fish.

B e h i n d  a l l  t h e

p r e s s u r e s

i m p i n g i n g  o n

e c o s y s t e m s  a r e

t w o  b a s i c  d r i v e r s :

h u m a n

p o p u l a t i o n

g r o w t h  a n d

i n c r e a s i n g

c o n s u m p t i o n .
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Agroecosystems

Coastal
Ecosystems

Forest
Ecosystems

Freshwater
Systems

Grassland 
Ecosystems

■ Conversion of farmland to urban and
industrial uses

■ Water pollution from nutrient runoff and
siltation

■ Water scarcity from irrigation
■ Degradation of soil from erosion, shifting

cultivation, or nutrient depletion
■ Changing weather patterns 

■ Overexploitation of fisheries
■ Conversion of wetlands and coastal habitats
■ Water pollution from agricultural and

industrial sources
■ Fragmentation or destruction of natural

tidal barriers and reefs
■ Invasion of nonnative species
■ Potential sea level rise 

■ Conversion or fragmentation resulting
from agricultural or urban uses

■ Deforestation resulting in loss of biodiver-
sity, release of stored carbon, air and
water pollution 

■ Acid rain from industrial pollution
■ Invasion of nonnative species 
■ Overextraction of water for agricultural,

urban, and industrial uses

■ Overextraction of water for agricultural,
urban, and industrial uses

■ Overexploitation of inland fisheries
■ Building dams for irrigation, hydropower,

and flood control
■ Water pollution from agricultural, urban,

and industrial uses 
■ Invasion of nonnative species

■ Conversion or fragmentation owing to
agricultural or urban uses

■ Induced grassland fires resulting in loss of
biodiversity, release of stored carbon, and
air pollution

■ Soil degradation and water pollution from
livestock herds

■ Overexploitation of game animals

■ Population growth
■ Increasing demand for food and industrial goods
■ Urbanization
■ Government policies subsidizing agricultural

inputs (water, research, transport) and irrigation
■ Poverty and insecure tenure
■ Climate change 

■ Population growth
■ Increasing demand for food and coastal tourism
■ Urbanization and recreational development, which

is highest in coastal areas
■ Government fishing subsidies
■ Inadequate information about ecosystem 

conditions, especially for fisheries
■ Poverty and insecure tenure
■ Uncoordinated coastal land-use policies
■ Climate change  

■ Population growth
■ Increasing demand for timber, pulp, and other fiber
■ Government subsidies for timber extraction and

logging roads
■ Inadequate valuation of costs of industrial air

pollution
■ Poverty and insecure tenure 

■ Population growth
■ Widespread water scarcity and naturally uneven

distribution of water resources
■ Government subsidies of water use 
■ Inadequate valuation of costs of water pollution
■ Poverty and insecure tenure
■ Growing demand for hydropower  

■ Population growth
■ Increasing demand for agricultural products, 

especially meat
■ Inadequate information about ecosystem condi-
tions
■ Poverty and insecure tenure 
■ Accessibility and ease of conversion of grass-

E c o s y s t e m  P r e s s u r e s  C a u s e s

Prima ry Human-Induced Pres sures on Ecosys tems 
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No ecosystem is immune to the threat of invasive species.
They crowd out native plants and animals, degrade habi-
tats, and contaminate the gene pools of indigenous

species. Island ecosystems are particularly vulnerable because
of their high levels of endemism and isolation; many island
species evolved without strong defenses against invaders. On
Guam, for example, the brown tree snake from Papua New
Guinea has eaten twelve of the island’s fourteen flightless bird
species, causing them to become extinct in the wild. In New
Zealand, roughly two-thirds of the land surface is covered by
exotic plants (Bright 1998:115). Half of Hawaii’s wild species are
nonnative (OTA 1993:234).

Invasive species are a costly problem:

■ Leidy’s comb jellyfish, native to the Atlantic coast of the
Americas, was pumped out of a ship’s ballast tank into the
Black Sea in the early 1980s. Its subsequent invasion has
nearly wiped out Black Sea fisheries, with direct costs total-
ing $250 million by 1993 (Travis 1993:1366). Meanwhile, the
zebra mussel, native to the Caspian Sea, was similarly
dumped into the United States’ Great Lakes in the late 1980s.
Controlling this invader, which colonizes and clogs water
supply pipes, costs area industries millions of dollars per
year—perhaps $3–$5 billion total to date (Bright 1998:182). 

■ The Asian tiger mosquito, now spreading throughout the
world, is a potential transmitter of 18 viral pathogens (Bright
1998:169). One of those pathogens is the West Nile virus. In
1999, a director with the U.S. Geological Survey noted that
recent crow die-offs in Wisconsin suggest that the West Nile
virus could be more deadly to North American bird species
than to species in Africa, the Middle East, and Europe, where
the virus is normally found (USGS 1999:1).

■ In South Africa’s Western Cape, invasive trees threaten to
cut Cape Town’s water supply by about a third in the next cen-
tury. (See Chapter 3, “Working for Water.”) 

Regulation and control are complicated by the many modes of
invasion. Some species find their way to new habitats by accident:

they hitchhike in ships or planes, on traded goods or travelers.
Other species are intentionally introduced for hunting, fishing, or
pest control. Still other invasives “escape” their intended con-
fines, like the seaweed Caulerpa taxifolia, which was originally
intended for aquariums in Europe but now also carpets thou-
sands of acres of French and Italian coastlines (MCBI 1998).

Box 1.8   I n va s i ve  S p e c i e s

Native vs. Nonnative Plant Species in Selected Regions
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Cumulative Number of Nonnative Species in U.S.
Regions by Decade of Introduction

…but many continental areas are

also plagued by thousands of

invaders.

Islands tend to have the highest proportion of

nonnative species—as much as 50–75% of

total species…



Trade-offs among various ecosystem goods and ser-
vices are common in the management of ecosystems,
although rarely factored into decision making. For

example, farmers can increase food production by applying
fertilizer or expanding the land they have under cultivation,
but these strategies harm other goods and services from the
land they farm, like water quality and biodiversity.

In very few cases do resource managers or policy makers
fully weigh the various trade-offs among ecosystem goods
and services. Why? In some cases, lack of information is the
obstacle. Typically, not much is known about the likely impact
of a particular decision on nonmarketed ecosystem services
such as water purification or storm protection. Or, if such
information does exist, it may not include estimates of the
economic costs and benefits of the trade-offs. In other cases
the obstacle is institutional. A government’s Ministry of Agri-
culture naturally focuses primarily on its mission of food pro-
duction and lacks the expertise or mandate to consider
impacts of its actions on water quality, carbon sequestration,
or coastal fisheries, for instance.

The example of Africa’s Lake Victoria illustrates how pro-
found and unpredictable trade-offs can be when management
decisions are made without regard to how the ecosystem will
react. Lake Victoria, bounded by Uganda, Tanzania, and Kenya, is
the world’s largest tropical lake and its fish are an important
source of food and employment for the region’s 30 million people.
Before the 1970s, Lake Victoria contained more than 350 species
of fish from the cichlid family, of which 90 percent were endemic,
giving it one of the most diverse and unique assemblages of fish
in the world (Kaufman 1992:846–847, 851). Today, more than half of
these species are either extinct or found only in very small popu-
lations (Witte et al. 1992:1, 17).

The collapse in the lake’s biodiversity was caused primarily
by the introduction of two exotic fish species, the Nile perch
and Nile tilapia, which fed on and outcompeted the cichlids for
food. But other pressures factored in the collapse as well.
Overfishing depleted native fish stocks and provided the origi-
nal impulse for introducing the Nile perch and tilapia in the
early 1950s. Land-use changes in the watershed dumped pollu-
tion and silt into the lake, increasing its nutrient load and
causing algal blooms and low oxygen levels in deeper
waters—a process called eutrophication. The result of all
these pressures was a major reorganization of the lake’s fish-
life. Cichlids once accounted for more than 80 percent of Lake
Victoria’s biomass and provided much of the fish catch (Kauf-
man 1992:849). By 1983, Nile perch made up almost 70 percent
of the catch, with Nile tilapia and a native species of sardine
making up most of the balance (Achieng 1990:20).

Although the introduced fishes devastated the lake’s biodi-
versity, they did not not destroy the commercial fishery. In fact,
total fish production and its economic value rose considerably.

Today, the Nile perch fishery produces some 300,000 metric
tons of fish (FAO 1999), earning $280–$400 million in the export
market—a market that did not exist before the perch was intro-
duced (Kaufman 2000). Unfortunately, local communities that
had depended on the native fish for decades did not benefit
from the success of the Nile perch fishery, primarily because
Nile perch and tilapia are caught with gear that local fisher-
men could not afford. And, because most of the Nile perch and
tilapia are shipped out of the region, the local availability of
fish for consumption has declined. In fact, while tons of perch
find their way to diners as far away as Israel and Europe, there
is evidence of protein malnutrition among the people of the
lake basin (Kaufman 2000).

The sustainability of the Nile perch fishery is also a con-
cern. Overfishing and eutrophication are major threats to the
fishery, and the stability of the entire aquatic ecosystem—so
radically altered over a 20-year span—is in doubt. The ramifica-
tions of the species introductions can even be seen in the
watershed surrounding Lake Victoria. Drying the perch’s oily
flesh to preserve it requires firewood, unlike the cichlids, which
could be air-dried. This has increased pressure on the area’s
limited forests, increasing siltation and eutrophication, which,
in turn, has further unbalanced the precarious lake ecosystem
(Kaufman 1992:849–851; Kaufman 2000).

In sum, introducing Nile perch and tilapia to Lake Victoria
traded the lake’s biodiversity and an important local food
source for a significant—although perhaps unsustainable—
source of export earnings. When fisheries managers introduced
these species, they unknowingly altered the balance of goods
and services the lake produced and redistributed the economic
benefits flowing from them. Knowing the full dimensions of
these trade-offs, would they make the same decision today?

Box 1.9  Tra d e - O f f s : L a k e  Vi cto r i a ’s  E c o s y s te m  B a l a n c e  S h e et

Trading Biodiversity for Export Earnings
Percentage Contribution to Lake Victoria Fish Catch (Kenya Only), 1968–1988
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Source: Achieng 1990:20, citing Fisheries Department of Kenya, Statistical
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imported for forest plantations have invaded a third of the
nation’s mountain watersheds. The invading plants have
depleted freshwater supplies, displaced thousands of native
plants, and altered animal habitats, precipitating a coun-
trywide eradication program (see Chapter 3, Working for
Water).

Not all agricultural conversions are equal. Some may
retain or carefully harbor aspects, and services, of the origi-
nal ecosystem. In Sumatra, some traditional agroforestry sys-
tems (where trees and crops are mixed) contain as much as
half the species diversity found in the neighboring forest. Tra-
ditional Central American coffee plantations raise their cof-
fee plants in the shade of native trees that provide essential
bird habitat and a range of secondary products. Even many
modern agricultural systems include careful tillage practices
aimed at preventing erosion and preserving the soil’s water-
holding properties and beneficial soil organisms.

URBAN AND INDUSTRIAL CONVERSION
Unfortunately, conversion to urban or industrial uses is
usually not so benign. Radical changes in ecosystem bene-
fits occur as structures and paved surfaces replace native
plant and animal communities. As city dwellers cover per-
meable soil surfaces with concrete and asphalt, watershed
functions decline. With few places to sink in, rainfall runs
off quickly and local flooding can ensue. Still, the more sim-
plified ecosystems in parks, backyards, and vacant lots do
provide important services—shade, areas for relaxation,
removal of air pollutants, and even some wildlife habitat—
that city dwellers enjoy. 

POLLUTION AND CLIMATE CHANGE
The effects of pollution put indirect pressures on ecosys-
tems. Acid rain, smog, wastewater releases, pesticide and
fertilizer residues, and urban runoff all have toxic effects on
ecosystems—sometimes at great distances from the activi-
ties that gave rise to the pollution. For example, nitrogen
releases from industry, transportation, and agriculture
have seriously altered the global nitrogen cycle, affecting
the function of both terrestrial and aquatic ecosystems. 

Biologically active, or “fixed,” nitrogen is an essential
nutrient for all plants and animals. But nitrogen releases
from human sources like fertilizers and fossil fuels now
exceed those from natural sources, leaving ecosystems
awash in fixed nitrogen. The impacts include an overgrowth
of algae in waterways, caused by the fertilizing effect of
excess nutrients; acidification of soils and loss of some soil
nutrients; loss of plants adapted to natural low-nitrogen
conditions; and more smog and greenhouse warming from
higher levels of nitrogen oxides in the atmosphere (ESA
1997b:1–14).

Climate change from the buildup of greenhouse gases
provides an even more profound example of the potential
for pollution to inadvertently disrupt ecosystems on a global

scale. Scientists warn that global ecosystems could undergo
a major reorganization as Earth’s vegetation redistributes
itself to accommodate rising temperatures, changes in rain-
fall patterns, and the potential fertilizing effects of more
carbon dioxide (CO2) in the atmosphere. Computer models
estimate that doubling atmospheric CO2 levels from prein-
dustrial levels, which will likely happen within the next cen-
tury, could trigger broad changes in the distribution,
species composition, or leaf density of roughly one-third of
global forests. Tundra areas could also shrink substantially
and coastal wetlands shift markedly, among many other
effects. It is not at all clear how present ecosystems would
weather such significant changes or how these changes
might affect their productivity (Houghton et al. 1997:30).

What  Dr i ves  Degradat i on?

Behind all the pressures impinging on ecosystems
are two basic drivers: human population growth
and increasing consumption. Closely related are a
suite of economic and political factors—market

forces, government subsidies, globalization of production
and trade, and government corruption—that influence what
and how much we consume, and where it comes from. Issues
of poverty, land tenure, and armed conflict are also signifi-
cant factors in how people treat the ecosystems they live in
and extract goods and services from.

DEMOGRAPHICS AND CONSUMPTION
Population growth is in many ways the most basic of envi-
ronmental pressures because everyone requires at least
some minimum of water, food, clothing, shelter, and
energy—all ultimately harvested directly from ecosystems or
obtained in a way that affects ecosystems. Over the next 50
years, demographers expect the world’s population to grow
from the current 6 billion to 9 billion or so, with most of this
growth taking place in developing nations (UN Population
Division 1998:xv). Simple arithmetic dictates this will
increase the demand for ecosystem products and increase
the pressure on global food and water supplies. 

Increasing pressure on ecosystems is not simply a matter
of population growth, however. In fact, it is more a matter of
how much and what we consume. Global increases in con-
sumption have greatly outpaced growth in population for
decades. From 1980 to 1997, the global economy nearly
tripled to some US$29 trillion, yet the world population
increased only 35 percent (World Bank 1999b:194; UN Pop-
ulation Division 1998:xv). Per capita consumption levels
are rising quickly in many nations as their economies
develop; and consumption levels in most industrialized
nations are already remarkably high. This higher consump-
tion of everything from paper to refrigerators to computers
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to oil is the result of greater wealth. Personal-income levels
have climbed steadily in developed nations and a number of
rapidly developing countries such as China, India, and
Thailand; and consumption has increased accordingly. 

At the same time, the world’s economy has become more
integrated. Trade has made consumer markets more global.
Industries have become more international and less tied to
a single place or production facility. This “globalization”
means that consumers derive goods and services from
ecosystems around the world, with the costs of use largely
separated from the benefits. This tends to hide the environ-
mental costs of increased consumption from those doing
the consuming.

For example, a housing contractor in Los Angeles
installs copper plumbing but has no way of knowing
whether the copper has come from the infamous Ok Tedi
mine in Papua New Guinea. The giant mine, which is owned
by an international consortium of companies, dumps
80,000 tons per day of untreated tailings into the Ok Tedi
River, destroying much of the river’s aquatic life and dis-
rupting the subsistence lifestyle of the local Wopkaimin
people. Globalization means the eventual homeowners who
benefit from the copper have no knowledge of their link with
the damaged Ok Tedi watershed and don’t suffer the envi-
ronmental costs (Da Rosa and Lyon 1997:223–226).

It’s not surprising that those doing the most consuming
live in developed countries, but the unevenness of con-
sumption of ecosystem goods and services worldwide is
striking. It takes roughly 5 ha of productive ecosystem to
support the average U.S. citizen’s consumption of goods
and services versus less than 0.5 ha to support consumption
levels of the average citizen in the developing world (GEF
1998:84). Annual per capita CO2 emissions are more than
11,000 kg in industrial countries, where there are far more
cars, industries, and energy-consuming appliances. This
compares with less than 3,000 kg in Asia (UNDP 1998:57).
On average, someone living in the developed world spends
nearly $16,000 (1995 international dollars) on private con-
sumption each year, compared with less than $350 spent by
someone in South Asia and sub-Saharan Africa (UNDP
1998:50). 

Of course, greater consumption of nutritious food, safe
housing, clean water, and adequate clothing is absolutely
necessary to relieve poverty in many nations, particularly in
the developing world. In the words of the UN’s 1948 Univer-
sal Declaration of Human Rights, “Everyone has the right
to a standard of living adequate for the health and well-being
of himself and of his family” (Article 25). Accommodating
such basic human development, however, is far from the
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Since the dawn of settled agriculture, humans have been
altering the landscape to secure food, create settle-
ments, and pursue commerce and industry. Croplands,

pastures, urban and suburban areas, industrial zones, and the
area taken up by roads, reservoirs, and other major infrastructure
all represent conversion of natural ecosystems.

These transformations of the landscape are the defining mark
of humans on Earth’s ecosystems, yielding most of the food,
energy, water, and wealth we enjoy, but they also represent a
major source of ecosystem pressure.

Conversion alters the structure of natural ecosystems, and
how they function, by modifying their basic physical properties—
their hydrology, soil structure, and topography—and their pre-
dominant vegetation. This basic restructuring changes the com-
plement of species that inhabits the ecosystem and disrupts the
complex interactions that typified the original ecosystem. In
many cases, the converted ecosystem is simpler in structure and
less biologically diverse. In fact, habitat loss from conversion of
natural ecosystems represents the primary driving force in the
loss of biological diversity worldwide (Vitousek et al. 1997:495).

Historically, expansion of agriculture into forests, grasslands,
and wetlands has been the greatest source of ecosystem conver-
sion. Within the last century, however, expansion of urban areas
with their associated roads, power grids, and other infrastruc-
ture, has also become a potent source of land transformation. 

■ Worldwide, humans have converted approximately 29 percent
of the land area—almost 3.8 billion ha—to agriculture and
urban or built-up areas (WRR calculations). 

■ Agricultural conversion to croplands and managed pastures
has affected some 3.3 billion ha—roughly 26 percent of the
land area. All totaled, agriculture has displaced one-third of
temperate and tropical forests and one-quarter of natural
grasslands. Agricultural conversion is still an important
pressure on natural ecosystems in many developing nations;
however, in some developed nations agricultural lands them-
selves are being converted to urban and industrial uses
(WRR calculations).

■ Urban and built-up areas now occupy more than 471 million
ha—about 4 percent of land area. Almost half the world’s
population—some 3 billion people—live in cities. Urban pop-
ulations increase by another 160,000 people daily, adding
pressure to expand urban boundaries (UNEP 1999:47). Sub-
urban sprawl magnifies the effect of urban population
growth, particularly in North America and Europe. In the
United States, the percentage of people living in urban areas
increased from 65 percent of the nation’s population in 1950
to 75 percent in 1990, but the area covered by cities roughly
doubled in size during the same period (PRB 1998).

■ Future trends in land conversion are difficult to predict, but
projections based on the United Nations’ intermediate-
range population growth model suggest that an additional
one-third of the existing global land cover could be con-
verted over the next 100 years (Walker et al. 1999:369).

Box 1.10   D o m e s t i c at i n g  t h e  Wo r l d : C o n ve r s i o n  o f  N atu ra l  E c o s y s te m s
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Humans consume goods and services for many
reasons: to nourish, clothe, and house ourselves,
certainly. But we also consume as part of a

social compact, since each community or social group
has standards of dress, food, shelter, education, and
entertainment that influence its patterns of consumption
beyond physical survival (UNDP 1998:38–45).

Consumption is a tool for human development—one
that opens opportunities for a healthy and satisfying life,
with adequate nutrition, employment, mobility, and edu-
cation. Poverty is marked by a lack of consumption, and
thus a lack of these opportunities. At the other extreme,
wealth can—and often does—lead to excessive levels of
material and nonmaterial consumption. 

In spite of its human benefits, consumption can lead
to serious pressure on ecosystems. Consumption harms
ecosystems directly through overharvesting of animals
or plants, mining of soil nutrients, or other forms of bio-
logical depletion. Ecosystems suffer indirectly through
pollution and wastes from agriculture, industry, and
energy use, and also through fragmentation by roads
and other infrastructure that are part of the production
and transportation networks that feed consumers. 

Consumption of the major commodities ecosystems
produce directly—grains, meat, fish, and wood—
increased substantially in the last 4 decades and will con-
tinue to do so as the global economy expands and world
population grows. Plausible projections of consumer
demand in the next few decades suggest a marked esca-
lation of impacts on ecosystems (Matthews and Ham-
mond 1999:5).

■ Global wood consumption has increased 64 percent
since 1961. More than half of the 3.4 billion m3 of wood
consumed annually is burned for fuel; the rest is used
in construction and for paper and a variety of other
wood products. Demand for lumber and pulp is ex-
pected to rise between 20 and 40 percent by 2010. For-
est plantations produce 22 percent of all lumber, pulp,
and other industrial wood; old-growth and secondary-
growth forests provide the rest (Matthews and Ham-
mond 1999:8, 31; Brown 1999:41).

■ World cereal consumption has more than doubled in the
last 30 years, and meat consumption has tripled since
1961 (Matthews and Hammond 1999:7). Some 34 percent
of the world’s grain crop is used to feed livestock raised
for meat (USDA 2000). A crucial factor in the rise in grain
production has been the more than fourfold increase in
fertilizer use since 1961 (Matthews and Hammond
1999:14). By 2020, demand for cereals is expected to

increase nearly 40 percent, and meat demand will surge
nearly 60 percent (Pinstrup-Andersen et al. 1999:11). 

■ The global fish catch has grown more than sixfold
since 1950 to 122 million metric tons in 1997. Three-
fourths of the global catch is consumed directly by
humans as fresh, frozen, dried, or canned fish and

Box 1.11   H o w  M u c h  D o  We  C o n s u m e ?
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shellfish. The remaining 25 percent is reduced to fish
meal and oil, which is used for both livestock feed and
fish feed in aquaculture. Demand for fish for direct
consumption is expected to grow some 20 percent by
2010 (FAO 1999:7, 82; Matthews and Hammond 1999:61).

T h e  U n e q u a l  G e o g ra p h y  o f  C o n s u m p t i o n
While consumption has risen steadily worldwide, there
remains a profound disparity between consumption lev-
els in wealthy nations and those in middle- and low-
income nations.

■ On average, someone living in a developed nation con-
sumes twice as much grain, twice as much fish, three
times as much meat, nine times as much paper, and
eleven times as much gasoline as someone living in a
developing nation (Data Table ERC.3; Laureti 1999:50,
55).

■ Consumers in high-income countries—about 16 per-
cent of the world’s population—accounted for 80 per-
cent of the money spent on private consumption in
1997—$14.5 trillion of the $18 trillion total. By contrast,
purchases by consumers in low-income nations—the

poorest 35 percent of the
world’s population—repre-
sented less than 2 percent
of all private consumption.
The money spent on private
consumption worldwide (all

goods and services con-
sumed by individuals
except real estate)
nearly tripled between

1980 and 1997 (World
Bank 1999:44, 226).

Disparities in Consumption: Annual per Capita Consumption in Selected High-, Medium-, and Low-Income Nations

Total Value of Fish Meat Cereals Paper Fossil Fuels Passenger Cars
Private Consumption* (kg) (kg) (kg) (kg) (kg of oil equivalent) (per 1,000 people)

Country (1997) (1997) (1998) (1997) (1998) (1997) (1996)

United States $21,680 21.0 122.0 975.0 293.0 6,902 489.0

Singapore $16,340 34.0 77.0 159.0 168.0 7,825 120.0

Japan $15,554 66.0 42.0 334.0 239.0 3,277 373.0

Germany $15,229 13.0 87.0 496.0 205.0 3,625 500.0

Poland $5,087 12.0 73.0 696.0 54.0 2,585 209.0

Trinidad/Tobago $4,864 12.0 28.0 237.0 41.0 6,394 94.0

Turkey $4,377 7.2 19.0 502.0 32.0 952 55.0

Indonesia $1,808 18.0 9.0 311.0 17.0 450 12.2

China $1,410 26.0 47.0 360.0 30.0 700 3.2

India $1,166 4.7 4.3 234.0 3.7 268 4.4

Bangladesh $780 11.0 3.4 250.0 1.3 67 0.5

Nigeria $692 5.8 12.0 228.0 1.9 186 6.7

Zambia $625 8.2 12.0 144.0 1.6 77 17.0

*Adjusted to reflect actual purchasing power, accounting for currency and cost of living differences (the “purchasing power parity” approach).

Sources:Total Private Consumption (except China and India): World Bank 1999: Table 4.11; (fish) Laureti 1999: 48–55; (meat) WRI et al. 2000a: Agriculture

and Food Electronic Database; (paper) WRI et al. 2000b: Data Table ERC.5; (fossil fuels) WRI et al. 2000b: Data Table ERC.2; (passenger cars) WRI et al.

2000b: Data Table ERC.5.

Low-Income
Countries $257

Middle-
Income
Countries

$3,288

High-Income
Countries $14,575

Global Share of Private 
Consumption, 1997

(in billlions)



28
W O R L D  R E S O U R C E S  2 0 0 0 – 2 0 0 1

Population growth stresses ecosystems because it
contributes to increases in both consumption and
conversion. Each year, the human population grows by

approximately 80 million. Although global fertility rates
decreased since the 1950s from 5.0 to 2.7 births per woman
(UN Population Division 1998b:514–515), the population will
continue to grow. Past high fertility rates created today’s pool
of more than 1.5 billion people at the prime reproductive age—
between 15 and 29 years old; another 1.9 billion are younger
than 15 (UN Population Division 1998a). An adjunct to popula-
tion growth is the significant decrease in mortality. Since the
1950s the global mortality rate has dropped from about 20 to
fewer than 10 deaths per year per 1,000 people (UNFPA 1999).
In contrast, the seven African countries hardest hit by the
AIDS epidemic have actually experienced a decrease in life
expectancy because of the high number of deaths caused by
the disease (UN Population Division 1998a).

■ Growth is fastest in less developed nations, among popula-
tions most dependent on ecosystems for a subsistence living.
Demographers expect 97 percent of all population growth in
the next 5 decades to occur in developing countries. 

■ In both more and less developed nations, cities are drawing
people into ever greater concentrations. Urban regions tend
to offer more opportunities for economic development as
well as better education and health resources. Although
urban areas occupy only about 4 percent of the Earth’s land
area, they are home to nearly half the world’s population
(UNEP 1999:47; Wood et al. [PAGE] 2000). Currently cities are
expansive consumers of ecosystem goods and services and
prolific generators of ecosystem-damaging wastes—essen-

tially concentrated centers of ecosystem pressures. By 2030,
more than 60 percent of all people are likely to be living in
urban areas. In industrial countries and Latin America, the
share is expected to exceed 80 percent (UN Population Divi-
sion 1998a). 

■ As the population grows in the next quarter century, pres-
sures will increase, especially in countries where arable land
is in short supply. In 14 countries, arable land per capita is
expected to be less than 0.07 ha—equivalent to an area about
0.25 km2—to sustain each human life (WHO 1997:59). Richer
countries may supplement their food resources with imports,
but poorer countries will have a more difficult time following
such a strategy to feed their hungry populations.

Box 1.12   T h e  H u m a n  Po p u l at i o n

World Population Growth

Source: UN Population Division (1998a).

Available Arable Land per Capita in 2025 for Selected
Countries

Source: WHO 1997:59.
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In the last century, a growing and rapidly industrializing
world has produced greater quantities of common pollu-
tants like household garbage and sewage, and more toxic

and persistent contaminants like pesticides, polychlorinated-
biphenyls (PCBs), dioxins, heavy metals, and radioactive
wastes. The environmental costs of contemporary society’s
pollutant load are difficult to quantify, both because there is
little comprehensive data on pollution emissions on a global
scale and because the effects of pollutants on ecosystems
are often hard to measure. But the problem is surely growing.

Pollutants affect ecosystems in a variety of ways. Pesti-
cides and heavy metals may harm exposed orgnisms by being
acutely toxic or by accumulating in plant and animal tissue
through repeated exposures. Pollutants like acid rain can act
at a system-wide level, disrupting soil acidity and water
chemistry—both critical environmental factors that affect the
nutrition and physical development of plants and aquatic life.
Multiple pollutants can create a toxic synergy that weakens
organisms and gradually reduces an ecosystem’s productivity
and resilience. All of these effects on ecosystems are much
in evidence. 

■ Although there is greater awareness today of the dangers
associated with toxic materials, toxic emissions continue
to be significant. For example, the US$37 billion global pes-
ticide market dispenses 2.6 billion kg of active ingredients
(pesticides excluding solvents and dilutants) on the
world’s farms, forests, and household gardens, with a vari-
ety of collateral effects on wildlife and human health
(Aspelin and Grube 1999:10).

■ Accidental releases of toxic substances like mining
wastes, or of oil or industrial chemicals, occur routinely
and with devastating effect. In January 2000, 99,000 m3 of
cyanide-laden wastes escaped a Romanian gold mine when
an earthen tailings dam collapsed; the toxic plume wiped
out virtually all aquatic life along a 400-km stretch of the
Danube and its tributaries (D’Esposito and Feiler 2000:1,4).
In 1997, more than 167,000 tons of oil spilled from pipelines,
storage vessels, tankers, and other carriers and sources to
contaminate the world’s marine and inland environments
(Etkin 1998:5)

■ Air pollution from sulfur dioxide (SO2), nitrogen oxides
(NOx) and ground-level ozone still exceeds the “critical
load”—the amount an ecosystem can absorb without dam-
age—over wide areas of Europe, North America, and Asia,
with documented effects on crops, forests, and freshwater
ecosystems from acid rain. For example, the fraction of
healthy Norway spruce, one of the most common conifers in
European forests, decreased from 47 percent in 1989 to 39

percent in 1995—an indicator of the continued stress air
pollution imposes on Europe’s forest ecosystems (EEA
1999:144–145).

■ Fertilizer runoff, human and animal sewage, and inade-
quately treated industrial wastes can add nutrients to
freshwater and coastal ecosystems, stimulating algal
blooms and depleting the water of oxygen—a process
called eutrophication. Oxygen-depleted waters can’t sup-
port aquatic life. Eutrophication is a growing problem
worldwide. A roughly 18,000 km2 “dead zone” of oxygen-
depleted waters in the northern Gulf of Mexico stems from
a tripling of the nutrient pollution carried to the coast by
the Mississippi River over the last 40 years (Rabalais and
Scavia 1999; NOAA 2000). 
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Box 1.13   Po l l ut i o n  a n d  E c o s y s te m s

Total Waste Volumes Generated by Low-, Middle-, and
High-Income Countries (per day)

Excess Nutrients Translate to Water Pollution
Total Nitrogen Supply

from Fertilizer Nitrogen Residual

and Manure Uptake by Residual Equivalence per

Country (1,000 tons) Crops Nitrogen Hectare (kg)

Belgium and
Luxembourg 580 211 369 240

Denmark 816 287 529 187

Netherlands 1255 285 970 480

Note: Because some nitrogen is lost to the atmosphere, only a part of

the residual nitrogen stays in the soil for possible nitrate leaching.

Source: Matthews and Hammond 1999.
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predominant pressure on ecosystems today. Even consider-
ing that almost four times as many people live in developing
countries as in developed ones, the greatest burden on
ecosystems currently originates with affluent consumers in
developed countries, as well as wealthy elites in developing
countries. It is the pattern of excessive consumption that
often accompanies wealth that brings a disproportionate
impact on ecosystems.

DISTORTED PRICES,  UNDERVALUED SERVICES
People don’t generally consciously decide to damage ecosys-
tems, but many of the things we do have that effect. Given
that ecosystems provide so many benefits, why do people do
things that jeopardize these benefits?

Economic signals—reflected in prices and government
policies—are one of the prime factors determining how we
treat ecosystems. They are behind our choices of what to
consume and how to manage our lands and our businesses.
A farmer deciding what crops to plant and what farm chem-
icals to use, or whether to increase the cultivated area by
clearing adjacent forests, is guided by calculating commod-
ity and pesticide prices as well as many other farm costs.
Similarly, a developer’s choice of where to locate a tract of
housing or a factory, or a fisher’s decision on what type of
fishing gear to use and how many days to spend at sea are
driven largely by economic factors—the price of land or boat,
of labor or fishing licenses, of the finished house or the har-
vested fish.

But prices all too frequently send us the wrong signals. In
most cases, they don’t reflect the real costs to the environ-
ment of harvesting ecosystem goods and services. The prob-
lem is, many of the less tangible aspects of ecosystems, par-
ticularly the services they provide, are not bought or sold in
the marketplace and are therefore harder to assign a value.
How much is carbon storage in a forest worth? What price
tag can be put on flood protection provided by the wetlands
along a river?

The connection between these services and the more tan-
gible marketable goods—timber or fish or crops—is not
always obvious to those exploiting these goods and services.
The value of biodiversity to the future of food crops is, for
example, of little immediate import to an individual farmer
trying to maximize his or her profit. The result is that most
ecosystem services have been undervalued in the past and
neglected in decisions about whether to exploit or alter an
ecosystem. The market has failed to register the real worth
of these services in its price system—a “market failure.”

Consider the case of deciding whether to clear native
forests for a new agricultural settlement. The potential
farmers will take into account the cost of the labor needed to
clear land, the fertilizers used to increase yields, and the
construction materials required to build houses or roads.
They may even factor in some reductions in ecosystem ser-
vices. For example, they may consider the cost of forgoing

the benefits of using the forest as a source of fuelwood and
the loss of wild animals and plants.

It is, nonetheless, very likely that they won’t take into
full account the many environmental costs of forest clear-
ing. Cutting down forests might increase downstream flood-
ing and sedimentation, for example, but since these costs
are borne by people living far downstream, they will often be
ignored by the upstream farmers. The result is that more for-
est is cleared than would make sense from an overall eco-
nomic standpoint, and the forest ecosystem suffers needless
damage, as may the downstream populations. Extending
this argument to the global level, a better accounting of all
the costs and benefits of forest conversion would not neces-
sarily mean that all forest is preserved, but it would cer-
tainly result in a lower rate of deforestation than is occur-
ring now.

SUBSIDIES AND OTHER POLICY FAILURES
Government policies often contribute to ecosystem decline
through their effect on prices. Fiscal policies affect prices
through taxes and subsidies. Tariffs increase the price of
imported goods directly and import quotas increase them
indirectly. Exchange-rate policies affect the value of all trad-
able commodities. Government agencies also actively buy
and sell farm commodities, often at predetermined prices.
All of these actions can influence the decisions of farmers,
fishers, developers, timber and mining companies, and oth-
ers who use the land and sea, harvest from it, or impact it
through pollution. 

Subsidies. Government subsidies contribute importantly to
current pressures on ecosystems, often encouraging damag-
ing activities—such as overfishing or the liberal use of coal
or other fossil fuels—that would not otherwise be economi-
cally viable. Generous loans to build fishing boats, agricul-
tural price supports, depletion allowances for timber and oil
producers, and outright grants for road construction are
just a few of the ways that governments subsidize activities
that can damage ecosystems. One recent analysis reported
that government expenditures on environmentally damag-
ing subsidies in just four sectors—water, agriculture, energy,
and road transportation—totaled some $700 billion per year
worldwide (de Moor and Calamai 1997:1).

Subsidies often promote laudable social goals—employ-
ment, higher productivity, economic development—when
first instituted, but these goals are often subverted over
time through unintended consequences such as environ-
mental impacts. For example, governments have subsidized
the use of various farm inputs, such as pesticides and fertil-
izers, partly to boost agricultural production and partly to
support the industries producing these chemicals. Pesticide
subsidies, in particular, have been common in developing
countries. In the mid-1980s, Indonesia was spending about
$150 million annually on pesticide subsidies, mostly to pro-
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tect the rice crop. This led to considerable overuse. Rather
than reducing crop-damaging insects, however, this liberal
pesticide use actually triggered periodic outbreaks by reduc-
ing natural predators and prompting pesticide resistance
among target insects. It also caused substantial downstream
pollution and adversely affected the health of farmers.
When the government ended its subsidies, pesticide use
dropped, the government saved money, and rice production
continued to increase (World Bank 1997:26).

Subsidizing irrigation projects is another common prac-
tice that has seriously harmed aquatic ecosystems.
Throughout the world, government support has typically
allowed water utilities to sell irrigation water for far less
than the cost of supplying it, which has inevitably led to
overuse. In arid Tunisia, for example, farmers pay no more
than one-seventh the cost of water they use to irrigate their
fields. Similar practices of underpricing irrigation water in
the western United States cost U.S. taxpayers an estimated
US$2–$2.5 billion per year (de Moor and Calamai
1997:14–15). With water costs low, farmers have little incen-
tive to use water efficiently or to restrict its use to high-value
crops. Direct water diversions and overpumping from irri-
gation wells often rob streams of much of their normal flow.
Too often pesticide and fertilizer runoff pollutes what flow
remains.

Regulations. Beyond their effect on prices, government
policies can also impact ecosystems more directly, through
such mechanisms as zoning ordinances, pollution stan-
dards, or other regulations that affect land use and business
practices. Programs to promote economic development
may foster “grow now, clean up later” policies that encour-
age industrialization no matter what the environmental
costs. China’s dramatic industrialization after economic
reforms in 1978 followed this pattern, and by the early
1990s, the nation was estimating that economic costs asso-
ciated with ecological destruction and pollution had
reached as high as 14 percent of its gross national product
(WRI et al. 1998:115–116). Hoping to reverse its environ-
mental losses and reduce the health impacts of polluted air
and water, China has recently begun a costly effort to
tighten and enforce its environmental regulations.

Sectoral Divisions. Other government-related factors also
affect the use of ecosystems. Government institutions, for
example, are routinely divided along sectoral lines—the
Ministry of Agriculture, the Forest Department, the Envi-
ronment Agency, and so on. This works against adopting
any integrated view of ecosystems or their management.
The Ministry of Agriculture’s prime concern, for instance,
will be farm production. Like an individual farmer, the Min-
istry will likely see preserving biodiversity or minimizing
forest conversion as peripheral to its mission. It may even
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Box 1.14   Va l u i n g  t h e  I n va l u a b l e

The economic values we assign to our work and
the fruits of our labor are important factors in our
behavior and the decisions we make about our

assets. Similarly, the values we assign to ecosystem
assets—goods and services like pollination, water purifi-
cation, nitrogen fixation, and carbon storage—are an
important factor in how we treat ecosystems. Yet because
these services are not routinely bought and sold in mar-
kets, there’s no easy way to calculate their worth. Too
often, decision makers and traditional economists simply
ignore their value, essentially treating ecosystem goods
and services as though they will always be in profuse
supply. A result is that loggers may harvest a patch of
forest for the value of its timber alone, ignoring the value
the forest provides in terms of flood control, water purifi-
cation, or habitat for migratory songbirds.

How does one assign a monetary value to all the eco-
logical amenities of an ecosystem? As the state of the
art of economic analysis has improved, economists have
identified a variety of tools to quantify direct—and even
some indirect and intangible—ecosystem services. 

Where possible, actual market values are used. For
example, the price of fish and shellfish harvested in an
estuary provides one value for direct goods provided by
that ecosystem. Another way to estimate value is to cal-
culate the cost of replacing an ecosystem service. For
New York City, natural habitats in its upstate watershed
were shown to provide the same water purification ser-
vices as a new water filtration plant. The $3–$8 billion
price tag (Ryan 1998) for the proposed filtration plant is a
good base estimate of the value of the water purification
service that the intact ecosystem provides—although it
does not capture the value of the other watershed ser-
vices including carbon sequestration, recreational op-
portunities, and support for biodiversity.

Similarly, the price difference between two compara-
ble houses, one near a shoreline and one inland, is
thought to capture the aesthetic value of the shore. Still
another market-based method of calculating a lake’s or a
park’s or a wilderness area’s value, both as a scenic and
a recreational site, is to calculate how much money and
time visitors spend to travel there. 

When market data are not available, or to supplement
them, researchers resort to other means. They ask peo-
ple what they’d pay, for example, to keep a wetland from
being filled and developed or to prevent a wilderness

area from being mined. Properly done, such “contingent
valuation” surveys can go beyond measuring the practi-
cal benefits humans extract from nature to encompass
the ethical and spiritual values they attach. But surveys
can be unreliable and subject to bias, especially when
people are queried about paying to minimize the effects
of something as complex as climate change. 

Valuation exercises can be a useful policy tool in edu-
cating audiences about the many ways we depend on and
profit from ecosystem services. Ultimately, however, cre-
ating financial incentives for ecosystem conservation is
more important than finding an accurate market value for
any or all ecosystem services. Incentives for conservation
may come from creating markets for ecosystem services
where none exist, or finding other ways for landowners to
gain financially from the services their land provides.
Auctioning permits to emit carbon or compensating coun-
tries or companies that reforest land to sequester carbon
are examples of ways to create such markets. 

Ecotourism, where the beauty and unspoiled quality of
an ecosystem is marketed directly, may be another incen-
tive to conserve. In South Africa, a private enterprise
called Conservation Corporation negotiated with farm-
ers to return 168 km2 of their land to its original habitat
and stock it with big-game animals. Open for business as
a safari destination, the land is now yielding $200–$300
per hectare annually from visitor fees instead of $21–$68
from ranching or farming, and providing a biologically
diverse resource base to support the large game (Ander-
son 1996:207; Honey 1999:374). In the Maldives, a govern-
ment study determined that a single live shark yields
approximately US$33,500 annually in tourist revenue,
compared to US$32 when caught and sold by a fisher-
man. This and other studies supplied the incentive for the
Maldives to make sharks, turtles, and dolphins protected
species (Sweeting et al. 1999:66, citing WTO 1997).

In some ways, “priceless” may be the most accurate
value that we can ever place on intangible ecosystem
goods and services such as a coastal area’s beauty or a
mountain range’s spiritual importance. But used as one
of many measures of an ecosystem’s worth, and with
recognition of its limitations, environmental economics
offers a powerful ecosystem management tool in a polit-
ical world. Until we fully understand ecosystem values,
we are handicapped in deciding what to use and what to
save.



see the Forest or Environment Departments as competitors
for budget and administrative control, reducing the chances
of cooperation between agencies that manage ecosystems.
This limited focus makes it unlikely that agencies as now
configured will recognize or account for the environmental
trade-offs that their policies promote.

Corruption. Government corruption is another common
institutional failure that allows unchecked exploitation of
ecosystems—often by a small elite. Even when laws and man-
agement policies are sound, they may be undermined by
government officials who turn a blind eye to illegal harvest-
ing or themselves take part in the plunder through sweet-
heart deals or insider investments. The scale of corruption
in the forest sector, for example, is staggering. In Indone-
sia, illegal logging accounts for more than half of the
nation’s timber production, with timber smuggling taking
place in some national parks in full view of park authorities
(EIA and Telepak 1999:4). As a result, the government loses
an estimated US$1–$3 billion per year in timber royalties,
and the forests suffer from haphazard cutting (WCFSD
1999:36). Similarly, the Russian government collected only
a fraction—estimated at 3–20 percent—of the timber rev-
enues it was due in 1994 (WCFSD 1999:36). The rest was lost
to theft and fraud. 

Who  Owns  Ecosystems?

Ownership is a crucial factor in how we manage
ecosystems. The question of who owns the land
or has the right to use its resources is key in
determining what services or products are

reaped from an ecosystem, how they are harvested, and who
gains the benefits. Some patterns of ownership can work
against good management of ecosystems, as when property
rights are concentrated in the hands of those whose eco-
nomic interests may favor unsustainable harvest levels or
extensive development. 

PROPERTY RIGHTS
In 1985, Maxxam Corporation acquired the locally based
Pacific Lumber Company in Northern California, owner of
the state’s largest remaining tract of mature redwood forest.
For years, Pacific Lumber had managed its forests to main-
tain their long-term productivity, emphasizing moderate
harvest levels that could continue to feed its lumber mills
indefinitely. Maxxam quickly abandoned Pacific Lumber’s
modest but sustainable harvest practices, more than dou-
bling the harvest rate to help pay off its large corporate debt.
Maxxam stockholders reaped the benefits of this short-term
approach, with little regard for its long-term effects on the
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From African wildlife safaris, to diving tours in the
Caribbean’s emerald waters and coral reefs, to guided
treks in Brazil’s rainforests, nature-based tourism is

booming. The value of international tourism exceeds US$444
billion (World Bank 1999:368); nature-based tourism may
comprise 40–60 percent of these expenditures and is increas-
ing at 10–30 percent annually (Ecotourism Society 1998).

This burgeoning interest in traveling to wild or untram-
meled places may be good news, especially for developing
countries. It offers a way to finance preservation of unique
ecosystems with tourist and private-sector dollars and to
provide economic opportunities for communities living near
parks and protected areas. For Costa Rica, tourism gener-
ated $654 million in 1996, and for Kenya $502 million in 1997,
much of it from nature and wildlife tourism (Honey 1999:133,
296). Tourism has been influential in helping to protect
Rwanda’s mountain gorillas and their habitat in Volcanoes
National Park. Prior to the outbreak of civil war, tourist visits
provided $1.02 million in direct annual revenues, enabling
the government to create antipoaching patrols and employ
local residents (Gossling 1999:310).

But the reality of nature-based travel is that it can both
sustain ecosystems and degrade them. Much nature-based
tourism falls short of the social responsibility ideals of “eco-
tourism,” defined by the Ecotourism Society as “travel to nat-
ural areas that conserves the environment and sustains the
well-being of local people” (Ecotourism Society 1998). Desti-
nations and trips marketed as ecotourism opportunities may
focus more on environmentally friendly lodge design than
local community development, conservation, or tourist educa-
tion. Even some ecosystems that are managed carefully with
ecotourism principles are showing signs of degradation. 

E c oto u r i s m ’s  C o s t s  a n d  B e n ef i t s
At first glance, Ecuador’s Galápagos Islands epitomize the
promise of ecotourism. Each year the archipelago draws

more than 62,000 people who pay to dive, tour, and cruise
amidst the 120 volcanic islands and the ecosystem’s rare
tropical birds, iguanas, penguins, and tortoises. Tourism
raises as much as $60 million annually, and provides income
for an estimated 80 percent of the islands’ residents. The
tenfold increase in visitors since 1970 has expanded the
resources for Ecuador’s park service. Tour operators, natu-
ralist guides, park officials, and scientists have worked
together to create a model for low-impact, high-quality eco-
tourism (Honey 1999:101, 104, 107).

But closer examination reveals trade-offs: a flood of
migrants seeking jobs in the islands’ new tourist economy
nearly tripled the area’s permanent population over a 15-year
period, turned the towns into sources of pollution, and added
pressure to fishery resources (Honey 1999:115, 117). Only 15
percent of tourist income directly enters the Galápagos
economy; most of the profits go to foreign-owned airlines
and luxury tour boats or floating hotels—accommodations
that may lessen tourists’ environmental impacts, but provide
little benefit to local residents (Honey 1999:108, citing Epler
1997). The hordes of tourists and immigrants have brought
new animals and insect species that threaten the island’s
biodiversity (Honey 1999:54). 

The Galápagos Islands well illustrate the complexities of
ecotourism, including the potential to realize financial bene-
fits nationally, even as problems become evident at the local
or park scale. For example, to a government that is promot-
ing ecotourism, more visitors means more income. But more
visitors can translate into damage to fragile areas. Park offi-
cials often complain of habitat fragmentation, air pollution
from vehicle traffic, stressed water supplies, litter, and other
problems. In Kenya’s Maasai Mara National reserve, illegal
but virtually unregulated off-road driving by tour operators
has scarred the landscape (Wells 1997:40). 

These impacts can be minimized with investments in
park management, protection, and planning. However, devel-

Box 1.15  E c oto u r i s m  a n d  C o n s e r vat i o n : A re  T h ey  C o m p at i b l e ?
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oping countries often lack the resources to monitor, evalu-
ate, and prevent visitor impacts, and infrastructure and facil-
ities may be rudimentary or nonexistent. 

Low entrance fees are part of the problem; they often
amount to just 0.01-1 percent of the total costs of a visitor’s
trip (Gossling 1999:309). Setting an appropriate park entry
fee—one that covers the park’s capital costs and operating
costs, and ideally even the indirect costs of ecological dam-
age—is one way that management agencies can capture a
larger share of the economic value of tourism in parks and
protected areas. Most parks have found that visitors are
willing to pay more if they know their money will be used to
enhance their experience or conserve the special area. To
ensure broad affordable access to parks, Peru, Ecuador,
Kenya, Jordan, Costa Rica, and several other countries have
raised fees for foreigners while maintaining lower fees for
residents.

Unfortunately, tourism revenues are not always rein-
vested in conservation. Of the US$3 million that Galápagos
National Park generates each year, for example, only about
20 percent goes to the national park system. The rest goes to
general government revenues (Sweeting et al. 1999:65). This
is typical treatment of park income in many countries, but it
undermines visitors’ support for the fees and destroys the
incentive for managers to develop parks as viable eco-
tourism destinations. Fortunately, some countries are using
special fees and tourism-based trust funds to explicitly
channel tourist dollars to conservation. Belize, for example,
raises funds for conservation through a US$3.75 tourist tax
levied on every foreign visitor as they depart the country,
generating about US$750,000 per year (Sweeting et al.
1999:69). 

Well-planned and -managed ecotourism offers greater
potential to bolster local and rural economic development

than traditional tourism, in which most of the economic ben-
efits linked to tourist expenditures “leak” back to commer-
cial tour operators in the richer countries (where most
tourists originate) or are captured by large cities of the host
countries (Wells 1997:iv). But increasing prices for land,
food, and other products can coincide with the growing pop-
ularity of a tourist or ecotourist haven, to the detriment of
local residents. In Zanzibar, villagers and townspeople have
been enticed into selling their property to tourism investors
who do not guarantee any profit sharing, joint ownership, or
other form of sustained benefit (Honey 1999:287). In Tonga,
tourism-driven inflation has caused shortages of arable land
(Sweeting et al. 1999:29). 

Some countries have introduced policies that help reim-
burse local residents for the direct and indirect costs of
establishing a protected area. Kenya, for example, aims to
share 25 percent of revenue from entrance fees with commu-
nities bordering protected areas (Lindberg and Huber
1993:106). Ecotourism planners also advocate sales of local
handicrafts in gift stores, patronage of local lodges, use of
locally grown food in restaurants and lodges, and training
programs to enable residents to fill positions as tour guides,
hotel managers, and park rangers. Both tour operators and
visitors have a role to play by screening trips carefully and
committing to ecotourist principles. Developers can choose
sites based on environmental conditions and local support,
and use sustainable design principles in building and resort
construction. 

Poorly planned, unregulated ecotourism can bring mar-
ginal financial benefits and major social and environmental
costs. But with well-established guidelines, involvement of
local communities, and a long-term vision for ecosystem
protection rather than short-term profit by developers, eco-
tourism may yet live up to its promise. 
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Many communities on the outer islands of Indonesia,
and elsewhere in the developing world, use traditional
systems of community-based, group tenure rights to

manage forest resources. Many of these management systems
are generations old and meet local economic needs while
maintaining vital ecosystem functions, including protection of
biodiversity (Lynch and Alcorn 1994:374, 381). Unfortunately,
most of these systems are threatened by legal and develop-
ment pressures.

In Indonesia, traditional community-based property rights
are called adat rights. Across the Indonesian archipelago, com-
munities adapt adat rights to their specific economic and envi-
ronmental needs. Agroforests in Sumatra and Kalimantan, for
example, are managed for rubber, durian fruits, illepe nuts,
resins, and rattan.

Between 12 and 60 million people depend on Indonesia’s
forests, with a substantial proportion practicing traditional
agroforestry (Poffenberger et al. 1997:22). Detailed information
is lacking, but research suggests much of this land is managed
under adat rights. 

T h re at s  to  G r o u p  Te n u re
Adat rights in Indonesia face four significant threats:

■ Adat rights are not meaningfully recognized by the state,
despite their widespread importance. The Indonesian Min-
istry of Forestry manages and claims exclusive ownership of
131 Mha of forest land—68 percent of Indonesia’s land area,
including 90 percent of the Outer Islands. Even though gov-
ernment planners admit knowledge of adat tracts is impor-
tant in formulating sustainable resource management plans,
the government does not know how much of this land is also
claimed under traditional group tenure regimes (Fox and
Atok 1997:32; Peluso 1995:390–391).

■ State-sponsored development activities constantly override
adat rights. Where 20-year timber concessions have been
granted, forest-based communities find their traditional
rights of use and access usurped (Lynch and Talbott
1995:52–54). Government-directed development plans—
including mining, transmigration settlements, and conver-

Box 1.16  U p r o ot i n g  C o m m u n a l  Te n u re  i n  I n d o n e s i a n  Fo re s t s
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sion of forests to timber or oil palm plantations—degrade or
destroy these ecosystems (Michon and de Foresta
1995:103–104). In East Kalimantan province, 30 percent of
Long Uli village land was lost to a government nature
reserve, and 20 percent (including half of the village’s culti-
vated land) was included in a timber concession, all without
the consent of or consultation with the villagers (Sirait et al.
1994:416). Over the protests of villagers in eastern Maluku
province, local government officials signed agreements with
timber companies granting them access to the village’s
resin-producing agroforests, which were then destroyed
without adequate compensation, thus undermining environ-
mental sustainability and local economic stability (Zerner
1992:31–33). 

■ The imminent nature of state-sponsored development pro-
jects provokes communities to overexploit their resource
base. Faced with irretrievably losing control of their lands
and resources, some forest-dependent communities will
incautiously reap maximum harvests and, in the process,
destroy the resource base (Lynch and Talbott 1995:98; Sirait
et al. 1994:416). 

■ Government policies that disproportionately reward agricul-
tural production can also promote forest degradation. More
favorable prices for agricultural commodities, relative to
nontimber forest products, encourage farmers to pursue less
sustainable forms of agriculture than those used by tradi-
tional agroforestry systems (Padoch and Pinedo-Vasquez
1996:113).

N e w  Ap p r o a c h e s
Many conflicts would be mitigated if adat rights were legally
recognized and granted political legitimacy. In 1998, before the
fall of the Suharto government, the Indonesian Ministry of
Forestry issued a decree that created a new land-use category,
the kawasan dengan tujuan istemewa, or “area of special/extra-
ordinary objective,” for 60 resin-producing agroforest villages
in the vicinity of Krui, Sumatra. The decree established a
process for granting official use and management rights to
local villages covering 29,000 ha of forest. The regulation was
the first ever to grant legally recognized management rights to
community agroforesters. 

Other important political and legal changes include Presi-
dent Habibie’s emphasizing the importance of civil society and
governmental accountability. The Basic Forest Law of 1999
acknowledges that local people have a key role in sustainable
forest management; however, it fails to recognize adat rights.
Within the Forestry Ministry, a new regulation currently being
considered would authorize the demarcation of indigenous ter-
ritories within areas designated as state forestland. The Min-

istry of Agrarian Affairs, in a related vein, has issued a decree
providing for delineation and registration of community-based
adat rights in some forested areas (Lynch 2000). 

Wider legal recognition of traditional community rights of
access to and management of forests in Indonesia could follow
these important developments (Campbell 1998). Still needed,
however, are clearer policies on adat rights that also define
local and state rights and responsibilities (Bromley and
Cernea 1989:52; Lynch and Alcorn 1994:376–377). 

Current progress toward wider legal recognition of local
tenure by the Indonesian government, however, is fragile in
light of the country’s recent economic and political turmoil.
Similar efforts to promote legal recognition of group tenure in
Thailand and the Philippines are also at precarious stages.

At current population growth rates, tensions between
development and sustainability are sure to continue. An addi-
tional 15–33 Mha of forest in Indonesia is expected to suffer
deforestation by 2020 (Lynch 2000). Plans are already under way
to create more pulp, paper, and oil palm plantations, all of
which replace natural forests (Barber 1997:74). 

Logged-over areas of natural forest currently provide for-
est-dependent communities space for agriculture, grazing, and
collection of forest products such as timber, rattan, and rubber.
Converting these areas to intensively managed pulp and oil
palm plantations will permanently exclude local populations;
their claims to resources, which had tenuous legitimacy before,
will be made irrelevant (Barber 1997:75). Securing the commu-
nity-based property rights of Indonesia’s forest-dependent
communities would help to both protect the interests of
Indonesia’s rural inhabitants and promote environmental
sustainability.
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Near a rural Bengali village, peasant families search-
ing for firewood pick a local forest patch clean. A
refugee from war-torn Rwanda flees to Tanzania

where he poaches game in a national park to feed his family.
A poor Kenyan family continues to cultivate their small farm
plot in spite of severe erosion and exhausted soil. These are
the typical images of the rural poor—people hugely depen-
dent on ecosystems, unable to afford sound management
practices, and caught in a vicious cycle of overusing already
fragile and degraded resources.

A more nuanced view has emerged, however, that recog-
nizes that the poor may have limited resources and great
dependence on the environment, but they also have consider-
able ability to protect their ecosystems, when given the
opportunity. Research is bringing to light abundant examples
of adaptation—strategies that the poor use to lessen the
impacts of environmental, economic, or social change on their
resources. Adaptive measures include innovative land-use
practices, the adoption of new technologies, economic diver-
sification, and changes in social organization (Batterbury and
Forsyth 1999:8).

W h o  A re  t h e  Po o r ?
Approximately 1.3 billion people, one-quarter of the world’s
population, live on about $1 a day (World Bank 1999:117). In
addition to encompassing insufficient financial assets,
poverty often means a lack of education, mobility, employ-
ment opportunities, or access to basic services such as safe
water, and physical isolation in remote villages. Limited
access to land is another key aspect of poverty; 52 percent of
the rural poor have landholdings too small to provide an ade-
quate income, and 24 percent are landless (UNCHS 1996:109).

The vulnerability of the poor is often exacerbated by a lack
of political power to defend their rights to environmental
resources or defend themselves against outright oppression.
In South and Southeast Asian countries, for example, many
governments consider forest-dependent people to be squat-
ters who are illegally using state-owned resources. They can
be arbitrarily displaced, often with state sanction, no matter
how long they have occupied the forest (Lynch and Talbott
1995:21). War and civil conflict in Central and Eastern Europe,
Somalia, the Congo, Lebanon, and other countries have torn
people from their land and plunged them into poverty. 

Urban poverty is a growing phenomenon, but the largest
numbers of poor people in developing countries still live in
rural areas—as much as 80 percent in 1988 (Jazairy et al.
1992:1). Many struggle to subsist on lands variously described
as “poverty traps,” “less favored,” or “marginal.” These tend
to be areas of high ecological vulnerability (such as subtropi-
cal drylands or steep mountain slopes) or low levels of bio-
logical or resource productivity combined with high human

demands. There may be almost twice as many poor living on
marginal lands as on favored lands in developing countries—
630 million compared to 325 million (CGIAR et al. 1997). If cur-
rent trends in poverty and natural resource degradation per-
sist, by 2020 more than 800 million people could be living on
less favored lands, places like the upper watersheds of the
Andes and the Himalayas, the East African highlands, and the
Sahel (Hazell and Garrett 1996). 

P r ote ct i n g  T h e i r  E c o s y s te m s
It is increasingly evident that the poor can fight back against
environmental degradation. In some places, they have been
fighting back for centuries, using adaptive measures when-
ever ecosystem changes have demanded them.

One example of adaptation can be found in the highlands
of Papua New Guinea, where the Wola people grow crops on
slopes cleared of native forests by means of slash and burn
techniques. Instead of accelerating soil exhaustion and fur-
thering deforestation, as traditional models would predict, the
Wola have maintained soil fertility by constructing mounds of
soil using rotting vegetation as compost. They select strategi-
cally what crops to plant, using a variety of crops in the first
years of cultivation when soils are rich. In later years when
soil fertility declines, the Wola plant only sweet potatoes, a
crop that can thrive without many nutrients (Batterbury and
Forsyth 1999:8, citing Sillitoe 1998 and Sillitoe 1996).

The Mossi people in Burkina Faso offer other examples of
successful adaptation. As rapid population growth and fre-
quent droughts have degraded their soils, Mossi farmers have
responded by creating compost pits and building diguettes—
semipermeable lines of stone placed at right angles to the
slope to prevent erosion (Batterbury and Forsyth 1999:9–10).
The significant number of Mossi who have migrated to cities
or the neighboring country of Cote d’Ivoire for wage employ-
ment during the dry season is also an adaptive response that
reduces pressures on the land and food supply, provides
remittances for families, and diversifies income sources. Like
all adaptations, however, these local strategies have their
limitations. Severe drought or a shortage of nonfarm job
opportunities can undermine the Mossi’s successes.

A third adaptation example comes from the forest-
savanna zone of Guinea in West Africa. For 200 years,
researchers erroneously blamed the Kissi and Kuranko people
for the deforestation of a large forest in the Kissidougou
province. Research into historical land-cover patterns eventu-
ally revealed that the Kissi and Kuranko had actually created
patches of forest on relatively treeless savannas through tar-
geted burning to reduce the risk of fire and to increase soil
fertility, and by tethering animals and promoting fast-growing
tree species (Batterbury and Forsyth 1999:10–11, citing Fair-
head and Leach 1996).

Box 1.17 R u ra l  Pove r t y  a n d  A d a p tat i o n
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Examples of Indigenous Soil and Water Conservation Techniques in Selected West African Countries

Population Density

Country Rainfall (mm) (per km2) Indigenous Soil and Water Conservation Techniques

Burkina Faso 1,000–1,100 35 Stone bunds in slopes network of earth bunds and drainage channels in lowlands

1,000 35–80 Contour stone bunds on slopes, drainage channels

400–700 29 Stone lines, stone terraces, planting pits

Cameroon 800–1,100 80–250 Bench terraces (0.5–3 m high), stone bunds

Cape Verde 400–1,200 (uplands) >100 Dry stone terraces (walls 1–2 m high), rectangular basins (approx. 2 m x 4 m)

Chad 250–650 5–6 Water harvesting in drier regions: various earth bunding systems with upslope wingwalls and catchment area

Niger 300–500 Stone lines, planting pits

Nigeria 1,000–1,500 110–450 Stepped, level benched stone terraces, rectangular ridges, mound cultivation

Mali 400 20–30 Pitting systems

500–650 13–85 Cone shaped mounds, planting holes, terraces square basins, stone lines, bunds or low walls

Sierra Leone 2,000–2,500 38 Sticks and stone bunding on fields and drainage techniques in gullies

Togo 1,400 80 Bench terraces and contour bunds, (rectangular) mound cultivation

Source: IFAD 2000.

Adaptation is not confined to rural areas. In cities the
poor supplement their diets and income by transforming
vacant lots, rooftops, and the lands along roadsides and
other rights-of-way into highly productive plots of vegeta-
bles, fruits, and trees. As food and fuel are the largest
household expenses for low-income urban populations,
urban agriculture can be a first line of defense against
hunger and malnutrition. Shantytown dwellers who mobilize
to secure access to water and sanitation and improve their
environments are engaging in another form of adaptation.
But adaptation can be more difficult in cities, where a com-
munity’s response may be more dependent on access to and
support from local and state governments, corporations, or
international agencies. In addition, many environmental risks
are relatively new or beyond the experience of the urban
poor, or difficult to detect, such as solvent or lead poisoning
(Forsyth and Leach 1998:26).

How a community adapts to ecosystem decline depends
on the knowledge that individuals have and the local biophysi-
cal environment, such as rainfall and soil conditions. Eco-
nomic and political factors such as the availability of labor
and access to markets also are crucial. 

Governments, NGOs, and development agencies can help
the poor respond positively to natural resource management
challenges by working with local residents—supporting
locally designed adaptations and community-based institu-
tions, creating employment opportunities, and providing new
knowledge, technical and marketing assistance, training, and

credit. Those institutions also can hinder adaptations and
progress against poverty. Limiting the voice of the poor in
resource management decisions or denying local people
security of tenure and rights of access to resources are
among the most detrimental factors. Without recognition of
traditional tenure rights and grants of control over resources,
the poor have less incentive and capacity to adapt. 

Experiences of the people of Sukhomajri, India, illustrate
the difference that stable tenure systems can make in the
health of an ecosystem. Twenty years ago, the forest depart-
ment granted villagers the right to harvest the grass in the
watershed for a nominal fee, rather than auctioning the grass
to a contractor who, in turn, would charge the villagers high
rates for the grass (Agarwal and Narain 1999:16). With the
assurance that they would reap the benefits of increased bio-
mass production, villagers identified ways to protect the
watershed—regulating livestock grazing, investing in the con-
struction of water tanks for increased crop production, and
sustainably harvesting wood from the forest that lies within
the catchment. By the mid-1980s, Sukhomajri was no longer
importing food but exporting it. Between 1979 and 1984,
household income increased from Rs 10,000 to Rs 15,000. The
village also earns about Rs 350,000 annually from the sale of
milk, and another Rs 100,000 from the sale of bhabhar—a
fibrous grass that can be used as fodder and sold to paper
mills (Agarwal and Narain 1999:16). The result—a once
degraded watershed is today a wetter, greener, more produc-
tive and prosperous area.



local economy or the health and productivity of the forest
(Harris 1996:130–135, 170–171; LOE 1996:12–18).

Lack of ownership can also be a problem. Many of the
world’s poor lack legal property rights—tenure—over the
lands they live on. A poor farmer without secure land tenure
may not feel much incentive to consider long-term produc-
tivity because he or she has no assurance of being able to
stay and capitalize on any investments in good soil or water
management. In fact, lack of legal title tends to discourage
some land uses, like agroforestry, that are relatively benign
to ecosystems but require long periods to reach peak pro-
ductivity (Scherr 1999). In addition, landless immigrants,
often fleeing unemployment and poverty or civil strife in
more populated regions, have been important contributors
to deforestation in frontier areas as they clear forest plots for
subsistence farming. In some instances, clearing forest
areas is actually a means to gain land title, since it converts
the land to agriculture—a legally recognized land use. 

Sometimes, modern systems of private or state owner-
ship can conflict with more traditional forms of group or
community ownership, with the environment suffering as a
consequence. Cultures around the world have developed sys-
tems of communal management of shared resources to con-
trol overharvesting. Forests in Indonesia, rangelands in
Mongolia, and coastal fishing areas in the Philippines are
all current examples. An extensive literature documents
that these traditional systems of property rights and com-
munal management can be very effective at preserving
ecosystems over the long term even as they are routinely har-
vested. Nonetheless, governments often ignore these tradi-
tional forms of ownership, denying them legal recognition. 

POVERTY
The question of who owns ecosystems and their benefits
ultimately becomes a question of equity. Those with prop-
erty rights or with the money to buy consumer items are
most likely to control the goods and services that ecosys-
tems produce and to influence how ecosystems are man-
aged. Yet it is the poor who are most directly dependent on
ecosystems for their immediate survival and therefore most
vulnerable when ecosystems decline. Subsistence farmers
and others who cannot afford fertilizers depend on natural
soil fertility; and subsistence fishers depend on the contin-
ued productivity of lakes, rivers, estuaries, and coastal wet-
lands. When these systems are depleted, impoverished peo-
ple can’t insulate themselves from the effects as the wealthy
can. They must bear the costs of lost ecosystem services
directly.

The connection between poverty and the environment is
complex. In many instances, poverty contributes to pres-
sures on ecosystems. Roughly half of the world’s poorest
people live on marginal lands—arid areas, steep slopes, and
the like—that are prone to degradation (UNDP 1998:66).
Even when the slope erodes, or the fish harvest tapers off,

the poor often have no choice but to keep depleting the
resource or to convert other vulnerable areas for use.

But this isn’t always the case. In fact, the poor can be a
source of conservation and environmental protection as
well (Scherr 1999). Many people around the world have
learned to extract goods from marginal systems without fur-
ther degradation. For instance, the Mien people of the
northern highlands of Thailand center their cultivation on
the least erosive slopes, allowing local forests to remain
intact and even expand (Batterbury and Forsyth 1999:8).
Similar successes, as a result of diversifying both crops and
income-generating activities, are taking place in the
Machakos region of Kenya (see Chapter 3, Regaining the
High Ground: Reviving the Hillsides of Machakos), the dry-
lands and forests of West Africa, and other areas. 

Manag ing  for  Ecosystem Hea l th

W ell-managed ecosystems can provide a range
of benefits over the long term. We can
choose to emphasize one or a few benefits
over others—timber production over

scenery, more food over unbroken forests, hydropower over
fish harvests—but each choice has a consequence. Poor man-
agement choices in the past have often needlessly degraded
ecosystems, yielding fewer goods and services today when
demand is rising quickly. Retaining the productive capacity
of ecosystems in the face of the trade-offs we make marks the
difference between good and poor management.

But what does it take to manage ecosystems so that they
remain resilient and productive, so that they retain—or
recover—their health? We are still struggling to find out.
There is no standard measure of ecosystem health or
resilience. How much productivity should we expect from
ecosystems, and how much degradation can we tolerate?
How much can we repair what we have broken, and how
much will it cost?

Certainly, answering these questions requires a funda-
mental knowledge of ecosystem processes and the relation-
ship between various goods and services. Yet these are not sci-
entific questions alone. They are also matters of societal
judgment, of economics, and even of ethics. We may choose
to forgo harvesting a tract of old-growth forest simply because
it is a beautiful and rare habitat, or we may deem it more ben-
eficial used as lumber for housing and left to regenerate as
second growth. In either case, the forest may persist in a vital
state, but deliver a very different complement of benefits.

Whatever we decide, our opportunities to improve our
management of ecosystems are substantial. Our under-
standing of how ecosystems function, of the links between
them and their biological limits, and of their total value has
improved significantly in just a few short decades. Satellites
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and improved measurement techniques have heightened
our ability to monitor ecosystems and measure the results of
our management. Ecosystem restoration techniques have
also advanced, giving the hope that some recovery of pro-
ductivity is possible (Parrotta and Turnbull 1997). And,
more and more, governments and communities have begun
to understand the link between ecosystem health and their
own economic prosperity and quality of life. Many have
already started to define for themselves what sustainable
ecosystem management might be—a regional approach to
watershed management, perhaps, or land-use restrictions
that seek to cluster suburban development rather than
encourage sprawl. 

The very process of global development, although it
places greater pressures on ecosystems, can also be a posi-
tive force, changing the way we look at and manage ecosys-
tems. As personal incomes rise and education and environ-
mental awareness expand, the value we place on intact
ecosystems will surely grow as well (Panayotou 1999). This
is already in evidence in wealthier nations. The demand for
nature-based tourism, for example, has started to increase
sharply. Initiatives to preserve farmland and curb suburban
sprawl have begun in many urban areas. Ambitious projects
to restore threatened ecosystems such as the Rhine River or
the Florida Everglades have garnered political and financial
backing. These projects are evidence of a growing desire to
experience and conserve ecosystems, and a willingness to
pay for it. 

Despite these positive signs, the challenge of defining
equitable and sustainable ecosystem management at a
global level should not be minimized. It includes asking our-
selves such difficult questions as:

■ How can we  manage watersheds and water resources in
the face of potential increases in demand of up to 50 per-
cent for irrigation water and up to 100 percent for indus-
trial water by 2025 (WMO 1997:19–20)?

■ Even if irrigation water can be found, how can we inten-
sify our agriculture enough to feed future populations
without increasing the damage from nutrient and pesti-
cide runoff or without continuing to convert forests and
other ecosystems to croplands?

■ How can we continue to supply the roughly 1 m3 of wood
products per year that the average person consumes
without decimating existing forests? And what if wood
demand doubles in the next 50 years, as some project
(Watson et al. 1998:18)?

■ How can we lessen the impact of climate change on
ecosystems given that CO2 emissions will likely increase
as the global economy grows, at least in the short term?

■ How can we reduce the impacts of urban areas—from
sprawl to water use to air pollution and solid waste gen-
eration—on surrounding ecosystems as urban popula-
tions rise to an estimated 5 billion by 2025 (UNPD
1997)? 

We have no option but to confront these and similar ques-
tions. Our dependence on ecosystems is growing, not dimin-
ishing. The productivity of ecosystems, once it is lost
through poor management, is difficult and costly to replace. 

Tackling these issues will require new strategies that
reach across political boundaries without losing critical
local support. These, in turn, will rely on an ever clearer
understanding of the real state of global ecosystems—how
much we have and how much we stand to lose without better
management. As a first step, Chapter 2 presents the results
of a comprehensive, albeit preliminary, assessment of the
world’s major ecosystems. The hope is that such back-
ground knowledge can help to reveal the trade-offs we have
already made and crystallize the management choices that
remain to us.
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This chapter takes on the critical question:
What condition are the world’s ecosystems in? As Chapter 1 makes
clear, the capacity of ecosystems to produce goods and services
ranging from food to clean water is fundamentally important for
meeting human needs and, ultimately, inf luences the develop-
ment prospects of nations. Although policy makers have ready
access to information about the condition of their nation’s econ-
omy, educational programs, or health care system, comparable
information about the condition of ecosystems is unavailable. In
fact, no nation or global institution has ever undertaken a com-
prehensive assessment of how well ecosystems are meeting
human needs.

We know a good deal about environmental conditions in many
places, and we have a fair understanding of the pressures many
ecosystems face. But this information lacks the coherence and
global coverage needed to provide a clear picture of the state of
major ecosystems worldwide.
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To help fill this information gap, this chapter presents the
results of a first-of-its-kind assessment: the Pilot Analysis of
Global Ecosystems (PAGE). The PAGE study assessed five of
the world’s major ecosystem types.

■ Agricultural ecosystems or “agroecosystems” cover 28
percent of the land surface (excluding Antarctica and
Greenland) and account for $1.3 trillion in output of food,
feed, and fiber and for 99 percent of the calories humans
consume. 

■ Coastal ecosystems (including marine fisheries) cover
approximately 22 percent of the total land area in a 100-km
band along continental and island coastlines, as well as the
ocean area above the continental shelf. The coastal zone is
home to roughly 2.2 billion people or 39 percent of the
world’s population and yields as much as 95 percent of the
marine fish catch.

■ Forest ecosystems cover 22 percent of the land surface
(excluding Antarctica and Greenland) and contribute
more than 2 percent of global GDP through the production
and manufacture of industrial wood products alone.

■ Freshwater systems cover less than 1 percent of Earth’s
surface but they are the source of water for drinking,
domestic use, agriculture, and industry; freshwater fish
and mollusks are also a major source of protein for humans
and animals.

■ Grassland ecosystems (including shrublands) cover 41
percent of the land surface (excluding Antarctica and
Greenland) and are critical producers of protein and fiber
from livestock, particularly in developing countries.

Together these five ecosystem types, which overlap in some
places, cover the bulk of Earth’s land area and a significant por-
tion of the ocean area. They are also home to much of the world’s
population. Other ecosystems, such as polar zones, high moun-
tains, ocean areas beyond the continental shelves, and even
urban ecosystems account for the remainder of the area and are
important in their own right (see the Appendix to this Chapter).
But the condition of the goods and services produced by these
five major ecosystems will largely determine how well Earth’s
living systems meet human needs today and in the future. 

A  Un ique  Approach

The PAGE study is unique in that it evaluated the
state of five ecosystems by examining the condition
of a range of goods and services these ecosystems
produce:

■ food and fiber production,

■ provision of pure and sufficient water,

■ maintenance of biodiversity,

■ storage of atmospheric carbon, and

■ provision of recreation and tourism opportunities.

This “goods and services approach” makes explicit the link
between the biological capacity of ecosystems and human
well-being.

Notably, the PAGE analysis considered not just the current
level of production of goods and services, but also the capacity of
the ecosystem to continue to produce these goods and services
in the future. For example, in evaluating food production in the
coastal and marine assessment, PAGE researchers looked not
only at the current marine fish catch, but also at trends in the
condition of the fish stocks that contribute to this catch. In this
way, the PAGE study—to the extent possible—addressed the ques-
tion of the sustainability of current patterns of ecosystem use
(Box 2.1 The Difficulty of Assessing Ecosystems).

A  G l oba l  Synthes i s  o f  
Current  I n format ion

The first objective of PAGE was to review existing
environmental assessments and compile available
data into a globally comprehensive package. PAGE
researchers synthesized information from dozens

of sources:

■ national, regional, and global data sets on food and fiber
production;

■ sectoral assessments of agriculture, forestry, biodiversity,
water, and fisheries;

■ national state-of-the-environment reports;

■ national and global assessments of ecosystem extent and
change;

■ biological assessments of particular species or environments.

■ scientific research articles; and

■ various national and international data sets.

For each of the five ecosystem types, PAGE researchers first
assembled the best information available on the extent of the
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It is enormously challenging to measure the overall condi-
tion or health of an ecosystem. The ecosystem “indica-
tors” most readily available, and that have shaped our

current understanding of ecosystems, are far from complete.
Each provides only a partial description of the bigger picture,
like the parable of the five blind men giving different descrip-
tions of the same elephant because each can feel only a small
part of the whole animal. These indicators include:

■ pressures on ecosystems, including such factors as popula-
tion growth, increased resource consumption, pollution,
and overharvesting;

■ extent of ecosystems—their physical size, shape, location,
and distribution; and

■ production or output of various economically important
goods by the system, such as crops, timber, or fish.

Each of these indicators is important, but collectively they
provide only a narrow view of ecosystem condition and how
well ecosystems are being managed. Indicators of pressure,
for example, reveal little about the actual health of the sys-
tem. With proper management, an ecosystem can withstand
significant pressures without losing productivity. Indeed,
some agroecosystems have withstood the pressure of inten-
sive cultivation for generations, but have sustained produc-
tivity with the help of organic fertilizers and crop rotation.
And although growing populations may increase pressures
on forests or fisheries, examples abound of community-based
management systems that maintained the productivity of
ecosystems even in the face of significant population growth. 

Similarly, changes in ecosystem extent—such as loss of
forests and expansion of agriculture—may indicate that the
form of land use and the predominant vegetation have
changed, but don’t reveal how well the remaining forest or
agroecosystem is functioning. And information about the pro-
duction or output of various ecosystem goods and services
doesn’t provide a complete picture because production infor-
mation is rarely available for nonmarketed commodities such

as water filtration or storm protection; and the nonmarketed
commodities are sometimes the most valuable services
ecosystems provide. 

Most important, none of these traditional indicators pro-
vides information about the underlying capacity of ecosys-
tems to continue to supply their life-sustaining goods and
services. The history of the world’s fisheries illustrates this
problem well. Routinely in fisheries around the world, over-
fished stocks have collapsed after several years or decades
of bountiful harvests. The high production in the good years
thus revealed nothing about the health of the fishery; it
merely foreshadowed the exhaustion of the resource. Simi-
larly, food production statistics don’t reveal evidence of the
degradation of agroecosystems that might result from exces-
sive soil erosion or nutrient depletion, since some degrada-
tion can be offset by increased fertilization and new crop
varieties. With time, though, the diminished capacity of the
agricultural lands will increase production costs and may ulti-
mately take land out of production.

Indicators of ecosystem capacity are not easy to obtain.
Such indicators must probe the underlying biological state of
the ecosystem, including physical factors such as soil fertility
or water’s dissolved oxygen content that lie at the base of the
ecosystem’s ability to function. For example, data about the
size and structure of some marine fish stocks are available.
When these basic population data are combined with knowl-
edge of breeding cycles, the availability of basic nutrients,
and large-scale ocean trends like El Niño, the result can lead
to an estimate of the maximum sustainable yield for the mon-
itored fish stocks—in other words, the maximum amount of
fish that can be harvested without risking depletion of the
resource. If calculated carefully, this represents a true mea-
sure of the ecosystem’s capacity to sustainably produce fish. 

Unfortunately, the basic biological data needed to judge
ecosystem capacity are often available only for limited areas
or species. Even when these data are available, the complex
interactions between the elements of the ecosystem and how
they affect ecosystem capacity are often unclear. Capacity
indicators thus represent the frontier of ecosystem assess-
ment and one of its most problematic aspects. 
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ecosystem and any modifications to the ecosystem, such as con-
version to agriculture or urban areas. PAGE researchers asked:

■ Where is the ecosystem located? 

■ What are its dominant physical characteristics?

■ How has it changed through time?

■ What pressures and changes is it experiencing today?

They then concentrated on assembling the best indicators
of production and condition of the various goods and services
produced by each ecosystem:

■ What is the quantity of the service being produced (and its
value, where possible)?

■ Is the capacity of the ecosystem to provide that service
being enhanced or diminished through time?

Essentially, for each good and service, the PAGE study
asked: Why is it important? and What shape is it in? To the
extent possible, researchers also included information about
the plausible future condition of the ecosystem.

The results of the PAGE study were subjected to a thorough
peer review by more than 70 scientific experts around the
world.

The “Big Picture,” but with Limitations

The goal of PAGE was not only to provide “state of the
art” information about the condition of global
ecosystems, but also to help identify gaps in data
and information. In addition, PAGE was designed

to demonstrate, on a global level, the utility of an integrated

assessment approach—one that simultaneously assesses the
full range of both goods and services an ecosystem produces
rather than focusing on just one or two, such as timber pro-
duction or biodiversity. 

The PAGE findings provide a “big picture” view of ecosys-
tem condition and change at a global or continental scale and
indicate how these ecosystem characteristics are linked to
development prospects. PAGE did not attempt to produce the
more detailed site-specific data and information needed at a
national scale by resource managers. Nor did it examine spe-
cific trade-offs among various goods and services (except for a
few illustrative cases), since that type of analysis is most
meaningful at smaller scales, such as a nation or river basin,
where these choices are actually made.

Although the PAGE study strove to be as integrated as pos-
sible in its approach, it is not, strictly speaking, an “inte-
grated assessment.” A truly integrated ecosystem assessment
would focus not on categories such as “forests” and “grass-
lands,” as PAGE has done, but instead on spatially contiguous
regions, such as an entire nation, or even a river basin. The
Amazon River Basin ecosystem, for example, includes agroe-
cosystems, coastal areas, grasslands, forests, and freshwater
habitats. An integrated assessment of the Amazon would
examine the array of goods and services produced from this
mosaic of land uses and land cover and the trade-offs among
them, rather than examine each in isolation (see Box 4.3 The
Need for Integrated Ecosystem Assessments).

Nonetheless, at a global scale, the broad ecosystem cate-
gories used by PAGE provide a useful way to present informa-
tion. Moreover, these categories are useful to some of the
environmental institutions charged with the conservation
and sustainable use of ecosystems. For example, these are the
categories used by the Convention on Biological Diversity, the
treaty signed by the international community in 1992.
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An Internat ional Collaborat ion

Many organizations collaborated to produce the PAGE
study:

■ Centro Internacional de Agricultura Tropical (CIAT)

■ Global Runoff Data Centre, Germany

■ International Fertilizer Development Center (IFDC)

■ International Food Policy Research Institute (IFPRI)
(agroecosystem coordinator)

■ International Institute for Applied Systems Analysis
(IIASA)

■ International Potato Center (CIP)

■ International Soil Reference and Information Centre
(ISRIC)

■ Food and Agriculture Organization of the United
Nations (FAO) 

■ MRJ Technologies, USA

■ Ocean Voice International

■ UN Environment Programme

■ UN Development Programme

■ US Geological Survey, EROS Data Center 

■ University of Maryland, USA

■ University of New Hampshire, USA

■ University of Umeå Sweden

■ World Bank

■ World Conservation Monitoring Centre (WCMC)

■ World Resources Institute (PAGE coordinator)



In spite of the narrowness of current ecosystem indicators,
we must use them in judicious combination to assemble a
picture of ecosystem status. Thus, the PAGE study has

negotiated carefully through the various indicators available
on ecosystem pressures, production, underlying biological
condition, and physical extent to arrive at its findings.

For summary purposes, PAGE researchers chose to repre-
sent their findings as two separate “scores” for each of an
ecosystem’s primary goods or services (see the Ecosystem
Scorecard). The Condition score (indicated by color) reflects
how the ecosystem’s ability to yield goods and services has
changed over time by comparing the current output and qual-
ity of these goods and services with output and quality 20–30
years ago. It is drawn from indicators of production such as
crop harvest data, wood production, water use, and tourism,
as well as data on biological conditions, such as species
declines, biological invasions, or the amount of carbon stored
in the vegetation and soils of a given area. 

The Changing Capacity score reflects the trend in an
ecosystem’s biological capacity—its ability to continue to
provide a good or service in the future. It integrates informa-
tion on ecosystem pressures with trends in underlying biolog-
ical factors such as soil fertility, soil erosion and salinization,
condition of fish stocks and breeding grounds, nutrient load-
ing and eutrophication of water bodies, fragmentation of
forests and grasslands, and disruption of local and regional
water cycles. 

In all cases, the ecosystem scores represent expert judg-
ments that integrate a number of different variables, and
accommodate gaps in the data sets. Although far from per-
fect, the Condition and Changing Capacity scores, when
taken together, offer a reasonable picture of how ecosystems
are serving us today, and their trend for the future, given cur-
rent pressures. 
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PAG E  F I N D I N G S : T h e  E c o s y s te m  S c o re c a r d

Agro Coast Forest Fresh- Grass-
water lands

Food/Fiber
Production

Water
Quality

Water
Quantity

Biodiversity

Carbon
Storage

Recreation

Shoreline
Protection

Woodfuel
Production

?

?

Scorecard

Excellent Good Fair Poor Bad Not Assessed

Condition

Increasing Mixed Decreasing Unknown

Changing 
Capacity ?

Key

Condition assesses the current output and quality of the ecosystem
good or service compared with output and quality of 20–30 years ago.

Scores are expert judgments about each ecosystem good or service over
time, without regard to changes in other ecosystems. Scores estimate the
predominant global condition or capacity by balancing the relative
strength and reliability of the various indicators. When regional findings
diverge, in the absence of global data, weight is given to better-quality
data, larger geographic coverage, and longer time series. Pronounced dif-
ferences in global trends are scored as “mixed” if a net value cannot be
determined. Serious inadequacy of current data is scored as “unknown.”

Changing Capacity assesses the underlying biological ability of the
ecosystem to continue to provide the good or service.



PAGE  F ind ings :  What  Shape  Are  the
Wor ld ’ s  Ecosystems  In ?

The results of the PAGE study confirm that humans
have dramatically altered the capacity of ecosys-
tems to deliver goods and services, with the most
significant changes taking place over the past cen-

tury. For some goods and services, such as food production,
we have greatly increased the capacity of ecosystems to pro-
vide what we need, while for others, such as water purification
and biodiversity conservation, we have greatly degraded their
capacity. The balance sheet of the positive and negative
impacts of our management of ecosystems is shown in the
Ecosystem Scorecard and summarized below.

FOOD PRODUCTION
People have dramatically increased food production from the
world’s ecosystems, in part by converting large areas to highly
managed agroecosystems—croplands, pastures, feedlots—that
provide the bulk of the human food supply. The condition of
agroecosystems from the standpoint of food production is
mixed. Although crop yields are still rising, the underlying
condition of agroecosystems is declining in much of the
world. Soil degradation is a concern on as much as 65 percent
of agricultural land. Historically, inputs of water, fertilizers,
and technologies such as new seed varieties and pesticides
have been able to more than offset declining ecosystem condi-
tions worldwide (although with significant local and regional
exceptions), and they may continue to do so for the foresee-
able future. But how long can that kind of compensation con-
tinue? The diminishing capacities of agroecosystems will
make that task ever more challenging. 

The outlook for fish production—also a major source of
food—is more problematic. The condition of coastal ecosys-
tems from the standpoint of food production is only fair and
becoming worse. Twenty-eight percent of the world’s most
important marine fish stocks are depleted, overharvested, or
just beginning to recover from overharvesting. Another 47
percent are being fished at their biological limit and are,
therefore, vulnerable to depletion. Freshwater fisheries pre-
sent a mixed picture; we are currently overexploiting most
native fish stocks, but introduced species have begun to
enhance the harvest in some water bodies, and production
from aquaculture ponds is growing steadily. Overall, the pat-
tern of increasing dependence on aquaculture and the decline
of natural fish stocks will have serious consequences for many
of the world’s poor who depend on subsistence fishing.

WATER QUANTITY
Dams, diversions, irrigation pumps, and other engineering
works have profoundly altered the amount and location of
water available for both human uses and for sustaining
aquatic ecosystems. People now withdraw annually about half
of the water readily available for use from rivers. Dams and

engineering works have strongly or moderately fragmented
60 percent of the world’s large river systems; they have so
impeded flows, that the length of time it takes the average
drop of river water to reach the sea has tripled. The changes
we have made to forest cover and other ecosystems such as
wetlands also have altered water availability and affected the
timing and intensity of floods. For example, tropical montane
forests, which play key roles in regulating water quantity in
the tropics, are being lost more rapidly than any other tropical
forest type. Freshwater wetlands, which store water and mod-
erate flood flows, have been reduced by as much as 50 percent
worldwide.

WATER QUALITY
Water quality is degraded directly through chemical and
nutrient pollution and indirectly when the capacity of ecosys-
tems to filter water is degraded and when land-use changes
increase soil erosion. Nutrient pollution from fertilizer-laden
runoff is a serious problem in agricultural regions around the
world; it has resulted in eutrophication and human health
hazards in coastal regions, particularly in the Mediterranean,
Black Sea, and northwestern Gulf of Mexico. The frequency of
harmful algal blooms, linked to nutrient pollution, has
increased significantly in the past 2 decades. We have greatly
exceeded the capacity of many freshwater and coastal ecosys-
tems to maintain healthy water quality. And although devel-
oped countries have improved water quality to some extent in
the past 20 years, water quality in developing countries—par-
ticularly near urban and industrial areas—has been degraded
substantially. Decreasing water quality poses a particular
threat to the poor who often lack ready access to potable water
and are most subject to the diseases associated with polluted
water.

CARBON STORAGE
The plants and soil organisms in ecosystems remove carbon
dioxide (CO2)—the most important greenhouse gas—from the
atmosphere and store it in their tissues. This carbon storage
process helps to slow the buildup of CO2 in the atmosphere.
Unfortunately, the steps we have taken to increase production
of food and other commodities from ecosystems have had a
net negative impact on their capacity to store carbon. This is
principally the result of converting forests to agroecosystems;
agroecosystems support less vegetation overall and therefore
store less carbon. Such land-use changes are in fact an impor-
tant source of carbon emissions, contributing approximately
20 percent of global annual carbon emissions.

Ecosystems nonetheless still store significant carbon (Box
2.2 Terrestrial Storage of Carbon). Of the carbon currently
stored in terrestrial systems, 38–39 percent is stored in forests
and 33 percent in grasslands. Agroecosystems, which overlap
grasslands and forests somewhat, store 26–28 percent. How
we manage these ecosystems—whether we promote afforesta-
tion and other carbon-storing strategies or increase the forest
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Tracking the changes in Earth’s chemical cycles—car-
bon, nitrogen, and water cycles—is essential to
understanding the condition of ecosystems. These

cycles serve as the basic metabolism of the biosphere, affect-
ing how every ecosystem functions and linking them all on a
global level. Human-induced changes in these global
processes can alter climate patterns and affect the availabil-
ity of basic nutrients and water that sustain plant and animal
life.

T h e  C a r b o n  C yc l e
Carbon dioxide (CO2) concentrations in the atmosphere rose
30 percent from 1850 to 1998, from 285 parts per million to 366
parts per million (IPCC 2000:4) (see Box 1.6 Carbon Storage,
p. 15). This rise in atmospheric CO2 levels is largely the result
of increased CO2 emissions from burning fossil fuels. How-
ever, changes in use and management of ecosystems have
also played a major role by releasing carbon that had been
stored in vegetation and soil. About 33 percent of the carbon
that has accumulated in the atmosphere over the past 150
years has come from deforestation and changes in land use
(IPCC 2000:4).

Climate models tell us that rising carbon concentrations
in the atmosphere will alter Earth’s climate, affecting precipi-
tation, land and sea temperatures, sea level, and storm pat-
terns. The extent and structure of ecosystems will change as
they transform in response to these basic physical parame-
ters. Changing climate will also affect the rate of greenhouse
gas emissions from some ecosystems. For example, models
suggest that a warmer climate in the Arctic will elevate the
rate of decomposition of the vast peat reserves in tundra and
taiga ecosystems, increasing the release of CO2 into the
atmosphere.

Elevated atmospheric CO2 can, in turn, have more direct
impacts on ecosystems. Because plants depend on CO2 for
growth, elevated CO2 concentrations will have a “fertilizer
effect,” increasing the growth rate of some plants and chang-
ing some of the chemical and physical characteristics of their
cells. Some species will benefit more than others, and this in
turn will alter the composition of biological communities.

Climate change could also have a profound impact on
growing patterns and yields in agriculture. PAGE researchers
estimated that a warmer climate could raise cereal produc-
tion by 5 percent in mid- to high-latitude regions (mostly
developed countries) but might decrease cereal yields in low-
latitude regions by 10 percent (particularly in African devel-
oping countries).

T h e  N it r o g e n  C yc l e
Although we are more familiar with the influence humans
have had on the carbon cycle, human influence on the global
nitrogen cycle is more profound and already more biologically
significant. In most natural systems, lack of nitrogen is an
important limiting factor for plant growth, which is what
accounts for significant increases in crop yields in response
to nitrogen fertilizers. However, as explained in Chapter 1, the
production and use of fertilizers, burning of fossil fuels, and
land clearing and deforestation also increase—far beyond
natural levels—the amount of nitrogen available to biological
systems (Vitousek et al. 1997:5). This added nitrogen has
caused serious problems, particularly in freshwater and
coastal ecosystems where excess nitrogen stimulates growth
of algae, sometimes depleting available oxygen to the point
where other aquatic organisms suffocate, a process known as
eutrophication.

T h e  Fre s h w ate r  C yc l e
The scale of human impact on freshwater cycles is also mas-
sive. Humans currently appropriate more than half of accessi-
ble freshwater runoff, and by 2025, demand is projected to
increase to more than 70 percent of runoff (Postel et al. 1996:7,
787). A substantial amount—70 percent—of the water cur-
rently withdrawn from all freshwater sources is used for agri-
culture (WMO 1997:9). By shifting water from freshwater sys-
tems to agroecosystems, crop production increases, but at
significant cost to downstream ecosystems and downstream
users. Some of the water diverted from rivers or directly con-
sumed does return to rivers but, typically, carrying with it pol-
lution in the form of agricultural nutrients or chemicals, or
human or industrial waste. But as much as 60 percent of
water withdrawn from rivers is lost to downstream uses (Pos-
tel 1993:56; Seckler 1998:4). 

G l o b a l  C yc l e s , G l o b a l  I m p a ct s
The importance of these global cycles to the functioning of
ecosystems cannot be overstated. There is no question that
sound management of Earth’s ecosystems will require
changes in the use of resources at a local level; but it is not
enough to only examine and assess the condition of ecosys-
tems at the local level. Some of the most important features
of Earth’s ecosystems—with the most profound influence on
the future role of ecosystems in meeting human needs—can
only be fully understood on regional and even global levels.
Thus, it is vital that we examine and assess the condition of
ecosystems at those levels.

Box 2.3   A re  We  A l te r i n g  E a r t h ’s  B a s i c  C h e m i c a l  C yc l e s ?



conversion rate—will have a significant impact on future
increases or decreases in atmospheric carbon dioxide.

BIODIVERSITY
The erosion of global biodiversity over the past century is
alarming. Major losses have occurred in virtually all types of
ecosystems, much of it simply by loss of habitat area. Forest
cover has been reduced by at least 20 percent and perhaps by
as much as 50 percent worldwide; some forest ecosystems,
such as the dry tropical forests of Central America, are virtu-
ally gone. More than 50 percent of the original mangrove area
in many countries is gone; wetlands area has shrunk by about
half; and grasslands have been reduced by more than 90 per-
cent in some areas. Only tundra, arctic, and deep-sea ecosys-
tems have emerged relatively unscathed.

Even if ecosystems had retained their original spatial
extent, many species would still be threatened by pollution,
overexploitation, competition from invasive species, and
habitat degradation. In terms of the health of species diver-
sity, freshwater ecosystems are far and away the most
degraded, with 20 percent of freshwater fish species extinct,
threatened, or endangered in recent decades. Forest, grass-
land, and coastal ecosystems all face major problems as well.
The rapid rise in the incidence of diseases affecting marine
organisms, the increased prevalence of algal blooms, and the
significant decreases in amphibian populations all attest to
the severity of the threat to global biodiversity. 

Apart from the loss of medicines, useful genetic materi-
als, and ecotourism revenues this erosion of biodiversity
represents, it also threatens the basis of ecosystem produc-
tivity. The diversity of species undergirds the ability of an
ecosystem to provide most of its other goods and services.
Reducing the biological diversity of an ecosystem may well
diminish its resilience to disturbance, increase its suscepti-
bility to disease outbreaks, and thus threaten its stability
and integrity.

RECREATION AND TOURISM
The capacity of ecosystems to provide recreational and
tourism opportunities was assessed only for coastal and
grassland ecosystems. It is likely that the demand for these
services will grow significantly in coming years, but the con-

dition of the service is declining in many areas because of the
overall degradation of biodiversity as well as the direct
impacts of urbanization, industrialization, and tourism itself
on the ecosystems being visited.

The  Bot tom L ine

Overall, there are numerous signs that the capacity
of ecosystems to continue to produce many of the
goods and services we depend on is decreasing. In
all five ecosystem types PAGE analyzed, ecosystem

capacity is decreasing over a range of goods and services, not
just one or two. PAGE results confirm that major modifica-
tions of ecosystems—through deforestation, conversion, nutri-
ent pollution, dams, biological invasions, and regional-scale
air pollution—continue to grow in scale and pervasiveness.
Furthermore, human activities are significantly altering the
basic chemical cycles that all ecosystems depend on (Box 2.3
Are We Altering Earth’s Basic Chemical Cycles?). This strikes
at the foundation of ecosystem functioning and adds to the
fundamental stresses that ecosystems face at a global scale.

This downward trend in global ecosystem capacity is not
impeding high production levels of some goods and services
today. Food and fiber production have never been higher, and
dams have allowed unprecedented control of water supplies. But
this wealth of production is, in many instances, the product of
intensive management that threatens to reduce the productivity
of ecosystems in the longer term. Our use of technology—
whether it is artificial fertilizer, more efficient fishing gear, or
water-saving drip-irrigation systems—has also helped mask
some of the decrease in biological capacity and has kept produc-
tion levels of food and fiber high. However, services like main-
taining biodiversity and high water quality and carbon storage
show reductions in output that technology cannot so easily
mask. In sum, the PAGE findings starkly illustrate the trade-offs
we have made between high commodity production and
impaired ecosystem services, and indicate the dangers these
trade-offs pose to the long-term productivity of ecosystems. 

The remaining sections of this chapter present an ecosystem-
by-ecosystem discussion of the conclusions of the PAGE study. 
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Globally, agroecosystems have been remarkably success-
ful, when judged by their ability to keep pace with food, feed,
and fiber demands (Box 2.4 Taking Stock of Agroecosystems).
Per capita food production is higher today than 30 years ago,
even though the global population doubled since then. How-
ever, agriculture faces an enormous challenge to meet the
food needs of an additional 1.7 billion people—the projected
population increase—over the next 20 years. 

Historically, agricultural output has increased mainly by
bringing more land into production. But the amount of land
remaining that is both well suited for crop production (espe-
cially for annual grain crops) and not already being farmed is
limited. A further limitation is the growing competition from
other forms of land use such as industrial, commercial, or res-
idential development. Indeed, in densely populated parts of
India, China, Indonesia, Egypt, and Western Europe, limits
to expansion were reached many years ago. Approximately 2.8
billion people live in or near agroecosystems (not including
adjacent urban areas) (Wood et al. [PAGE] 2000).

Intensifying production—obtaining more output from a
given area of agricultural land—has thus become essential. In
some regions, particularly in Asia, farmers have successfully
intensified production by raising multiple crops each year,

irrigating fields, and using new crop varieties with shorter
growth cycles. On high-quality, nonirrigated lands, farmers
have intensified production mainly by abandoning or short-
ening fallow periods and moving to continuous cultivation,
with the help of modern technologies. Agricultural intensifi-
cation is widespread even on lower-quality lands, particularly
in developing nations. Intensification has also been signifi-
cant around major cities (and to an unexpected extent,
within cities), principally to produce high-value perishables
such as dairy products and vegetables for urban markets, but
also to meet subsistence needs.

The unprecedented scale of agricultural expansion and
intensification has raised concerns about the state of agro-
ecosystems. First, there is growing concern about their pro-
ductive capacity—can agroecosystems withstand the stresses
imposed by intensification? These stresses include increased
erosion, soil nutrient depletion, salinization and waterlog-
ging of soils, and reduction of genetic diversity among major
crops. There is also concern about the negative impacts of
agriculture on other ecosystems—impacts that are often
accentuated by intensification. Examples include the harm-
ful effects of increased soil erosion on downstream fisheries

A groecosystems provide the overwhelming majority of crops, livestock feed, and
livestock on which human nutrition depends. In 1997, global agriculture pro-
vided 95 percent of all animal and plant protein and 99 percent of the calories
humans consumed (FAO 2000). Agroecosystems also contribute a large per-

centage of the fiber we use—cotton, flax, hemp, jute, and other fiber crops. 

A G R O E C O S Y S T E M S

(continues on p. 56)
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Box 2.4   Taking Stock of Agroecosystems
F O O D  P R O D U C T I O N

■
Since 1970, livestock products have tripled and crop out-
puts have doubled, a sign of rising incomes and living stan-
dards. Food production, which was worth US$1.3 trillion in

1997, is likely to continue to increase significantly as demand
increases. Nonetheless, soil degradation is widespread and severe
enough to reduce productivity on about 16 percent of agricultural
land, especially cropland in Africa and Central America and pastures
in Africa. Although global inputs and new technologies may offset
this decline in the foreseeable future, regional differences are likely
to increase. 

W A T E R  Q U A L I T Y

■
Production intensification has limited the capacity of agro-
ecosystems to provide clean freshwater, often significantly.
Both irrigated and rainfed agriculture can threaten down-

stream water quality by leaching fertilizers, pesticides, and manure
into groundwater or surface water. Irrigated agriculture also risks
both soil and water degradation through waterlogging and saliniza-
tion, which decreases productivity. Salinization is estimated to
reduce farm income worldwide by US$11 billion each year.

W A T E R  Q U A N T I T Y

■
Irrigation accounts for fully 70 percent of the water with-
drawn from freshwater systems for human use. Only 30–60
percent is returned for downstream use, making irrigation

the largest net user of freshwater globally. Although only 17 percent
of agroecosystems now depend on irrigation, that share has grown;
irrigated area increased 72 percent from 1966 to 1996. Competi-
tion with other kinds of water use, especially for drinking water and
industrial use, will be stiffest in developing countries, where popula-
tions and industries are growing fastest. 

B I O D I V E R S I T Y

■
Agricultural land, which supports far less biodiversity than
natural forests, has expanded primarily at the expense of
forest areas. As much as 30 percent of the potential area of

temperate, subtropical, and tropical forests has been lost to agri-
culture through conversion. Intensification also diminishes biodiver-
sity in agricultural areas by reducing the space allotted to
hedgerows, copses, or wildlife corridors and by displacing traditional
varieties of seeds with modern high-yield but uniform crops.
Nonetheless, certain practices, including fallow periods and shade
cropping, can encourage diversity as well as productivity. 

C A R B O N  S T O R A G E

■
In agricultural areas the amount of carbon stored in soils is
nearly double that stored in the crops and pastures that the
soils support. Still, the share of carbon stored in agro-

ecosystems (about 26–28 percent of all carbon stored in terrestrial
systems) is about equal to the share of land devoted to agroecosys-
tems (28 percent of all land). Agricultural emissions of both carbon
dioxide and methane are increasing because of conversion to agri-
cultural uses from forests or woody savannas, deliberate burning of
crop stubble and pastures to control pests or promote fertility, and
paddy rice cultivation.

H i g h l i g h t s

■ Food production has more
than kept pace with global
population growth. On aver-
age, food supplies are 24 per-
cent higher per person than in 1961,
and real prices are 40 percent lower. 

■ Agriculture faces an enormous chal-
lenge to meet the food needs of an
additional 1.7 billion people over the
next 20 years. 

■ Agroecosystems cover more than one-
quarter of the global land area, but
almost three-quarters of the land has poor
soil fertility and about one-half has steep terrain, con-
straining production. 

■ While the global expansion of agricultural area has
been modest in recent decades, intensification has
been rapid, as irrigated area increased, fallow time has
decreased, and the use of purchased inputs and new
technologies has grown and is producing more output
per hectare.

■ About two-thirds of agricultural land has been
degraded in the past 50 years by erosion, salinization,
compaction, nutrient depletion, biological degradation,
or pollution. About 40 percent of agricultural land has
been strongly or very strongly degraded.

Excellent Good Fair Poor Bad Not Assessed

Condition

Increasing Mixed Decreasing Unknown

Changing 
Capacity ?

Key

Condition assesses the current output and quality of the ecosystem
good or service compared with output and quality of 20–30 years ago.

Scores are expert judgments about each ecosystem good or service over
time, without regard to changes in other ecosystems. Scores estimate the
predominant global condition or capacity by balancing the relative
strength and reliability of the various indicators. When regional findings
diverge, in the absence of global data weight is given to better-quality
data, larger geographic coverage, and longer time series. Pronounced dif-
ferences in global trends are scored as “mixed” if a net value cannot be
determined. Serious inadequacy of current data is scored as “unknown.”

Changing Capacity assesses the underlying biological ability of the
ecosystem to continue to provide the good or service.
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Value, yield, input, and production data are from the Food and Agri-
culture Organization (FAO) national tables, 1965-97. Consistency
and reliability vary across countries and years. Ecosystem analysis
requires more spatially disaggregated information. Fertility con-
straints are spatially modeled from the soil mapping units of FAO’s
Soil Map of the World. Global and regional assessments of human-
induced soil degradation are based primarily on expert opinion.
Developing reliable, cost-effective methods for monitoring soil
degradation would help to both mitigate further losses and target
restoration efforts.

W A T E R  Q U A L I T Y

There are no globally consistent indicators of water quality that
relate specifically to agriculture. In agricultural watersheds, the
quantity of pesticides and nutrients—nitrogen and phosphorus—are
good indicators of pollution from leaching and surface runoff. In
mixed-use catchments it is much more difficult to separate from
other sources such as human effluents and pesticides applied in gar-
dens and public recreation areas. Pesticide data are more expensive
to monitor. Data on suspended solids from soil erosion are also
scarce and difficult to interpret. 

W A T E R  Q U A N T I T Y

Irrigated area is assessed using the Kassel University global spatial
data, which indicate the percentage and area of land equipped for
irrigation but has some inconsistencies in scale, age, and reliability
of source. Irrigation water use data are derived from country-spe-
cific tabular data sets on irrigated area, water availability and use,
and water abstraction. Little crop-specific information is available
on irrigated area and production. Global estimates of rainfall from
the University of East Anglia are based on spatial extrapolations of
monthly data from climate stations over a 30-year period. Even
though the resolution of these data is coarse, it allows assessment
of both spatial and temporal variability.

B I O D I V E R S I T Y

World Wildlife Fund for Nature (WWF) global spatial data describe
potential natural habitats and ecoregions. These were developed
from expert opinion and input maps of varying resolution and data,
but the data do provide a general understanding of the spatial pat-
terns of natural habitats. Genetic diversity data are compiled from
major germplasm-holding institutions. Area adoption data for mod-
ern varieties of cereals are compiled from survey and agricultural
census.

C A R B O N  S T O R A G E

Storage capacity is modeled for vegetation and soils based on carbon
storage capacity by land cover type at a resolution of half a degree
for a single point in time. Data would be improved by better charac-
terization of agricultural land-cover types and their vegetation con-
tent. Soil carbon data were derived for Latin America using FAO and
the International Soil Reference and Information Centre’s Soil and
Terrain database.



and reservoirs and the damage to both aquatic ecosystems
and human health from fertilizer and pesticide residues in
water sources, in the air, and on crops. Agricultural practices
also have even broader consequences for biodiversity and for
alteration of the global carbon, nitrogen, and hydrological
cycles (Thrupp 1998; Conway 1997). 

Character i z i ng  Agroecosystems

EXTENT AND GROWTH
Agriculture is one of the most common land uses on the
planet and agroecosystems are quite extensive. Determining
their exact extent depends on how they are defined.1 The
PAGE study, making use of satellite imagery, defined agricul-
tural areas as those where at least 30 percent of the land is
used for cropland or highly managed pasture (Box 2.5 The
Global Extent of Agriculture). Using this definition, agroeco-
systems cover approximately 28 percent of total land area
(excluding Greenland and Antarctica). This includes some
overlap with forest and grassland ecosystems because land-
use is often quite fragmented spatially, with agricultural plots
forming part of a mosaic of uses—agriculture alongside forest
or grassland areas. The Food and Agriculture Organization of
the United Nations (FAO) reports an even greater percentage
of land in agriculture—37 percent (FAO 2000). FAO’s figures
are derived from national production statistics rather than
from satellite data and include all permanent pasture. 

The actual area of agroecosystems probably falls some-
where between these estimates. Since the satellite data are
based on only 1 year of data, areas that were not cultivated
that year but are still used for agricultural purposes (for
example, an area under fallow or regions that alternate year
to year between cropland and pasture) may be underesti-
mated in the satellite images. It is also more difficult to
detect extensive pastures and some perennial crops using
satellite data because of their similarity to natural grasslands
and forests.

According to FAO, 69 percent of agroecosystems consist of
permanent pasture, with the remainder of the area under
crops. However, this global average masks very large differ-
ences among regions in the balance between crops and pas-
tureland. In some regions, pastureland predominates: pas-
tures make up 89 percent of the agroecosystem area in
Oceania, 83 percent in Sub-Saharan Africa, 82 percent in
South America, and 80 percent in East Asia. In other regions,
croplands occupy much larger areas: 92 percent of agroeco-
system area in South Asia and 84 percent in Southeast Asia. In
India, crops cover 94 percent of the agroecosystem area. On
croplands, annual crops such as wheat, rice, maize, and soy-
beans occupy 91 percent of the area, with the remainder in
permanent crops, such as tea, coffee, sugarcane, and most
fruits (FAO 2000).

Most agricultural production, with the exception of dairy
and perishable vegetable production, is derived from inten-
sively managed croplands located away from major concentra-
tions of population. However, since the 1980s, the growth of
urban and periurban agriculture has accelerated, especially
in developing countries. By the early 1990s, approximately
800 million people globally were actively engaged in urban
agriculture, using a variety of urban spaces including home-
sites, parks, rights-of-way, rooftops, containers, and unbuilt
land around factories, ports, airports, and hospitals (FAO
1999a). Urban residents, who would otherwise spend a high
proportion of income on food, engage in agriculture to
increase their own food security and nutrition or as an income
source. An estimated 200 million urban dwellers produce food
for sale (Cheema et al. 1996).

FAO statistics show that the total area in agriculture
expanded slowly between 1966 and 1996, from 4.55 Bha to
4.92 Bha—about an 8 percent increase (FAO 2000). This low
growth rate masks a more dynamic pattern of land-use
changes, with land conversion to and from agriculture taking
place at much higher rates. It is these aggregate changes, for
which data are scarce, that are most relevant from an ecosys-
tem perspective.

Despite global growth, agricultural area has actually
decreased in many industrialized countries. Both the United
States and Western Europe have progressively been taking
land out of agriculture for the last 30 years, and Oceania for
the last 20. During this period, these three regions have
removed a total of 49 Mha from agricultural production.
Agricultural land has also decreased significantly in Eastern
Europe, largely because of liberalization of production and
marketing and poor economic conditions. South Asia’s total
agricultural area has remained constant for more than 20
years at approximately 223 Mha. However, expansion of
agricultural area is still significant in some regions. Agri-
cultural land increased by almost 0.8 percent/year during
1986–96 in China and Brazil and by 1.38 percent/year in
West Asia (FAO 2000).

INTENSIF ICATION
Although the net global expansion of agricultural area has
been modest in recent decades, intensification has been
rapid. Irrigated area grew significantly over the past 3
decades, from 153 Mha in 1966 to 271 Mha in 1998. Globally,
irrigated land accounts for only 5.5 percent of all agricultural
land—17.5 percent of cropland—but in some regions irrigation
is much more extensive. For example, China and India
together contain 41 percent of the global irrigated area and
Western Europe and the United States contain another 12.5
percent. In contrast, the arid and semiarid regions of Sub-
Saharan Africa and Oceania (primarily Australia), contain
only 3 percent of the world’s irrigated land (FAO 2000) (Box
2.6 Intensification of Agriculture).
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As population has grown and good agricultural land
has become scarcer, inputs such as water, fertilizer,
pesticides, and labor have been applied more inten-

sively to increase output. In Asia, where population pressures

are greatest, virtually all of the cropland is harvested each year,
sometimes two to three times a season, as the use of irrigation,
new varieties of quick-growing seeds, and fertilizers has
replaced traditional practices of leaving land fallow to restore

Box 2.6   T h e  I n te n s i f i c at i o n  o f  A g r i c u l tu re

0 0.2 0.4 0.6 0.8 1 1.2
Cropping Index

Oceania
South Africa

Central America
North America

North Africa
West Asia

Western Europe
Eastern Europe
South America

Sub-Saharan Africa
South Asia

Southeast Asia
East Asia

Intensification of Cropping, 1995–97

The cropping index is the harvested area of land planted in annual crops
divided by the total area of such land. A value of more than 1 indicates
more than one crop harvested per year per hectare.
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fertility. Even marginal lands in Africa are in continuous use to
meet demands for food, although water and fertilizer inputs are
much lower there.

Many agroecosystems are vulnerable to the stresses
imposed on them by intensification. There is much local evi-
dence of soil salinization caused by poorly managed irrigation
systems, loss in soil fertility through overcultivation, com-
paction by tractors or livestock, and lowering of water tables
through overpumping for irrigation.

Continued agricultural intensification need not lead inex-
orably to environmental degradation, however. Farming com-
munities in all parts of the world have responded to degrada-
tion, particularly when it affects their livelihoods, with
measures such as planting trees to control erosion, regulating
cultivation around local water sources, restricting pesticides
and other pollutants, rehabilitating degraded soils, and adopt-
ing new technologies. (See Chapter 3, Regaining the High
Ground: Reviving the Hillsides of Machakos, Kenya.)
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Distribution of Tractors on Cropland

Commercial Application of Fertilizer to Cropland

Sources: Wood et al. [PAGE] 2000. The maps are based on FAOSTAT 1999. They show national values within the global extent of agriculture, augmented by

additional irrigated areas (Döll and Siebert 1999). Wheat yields are from USDA-NASS (1999). Irrigated land damaged by salt is based on Postel (1999:93).

All other figures are based on FAOSTAT (1999).



Production intensity is also reflected in the use of inputs
such as tractors and fertilizers. The current global consump-
tion of fertilizer totals about 137 million tons/year (1997),
representing a dramatic increase in consumption during the
last 50 years (FAO 2000).

In recent years, irrigation growth rates have slowed con-
siderably and growth in fertilizer consumption has moder-
ated. Following a decline from the late 1980s to the mid-
1990s, total fertilizer consumption is again increasing and is
currently around 6 percent below its 1988 peak (FAO 2000). 

SOIL AND SLOPE CONSTRAINTS
Despite the high productivity of global agriculture and the
rapid intensification of production on some lands, many of
the world’s agricultural lands offer less than optimal condi-
tions. Steep slopes (more than 8 percent incline) or poor soil
conditions limit production on a significant portion of agri-
cultural land. Soil fertility constraints include high acidity,
low potassium reserves, high sodium concentrations, low
moisture-holding capacity, or limited depth. If more than 70
percent of agricultural land in a particular region has one or
more of these constraints, it is said to have “significant” soil
constraints.

Using these definitions, 81 percent of agricultural land
has significant soil constraints and around 45 percent of agri-
cultural land is steep. Approximately 36 percent of agricul-
tural land is characterized by both significant soil constraints
and slopes of 8 percent or more. Areas with both steep slopes
and significant soil constraints make up 30 percent of tem-
perate, 45 percent of subtropical, and 39 percent of tropical
agricultural land. Average agricultural yields are generally
lower and degradation risks are generally higher in these
areas than in more ecologically favored environments.
Nonetheless, these marginal lands represent a significant
share of global agriculture and support roughly one-third of
the world’s population (Wood et al. [PAGE] 2000). 

Assess ing  Goods  and  Serv i ces

FOOD,  FEED,  AND FIBER

Economic Impor t ance
The food, fiber, and animal feed that the world’s agroecosys-
tems produce is worth approximately $1.3 trillion per year2

(Wood et al. [PAGE] 2000). Agriculture is most important to
the economies of low-income countries, accounting for 31
percent of their GDP, and more than 50 percent of GDP in
many parts of Sub-Saharan Africa. In middle-income coun-
tries, agriculture accounts for 12 percent of GDP. But in the
high-income countries of Western Europe and North Amer-
ica, where other economic sectors dominate, the contribution
of agriculture to GDP is just 1–3 percent, even though the

value of the agricultural output in these countries represents
79 percent of the total market value of world agricultural
products (Box 2.7 The Economic Value of Agricultural
Production). 

Conventional measures of agriculture’s share of GDP actu-
ally understate agriculture’s contribution to economies. For
example, agricultural GDPs in the Philippines, Argentina,
and the United States comprise 21 percent, 11 percent, and 1
percent of those countries’ total GDPs, respectively; yet the
total value of agriculture, including manufacturing and ser-
vices further along the marketing chain, comprises 71 per-
cent, 39 percent, and 14 percent of their respective total GDPs
(Bathrick 1998:10).

Beyond the economic value of the food produced, agro-
ecosystems also provide employment for millions. Agricul-
tural labor represents the livelihood, employment, income,
and cultural heritage of a significant part of the world’s pop-
ulation. In 1996, of the 3.1 billion people living in rural
areas, 2.5 billion—44 percent of the world population—were
estimated to be living in households dependent on agricul-
ture. The labor force directly engaged in agriculture is an
estimated 1.3 billion people—about 46 percent of the total
labor force. In North America, only 2.4 percent of the labor
force is directly engaged in agriculture, while in East, South,
and Southeast Asia as well as in Sub-Saharan Africa, agricul-
tural labor accounts for 56–65 percent of the labor force
(FAO 2000). 

Human Nut rit ion
Agriculture was developed for a simple but fundamental pur-
pose—to provide adequate human nutrition. Globally, agro-
ecosystems produce enough food to provide every person on
the planet with 2,757 kcal each day, which is sufficient to
meet the minimum human requirement for nutrition (FAO
2000). However, many people do not have adequate access to
that food, and an estimated 790 million people are chronically
undernourished. In Sub-Saharan Africa, 33 percent of the
population is undernourished; in the Caribbean 31 percent;
and in South Asia 23 percent (FAO 1999b:29) 

Global demand for food is still increasing significantly,
driven by population growth, urbanization, and growth in
per capita income. One of the most notable changes in
demand is the dramatic increase in meat consumption, par-
ticularly in the developing world. This has been dubbed the
“livestock revolution.” Between 1982 and 1994, global meat
consumption grew by 2.9 percent per year, but it grew five
times faster in developing countries than in developed coun-
tries, where meat consumption is already high (Delgado et al.
1999:9–10). 

Between 1995 and 2020, global population is expected to
increase by one-third, totaling 7.5 billion people. Global
demand for cereals is projected to increase by 40 percent,
with 85 percent of the increase in demand coming from
developing countries. Meat demand is projected to increase
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The total value of output from agroecosystems is
US$1.3 trillion per year. Worldwide, 46 percent of the
total labor force works in agriculture, and almost half

the total population lives in rural communities that depend on
agriculture. Cropland generally has more valuable outputs per

hectare than pasture, except in Europe, South Asia, and
Southeast Asia, where pastures support intensive livestock
production. Output per worker varies dramatically from region
to region, reflecting difference in level of commercialization
of agriculture and opportunities for off-farm employment.
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Box 2.7   T h e  E c o n o m i c  Va l u e  o f  A g r i c u l tu ra l  P r o d u ct i o n
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by 58 percent, with approximately 85 percent of the increase
coming from developing countries. Demand for roots and
tubers is expected to grow 37 percent, with 97 percent of this
increase coming from the developing world (Pinstrup-Ander-
sen et al. 1999:5–12). And, if significant progress is made in
alleviating poverty during this period, there will be an addi-
tional increase in demand as the poor and malnourished use
their increased income to buy food they previously could not
afford.

Product ive Capacity
Changes in Yield Growth. Rapid yield growth in most major
crops has been instrumental in meeting the food needs of
growing populations, particularly in the second half of this
century. Recently, however, the growth of cereal crop yields
has been slowing, raising concerns that future production
may not be able to keep pace with demand. Moreover, there is
evidence from some parts of the world that maintaining the
growth in yields, or even holding yields at current levels,
requires proportionately greater amounts of fertilizer input,
implying that the quality of the underlying soil resource may
be deteriorating. 

These trends must be interpreted cautiously. Even if yields
continue to grow rapidly, this does not necessarily indicate
that agroecosystems are in good shape, since increased inputs
like fertilizer and pesticides could mask underlying depletion
of soil nutrients. Nor does a slowdown in the growth of crop
yields prove agroecosystem conditions are worsening, since
market factors such as falling commodity prices and high fer-
tilizer prices may also account for slower production.
Nonetheless, the declining rate of yield growth is worrisome
in a world where the growth in food demand is not expected to
slow. 

Soil Degradation. One measure of the long-term productive
capacity of an agroecosystem is the condition of its soil. Nat-
ural weathering processes and human management practices
can both affect soil quality. Sustaining soil productivity
requires that soil-degrading pressures be balanced with soil-
conserving practices. The principal processes of soil degrada-
tion are erosion by water or wind, waterlogging and saliniza-
tion (the buildup of salts in the soil), compaction and
crusting, acidification, loss of soil organic matter and soil
microorganisms, soil nutrient depletion, and accumulation
of pollutants in the soil.

Different types of soil degradation are associated with dif-
ferent types of agricultural land use. For example, saliniza-
tion is associated most often with intensification of irrigated
land, and compaction with mechanized farming in high-qual-
ity rain-fed lands. Nutrient depletion is often associated with
intensifying production on marginal lands but can occur on
any soil if nutrients extracted by crops are not adequately
replenished. Water erosion is also often associated with mar-
ginal lands that have been extensively cleared and tilled. Soil

pollution is a particular problem in periurban agriculture
(Scherr 1999).

The 1990 Global Assessment of Soil Degradation
(GLASOD), based on a structured survey of regional experts,
provides the only continental and global-scale estimates of
soil degradation (Oldeman et al. 1991). The GLASOD study
suggested that 1.97 Bha had been degraded between the mid-
1940s and 1990 (Scherr 1999:17; Wood et al. [PAGE] 2000).
This represents 15 percent of terrestrial area (excluding ice-
covered Greenland and Antarctica).

To assess the extent and severity of soil degradation on
agricultural lands in particular, PAGE researchers overlaid
the GLASOD data on the map of agricultural land (land with
more than 30 percent agricultural use). This revealed that
65 percent of agricultural lands have some amount of soil
degradation. About 24 percent were classified as “moder-
ately degraded” which, according to GLASOD, signifies that
their agricultural productivity has been greatly reduced. A
further 40 percent of agricultural land fell into the GLASOD
categories of “strongly degraded” (lands that require major
financial investments and engineering work to rehabilitate)
or “very strongly degraded” (lands that cannot be rehabili-
tated at all) (Wood et al. [PAGE] 2000). Among the most
severely affected areas are South and Southeast Asia,3 where
populations are among the densest and agriculture the most
extensive (Box 2.8 Soil Degradation in South and Southeast
Asia).

Soil Nutrient Balance. One indicator of soil condition—and
productive capacity—is soil nutrient balance. One of the most
common management techniques used to maintain the con-
dition of agroecosystems, particularly intensively cultivated
systems, is to replenish soil nutrients with organic manures
or inorganic fertilizers containing nitrogen, phosphorus,
and potassium. Too little replenishment can lead to soil
nutrient mining—the progressive loss of nutrients as crops
draw on them for growth. Too much replenishment (overfer-
tilization) can lead to leaching of excess nutrients and the
consequent soil and water pollution problems as these
unused nutrients find their way into surrounding soils and
freshwater systems. 

An estimate of the nutrient balance of an agroecosystem
can be obtained by measuring the nutrient inputs (inorganic
and organic fertilizers, nutrients from crop residues, and
nitrogen fixation by soybeans and other legumes) and outputs
(nutrient uptake in the main crop products and the crop
residue). PAGE researchers calculated these nutrient bal-
ances at the national level for individual crops in Latin Amer-
ica and the Caribbean (Henao 1999) and found that for most
of the crops and cropping systems, the nutrient balance is sig-
nificantly negative—in other words, soil fertility is declining
(see Box 2.9 Hot Spots and Bright Spots). 

The observed increases in production in recent decades
must therefore be due to a combination of area expansion,
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South and Southeast Asia, where agricultural production systems are among the most intensive in the world, have soils
that are among the most degraded. In these regions, soils are significantly steeper, more subject to erosion, and more
likely to be salinized, acidic, depleted of potassium, and saturated with aluminum than the soils of most other regions.

Box 2.8   S o i l  D e g ra d at i o n  i n  S o ut h  a n d  S o ut h e a s t  A s i a

Soil Degradation in Agroecosystems in South and Southeast Asia

Sources: Wood et al. [PAGE] 2000. The map is based on Van Lynden and Oldeman (1997), and Global Land Cover Characteristics Database Version 1.2 (Love-

land et al. [2000]). It shows soil degradation within the extent of agriculture.
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improved varieties, and other factors that mask or offset the
effects of soil degradation. By overlaying nutrient balance
with trends in yields, it is possible to identify potential degra-
dation “hot spots” where yield growth is slowing and soil fer-
tility is declining. Areas where the capacity of agroecosystems
to produce food appears most threatened include northeast
Brazil and sections of Argentina, Bolivia, Colombia, and
Paraguay.

Soil nutrient balances are also available for most of Sub-
Saharan Africa at continental, national, and district levels
(Smaling et al. 1997:47–62). Findings there also suggest wide-
spread nutrient depletion.

Productivity Losses. The cumulative productivity loss from
soil degradation over the past 50 years has been roughly esti-
mated, using GLASOD figures, to be about 13 percent for
cropland and 4 percent for pasture lands (Oldeman 1998:4).
The economic and social impacts of this degradation have
been far greater in developing countries than in industrial-
ized countries. In industrialized countries, soil quality plays a
relatively less important role in overall agricultural produc-
tivity because of the high level of fertilizer and other inputs
used. Furthermore, the most important grain-producing
areas in industrialized countries typically have deep, geologi-
cally “new” soils that can withstand considerable degrada-
tion without having yields affected. 

Soil degradation has more immediate impacts on the food
supply in developing countries. Agricultural productivity is
estimated to have declined significantly on approximately 16
percent of agricultural land, especially on cropland in Africa
and Central America, pastures in Africa, and forests in Cen-
tral America. The GLASOD study estimates that almost 74
percent of Central America’s agricultural land (defined by
GLASOD as cropland and planted pastures) is degraded, as is
65 percent of Africa’s and 38 percent of Asia’s (Scherr
1999:18). Detailed studies based on predictive models for
Argentina, Uruguay, and Kenya calculated yield reductions
between 25 and 50 percent over the next 20 years (Mantel and
van Engelen 1997:39–40).

Subregional studies have documented significant aggre-
gate declines in crop yields due to degradation in many parts of
Africa, China, South Asia, and Central America (Scherr 1999).
Crop yield losses in Africa from 1970 to 1990 due to water ero-
sion alone are estimated to be 8 percent (Lal 1995:666). Esti-
mates of the economic losses associated with soil degradation
in eight African countries range from 1 to 9 percent of agricul-
tural GDP (Bøjö 1996:170). Total annual economic loss from
degradation in South and Southeast Asia is estimated to be 7
percent of the region’s agricultural GDP (Young 1994:75).
Given that more than half of all land in this region is not
affected by degradation, the economic effects in the degraded
areas appear to be quite significant. Economic losses from ero-
sion in different regions of Mexico vary from approximately 3
to 13 percent of agricultural GDP (McIntire 1994:124). 

WATER QUANTITY AND QUALITY
Agriculture is perhaps the most significant human influence
on the world’s water cycle, affecting quantity, timing, and
quality of water available to freshwater systems. At a global
scale, agriculture accounts for the greatest proportion of total
freshwater withdrawals of any sector of human activity. Agri-
culture also has the highest consumptive use of water (use
that results in returning water to the atmosphere, rather than
back to streams or groundwater). Approximately 70 percent—
2,800 km3—of the 4,000 km3 of water humans withdraw from
freshwater systems each year (Shiklomanov 1997:69) is used
for irrigation (WMO 1997:9).

This volume of water irrigates 271 Mha of croplands (FAO
2000). Although this number represents only 17 percent of
total cropland, it produces 40 percent the world’s crops
(WMO 1997:9). Of the water used for irrigation, 50–80 per-
cent is returned to the atmosphere or otherwise lost to down-
stream users (Shiklomanov 1993:19). As a consequence, irri-
gation can significantly decrease river flows and aquifer levels
and can shrink lakes and inland seas. 

The Aral Sea represents an extreme case of the ecological
damage agricultural water diversions can inf lict. With-
drawals to irrigate cotton and other crops shrank the sea to
one-third of its original volume by the early 1990s, thus
increasing its salinity. Fish species and fishing livelihoods
were lost before steps were taken to restore some of the flows
(WRI 1990:171; Gleick 1998:189).

For 82 percent of the world’s agroecosystems, rainfall is the
sole source of water for agricultural production. Although
rain-fed agriculture has less sweeping impacts on freshwater
flows than irrigated agriculture, it can still affect the quantity
and timing of downstream flows. These impacts are highly site-
specific, depending on the type of agriculture, the soil’s slope
and condition, and the patterns and intensity of rainfall.

Both irrigated and rain-fed agriculture can pose threats to
water quality from the leaching of fertilizer, pesticides, and ani-

The Bottom Line for Food Production. At a
global level there is little reason to believe that
crop production cannot continue to grow signifi-

cantly over the next several decades. That said, the under-
lying condition of many of the world’s agroecosystems,
particularly those in developing countries, is not good. Soil
degradation data, while coarse, suggest that erosion and
nutrient depletion are undermining the long-term capacity
of agricultural systems on well over half of the world’s agri-
cultural land. And competition for water will further mag-
nify the issue of resource constraints to food production.
Although nutrient inputs, new crop varieties, and new tech-
nologies may well offset these declining conditions for the
foreseeable future, the challenge of meeting human needs
seems destined to grow ever more difficult.
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mal manure into groundwater or surface water. Sediment from
erosion can also greatly degrade surface water quality. Irrigated
agriculture also creates problems associated with excess water
in the soil profile: waterlogging and salinization. Both prob-
lems can decrease productivity and lead to abandonment of the
affected land. In India, China, and the United States—countries
that rely heavily on irrigation—an average of 20 percent of irri-
gated land suffers from salinization. According to one estimate,
salinization costs the world’s farmers $11 billion/year in
reduced income—almost 1 percent of the total value of agricul-
tural production (Postel 1999:92; Wood et al. [PAGE] 2000).

One measure of the relative impact of various agroecosys-
tems on freshwater systems is their efficiency of water use.
Seckler et al. (1998) calculated average irrigation efficiency—
the proportion of irrigation water that is actually consumed
by crops for growth, compared with the proportion that evap-
orates or is otherwise wasted. More efficient irrigation sys-
tems require less water to meet crop needs, often by delivering
water more directly to plant roots, and they are better timed to
meet plant growth requirements.

Globally, irrigation efficiency averaged 43 percent in 1990
(Seckler et al. 1998:25). In general, agroecosystems in arid
regions have more efficient irrigation systems. Irrigation effi-
ciency in the driest regions runs as high as 58 percent,
whereas regions with abundant water supplies have efficiency
as low as 31 percent. Thirty-one percent efficiency means
more than two-thirds of irrigation water in these areas is
wasted, although some water lost to underground leakage
may become available for downstream use (Seckler et al.
1998:25). Irrigation efficiencies in China and India are inter-
mediate—39 percent and 40 percent, respectively.

The increasing competition for water from other sectors
poses a challenge for agriculture, especially in developing
countries where urban populations and the industrial sector
are growing quickly. Both industrial and domestic water
demands generally take precedence over agriculture. Indeed,
irrigated agriculture may increasingly have to rely on recycled
water from industrial facilities and wastewater treatment
plants to meet its needs. Many believe that water scarcity and
its impact on water services such as irrigation is one of the
most immediate natural resource concerns from the perspec-
tive of human welfare (Rosegrant and Ringler 1999). Cer-
tainly, current trends emphasize the critical importance of
developing agroecosystems that use water more efficiently,
and that minimize the salinization and waterlogging of soils
and the leaching of pesticides, fertilizer, and silt into surface
and groundwater.

BIODIVERSITY
Agricultural lands support far less biodiversity than the nat-
ural forests, grasslands, and wetlands that they replaced. Even
so, the biodiversity harbored in agricultural regions is impor-
tant in its own right. From a purely agricultural perspective,
the diversity of naturally occurring predators, bacteria, fungi,
and plants in a region can contribute to agricultural produc-
tion by helping to control pest and disease outbreaks, improv-
ing soil fertility and soil physical properties, and improving
the resilience of agroecosystems to natural disasters such as
floods and droughts. Moreover, the genetic diversity found in
traditional crop varieties and in wild species provides a reser-
voir of genetic material that breeders can use to develop
improved crop and animal varieties. 

The expansion of agricultural land has, nonetheless, had
major impacts on biodiversity. Using maps of the potential
habitat that would naturally occur in a region, based on cli-
mate and soil characteristics, PAGE researchers estimated the
percentage of different habitat types that had been converted
to agriculture. Among the most heavily affected natural habi-
tats, 46 percent of the potential area of temperate broadleaf
and mixed forests is now agricultural land, accounting for 24
percent of total agricultural land. Close behind, 43 percent of
the potential area of tropical deciduous forest (similar to rain-
forest, but with distinct dry seasons and more open canopy)
has been converted to agriculture, accounting for 10 percent
of total agricultural land. These types of forest are far more
biodiverse than agroecosystems.

Within agroecosystems, different management practices
can further alter biodiversity. Intensification tends to greatly
diminish the capacity of agroecosystems to support biodiver-
sity by fragmenting and reducing the area of hedgerows,
copses, wildlife corridors, and other refuges and natural
habitats within the agricultural landscape. Pesticides and
other agrochemicals can also be toxic to wildlife and soil
microorganisms, including many beneficial birds, pollina-
tors, and carnivorous insects. On the positive side, the
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The Bottom Line for Water Services. Overall,
the capacity of agroecosystems to maintain the
quantity and quality of incoming water resources,

and deliver those to downstream users, is declining.
Although the consumptive use of water to produce more

food represents an important and legitimate water service
within agroecosystems, the deterioration in water quality
that accompanies this is an often significant penalty for
other ecosystems. Irrigation inefficiency increases water
withdrawals and contributes to unsustainable rates of
groundwater extraction, reduced river flows, and damage to
aquatic ecosystems. Downstream water quality is particu-
larly at risk in areas where farmers apply agrochemicals and
animal manure abundantly. Poorly managed irrigation can
also directly reduce the productivity of agroecosystems
through waterlogging and salinization. Improvements in the
efficiency of agricultural water use are increasingly impor-
tant as both food needs and competing water demands con-
tinue to grow.



increasing use of trees on agricultural lands can increase
their biodiversity potential. In Latin America, Sub-Saharan
Africa, and South and Southeast Asia, trees are a significant
and often a growing part of the agricultural landscape (Wood
et al. [PAGE] 2000).

In addition to on-farm tree planting, positive trends
include the increasing adoption of “no tillage cultivation,”
where disturbance of the soil is greatly minimized, helping to
preserve soil integrity and minimize erosion. The use of inte-
grated pest management, where pesticides are used more
sparingly and in combination with nonchemical pest con-
trols to protect crops, is also expanding. Further, the growth
of high-yielding, intensive production systems has a positive
side, too, in that it has forestalled the conversion of at least
170 Mha of natural habitat in the tropics (Nelson and Mare-
dia 1999) and perhaps as much as 970 Mha worldwide
(Golkany 1999).

In terms of genetic diversity, global agriculture focuses on
relatively few species and thus begins from a somewhat nar-
row base. More than 90 percent of the world’s caloric intake
comes from just 30 crops, and only 120 crops are economi-
cally important at a national scale (FAO 1998:14). Nonethe-
less, there has traditionally been immense genetic diversity
within these crop species, and this diversity has historically
helped to maintain the productivity of agroecosystems and is
a source of genetic material for modern plant breeding. 

Today, however, crop genetic diversity is tending toward
decline. Modern crop varieties are taking on more uniform
characteristics, and these varieties are planted over large
areas in monocultures. This tendency is not limited to high-
income countries where the commercialization of agriculture
is most prevalent. Modern crop varieties are displacing tradi-
tional varieties throughout the world, threatening the loss of
an enormous genetic resource and increasing the vulnerabil-
ity of large areas of homogeneous crops to pest and disease
attack. Across all developing countries, modern rice varieties
were being grown on 74 percent of the planted area in 1991,
modern wheat on 74 percent in 1994, and modern maize on 60
percent in 1992 (Morris and Heisey 1998:220).

CARBON STORAGE
Carbon is of fundamental importance to the fertility of agro-
ecosystems. The organic matter content of soil, and its stabil-
ity over time, are key indicators of long-term soil quality and
fertility. The level of soil organic matter affects the water
retention and tilth of soils, as well as the richness of the soil
biota. 

Typically, when natural ecosystems such as forest or
savanna are converted to agriculture, their soils quickly lose a
significant percentage of their soil organic matter. Successful
agriculture can arrest this decline and rebuild soil organic
matter to its original levels through appropriate crop rota-
tions and the application of nutrients (particularly from
organic sources), or through such practices as zero or mini-
mum tillage. On the other hand, excessive tilling, removing
crop residues from fields, and practices that promote soil ero-
sion will accelerate loss of organic matter.

Carbon in agroecosystems—in both soils and vegetation—
also plays an important role in the global carbon cycle. Except
for some production systems in the tropics, agricultural soils
generally store more carbon than do the crops or pastures they
support. Agricultural vegetation stores an average of 5–6 kg of
carbon per square meter (kgC/m2), while agricultural soils
store an average of 7–11 kgC/m2 (Wood et al. [PAGE] 2000).
Together, the vegetation and soils in agroecosystems contain
approximately 26–28 percent of all the carbon stored in ter-
restrial ecosystems.

Land-use change and land management practices, of
which agricultural activities are an important part, emit an
estimated 1.6 GtC to the atmosphere annually, about 20 per-
cent of human-related greenhouse gas emissions (IPCC
2000:5). There are many distinct agricultural sources of car-
bon emissions. Prime sources of carbon dioxide include con-
version of forests and woody savannas to agricultural land,
and deliberate burning of crop stubble and pastures to control
pests and diseases and promote soil fertility. Other activities
produce methane—another carbon-based molecule that is a
more powerful greenhouse gas than CO2. Livestock rearing
and paddy rice cultivation are both major methane sources. 

Some researchers believe that the net release of carbon
dioxide from agriculture could decrease between 1990 and
2020 (Sombroek and Gommes 1996), while emissions of
methane will continue to climb, pushed by the continuing
growth in the number of livestock. Emissions of nitrous oxide
(N2O), an even more potent greenhouse gas derived from
nitrogen fertilizers, is also rising rapidly.

There is a growing belief that agriculture can play a much
greater role in reducing global carbon emissions and in
increasing carbon storage. For example, control of agricul-
tural burning, improved diets for cattle and other livestock,
and soil conservation can reduce emissions. Meanwhile, bet-
ter cultivation practices, mixing trees into agricultural sys-
tems, and planting improved pasture grasses can help store
more carbon. Recent studies show that conservation pro-
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The Bottom Line for Biodiversity. Through
habitat conversion, landscape fragmentation, the
specialization of crop species, and intensifica-

tion, agriculture plays an important role in shaping global
patterns of biodiversity. Currently, the capacity of agroeco-
systems to support biodiversity is highly degraded, particu-
larly in areas of intensive agriculture. Approaches to
enhance biodiversity in agricultural regions while still
maintaining or increasing production are only now begin-
ning to develop. Better agricultural practices will almost
certainly constitute central elements in any strategy to pre-
serve global biodiversity in the 21st century.



grams and the adoption of no tillage cultivation in the United
States increased carbon storage in U.S. croplands by around
138 MtC/year during the 1980s (Houghton et al. 1999:577).
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The Bottom Line for Carbon Storage. Agro-
ecosystems store about 26–28 percent of total ter-
restrial carbon—mostly in the soil. Improved

nutrient management, reduced soil erosion, and the widely

adopted use of minimum tillage cultivation tend to increase
soil organic matter and, hence, can play some role in
increasing carbon storage capacity in agricultural soils. On
the other hand, livestock rearing and rice cultivation are
significant and growing sources of carbon emissions tied to
agriculture, and agricultural burning and land conversion
remain prime sources as well.
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Encompassing a broad range of habitat types and harbor-
ing a wealth of species and genetic diversity, coastal ecosys-
tems store and cycle nutrients, filter pollutants from inland
freshwater systems, and help to protect shorelines from ero-
sion and storms. On the other side of shorelines, oceans play a
vital role in regulating global hydrology and climate and they
are a major carbon sink and oxygen source because of the high
productivity of phytoplankton. The beauty of coastal ecosys-
tems makes them a magnet for the world’s population. People
gravitate to coastal regions to live as well as for leisure, recre-
ational activities, and tourism. 

Extent  and  Mod i f i ca t i on

Many different definitions of coastal zone are in
use. For the purpose of the ecosystem analy-
sis, PAGE researchers define coastal regions
as “the intertidal and subtidal areas above the

continental shelf (to a depth of 200 m) and adjacent land
area up to 100 km inland from the coast.” The PAGE analysis
of coastal ecosystems also includes marine fisheries because
the bulk of the world’s marine fish harvest—as much as 95
percent, by some estimates—is caught or reared in coastal
waters (Sherman 1993:3). Only a small percentage comes
from the open ocean (Box 2.10 Taking Stock of Coastal
Ecosystems). 

EXTENT
Because the world’s coastal ecosystems are defined by their
physical characteristics (their proximity to the coast) rather
than a distinct set of biological features, they encompass a
much more diverse array of habitats than do the other ecosys-
tems in the PAGE study. Coral reefs, mangroves, tidal wet-
lands, seagrass beds, barrier islands, estuaries, peat swamps,
and a variety of other habitats each provides its own distinct
bundle of goods and services and faces somewhat different
pressures.

The continental margins, where coastal ecosystems reside, are regions of remark-
able biological productivity and high accessibility. This has made them centers of
human activity for millennia. Coastal ecosystems provide a wide array of goods
and services: they host the world’s primary ports of commerce; they are the pri-

mary producers of fish, shellfish, and seaweed for both human and animal consumption;
and they are also a considerable source of fertilizer, pharmaceuticals, cosmetics, house-
hold products, and construction materials.

C O A S T A L  E C O S Y S T E M S

(continues on p. 72)
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Box 2.10   Taking
Stock of Coastal
Ecosystems

F O O D  P R O D U C T I O N

■
Global marine fish production has increased sixfold since 1950,
but the rate of increase annually for fish caught in the wild has
slowed from 6 percent in the 1950s and 1960s to 0.6 percent in

1995–96. The catch of low-value species has risen as the harvest from
higher-value species has plateaued or declined, masking some effects of
overfishing. Approximately 75 percent of the major fisheries are fully fished
or overfished, and fishing fleets have the capacity to catch many more fish
than the maximum sustainable yield. Some of the recent increase in the
marine fish harvest comes from aquaculture, which has more than doubled
in production since 1990.

W A T E R  Q U A L I T Y

■
As the extent of mangroves, coastal wetlands, and seagrasses
declines, coastal habitats are losing their pollutant-filtering
capacity. Increased frequency of harmful algal blooms and

hypoxia indicates that some coastal ecosystems have exceeded their ability
to absorb nutrient pollutants. Although some industrial countries have
improved water quality by reducing input of certain persistent organic pol-
lutants, chemical pollutant discharges are increasing overall as agriculture
intensifies and industries use new synthetic compounds. Furthermore, while
large-scale marine oil spills are declining, oil discharges from land-based
sources and regular shipping operations are increasing. 

B I O D I V E R S I T Y

■
Indicators of habitat loss, disease, invasive species, and coral
bleaching all show declines in biodiversity. Sedimentation and pol-
lution from land are smothering some coastal ecosystems, and

trawling is reducing diversity in some areas. Commercial species such as
Atlantic cod, five species of tuna, and haddock are threatened globally, along
with several species of whales, seals, and sea turtles. Invasive species are fre-
quently reported in ports and enclosed seas, such as the Black Sea, where the
introduction of Atlantic comb jellyfish caused the collapse of fisheries. 

R E C R E A T I O N

■
Tourism is the fastest-growing sector of the global economy,
accounting for $3.5 trillion in 1999. Some areas have been
degraded by the tourist trade, particularly coral reefs, but the

effects of tourist traffic on coastal ecosystems at a global scale are
unknown.

S H O R E L I N E  P R O T E C T I O N

■
Human modification of shorelines has altered currents and sedi-
ment delivery to the benefit of some beaches and detriment of
others. Coastal habitats with natural buffering and adaptation

capacities are being modified by development and replaced by artificial
structures. Thus, the impact from storm surges has increased. Further-
more, rising sea levels, projected as a result of global warming, may
threaten some coastal settlements and entire small island states.

H i g h l i g h t s

■ Almost 40 percent of the
world’s population lives
within 100 km of a coastline, an area that accounts for
only 22 percent of the land mass. 

■ Population increase and conversion for development,
agriculture, and aquaculture are reducing mangroves,
coastal wetlands, seagrass areas, and coral reefs at an
alarming rate. 

■ Fish and shellfish provide about one-sixth of the animal
protein consumed by people worldwide. A billion peo-
ple, mostly in developing countries, depend on fish for
their primary source of protein.

■ Coastal ecosystems have already lost much of their
capacity to produce fish because of overfishing,
destructive trawling techniques, and destruction of
nursery habitats.

■ Rising pollution levels are associated with increasing
use of synthetic chemicals and fertilizers. 

■ Global data on extent and change of key coastal habi-
tats are inadequate. Coastal habitats are difficult to
assess from satellite data because areas are small and
often submerged.

?
Excellent Good Fair Poor Bad Not Assessed

Condition

Increasing Mixed Decreasing Unknown

Changing 
Capacity ?

Key

Condition assesses the current output and quality of the ecosystem
good or service compared with output and quality of 20–30 years ago.

Scores are expert judgments about each ecosystem good or service over
time, without regard to changes in other ecosystems. Scores estimate the
predominant global condition or capacity by balancing the relative
strength and reliability of the various indicators. When regional findings
diverge, in the absence of global data weight is given to better-quality
data, larger geographic coverage, and longer time series. Pronounced dif-
ferences in global trends are scored as “mixed” if a net value cannot be
determined. Serious inadequacy of current data is scored as “unknown.”

Changing Capacity assesses the underlying biological ability of the
ecosystem to continue to provide the good or service.



D ata  Q u a l i t y

71
C h a p t e r  2 :  T a k i n g  S t o c k  o f  E c o s y s t e m s

Scorecard Agro Coast Forest Fresh- Grass-
water lands

Food/Fiber
Production

Water
Quality

Water
Quantity

Biodiversity

Carbon
Storage

Recreation

Shoreline
Protection

Woodfuel
Production

?

?

Scorecard Agro Coast Forest Fresh- Grass-
water lands

Food/Fiber
Production

Water
Quality

Water
Quantity

Biodiversity

Carbon
Storage

Recreation

Shoreline
Protection

Woodfuel
Production

Scorecard Agro Coast Forest Fresh- Grass-
water lands

Food/Fiber
Production

Water
Quality

Water
Quantity

Biodiversity

Carbon
Storage

Recreation

Shoreline
Protection

Woodfuel
Production

Scorecard Agro Coast Forest Fresh- Grass-
water lands

Food/Fiber
Production

Water
Quality

Water
Quantity

Biodiversity

Carbon
Storage

Recreation

Shoreline
Protection

Woodfuel
Production

Scorecard Agro Coast Forest Fresh- Grass-
water lands

Food/Fiber
Production

Water
Quality

Water
Quantity

Biodiversity

Carbon
Storage

Recreation

Shoreline
Protection

Woodfuel
Production

Area within 100 km2 of a Coast

Europe & Russia

North America

Asia (excl. Middle East)

South America

Sub-Saharan Africa

Oceania

Middle East & N. Africa

Central America &
Caribbean

Population within 100 km2 of a Coast

Europe & Russia

North America

Asia (excl. Middle East)

South America

Sub-Saharan Africa

Oceania

Middle East & N. Africa

Central America &
Caribbean

0 1 2 3 4 5 6

Millions of km2

0 300 600 900 1,200 1,500
Millions of people

F O O D  P R O D U C T I O N

Global data on fish landings are underreported in many cases or are not
reported by species, which makes assessing particular stocks difficult. Data
are fragmentary on how many fish are unintentionally caught and discarded,
how many boats are deployed, and how much time is spent fishing, which
obscures the full impact of fishing on ecosystems. Many countries fail to
report data on smaller vessels and their fish landings.

W A T E R  Q U A L I T Y

Global data on extent and change of wetlands and seagrasses are lacking, as
are standardized and regularly collected data on coastal or marine pollution.
Monitoring of nutrient pollution by national programs is uneven and often
lacking. Current information relies heavily on anecdotal observation. Effec-
tive national programs are in place in some countries to monitor pathogens,
persistent organic pollutants, and heavy metals, but data are inconsistent.
No data are available on oil pollution from nonpoint sources.

B I O D I V E R S I T Y

Detailed habitat maps are available for only some areas. Loss of mangrove,
coastal wetlands, and seagrasses are reported in many parts of the world,
but little is documented quantitatively. Species diversity is not well inven-
toried, and population assessments are available only for some key species,
such as whales and sea turtles.  Data on invasive species are limited by dif-
ficulty in identifying them and assessing their impact. Few coral reefs have
been monitored over time. Information on the ecological effects of trawling
is poorly documented.

R E C R E A T I O N

Typically, only national data on tourism are available, rather than data spe-
cific to coastal zones. Not all coastal countries report tourism statistics,
and information on the impacts of tourism and the capacity of coastal areas
to support tourism is very limited. 

S H O R E L I N E  P R O T E C T I O N

Information on conversion of coastal habitat and shoreline erosion is inade-
quate. Information is lacking on long-term effects of some coastal modifi-
cations on shorelines. Predictions of sea level rise and storm effects as a
result of climate change are speculative.



The extent of coastal ecosystems and how they have been
modified over time is less well known than are the extents of
the other ecosystems examined in the PAGE study. Individual
coastal habitats such as wetlands or coral reefs tend to cover
relatively small areas, and detailed mapping is necessary to
accurately measure extent or change in these areas. Until the
advent of satellite imagery, such mapping was beyond the
capacity of most nations. Even today, high-resolution map-
ping of these systems is imperfect and expensive and has not
been attempted at a global scale for the entire 1.6 million km
of coastlines (Burke et al. [PAGE] 2000).

MODIFICATIONS
In the absence of such maps, PAGE researchers used satellite
imagery to estimate how much coastal area remains in natural
vegetation (dunes, wetlands, wooded areas, etc.) versus how
much is now urban and agricultural land. Overall, 19 percent
of all lands within 100 km of the coast is classified as highly
altered, meaning they have been converted to agricultural or
urban uses, 10 percent semialtered (involving a mosaic of nat-
ural and altered vegetation), and 71 percent are unaltered
(Burke et al. [PAGE] 2000) (Box 2.11 Coastal Population and
Altered Land Cover).

Mangroves and Coral Ree f s
More detailed information is available about the extent and
modification of a few coastal habitats, such as mangroves and
coral reefs, than is known about the extent of coastal ecosys-
tems. Mangroves line approximately 8 percent of the world’s
coastline (Burke et al. [PAGE] 2000) and about one-quarter of
tropical coastlines, covering a surface area of approximately
181,000 km2 (Spalding et al. 1997:23). Some 112 countries and
territories have mangroves within their borders (Spalding et
al. 1997:20). Although scientists cannot determine exactly how
extensive mangroves were before people began to alter coast-
lines, based on historical records, anywhere from 5 to nearly 85
percent of original mangrove area in various countries is
believed to have been lost. Extensive losses have occurred in
the last 50 years. For example, much of the estimated 84 per-
cent of original mangroves lost to Thailand were lost since
1975 (MacKinnon 1997:167; Spalding et al. 1997:66); Panama
lost 67 percent of its mangroves just during the 1980s (David-
son and Gauthier 1993) (Box 2.12 Mangroves). Overall, it is
estimated that half of the world’s mangrove forests have been
destroyed (Kelleher et al. 1995:30). Although the net trend is
clearly downward, in some regions mangrove area is actually
increasing as a result of plantation forestry and small amounts
of natural regeneration (Spalding et al. 1997:24).

Knowledge of the extent and distribution of coral reefs is
probably greater than for any other marine habitat. Rough
global maps of coral reefs have existed since the mid-1800s
because of the hazard they posed to ships. WCMC has com-
piled a coarse-scale (1:1,000,000) map of the world’s shallow
coral reefs; more detailed maps exist for many countries.

Worldwide, an estimated 255,000 km2 of shallow coral reefs
exist, with more than 90 percent in the Indo-Pacific region
(Spalding and Grenfell 1997:225, 227) (Box 2.13 Coral Reefs).
Adding deep water reefs would make the total reef area much
higher—perhaps more than double the area—but these deeper
reefs are poorly mapped.

Both reef-building corals and coral reef fish show broadly
similar patterns in the distribution of species richness, with
highest species diversity in the Indo-Pacific region and lower
diversity in the Atlantic. Currently, on a global basis,  coral
reef degradation is a more serious problem than outright loss
of coral through, for example, land reclamation and coral
mining. Nonetheless, coral area has been significantly
reduced in some parts of the world. 

Other Coa s t al Ecosys tems
No comprehensive global information, and only limited reli-
able national information, is available to document change in
seagrass habitats, peat swamps, or other types of coastal wet-
lands besides mangroves. Where data do exist, however, the
habitat loss is often dramatic. For example, 46 percent of
Indonesia’s and as much as 98 percent of Vietnam’s peat
swamps are believed to have been lost (MacKinnon 1997:104,
175). Similarly, the extent of change in seagrass habitats is
thought to be high. In the United States, more than 50 per-
cent of the historical seagrass cover has been lost from Tampa
Bay, 76 percent from the Mississippi Sound, and 90 percent
from Galveston Bay because of population growth and
changes in water quality (NOAA 1999:19). 

PRESSURES ON COASTAL ECOSYSTEMS
Along with direct loss of area, a variety of other factors are sig-
nificantly altering coastal ecosystems. Chief among these are
population growth, pollution, overharvesting, and the loom-
ing threat of climate change.

Populat ion
Globally, the number of people living within 100 km of the
coast increased from roughly 2 billion in 1990 to 2.2 billion in
1995—39 percent of the world’s population (Burke et al.
[PAGE] 2000). However, the number of people whose activi-
ties affect coastal ecosystems is much larger than the actual
coastal population because rivers deliver pollutants from
inland watersheds and populations to estuaries and sur-
rounding coastal waters. As coastal and inland populations
continue to grow, their impacts—in terms of pollutant loads
and the development and conversion of coastal habitats—can
be expected to grow as well.

Pollut ion 
A vast range of pollutants affects the world’s coasts and
oceans. These can be broadly classified into toxic chemicals
(including organic chemicals, heavy metals, and radioactive
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(continues on p. 76)
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Mangroves line 8 percent of the world’s coasts and
about one-quarter of the world’s tropical coast-
lines, covering a surface area of approximately

181,000 km2 (Spalding et al. 1997:23). Adapted to conditions
of varying salinity and water level, they flourish in sheltered
coastal areas, such as river estuaries. 

Mangroves are crucial to the productivity of tropical
fisheries because they act as spawning grounds for a
wide range of fish species. They also provide local com-
munities with timber and fuelwood and help stabilize
coastlines. 

Historical records indicate that the original extent of man-
grove forests has declined considerably under pressure from
human activity. National proportions of original mangrove cover
lost vary from 4 to 84 percent, with the most rapid losses occur-
ring in recent decades. Overall, as much as half of the world’s
mangrove forests may have been lost (Kelleher et al. 1997:30)

Excessive cutting for fuel and timber as well as clearance
for agriculture and shrimp farming and for coastal develop-
ment have all contributed to these high loss rates. In a few
regions, however, mangrove area is actually increasing as a
result of plantation forestry and natural regeneration.

Box 2.12   M a n g r ove s

Mangrove Area in Selected Countries

Region and Country Current Extent (km2) Approximate Loss (%) Period

Africa

Angola 1,100 50 Original extent to 1980s

Cote d’Ivoire 640 60 Original extent to 1980s

Gabon 1,150 50 Original extent to 1980s

Guinea-Bissau 3,150 70 Original extent to 1980s

Kenya 610 4 1971–88

Tanzania 2,120 60 Original extent to 1980s

Latin America and the Caribbean

Costa Rica 413 –6 1983–90

El Salvador 415 8 1983–90

Guatemala 161 31 1960s–90s

Jamaica 106 30 Original extent to 1990s

Mexico 5,315 65 1970s–90s

Panama 1,581 67 1983–90

Peru 51 25 1982–92

Asia

Brunei 200 20 Original extent to 1986

Indonesia 24,237 55 Original extent to 1980s

Malaysia 2,327 74 Original extent to 1992–93

Myanmar 4,219 75 Original extent to 1992–93

Pakistan 1,540 78 Original extent to 1980s

Philippines 1,490 67 1918–80s

Thailand 1,946 84 Original extent to 1993

Vietnam 2,525 37 Original extent to 1993

Oceania

Papua New Guinea 4,627 8 Original extent to 1992–93

Source: Burke et al. [PAGE] 2000. The table is based on World Resources 1990–91; UNEP Kenya Coastal Zone Database (1997), Spalding et al. (1997),

Davidson and Gauthier (1993), MacKinnon (1997), World Bank (1989), and BAP Planning (1993). Current extent estimates in italics are not in agreement

with recent estimates in the Data Tables in this volume, because of differences in year assessed and methodology.
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waste), nutrients (including agricultural fertilizers and
sewage), sediments, and solid waste. The occurrence of bac-
terial contamination is a special case, often associated with
nutrient pollution. Oil pollution (from spills and seepage)
includes toxic, nutrient, and sediment-based pollutants.

Most pollution of coastal waters comes from the land, but
atmospheric sources and marine-based sources such as oil
leaks and spills from vessels also play a role. Approximately
40 percent of toxic pollution in Europe’s coastal waters is
thought to stem from atmospheric deposition; the percent-
age could be even greater in the open ocean (Thorne-Miller
and Catena 1991:18; EEA 1998:213).

In some regions, such as North America and Europe,
heavy metal and toxic chemical pollution has decreased in
recent decades as the use of these compounds has decreased,
but toxic chemicals continue to be a major problem world-
wide (NOAA 1999:14; EEA 1998:216). Some progress has also
been achieved in reducing the volume of oil spilled into the
oceans. Both the number of oil spills and total amounts of oil
spilled have decreased considerably since the 1970s (ITOPF
1999; Etkin 1998:10). Indeed, spills from vessels, although
they can be catastrophic, are not the major source of oil pol-
lution; runoff and routine maintenance of oil infrastructure
are estimated to account for more than 70 percent of the total
annual oil discharged into the ocean (National Research
Council 1985:82). 

Nutrient pollution, especially nitrates and phosphates,
has increased dramatically this century. Greater use of fertil-
izers, growth in quantities of domestic and industrial sewage,
and increased aquaculture, which releases considerable
amounts of waste directly into the water, are all contributing
factors (GESAMP 1990:96). Some local improvements in
nutrient pollution have been achieved through sewage treat-
ment and bans on phosphate detergents (NOAA 1999:iv; EEA
1999:155). However, the Joint Group of Experts on the Scien-
tific Aspects of Marine Pollution (GESAMP) identified
marine eutrophication, caused by these nutrients, as one of
the most immediate causes of concern in the marine environ-
ment (GESAMP 1990:3) (Box 2.14 Pollution in Coastal
Areas).

Overha rves t ing 
Forty-five years of increasing fishing pressure have left many
major fish stocks depleted or in decline. Yet overfishing is not
a new phenomenon; it was recognized as an international
problem as long ago as the early 1900s (FAO 1997:13). Prior to
the 1950s, however, the problem was much more confined,
since only a few regions such as the North Atlantic, the North
Pacific, and the Mediterranean Sea were heavily fished and
most world fish stocks were not extensively exploited. Since
then, the scale of the global fishing enterprise has grown
rapidly and the exploitation of fish stocks has followed a pre-
dictable pattern, progressing from region to region across the
world’s oceans. As each area in turn reaches its maximum pro-

ductivity, it then begins to decline (Grainger and Garcia
1996:8, 42–44) (Box 2.15 Overfishing).

Overexploitation of fish, shellfish, seaweeds, and other
marine organisms not only diminishes production of the har-
vested species but can profoundly alter species composition
and the biological structure of coastal ecosystems. Overhar-
vest stems in part from overcapacity in the world fishing fleet.
Worldwide, 30–40 percent more harvest capacity exists than
the resource can withstand (Garcia and Grainger 1996:5). A
recent review of Europe’s fisheries by the European Union
indicates that the fishing fleet plying European waters would
need to be reduced by 40 percent to bring it into balance with
the remaining fish supply (FAO 1997:65). 

Trawling. Not only is harvesting excessive, but many mod-
ern harvesting methods are destructive as well. Modern trawl-
ing equipment that is dragged along the sea bottom to catch
shrimp and bottom-dwelling fish such as cod and flounder
can devastate the seafloor community of worms, sponges,
urchins, and other nontarget species as it scoops through the
sediment and scrapes over rocks. Extent of damage to sea-
bottom habitats that have been swept by trawling equipment
may be light, with effects lasting only a few weeks, or inten-
sive, with some impacts on corals, sponges, and other long-
lived species lasting decades or even centuries (Watling and
Norse 1998:1185–1190).

One global estimate puts the area swept by trawlers at 14.8
million km2 of the seafloor (Watling and Norse 1998:1190).
To better estimate the percentage of the continental shelf
areas affected by trawling, PAGE researchers mapped the
total area of trawling grounds for 24 countries for which suf-
ficient data were available. These countries include about 41
percent of the world’s continental shelves. The PAGE analysis
shows that trawling grounds covered 57 percent of the total
continental shelf area of these countries (Burke et al. [PAGE]
2000) (Box 2.16 Trawling).

Bycatch. Another destructive practice associated with com-
mercial fishing comes from the “bycatch” or unintended
catch of nontarget species as well as juvenile or undersized
fish of the target species. Some of these fish are kept for sale,
but many are discarded and eventually thrown back to the sea,
where most die of injuries and exposure. Fisheries experts
estimate that bycatch accounts for roughly 25 percent of the
global marine fish catch—some 20 million metric tons per
year (FAO 1999a:51). In certain fisheries, bycatch can out-
weigh the catch of target species. For example, in the shrimp
capture fishery, discards may outweigh shrimp by a ratio of 5
to 1 (Alverson et al. 1994:24).

Climate Change 
Global climate change may compound other pressures on
coastal ecosystems through the additional effects of warmer
ocean temperatures, altered ocean circulation patterns,
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Marine nutrient pollution, especially from nitrates and
phosphates, has increased dramatically this century
largely because of increased use of agricultural fer-

tilizers and growing discharges of domestic and industrial
sewage (GESAMP 1990:96). Excessive nutrient concentrations
in water can stimulate excessive plant growth—eutrophica-
tion. As the plant matter becomes more abundant, its decom-
position can reduce oxygen concentrations in the water to
less than the 2 parts per million needed to support most
aquatic animal life. This not only jeopardizes native species, it
also jeopardizes human health, livelihoods, and recreation.

Harmful algal blooms, which consist of algae that pro-
duce harmful biotoxins, can also be fueled by excessive

nutrient runoff. More than 60 kinds of algal toxins are known
today (McGinn 1999), and the number of incidents annually
affecting public health, fish, shellfish, and birds has
increased from around 200 in the 1970s to more than 700 in
the 1990s (HEED 1998). 

Hypoxia, the depletion of dissolved oxygen, is also related
to nutrient pollution of coastal waters. Fish leave or avoid
hypoxic areas and bottom-dwellers such as shrimp, crabs,
snails, clams, starfish, and worms eventually suffocate. Cur-
rent data suggest that hypoxic zones occur most frequently in
enclosed waters adjacent to intensively farmed watersheds
and major industrial centers off the coasts of Europe, the
United States, and Japan.

Box 2.14   Po l l ut i o n  i n  C o a s ta l  A re a s

Source: Burke et al. [PAGE] 2000. The map is based on R.J. Diaz, Virginia Institute of Marine Science, personal communication (1999), updating Diaz and

Rosenberg (1995). 

Global Distribution of Hypoxic Zones

1 Dead Zone
2 Nichupti Lagoon
3 Mobile Bay
4 Perdido Bay
5 Hillsborough Bay
6 Chesapeake Mainstream
7 Potomac River
8 Rappahannock River
9 York River

10 Pagan River
11 Long Island Sound
12 New York/New Jersey Bight
13 Flushing Bay
14 Raritan Bay
15 Barneqatt Inlet

16 Mullica River Estuary
17 Townsend-Hereford Inlet
18 Great Egg Harbor River
19 New York City
20 Puget Sound
21 Saanich Inlet
22 Los Angeles
23 Pamlico river
24 Cape Fear River
25 Corpus Christi Bay
26 Freeport
27 Seto Inland Sea
28 Tokyo Harbor
29 Mikawa & Ise Bays
30 Omura Bay

31 Osaka Bay
32 Caspian Sea
33 Black Sea NW Shelf
34 Sea of Azov
35 Gulf of Trieste
36 Rias Baixas
37 Fosa de Cariaco
38 Gulf of Finland
39 Baltic Sea Channel
40 Bornholm Basin
41 Elefsis Bay
42 Tolo Harbor, Hong Kong
43 Kattegat
44 Laholm Bay
45 Byfjord

46 Gullmarsfjord
47 Port Hacking
48 Sommone Bay
49 Lough Ine
50 German Bight, North Sea
51 Kiel Bay
52 Wadden Sea
53 Marmara Sea
54 Limfjorden
55 Arhus Bay
56 New Zealand
57 Oslofjiord
58 Stockholm Inner Archipeligo
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Prior to the 1950s, overfishing was confined to heavily
fished regions in the North Atlantic, North Pacific,
and Mediterranean Sea. Today overfishing is global,

and current harvest trends put fishing, as both a source of
food and a source of employment, at risk. 

Fish account for one-sixth of all animal protein in the
human diet, and around 1 billion people rely on fish as their
primary protein source. As demand for fish has increased,
many major stocks have declined or have been depleted.
FAO reports that as of 1999, more than a quarter of all fish
stocks are already depleted as a result of past overfishing or
are in imminent danger of depletion from current overhar-
vesting. Almost half of all fish stocks are being fished at
their biological limit and are therefore vulnerable to depletion
if fishing intensity increased.

Employment within fisheries is likely to change pro-
foundly, especially for small-scale fishers who fish for the
local market or for subsistence. Over the past 2 decades,
these fishers, who number some 10 million worldwide, have
been losing ground as competition from commercial vessels
has grown. However, commercial fleets don’t face bright
prospects, either. Worldwide the fishing industry has 30–40
percent more harvest capacity than fish stocks can support,
and the European Union recently estimated that the fleet
working in Europe would need to be reduced 40 percent to
bring it into balance with the remaining supply of fish. 

Box 2.15   O ve r f i s h i n g

A History of Decline: Peak Fish Catch vs. 1997 Fish
Catch, by Ocean

1997 Catch Maximum Catch Year of 

Fishing Area (thousand tons) (thousand tons) Maximum Catch

Atlantic
Northeast 11,663 13,234 1976
Northwest 2,048 4,566 1968
Eastern Central 3,553 4,127 1990
Western Central 1,825 2,497 1984
Southeast 1,080 3,271 1978
Southwest 2,651 2,651 1997
Pacific
Northeast 2,790 3,407 1987
Northwest 24,565 24,565 1997
Eastern Central 1,668 1,925 1981
Western Central 8,943 9,025 1995
Southeast 14,414 20,160 1994
Southwest 828 907 1992
Indian
Eastern 3,875 3,875 1997
Western 4,091 4,091 1997
Mediterranean 1,493 1,990 1988
Antarctic 28 189 1971

Fishing Grounds Overfished or Fully Fished, 1994

Source: Burke et al. [PAGE] 2000. The map is based on Grainger and Garcia (1996); analysis is based on landings data collected between 1950 and 1994 for

the top 200 species-/fishing-area combinations, which represent 77 percent of the world’s marine production, as explained in the technical notes for Data

Table 4 in Coastal, Marine, and Inland Waters. Table is based on FAO (1999c, 1999d).
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changing storm frequency, and rising sea levels. Changing
concentrations of CO2 in ocean waters may also affect marine
productivity or even change the rate of coral calcification
(Kleypas et al. 1999). The widespread coral bleaching
observed during the 1997–98 El Niño is a dramatic example of
the effect of elevated temperatures at the sea surface. Simi-
larly, changes in ocean currents and circulation patterns
could dramatically affect the biological composition of
coastal ecosystems by changing both the physical characteris-
tics of the habitat—the water temperature and salinity—and
the pattern of migration of larvae and adults of different
species.

Rising sea level, associated with climate change, is likely to
affect virtually all of the world’s coasts. During the past cen-
tury, sea level has risen at a rate of 1.0–2.5 mm per year (IPCC
1996:296). The Intergovernmental Panel on Climate Change
(IPCC) has projected that global sea level will rise 15–95 cm by
the year 2100, due principally to thermal expansion of the
ocean and melting of small mountain glaciers (IPCC
1996:22).

Some of the areas most vulnerable to rising seas are coastal
lands whose highest points are within 2 m of sea level, in par-
ticular the so-called “lands of no retreat”—islands with more
than half of their area less than 2 m above sea level. Rising sea
levels will also increase the impact of storm surges. This, in
turn, could accelerate erosion and associated habitat loss,
increase salinity in estuaries and freshwater aquifers, alter
tidal ranges, change sediment and nutrient transport, and
increase coastal flooding. River deltas are at risk from flood-
ing as a result of sea-level rise as are saltwater marshes and
coastal wetlands if they are blocked from migrating inland by
shoreline development (NOAA 1999:20). 

Assess ing  Goods  and  Serv i ces

FOOD FROM MARINE F ISHERIES
The forecast for world fisheries is grim despite the fact that
fish provided 16.5 percent of the total animal protein con-
sumed by humans in 1997 (Laureti 1999:63). On average this
accounts for 6 percent of all protein—plant and animal—that
humans eat annually. Approximately 1 billion people rely on
fish as their primary source of animal protein (Williams
1996:3). Dependence on fish is highest in developing nations:
of the 30 countries most dependent on fish as a protein
source, all but four are in the developing world (Laureti
1999:v). In developing countries, production of fish products
is almost equal to the production of all major meats—poultry,
beef, sheep, and pork (Williams 1996:3).

Global marine fish and shellfish production has increased
sixfold from 17 million tons in 1950 to 105 million metric tons
in 1997 (FAO 1999c). This rapid growth—particularly in the
last 20 years—has come partly from growth in aquaculture,

which now accounts for more than one-fifth of the total har-
vest (marine and inland) (FAO 1999a:10). From 1984 to 1997,
aquaculture production in marine and brackish environ-
ments tripled and continues to expand rapidly (FAO 1999c).
Another 30 percent of the marine harvest consists of small,
low-valued fish like anchovies, pilchard, or sardines, many of
which are reduced to fish meal and used as a protein supple-
ment in feeds for livestock and aquaculture. Over time, the
percentage of the global catch made up by these low-value
species has risen as the harvest of high-value species like cod
or hake has declined, partially masking the effects of over-
fishing (FAO 1997:5).

Fish and shellfish production is of global economic impor-
tance and is particularly significant for developing countries,
where more than half of the export trade in fish products orig-
inates (FAO 1999a:21). The value of fishery exports in 1996
amounted to US$52.5 billion, 11 percent of the value of agri-
cultural exports that year (FAO 1999a:20).

Employment
Fishing and aquaculture are major sources of employment as
well, providing jobs for almost 29 million people worldwide in
1990 (FAO 1999a:64). Some 95 percent of these fish-related
jobs were in developing countries (FAO 1999b). The pattern
of employment within the fisheries sector is likely to shift dra-
matically in coming years, especially for small-scale fishers
harvesting fish for local markets and subsistence. Small-scale
fishers have been losing ground over the last 2 decades as
competition from commercial vessels has grown. Surveys off
the west coast of Africa show that fish stocks in the shallow
inshore waters where artisanal fishers ply their trade dropped
by more than half from 1985 to 1990 because of increased fish-
ing by commercial trawlers (FAO 1995:22). This trend is likely
to intensify as fish stocks near shore continue to decrease
under heavy fishing pressure. 

Ecosys tem Condit ion
The condition of coastal ecosystems, from the standpoint of
fisheries production, is poor. Yields of 35 percent of the most
important commercial fish stocks declined between 1950 and
1994 (Grainger and Garcia 1996:31). As of 1999, FAO reported
that 75 percent of all fish stocks for which information is
available are in urgent need of better management—28 per-
cent are either already depleted from past overfishing or in
imminent danger of depletion due to current overharvesting,
and 47 percent are being fished at their biological limit and
therefore vulnerable to depletion if fishing intensity
increased (Garcia and DeLeiva 2000). 

Another indicator of the condition of coastal fisheries is
the relative abundance of fish stocks at different levels of the
food web. In many fisheries, the most prized fish are the large
predatory species high on the food web, such as tuna, cod,
hake, or salmon. When these “top predators” are depleted
through heavy fishing pressure, other species lower on the
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food web—plankton eaters—may begin to dominate the fish
catch. This pattern of exploitation was described by Pauly et
al. (1998) as “fishing down the food web,” and it may signal a
deterioration in the species structure of the ecosystem.

On behalf of the PAGE study, FAO analyzed global catch
statistics for signs of ecosystem change, particularly  for signs
of “fishing down the food web.” The results of the analysis
show relatively strong evidence of this exploitation pattern
only in the Northern Atlantic. Other regions show shifts in
the relative abundance of species; but only in the North
Atlantic did fishing practices seem to be the major influence
causing this broad-scale ecosystem shift (Burke et al. [PAGE]
2000). In other areas such as the Mediterranean and Baltic
Seas, an increase in plankton-eating fish low on the food web
may indicate the presence of excess nutrients, which stimu-
lates plankton growth and thus provides a larger food supply
for plankton eaters (Caddy et al. 1998). 

Continued deterioration of coastal ecosystems and the
fish stocks they support could have serious implications for
future fish consumption. FAO expects demand for fish and
shellfish as a human food source to continue to increase well
beyond today’s consumption of 93 million tons per year. FAO
warns that only under the most optimistic scenario—where
aquaculture continues to expand rapidly and overfishing is
brought under control so that fish stocks can recover—will
there be enough fish to meet global demand (FAO 1999d). If
the present deterioration continues, however, a substantial
gap between supply and demand will likely develop, raising
the price of fish and threatening food security in some regions
(Williams 1996:14–15, 25–26).

WATER QUALITY
Coastal ecosystems provide the important service of main-
taining water quality by filtering or degrading toxic pollu-
tants, absorbing nutrient inputs, and helping to control
pathogen populations. But the capacity of estuaries and

coasts to provide these services can easily be exceeded in at
least three ways. First, toxic pollutants can build to levels in
fish and shellfish that are harmful to human health. Second,
polluted coastal waters can harbor pathogens such as cholera
and hepatitis A, which are also significant health hazards.
Third, excessive nutrient inputs from agricultural and urban
runoff, and sewage eff luent, can cause eutrophication,
whereby the additional nutrients stimulate rapid growth of
algae. This in turn depletes the dissolved oxygen level in the
water as it decomposes, which then harms or drives away all
but the hardiest species. 

Coastal pollution is most commonly measured by how
much pollution is being discharged into the sea, such as the
number of oil spills or the amount of sewage. However, this
does not indicate what effect the pollution is having on
coastal ecosystems. Consequently, the PAGE researchers
examined several other indicators that better reflect biologi-
cal changes in coastal ecosystems, although global data are
available for relatively few of these indicators.

Oxygen Deplet ion
One such indicator is oxygen depletion in the water—a condi-
tion known as hypoxia. Hypoxia, which is often associated
with more severe forms of eutrophication, can be quite harm-
ful to marine organisms, especially sedentary organisms that
live on the sea floor. Although historical information on
hypoxia is limited, experts believe that the prevalence and
extent of hypoxic zones have increased in recent decades
(Diaz 1999; Diaz and Rosenberg 1995). One of the most well-
known examples of hypoxic conditions is the so-called “Dead
Zone” at the mouth of the Mississippi River in the northern
Gulf of Mexico. Over the last 4 decades, the amount of nitro-
gen delivered to the coast by the Mississippi River—which
drains the entire midsection of North America—has tripled,
helping to create a hypoxic zone that covers 7,800–10,400 km2

at mid-summer, when the zone is at its worst (Rabalais and
Scavia 1999).

Somewhat better historical information exists for algal
blooms, which also may be exacerbated by nutrient pollution. 

Ha rmf ul Algal Blooms
Scientists have assembled information on harmful algal
blooms (HABs)—rapid increases in the populations of algae
species that produce toxic compounds. More than 60 harmful
algal toxins are known today. They are responsible for at least
six types of food poisoning, including several that can be
lethal (McGinn 1999:21; NRC 1999:52). In the United States,
HABs have caused nearly $300 million in economic losses
since 1991 from fish kills, public health problems, and lost
revenue from tourism and the seafood industry (McGinn
1999:25). From the 1970s to the 1990s, the frequency of
recorded HABs has increased from 200 to 700 incidents per
year (NRC 1999:52; HEED 1998). Some of this increase may
be due to better reporting, since awareness of HABs has been

The Bottom Line for Food Production. Global
marine fish stocks still yield significant supplies
of fish and shellfish, and marine aquaculture

production is growing rapidly. However, current fishing
practices show a global pattern of stock depletions and
destructive fishing techniques that harm coastal ecosys-
tems. Currently, nearly 75 percent of assessed fish stocks
are either overfished or fished at their biological limit and
susceptible to overfishing. Other factors, such as water
pollution and loss of spawning habitat compound the
harm. As a result, the capacity of the world’s coastal and
marine ecosystems to produce fish for human harvest is
highly degraded and is continuing to decline. This could
have a significant impact on nutrition and local and
national economies in many countries.



heightened; but much of the increase is real, confirmed in
areas with long-term monitoring programs. 

Pathogens and Toxic Chemicals
Information about the ecosystem effects of pathogens, toxic
chemicals, and persistent organic pollutants is less available
than information about nutrient pollution. Limited data are
available from some regions of the world—mostly industrial-
ized countries—where programs have been established to
monitor shellfish beds to guard against consumption of shell-
fish contaminated with pathogens. Data from the United
States’ shellfish monitoring program show gradually improv-
ing conditions; 69 percent of U.S. shellfish-growing waters
were approved for harvest in 1995, up from 58 percent in 1985
(Alexander 1998:6).

Per sis tent Organic Pollut ant s
Persistent organic pollutants (POPs) include a number of
chemicals that do not exist naturally in the environment,
including polychlorinated biphenyls (PCBs), dioxins and
furans, and pesticides such as DDT, chlordane, and hep-
tachlor. POPs persist in the environment and can accumulate
through the marine food web or in coastal sediments to a level
that is toxic to aquatic organisms and humans.

“Mussel Watch” programs in North America, Latin Amer-
ica and the Caribbean, and France have provided a tool for
monitoring changes in POPs (as well as other toxic com-
pounds) in coastal ecosystems. These monitoring programs
measure accumulations of toxic compounds in the tissues of
mussels, which feed by filtering large quantities of sea water,
and thus are prone to accumulate any available toxins. Mus-
sel Watch data indicate that chlorinated hydrocarbons,
though still high in coastal sediments near industrial areas
and in the fat tissue of top predators such as seals, are now
decreasing in some northern temperate areas where restric-
tions on their use have been enforced for some years (O’Con-
ner 1998; GESAMP 1990:52). However, contamination
appears to be rising in tropical and subtropical areas because
of the continued use of chlorinated pesticides (GESAMP
1990:37).

BIODIVERSITY
Only 250,000 of the 1.75 million species cataloged to date in
all ecosystems are found in marine environments, but experts
believe that the majority of marine species have yet to be dis-
covered and classified (Heywood 1995:116; WCMC In prepa-
ration). Life first evolved in the sea, and marine ecosystems
still harbor an impressive variety of life forms. Of the world’s
33 phyla (groups of related organisms), 32 are found in the
marine environment, and 15 of these are found only there
(Norse 1993:14–15). Coral reefs are one coastal marine
ecosystem often singled out for their high biodiversity.
Although coral reefs inhabit less than a quarter of 1 percent of
the global sea bottom, they are the most diverse marine envi-
ronment, with 93,000 species identified so far, and many
more yet to be found (Reaka-Kudla 1997:88–91).

Evidence abounds of the significant pressures on coastal
biodiversity. The loss of coastal habitats such as mangroves,
seagrasses, and wetlands is one direct measure of declining
condition of biodiversity in coastal habitats. Coral reefs face
degradation at a global scale, with loss of area, overfishing of
reef fish, and degradation of near-coastal water quality hav-
ing inevitable consequences for reef biodiversity. A 1998
study that mapped pressures on coral reef ecosystems con-
cluded that 58 percent of the world’s reefs are at risk from
human activities, with 27 percent at high risk (Bryant et al.
1998:20).

Inva sive Species
One of the most significant changes in the condition of
coastal biodiversity has been growth in the number and abun-
dance of invasive species. For example, the marine ecosys-
tems in the Mediterranean now contain 480 invasive species,
the Baltic 89, and Australian waters contain 124 species
(Burke et al. [PAGE] 2000). A principal source of biological
invasion is from the ballast water of ships. On any one day,
3,000 different species are thought to be carried alive in the
ballast water of the world’s ocean fleets (Bright 1999:156). 

The introduction of the Leidy’s comb jellyfish from the
western Atlantic into the waters of the Black Sea in 1982 pro-
vides one of the most dramatic examples of how a nonnative
species can impact marine ecosystems. Unchallenged by nat-
ural predators in the Black Sea, the Leidy’s comb jellyfish pro-
liferated to a peak in 1988 of 0.9–1 billion tons wet weight
(about 95 percent of the entire wet weight biomass in the
Black Sea). These animals devastated the natural zooplank-
ton stocks, which allowed the unleashing of massive algal
blooms. Natural food webs were disrupted, ultimately con-
tributing to the collapse of the Black Sea fish harvest (Bright
1999:157; Travis 1993:1366). 
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The Bottom Line for Water Quality.
Although there is relatively little monitoring of
the actual condition of coastal waters (as

opposed to the pollutants discharged into them), evi-
dence indicates decreasing capacity of coastal ecosys-
tems to maintain clean water in many regions of the
world. In particular, the increased frequency of harmful
algal blooms and hypoxia suggests that the capacity of
ecosystems in these regions to absorb and degrade pol-
lutants has been exceeded. Only within some of the
OECD countries is there evidence of water quality

improvements, which appear to be the result of reduced
input of certain pollutants such as POPs.



Other causes of biological invasion include intentional
introduction of nonnative species for fisheries stocking or
even for ornamental purposes, accidental introduction from
aquaculture, and species migration through artificial canals,
most notably through the Suez Canal from the Red Sea into
the Mediterranean and vice versa.

Deplet ion
Another measure of direct change in the condition of coastal
ecosystem biodiversity is the reduced abundance of various
commercially important fish species. Excessive harvests of
fish reduce their populations, sometimes to the point they
become threatened with extinction, at least in substantial
portions of their original range. The IUCN Red List of threat-
ened species includes species such as the Atlantic cod,
Atlantic halibut, five species of tuna, and yellowtail floun-
der—all species heavily exploited for food (IUCN 1996:70–88). 

Disea se
Additional evidence of declining condition of coastal biodi-
versity is found in the incidence of new diseases in coastal
organisms (Harvell et al. 1999:1505). These diseases cause
mass mortalities among plants, invertebrates, and verte-
brates, including kelp, seagrasses, shellfish, corals, and
marine mammals such as seals and dolphins. Better detec-
tion of new diseases may be a factor in the increase in
reported incidents, but a careful review of the evidence shows
that the number of new diseases is indeed rising (Harvell et
al. 1999:1505).

Corals provide one of the best examples of the increase in
disease incidence in marine ecosystems. A recent worldwide
survey has documented more than 2,000 individual coral dis-
ease incidents from more than 50 countries. The earliest
records date back to 1902, but the vast majority have occurred
since the 1970s (Green and Bruckner In press). In Florida, for
example, more than a fourfold increase in coral disease has
been observed at 160 monitoring sites since 1996 (Harvell et
al. 1999:1507). Although the exact causes of these diseases
remain unclear, researchers have linked them to the increas-
ing vulnerability of corals caused by stresses such as pollution
and siltation.

Coral Bleaching
Coral bleaching provides a direct indicator of the condition of
coral reefs. Reef-building corals contain microscopic algae
(zooxanthellae) living within their tissues in a mutually
dependent partnership. This partnership breaks down when
corals are stressed, and one of the most common causes of
such stress is exposure to higher-than-normal temperatures.
When this happens, corals lose the algae from their tissues
and become a vivid white color, as if they had been bleached.
Although corals may recover from such an event, they may die
if the cause of bleaching reaches particularly high levels or
persists for a long period. Temperatures just 1–2°C higher

than average in the warm season are sufficient to cause
bleaching. 

Before 1979, there were no records of mass-bleaching of
entire reef systems, but that changed in the last 2 decades. In
1987, 1991, and 1996, mass-bleaching was observed in 6 of the
10 major coral reef provinces of the world. The most recent
and widespread bleaching event occurred from late 1997 until
mid-1998, during one of the largest El Niño events of this cen-
tury. Bleaching was recorded in all 10 provinces (Hoegh-
Guldberg 1999:8). Coral death reached more than 90 percent
in some locations; fortunately, many reefs have since recov-
ered (Salm and Clark 2000:8). Experts believe high water tem-
peratures caused the coral bleaching. There is no way of know-
ing whether human-induced climate change had any bearing,
but researchers believe that the elevated sea temperatures
associated with climate change could have this same detri-
mental effect. 

Management Ef for t s
Evidence of the declining condition of coastal biodiversity
has stimulated a number of actions by local communities,
NGOs, and national governments to slow the rate of loss of
particular habitats and to protect the species that remain.
Although PAGE researchers did not attempt to survey the
entire array of response measures, one important response
has been the rapid growth in the number of marine protected
areas. To date, more than 3,600 marine protected areas have
been designated throughout the world (WCMC 2000). Even
so, the total area under protection still falls well short of the
minimum area that many marine scientists believe is neces-
sary for the conservation of marine biodiversity.

SHORELINE PROTECTION
The economic and human costs of coastal storm damage are
growing as more people expand into coastal settlements and
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The Bottom Line for Biodiversity. The variety
of coastal habitats—from coral reefs to kelp
beds—gives coastal ecosystems a wide array of

species and complex communities. However, many indi-
cators show a significant decline in this biodiversity.
Degradation and area loss affect all major habitat types
such as mangroves, seagrasses, coral reefs, and coastal
wetlands. Invasive species have made significant inroads
in many marine environments, especially near ports and
other highly trafficked areas. Heavily exploited fish
species such as cod and haddock have recently been
listed as threatened species. Disease incidence among
marine mammals and coral reefs has risen dramatically,
as have coral bleaching events. Overall, the capacity of
marine ecosystems to support their normal biodiversity
has been greatly diminished. 



put lives and property at risk. Economic losses in Europe
from floods and landslides between 1990 and 1996 were four
times greater than the losses suffered in the 1980s and more
than twelve times those of the 1960s (EEA 1998:274). From
1988 to 1999, the United States sustained 38 weather-related
disasters causing damage that reached or exceeded $1 billion
each, for a total cost in excess of $170 billion (NCDC 2000). In
both Europe and the United States, many of these weather-
related natural disasters involved flooding in coastal areas or,
in the case of the United States, hurricane impacts in coastal
regions. Worldwide, more than 40 million people per year are
currently at risk of flooding due to storm surges (IPCC
1996:292).

Healthy coastal ecosystems cannot completely protect
communities from the impacts of storms and floods, but they
do play an important role in stabilizing shorelines and buffer-
ing coastal development from the impact of storms, wind,
and waves. For example, Sri Lanka spent US$30 million on
revetments, groins, and breakwaters in response to severe
coastal erosion that occurred in areas where coral reefs were
heavily mined (Berg et al. 1998:630). Japan spent roughly 4.5
trillion yen (US$41 billion) on shoreline protection projects
from 1970 to 1998 (Japanese Ministry of Commerce 1998).

For many countries, protection of coastal ecosystems is
likely to be one of the most cost-effective means of protecting
coastal development from the impact of storms and floods.
Clearly, with the substantial loss in extent of various coastal
ecosystems, the ability to provide this service of shoreline
protection has significantly diminished in most nations. 

COASTAL TOURISM AND RECREATION
Travel and tourism, encompassing transport, accommoda-
tion, catering, recreation, and services for travelers, is the
world’s largest industry and the fastest growing sector of the
global economy. The World Travel and Tourism Council pro-
jected travel and tourism would generate US$3.5 trillion and
account for more than 200 million jobs in 1999—about 8 per-
cent of all jobs worldwide (WTTC 1999). In most countries,
coastal tourism is the largest sector of this industry and in a
number of countries, particularly small island developing
states tourism contributes a significant and growing portion

to GDP and foreign exchange. Travel and tourism in coastal
zones can promote both conservation and economic develop-
ment, if properly managed.

Most statistics related to tourism are aggregated by
country, and agencies and organizations compiling statis-
tics typically do not distinguish inland from coastal
tourism. With this in mind, PAGE researchers chose the
Caribbean—where the vast majority of tourism is coastal or
marine in nature—to assess the condition of coastal ecosys-
tems with regard to their potential to support the recre-
ation and tourism industry.

In 1998, travel and tourism in the Caribbean accounted
for more than US$28 billion or about 25 percent of the
region’s total GDP. The industry provided more than 2.9 mil-
lion jobs in 1998 (more than 25 percent of all employment),
with projections in excess of 3.3 million jobs by 2005
(WTTC/WETA 1998). The number of tourists arriving in the
Caribbean is growing rapidly. Over the next decade, tourist
arrivals are expected to increase by 36 percent (Caribbean
Tourism Organization 1997).

Ecotourism
Different types of tourism differ in their benefits to local
economies as well as in their environmental impacts. In the
Caribbean, for example, most of the prosperous hotels are
large resorts; nature-based tourism (ecotourism) is a small
niche market. Worldwide, relatively few local communities
have realized significant benefits yet from nature-based
tourism on their own lands or in nearby protected areas. The
participation of local communities in nature tourism has
been constrained by a lack of relevant knowledge and experi-
ence, lack of access to capital for investment, inability to com-
pete with well-established commercial operations, and sim-
ple lack of ownership rights over the tourism destinations
(Wells 1997:iv). 

Protected areas often supply the most valuable part of the
nature tourism experience, but capture little of the economic
value of tourism in return (Wells 1997:iv). Although many
governments have successfully increased tourist numbers by
marketing their country’s nature tourism destinations, most
have not invested sufficiently in managing those natural
assets or in building the infrastructure needed to support
nature tourism. Thus sensitive sites of ecological or cultural
value have been exposed to risk of degradation by unregu-
lated tourism development, too many visitors, and the
impact of rapid immigration linked to new jobs and business
opportunities (Wells 1997:iv–v) (see Box 1.15 Ecotourism,
pp. 34–35).

Tourism Related Pres sures
Tourism has a tremendous potential to bring economic pros-
perity and development, including environmental improve-
ments, to the destinations in which it operates. However,
poorly planned and managed tourism can harm the very
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The Bottom Line for Shoreline Protection.
There is no doubt that the dramatic loss of
coastal habitats around the world has dimin-

ished the capacity of coastal ecosystems to protect human
settlements from storms. There are few estimates of how
great the economic cost of the loss of this service might
be, but losses from storm damage already cost billions of
dollars annually. With intensive development of the world’s
coasts proceeding rapidly, the value of the coastal protec-
tion service will undoubtedly rise quickly, too.



resources on which it is based. Adverse impacts of tourism in
the Caribbean include scarring mountain faces with condo-
minium and road construction; filling wetlands and remov-
ing mangrove forests for resort construction; losing beach
area and lagoons to pollution and to sand mining, dredging,
and sewage dumping; and damaging coral reefs with anchor-
ing, sedimentation, and marina development (UNEP/CEP
1994). A 1996 Island Resources Foundation study found that
tourism was a major contributor to sewage and solid waste
pollution in virtually every country in the Caribbean, as well
as the prime contributor to coastal erosion and sedimenta-
tion (IRF 1996). Since the success of tourism in the
Caribbean has been built on the appeal of excellent beaches
and a high-class marine environment suitable for a range of
outdoor activities, this inattention to the harmful impacts of

tourism itself directly threatens the industry’s growth in the
region.
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The Bottom Line for Tourism and Recreation.
Information is not available to accurately judge
whether the capacity of coastal ecosystems to

support tourism is being diminished at a global scale.
However, in some areas, such as parts of the Caribbean
region, there is clear evidence of degradation. Nonethe-
less, this industry has the potential—and indeed incen-
tive—to bring long-term sustainable benefits to coastal
communities without degrading the resource on which it
depends. 

?
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Forests, woodlands, and scattered trees have provided humans with shelter, food,
fuel, medicines, building materials, and clean water throughout recorded his-
tory. In recent decades they have become a source of new goods and services
including pharmaceuticals, industrial raw materials, personal care products,

recreation, and tourism. Forests regulate freshwater quality by slowing soil erosion and fil-
tering pollutants, and they help to regulate the timing and quantity of water discharge. In
addition, forests harbor much of the world’s biological diversity. Although scientists know
that most of the world’s species have not yet been identified, they think that at least half
and possibly well over two-thirds of these species are found in forest ecosystems—in partic-
ular, in tropical and subtropical forests (Reid and Miller 1989:15). 

F O R E S T  E C O S Y S T E M S

Forests provided an important springboard for industrial
and socioeconomic development for northern hemisphere
countries. They were often recklessly used, but former
forested lands usually became productive in new ways. For
example, wide tracts of forest were converted permanently to
agriculture. In some areas, such as parts of the eastern United
States, forests that had been clear-cut have regrown. For now,
the northern hemisphere and temperature zone industrial-
ized countries—with the exception of Japan—are broadly self-
sufficient in wood, though tropical woods must still be
imported.

Forests are now playing a similar socioeconomic develop-
ment role in many developing countries. That role is more

critical in these nations because forests supply industrial
wood both for domestic consumption and for export to obtain
foreign currency. At the same time, traditional goods and ser-
vices—woodfuels, food, and medicines—continue to support
the livelihoods of many rural populations. Millions of people
in tropical and subtropical countries still depend entirely on
forest ecosystems to meet their every need. 

From the range of goods and services provided by forest
ecosystems, PAGE focused on five of the most important for
human development and well-being: timber production and
consumption, woodfuel production and consumption, biodi-
versity, watershed protection, and carbon storage.

(continues on p. 90)



H i g h l i g h t s

■ Forests cover about 25 per-
cent of the world’s land sur-
face, excluding Greenland
and Antarctica. Global forest
cover has been reduced by at least 20
percent since preagricultural times, and possibly
by as much as 50 percent. 

■ Forest area has increased slightly since 1980 in
industrial countries, but has declined by
almost 10 percent in developing countries.
Tropical deforestation probably exceeds 130,000 km2 per
year.

■ Less than 40 percent of forests globally are relatively undis-
turbed by human action. The great majority of forests in the
industrial countries, except Canada and Russia, are
reported to be in “semi-natural” condition or converted to
plantations.

■ Many developing countries today rely on timber for export
earnings. At the same time, millions of people in tropical
countries still depend on forests to meet their every need.

■ The greatest threats to forest extent and condition today
are conversion to other forms of land use and fragmenta-
tion by agriculture, logging, and road construction. Logging
and mining roads open up intact forest to pioneer settle-
ment and to increases in hunting, poaching, fires, and expo-
sure of flora and fauna to pest outbreaks and invasive
species.

Box 2.17   Ta k i n g  S to c k  o f
Fo re s t  E c o s y s te m s

Conditions and Changing Capacity
F I B E R  P R O D U C T I O N

■
Fiber production has risen nearly 50 percent since 1960 to 1.5 bil-
lion cubic meters annually. In most industrial countries, net
annual tree growth exceeds harvest rates; in many other regions,

however, more trees are removed from production forests than are replaced
by natural growth. Fiber scarcities are not expected in the foreseeable
future. Plantations currently supply more than 20 percent of industrial
wood fiber, and this contribution is expected to increase. Harvesting from
natural forests will also continue, leading to younger and more uniform
forests.

W A T E R  Q U A L I T Y  A N D  Q U A N T I T Y

■
Forest cover helps to maintain clean water supplies by filtering
freshwater and reducing soil erosion and sedimentation. Defor-
estation undermines these processes. Nearly 30 percent of the

world’s major watersheds have lost more than three-quarters of their origi-
nal forest cover. Tropical montane forests, which are important to watershed
protection, are being lost faster than any other major forest type. Forests
are especially vulnerable to air pollution, which acidifies vegetation, soils,
and water runoff. Some countries are protecting or replanting trees on
degraded hillslopes to safeguard their water supplies.

B I O D I V E R S I T Y

■
Forests, which harbor about two-thirds of the known terrestrial
species, have the highest species diversity and endemism of any
ecosystem, as well as the highest number of threatened species.

Many forest-dwelling large mammals, half the large primates, and nearly 9
percent of all known tree species are at some risk of extinction. Significant
pressures on forest species include conversion of forest habitat to other land
uses, habitat fragmentation, logging, and competition from invasive
species. If current rates of tropical deforestation continue, the number of all
forest species could be reduced by 4-8 percent.

C A R B O N  S T O R A G E

■
Forest vegetation and soils hold almost 40 percent of all carbon
stored in terrestrial ecosystems. Forest regrowth in the northern
hemisphere absorbs carbon dioxide from the atmosphere, cur-

rently creating a “net sink” whereby absorption rates exceed respiration
rates. In the tropics, however, forest clearance and degradation are together
a net source of carbon emissions. Expected growth in plantation area will
absorb more carbon, but likely continuation of current deforestation rates
will mean that the world’s forests remain a net source of carbon dioxide
emissions and a contributor to global climate change.

W O O D F U E L  P R O D U C T I O N

■
Woodfuels account for about 15 percent of the primary energy sup-
ply in developing countries and provide up to 80 percent of total
energy in some countries. Use is concentrated among the poor.

Woodfuel collection is responsible for much local deforestation in parts of
Asia, Africa, and Latin America, although two-thirds of all woodfuel may
come from roadsides, community woodlots, and wood industry residues,
rather than forest sources. Woodfuel consumption is not expected to decline
in coming decades, despite economic growth, but poor data make it difficult
to determine the global supply and demand.
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Excellent Good Fair Poor Bad Not Assessed

Condition

Increasing Mixed Decreasing Unknown

Changing 
Capacity ?

Key

Condition assesses the current output and quality of the ecosystem
good or service compared with output and quality of 20–30 years ago.

Scores are expert judgments about each ecosystem good or service over
time, without regard to changes in other ecosystems. Scores estimate the
predominant global condition or capacity by balancing the relative
strength and reliability of the various indicators. When regional findings
diverge, in the absence of global data, weight is given to better-quality
data, larger geographic coverage, and longer time series. Pronounced dif-
ferences in global trends are scored as “mixed” if a net value cannot be
determined. Serious inadequacy of current data is scored as “unknown.”

Changing Capacity assesses the underlying biological ability of the
ecosystem to continue to provide the good or service.

?



Scorecard Agro Coast Forest Fresh- Grass-
water lands

Food/Fiber
Production

Water
Quality

Water
Quantity

Biodiversity

Carbon
Storage

Recreation

Shoreline
Protection

Woodfuel
Production

?

?

F I B E R  P R O D U C T I O N

Generally good global data on industrial roundwood production by country
are published annually by the Food and Agriculture Organization (FAO) and
the International Tropical Timber Organization (ITTO). Production is
recorded by value and by volume in cubic meters per year. Various studies
forecast future production and consumption rates. Forest inventory data,
recording annual rates of tree growth, tree mortality, size and age of stands,
and harvest rates, are generally available for industrial countries but are
incomplete and must be estimated for many developing countries.  Informa-
tion on plantation extent and productivity varies widely among countries.

W A T E R  Q U A L I T Y  A N D  Q U A N T I T Y

Global data on current forest cover and historic loss in major watersheds
have been compiled by World Resources Institute (WRI). Data on water
runoff, soil erosion, and sedimentation in deforested watersheds are avail-
able mostly at regional or local levels. Evidence of the importance of forest
cover in regulating water quality and quantity is based on experience in
forests managed primarily for soil and water protection in the industrial
countries and on studies that value forests according to the avoided costs of
constructing water filtration plants. Forest degradation by air pollution in
Europe is surveyed by the UN Economic Commission for Europe (UN-ECE).

B I O D I V E R S I T Y

Global data sets are few, and evidence is often anecdotal. Forests with high
conservation value are identified by field observation and expert opinion.
More quantitative information on threatened species is available globally for
forest trees and regionally for some birds, butterflies, moths, and larger
mammals. Good-quality data on restricted-range birds are available, as are
data on threatened birds in the neotropics. Identification of global centers
of plant diversity is based on field observation and expert opinion.

C A R B O N  S T O R A G E

Methodologies for estimating the size of carbon stores in biomass and soils
are developing rapidly. This study relied on the estimates of carbon stored in
above- and below-ground live vegetation developed by Olson. This data set
was modified by updating carbon storage estimates to accord with the land-
cover map from the International Geosphere-Biosphere Programme (IGBP),
delineated by global ecosystems. Estimates of soil carbon stores were based
on the International Soil Reference and Information Centre—World Inven-
tory of Soil Emission Potentials (ISRIC-WISE) Global Data Set of Derived
Soil Properties. 

W O O D F U E L  P R O D U C T I O N

The International Energy Agency (IEA) holds good recent data on wood
energy production and consumption in industrial countries, where most
wood energy is derived from industrial wood processing residues. Global
time series data on woodfuel and charcoal production, available from FAO,
are modeled or estimated from household surveys. Data on woodfuel planta-
tions and nonforest sources of production (such as public lands) are patchy.
Human dependence on woodfuel in developing countries is largely inferred
from information on availability and price of other energy sources.

D ata  Q u a l i t y

89
C h a p t e r  2 :  T a k i n g  S t o c k  o f  E c o s y s t e m s

Area of Forest Ecosystems

North America

South America

Europe & Russia

Asia (excl. Middle East)

Sub-Saharan Africa

Central America &
Caribbean

Oceania

Middle East & N. Africa

Population of Forest Ecosystems

North America

South America

Europe & Russia

Asia (excl. Middle East)

Sub-Saharan Africa

Central America &
Caribbean

Oceania

Middle East & N. Africa

0 1 2 3 4 5 6 7 8
Millions of km2

0 50 100 150 200 250
Millions of people



Forest  Ex tent  and  Mod i f i ca t i on

More than 90 different definitions of “forest” are
in use throughout the world, complicating the
effort to measure and evaluate global forest
ecosystems. PAGE researchers adopted the def-

inition used by IGBP, which defines forest ecosystems as “the
area dominated by trees forming a closed or partially closed
canopy” (Box 2.18 The Changing Extent of Forests). Forest
ecosystems include tropical, subtropical, temperate, and
boreal forests as well as woodlands.

Using the IGBP definition, and using data from satellite
imagery, the PAGE study calculated the total forest area in
1993 as 29 million km2, approximately 22 percent of the
world’s land area (excluding Antarctica and Greenland). This
estimate differs somewhat from that calculated by FAO, which
is compiled from national forest inventories rather than satel-
lite data and reflects a somewhat different definition. (FAO
defines forests to be all areas having a minimum crown cover
of 10 percent and minimum tree height of 5 m.) The FAO esti-
mate puts global forest area in 1995 at 34.5 million km2 (FAO
1997a:185), or 27 percent of the world’s land area.

The area of transition between forest and other land cover
is one of the most dynamic portions of forest ecosystems and
makes up a significant percentage of forest ecosystems in
many parts of the world. Nearly 4 million km2 in Africa now
qualifies as forest/cropland mosaics; cropland accounts for
between 30 percent and 40 percent of the vegetation cover and
forests account for some part of the remainder. Because these
forest transition zones typically have at least 10 percent crown
cover and still contain more than 30 percent agricultural
land, PAGE researchers—as well as FAO and other
researchers—included them in the analyses of both forest and
agricultural ecosystems. 

The change from closed forest to a forest-agriculture
mosaic inevitably changes the goods and services that the
“forest” provides. The transition zone could, in principle, be
managed sustainably to provide timber, tree and fodder
crops, and shelter for field crops, fuelwood, and habitat for
wildlife. But without effective management, land-use change
and ecosystem degradation in transition zones can proceed
rapidly. Currently, neither national nor global forest invento-
ries offer insight into how fast forest transition zones are
expanding or how well they are functioning as ecosystems.

DEFORESTATION AND FOREST LOSS
Human actions have caused the world’s forest cover to shrink
significantly over the last several millennia, but it is difficult
to specify exactly how much. Scientists can’t precisely deter-
mine what the original extent of forest was prior to human
impact. Forests are not static; their size and composition have
evolved with changing climate. However, scientists can deter-
mine—by using knowledge of the soil, elevation, and climatic
conditions required by forests—where forest could potentially

exist if it were not for human actions. Comparing this “poten-
tial” forest area to today’s actual forest cover gives a plausible
estimate of historical forest loss.

Using this approach, Matthews (1983:474–487) estimated
that as of the early 1980s, humans had reduced global forest
cover about 16 percent. Updating this study with more recent
deforestation data available from FAO brings the total loss of
original forest cover to roughly 20 percent. Historical forest
loss could be much higher, however. A 1997 study by WRI,
which used a higher resolution map of potential forest than
the Matthews study, estimates that original forest cover has
been reduced by nearly 50 percent (Bryant et al. 1997:1).

Calculating current deforestation rates is every bit as chal-
lenging as estimating past forest loss. FAO estimates that
forested area increased by 0.2 million km2 (2.7 percent) in
industrialized countries between 1980 and 1995 (Matthews et
al. [PAGE] 2000; FAO 1997a:17), while it decreased by 2 mil-
lion km2 (10 percent) in developing countries (FAO
1997a:16–17). FAO also estimates that the rate of forest loss in
developing countries decreased by 11 percent between
1980–90 and 1990–95, from 154,600 km2 to 130,000 km2

annually (FAO 1997a:18). However, the uncertainty in these
estimates is high. Measuring deforestation on a global level is
complicated by a scarcity of reliable direct measurements and
the expense and difficulty of satellite measurements. As a
result, estimates of the current deforestation rate vary widely,
from about 50,000 km2 to 170,000 km2/year (Tucker and
Townshend 2000:1461). Although the FAO estimate of
130,000 km2/year is widely quoted, more recent studies—
notably of Indonesia and Brazil—suggest that it underesti-
mates actual forest loss.4

The underlying causes of forest loss have been the focus of
many studies and reports over the past several decades. In its
1997 forest assessment, FAO attributes forest loss in Africa
principally to the expansion of subsistence agriculture, under
pressure from rural population growth (FAO 1997a:20). Forest
loss in Latin America was due more to large-scale cattle ranch-
ing, clearance for government-planned settlement schemes,
and hydroelectric reservoirs. FAO found forests in Asia to be
subject about equally to pressure from subsistence agriculture
and economic development schemes (FAO 1997a:20).

Historically, woodfuel collection was considered a leading
factor in deforestation in some regions of the world; however,
better information is undermining that conclusion. FAO does
not consider woodfuel collecting to be an important cause of
deforestation, although it can add to pressures that degrade
forest quality and health. As much as two-thirds of woodfuel is
obtained from nonforest sources such as woodlands, roadside
verges, and wood industries (FAO 1997c:21). 

FOREST FRAGMENTATION
Although change in actual extent clearly has an impact on the
various goods and services that forests provide, fragmenta-
tion of forests can have just as great an impact. As part of the
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characterization of the extent and change of forests, PAGE
researchers developed an indicator of forest fragmentation
based on the world’s growing road network. Roads provide
development benefits, but they also fragment otherwise con-
tinuous stretches of forest.

The impact of fragmentation is twofold. First, fragmenta-
tion directly affects species biodiversity by diminishing the
amount of natural habitat available, blocking migration
routes, providing avenues for invasion by nonnative species,
and changing the microclimate along the remaining habitat
edge. Second, roads provide access for hunting, timber har-
vest, land clearing, and other human disturbances that fur-
ther change the characteristics of the local ecosystem.

Forests are naturally fragmented to some extent by such
features as rivers, mountain ranges, natural fires, and storm
damage. Road networks, however, provide a relatively unam-
biguous and globally applicable indicator of human-caused
fragmentation, albeit a conservative indicator since human
actions fragment forests in other ways as well. To demonstrate
the potential use of such a fragmentation indicator, the PAGE
study included a pilot analysis of forest fragmentation in Cen-
tral Africa in which researchers documented the effect of road
building in breaking up large forest blocks (Box 2.19 Frag-
mentation of Forests in Africa). In the absence of roads, large
continuous blocks of habitat—more than 10,000 km2—would
naturally make up 83 percent of the forest area in Central
Africa. However, in the presence of the existing road network,
large forest blocks account for just 49 percent of the forest
area (Matthews et al. [PAGE] 2000).

FOREST F IRES
In addition to outright conversion and fragmentation of
forests, a third human-caused pressure is the frequency and
intensity of fires. Wildfires are a natural and necessary phe-
nomenon in many forest ecosystems, helping to shape land-
scape structure, improve the availability of soil nutrients, and
initiate natural cycles of plant succession. In fact, some plant
species can’t reproduce without periodic fire.

The number of human-caused fires, however, greatly exceeds
naturally occurring fires. Fires are set intentionally for timber
harvesting, land conversion, or shifting agriculture, and also in
the course of disputes over property and land rights. Tropical
forest fires were unusually severe in 1997–98, following less-
than-average rainfalls due to El Niño. The number of fires in
Brazil increased dramatically between 1995 and 1998, spreading
from agricultural areas into moist forest that traditionally had
not burned (Elvidge et al. 1999). Brazilian fires increased 50 per-
cent between 1996 and 1997, and another 86 percent between
1997 and 1998 (FAO 1999:3)(Box 2.20 Forest Fires). 

Globally, humans initiate as much as 90 percent of total
biomass burning (including savannas) (Levine et al. 1999:iv).
Human-caused fires are thus already reshaping forest ecosys-
tems and their impact could grow substantially. Recent stud-
ies indicate that fires in tropical moist forests create feedback

loops that increase the forest’s susceptibility to subsequent
fires. The first fire serves to open up the canopy, allowing sun
and air movement to increase drying of the forest. Previously
fire-killed trees increase fuel availability, and invading
grasses and weeds add combustible live fuels. Second and
third fires are faster-moving, more intense, and of longer
duration. Initial fires have been demonstrated to kill no more
than 45 percent of trees more than 20 cm in diameter,
whereas in recurrent fires, up to 98 percent of trees are liable
to be killed (Cochrane et al. 1999:1832–1835). This enhanced
fire cycle raises the risk that large areas of tropical forest could
be transformed into savanna or scrub.

The social and economic costs of forest fires are also sig-
nificant. An estimated 20 million people were at risk of respi-
ratory problems from the recent fires in Southeast Asia
(Levine et al. 1999:12), with economic damages (excluding
health impacts) conservatively estimated at $4.4 billion
(Economy and Environment Programme for Southeast Asia
1999, cited in Levine et al. 1999:14).

Despite the advent of satellite imagery and the growing
significance of fires to the condition of global forests, no reli-
able global statistics are available for the total forest area
burned annually. Within boreal forests, detailed records for
the United States and Canada reveal that the annual area
burned has more than doubled in the past 30 years (Kasischke
et al. 1999:141, 147). Information about tropical forests is
more uncertain. For example, estimates of the total area
burned in Indonesia during 1997–98 range from 6,000 km2

(official Indonesian estimates) to more than 45,000 km2

(unofficial estimate based on analysis of satellite images)
(Levine et al. 1999:8–10). 

Assess ing  Goods  and  Serv i ces

FIBER
Commercial timber production is a major global industry. In
1998, global production of industrial roundwood—which
includes all wood not used as fuel—was 1.5 billion m3 (FAO
2000). In the early 1990s, production and manufacture of
industrial wood products contributed about US$400 billion to
the global economy, or about 2 percent of global GDP (Solberg
et al. 1996:48). North America and Europe dominate produc-
tion, but the timber industry is of greater economic impor-
tance to developing countries such as Cambodia, Solomon
Islands, and Myanmar, where wood exports can account for
more than 30 percent of international trade (FAO 1997a:36). 

The three main sources of industrial roundwood are pri-
mary forests, secondary-growth forests, and plantations.
Secondary-growth forests have replaced virtually all of the
primary or original forests of eastern North America,
Europe, and large parts of South America and Asia. Esti-
mates of plantation area vary, partly because of differences
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in how plantations are defined. Plantations are generally
defined as forests that have considerable human interven-
tion in their establishment and management, but no clear
line divides a “plantation” from an intensively managed
“secondary forest.”

FAO estimates that industrial roundwood plantations
account for approximately 3 percent of total forest area, or
about 1 million km2. However, they provide about 22 percent
of the world’s industrial roundwood supply (Brown 1999:7,
41). Plantation forest area is highly concentrated. Five coun-
tries—China, Russia, United States, India, and Japan—account
for 65 percent of global plantation forests (Brown 1999:15).

Assessing a forest’s capacity to produce timber is difficult
in part because the cycle of harvest and regrowth stretches
over many decades. One clear indicator that a forest’s capacity
to produce timber is being degraded would be evidence of har-
vest rates greater than the rate of tree growth. According to
preliminary data (FAO 1998), it appears that many countries
are cutting more timber than grows each year. 

In most European countries and the United States, the vol-
ume of wood felled is less than the volume of yearly growth (FAO
1998:Technical Annex 1). However, in some countries, like the
United States, even though net removal is less than net growth,
the rate of growth has diminished in recent years (Haynes et al.
1995:43). This imbalance suggests that current timber produc-
tion may not be sustainable in the long term (Johnson and Ditz
1997:226). Moreover, information about the diameter of trees in
the United States indicates a long-term trend toward smaller,
younger trees, and a simplified forest structure, with less diver-
sity of sizes and ages of trees. This could, in turn, reduce the
diversity of plant and animal species the forest supports. 

For most developing nations, there is a lack of reliable data
on net annual forest growth and removal rates and the age of
trees—information that is needed to accurately assess the
long-term condition of forests. Even so, there is considerable
evidence that in some regions, harvest rates greatly exceed
regrowth. Typically, in such regions, once forest is cleared,
the land is eventually converted to other uses. In other
regions, overall harvest may be less than annual growth, but
not for certain highly valued species such as mahogany, which
are harvested at rates far in excess of their growth rate, which
will lead to eventual depletion. 

WOODFUELS
Fuelwood, charcoal, and other wood-derived fuels (collec-
tively known as woodfuels) are the most important form of
nonfossil energy. Biomass energy, which includes woodfuels,
agricultural residues, and animal wastes, provides nearly 30
percent of the total primary energy supply in developing
countries. Rough estimates indicate that more than 2 billion
people depend directly on biomass fuels as their primary or
sole source of energy. Woodfuels are the dominant form of bio-
mass energy for many countries, although the data are too
sparse to know whether this is true for all countries (IEA
1996:II.289–308, III.31–187).

Available data show woodfuels account for more than half
of biomass energy consumed in developing countries and, if
China is excluded (where agricultural residues are a particu-
larly important fuel), they account for about two-thirds (IEA
1996:II.289–308, III.31–187)(Box 2.21 Global Use of Woodfu-
els). Woodfuels are also significant sources of energy in some
developed countries. Wood energy supplies nearly 17 percent
of total energy consumption in Sweden and 3 percent in the
United States (FAO 1997b:7, 11). Economic growth in devel-
oping countries has reduced the proportion of energy pro-
vided by woodfuel, but overall biomass energy consumption
has continued to rise.

Will there be enough woodfuel in the future? Already, in
some regions, particularly near urban centers, woodfuel avail-
ability has decreased significantly in recent decades. In some
cases, production has been maintained even in the face of
growing demand by tree planting programs and community
woodlots. By 2010, an estimated 2.3–2.4 billion m3 of fuelwood
and charcoal will be available (Nilsson 1996), approximately
30 percent more than in 2000. However, woodfuel demand by
2010 is forecast to be 2.4–4.3 billion m3 (Matthews et al.
[PAGE] 2000). Whether a regional or even global woodfuel
crisis will develop depends on a variety of factors such as the
affordability of alternative fuels. Nevertheless, there is little
doubt that growing woodfuel scarcity will increase the eco-
nomic burden on the poor in some regions.

Perhaps the most striking feature of this information
about woodfuels is how limited and imprecise the informa-
tion actually is. Woodfuel is a critical energy source for a large
percentage of the world’s population but, despite the efforts
of international institutions such as FAO and the Interna-
tional Energy Agency, the information needed to determine
whether ecosystems will be able to meet the growing demand
is largely unavailable.
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The Bottom Line for Fiber Production.
Increasing demand for wood fiber has increased
production and, in particular, increased the

extent of plantations, which now provide 22 percent of the
world’s industrial wood. This has not reduced pressure on
natural forests. Although forests that have been in timber
production for decades show no distinct signs that their
capacity to maintain that production is in doubt, some
indicators give cause for concern. In developing coun-

tries, evidence exists of degradation of timber production
capacity, and in these regions, after forests are harvested,
the land is often converted to other uses.

(continues on p. 99)
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Sources: Matthews et al. [PAGE] 2000. The road fragmentation maps on the previous page are based on CARPE (1998) and Global Land Cover Character-

istics Database Version 1.2 (Loveland et al. [2000]). The map above is based on Defries et al. (2000) and Global Land Cover Characteristics Database Ver-

sion 1.2 (Loveland et al. [2000]).

Mosaic of Forests and Cropland in Africa



Wildfires are a natural phenomenon in many forest
ecosystems. They structure the landscape,
improve the availability of soil nutrients, and initi-

ate natural cycles of plant succession. Human-induced fires
can have pervasive impact on the condition of forests and
their capacity to produce goods and services.

Worldwide, forest fires were especially severe in 1997–98,
when millions of hectares of tropical forest in Indonesia, Cen-
tral America, and the Amazon went up in smoke. Tropical

forests, which are normally too wet to sustain extensive fires,
were especially susceptible then because of the dry condi-
tions created by El Niño. Evidence suggests, however, that
people opportunistically used the dry conditions to set fires to
clear land for further development. The burn areas shown for
the Amazon in 1998 are adjacent to areas burned to clear land
in 1995. This suggests that routine burning of unusually dry
fields or pastures may have gotten out of hand. Similar pat-
terns were found in Indonesian forests (Barber 2000).
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Box 2.20   Fo re s t  Fi re s

Burn Areas in the Amazon, 1995
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Burn Areas in the Amazon, 1998

Sources: Matthews et al. [PAGE] 2000. The maps are based on Elvidge et al. (1999) and Global Land Cover Characteristics Database Version 1.2 (Loveland

et al. [2000]). Fire data were collected between January and March 1995 and between the same months in 1998. Land-cover data were collected in 1992–93.

Nonforested areas include grasslands, croplands, and some seasonal wetlands.
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BIODIVERSITY
Forest biodiversity is a good in its own right. Diverse species
found only in forest habitats are sources of new pharmaceuti-
cals, genetic resources, and nontimber forest products such
as resins, fruits, vines, mushrooms, and livestock fodder.
Even more important, all other forest goods and services
depend to some extent on the diversity of forest species. The
condition of biodiversity is thus a useful indicator of the
aggregate condition of the forest ecosystem. 

Forests are particularly important ecosystems for biodiver-
sity conservation. Two-thirds of 136 ecologically distinct terres-
trial regions identified as outstanding examples of biodiversity
are located in forested regions, according to WWF (Olson and
Dinerstein 1998:509). Similarly, BirdLife International identi-
fied 218 areas containing two or more species of birds with
restricted ranges. BLI reasoned that these “narrowly endemic”
species were likely to be most susceptible to extinction. Eighty-
three percent of these 218 areas occur in forests, mostly tropical
lowland forests (32 percent) and montane moist forest (24 per-
cent) (Stattersfield et al. 1998:31). Finally, of 234 centers of plant
diversity worldwide identified by IUCN and WWF, more than 70
percent are found in forests (Davis et al. 1994, 1995:12–36).

The condition of forest biodiversity can be most directly
measured by changes in the number of species found in the for-
est, including loss or extinction of native species or introduc-
tions of nonnative species. Any change in the number or relative
abundance of different species represents ecosystem degrada-
tion from the standpoint of biodiversity. Because most species
have not yet even been identified, it is possible to monitor
threats to only the best-known species groups: in practice, this
means birds and trees. Of an estimated 100,000 species of trees,
WCMC reports that more than 8,700 (Oldfield et al. 1998) are
now threatened globally (Box 2.22 Endangered Trees).

Similar global data for forest-dwelling birds have not been
compiled, but BLI has mapped the locations of 290 threat-
ened birds in the Neotropics (excluding the Caribbean),
allowing comparison among different ecosystems to deter-
mine where threats are greatest. Of 596 key areas harboring
threatened species, more than 70 percent were in forests
(Wege and Long 1995:15–16).

Another direct measure of biodiversity condition is the
extent to which invasive species have colonized an ecosystem.
Invasions by nonnative species are now ranked by many ecolo-
gists as second only to habitat conversion as a threat to global
biodiversity. Comprehensive global data on invasives is not yet
available, but information compiled by WWF shows how inva-
sive plants have changed the condition of biodiversity in
North American forests. In northeastern coastal forests of the
United States, up to 32 percent of total vascular plant species
are nonnative, although it is not known how many of these
species are harmful (Ricketts et al. 1997:82).

Although these direct measures of change in the number
of species in forests are the best way to assess the condition of
forest biodiversity, data are unavailable for much of the world.
Consequently, most of what is known about the condition of
forest species is only inferred from various measures of the
pressures on forest biodiversity. Three such pressures—habi-
tat fragmentation, logging, and loss of habitat area—are
known to change the numbers and types of species found in
forest regions. Areas with high levels of fragmentation or log-
ging, or regions that have experienced significant loss of for-
est habitat, will not contain as many of the native species pre-
viously found in the region.

The relationship between habitat area and species diver-
sity is well enough established that it is possible to estimate
how many native species might ultimately be lost from a par-
ticular habitat as its area is reduced. The Global Biodiversity
Assessment conducted in 1995 under the auspices of UNEP
found that if recent rates of tropical forest loss continue for
the next 25 years, the number of species in forests would be
reduced by approximately 4–8 percent (Heywood 1995:235).

CARBON STORAGE
Forests play a central role in the global carbon cycle. Trees
capture carbon from the atmosphere as they grow and store it
in their tissues. Because of their great biomass, global forests
comprise one of the largest terrestrial reservoirs or “sinks” of
carbon. Forests store 39 percent (471–929 GtC) of the
1,213–2,433 GtC that PAGE researchers calculated are stored
in all terrestrial ecosystems. By way of comparison, grass-

The Bottom Line for Woodfuel. Woodfuels
are the primary source of energy for approxi-
mately 2 billion people and by far the most

important of the biomass fuels. But we have inadequate
information about actual consumption at the household
level or the capacity of ecosystems to continue to provide
this good. Woodfuels will remain of prime importance in
the developing world for the foreseeable future. It is
essential to put wood energy data collection and plan-
ning on an equal footing with commercial energy sources
like oil, coal, natural gas, and hydroelectricity.

?

The Bottom Line for Biodiversity. Forests
have the highest species diversity and
endemism of any ecosystem. Pressure on this

diversity is immense, as judged from forest loss and frag-
mentation, but direct information about condition is more
limited. What evidence exists suggests that the number
of threatened forest species is significant and growing,
and species introductions are very high in certain
regions. Not only is forest area shrinking, but the capacity
of remaining forests to maintain biodiversity appears to
be significantly diminished.
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Survival of the world’s estimated 100,000 tree species is
threatened by conversion of forest land to other uses,
timber harvesting, fire, pest attack, and ecosystem

simplification resulting from forest management. WCMC has
compiled a list of threatened species, assessed according to
the 1994 IUCN categories of threat. Altogether, more than 8,700
tree species, almost 9 percent of the world total, are at risk.

A major threat is posed by the deliberate or accidental
introduction by humans of nonnative plants and animals to
forest habitats. These can threaten the survival of native
species by attacking them, competing with them for food and
space, or altering local ecosystems to the point that they can
no longer support indigenous tree populations. The number of
nonnative species are, thus, an indicator of the degree of
potential “assault” on native flora.

In North America, the highest concentrations of nonnative
species are found around ports, along major transportation
routes, and in fertile agricultural regions that have proved
favorable to both introduced crops and their pests. Densely
forested taiga regions away from major human settlements
appear to be little affected, and the conifer forests of the
Southeast have proved relatively resistant to invasive species.

Box 2.22   E n d a n g e re d  Tre e s

Europe

Oceania

South America

N. and C. America

Asia

Africa

0 200 400 600 800 1000 1200 1400 1600
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Endangered
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Risk Categories for the World’s Trees

Nonnative Plants in Forest Ecoregions of North America

Sources: Matthews et al. [PAGE] 2000. The map is from Ricketts et al. (1997). The figure is based on Oldfield et al. (1998).



lands store about 33 percent of terrestrial carbon, yet cover
nearly twice as much area as forested regions. 

Land-use change is thought to release an average of 1.6 GtC
to the atmosphere each year, or roughly 20 percent of all car-
bon emissions caused by human action (IPCC 2000:5). By far
the most significant component of global land-use change is
deforestation in the tropics (Houghton 1999:305, 310). Clear-
ing forests and burning the debris releases large amounts of
carbon stored in the vegetation back into the atmosphere. On
the other hand, restoring degraded forests or changing their
management can increase their carbon storing ability and
thus increase the total carbon stored in world forests.

Loss of carbon storage in forests does not always take the
form of large-scale clearance or outright deforestation. Logging
and clearing small areas for agriculture can also degrade forests
and significantly reduce their carbon-storing capacity. One
recent study in tropical Asia reported that deforestation
accounted for two-thirds of carbon loss in Asian forests, whereas
one-third was due to degradation from logging and shifting cul-
tivation (Houghton and Hackler 1999:486). Another study, in
Africa, found that outright loss of forest accounted for 43 per-
cent of carbon loss, while degradation of the forest was respon-
sible for 57 percent (Gaston et al. 1998:110). 

WATER QUALITY AND QUANTITY
Forests provide several valuable services in relation to water-
shed protection. They physically stabilize the upper reaches of
watersheds. Tree roots “pump” water out of the soil to be used
by the plant, thereby reducing soil moisture and the likelihood
of mud slides; root structures increase the shear strength of
soil and help prevent landslides. Forests also tend to moderate
the rate of runoff from precipitation, reducing flows during
flooding and increasing flows during drier times.

Forest cover also helps to maintain drinking water supplies.
Within the United States, more than 60 million people in 3,400
communities rely on National Forest lands for their drinking

water, a service estimated to be worth $3.7 billion per year
(Dombeck 1999). Finally, forest cover affects the total amount
of water available in a watershed. In many regions, forest loss
will increase net water discharge because less water is tran-
spired to the atmosphere. In other regions, however, forest loss
can decrease net discharge. In cloud forests, for example,
forests play a role in directly condensing or “stripping” water
from moisture-laden air and making it available for discharge.
In other regions, precipitation is dependent in part on the tran-
spiration of water-laden air from the local forest. For example,
climate researchers have estimated that temperatures are
about 1ºC higher and precipitation is 30 percent lower in large
deforested patches in the Amazon (Couzin 1999:317).

Overall, forest loss has certainly impaired the world’s
watersheds to a significant degree. A 1998 analysis by WRI
found that nearly 30 percent of the world’s major watersheds
have lost more than three-fourths of their original forest
cover, and 10 percent have lost more than 95 percent of their
original forest cover (Revenga et al. 1998:I-13) (Box 2.23 The
Deforestation of Watersheds).

Perhaps a more revealing measure of the condition of
forests for watershed protection today is the status of mon-
tane forests. These forests play an especially important role in
the hydrological processes of watersheds by controlling soil
erosion in steeply sloping mountains and sometimes “cap-
turing” water in cloud forests.

In temperate regions, the extent of montane forest has
increased in recent years, except in the mature old-growth
coniferous forests of the Pacific Northwest of North America,
Chile, Tasmania, and southern New Zealand. Highly prized
for producing lumber, these forests may have been reduced to
less than half their original extent by logging (Denniston
1995:32). In the tropics, montane forests are under even
greater pressure. According to FAO, tropical montane forests
were disappearing at a rate of 1.1 percent/year in the 1980s,
which exceeded the rate of loss for all other tropical forest
types (FAO 1993:28).

101
C h a p t e r  2 :  T a k i n g  S t o c k  o f  E c o s y s t e m s

The Bottom Line for Carbon Storage.
Forests store more carbon than any other ter-
restrial ecosystem—nearly 40 percent of total

carbon stored. Deforestation and forest degradation are
responsible for approximately 20 percent of annual carbon
emissions. The condition of forest ecosystems from the
standpoint of carbon storage is clearly declining, but with
appropriate economic incentives, this trend could poten-
tially be reversed. However, there are trade-offs to be
borne in mind: more carbon is sequestered by young,
fast-growing trees than by mature trees. Simply manag-
ing forests to store maximum carbon might encourage
replacement of many existing old-growth forests with
plantations, which would clearly jeopardize biodiversity,
tourism, and other services that natural forests provide. The Bottom Line for Water Quality and

Quantity. Forests retain water in soil, regulate
flow, influence precipitation, and filter drinking

water. The water purification service alone has high eco-
nomic value in certain regions. Forest loss in general has
eroded the capacity of the world’s forests to protect
watersheds and provide water-related services, and this
decline will likely continue as pressures on forests mount.
Nearly 30 percent of the world’s major watersheds have
lost more than three-quarters of their original forest. Mon-
tane forests, which are particularly important in protect-
ing watersheds, have suffered extensively. In spite of the
importance of forests for vital water services, these ser-
vices are rarely factored into land-management decisions.



Deforestation is a useful indicator of watershed
degradation, because forests are often crucial for
maintaining water quality and moderating water

flow. The loss of original forest cover is estimated from the
extent of forests that are believed to have existed 8,000 years
ago assuming current climate conditions. Almost a third of all
watersheds have lost more than 75 percent of their original

forest cover, and seventeen have lost more than 90 percent.
Most of these basins are relatively small. Large basins, such
as the Congo and the Amazon, still have extensive original
forest cover and have lost a relatively small percentage of
their original forest. Nonetheless, the total area of original
forest lost is large: nine large basins have lost more than
500,000 km2 (Revenga et al. 1998:I-13).
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Box 2.23   T h e  D efo re s tat i o n  o f  Wate r s h e d s

Watersheds Losing the Greatest Share of Original
Forest Cover

Percentage of Original 

Region and Watershed Forest Lost

Africa

Lake Chad 100

Limpopo 99

Mangoky 97

Mania 98

Niger 96

Nile 91

Orange 100

Senegal 100

Volta 97

Asia and Oceania

Amu Darya 99

Indus 90

Europe

Guadalquivir 96

Seine 93

Tigris & Euphrates 100

South America

Rio Colorado 100

Lake Titicaca 100

Uruguay 92

Watersheds Losing the Greatest Area of Original
Forest Cover

Area of Original Forest

Region and Watershed Lost (km2)

Africa

Congo >1,000,000

Asia and Oceania

Ganges 500,000–1,000,000

Mekong 500,000–1,000,000

Ob 500,000–1,000,000

Yangtze >1,000,000

Europe

Volga 500,000–1,000,000

North America

Mississippi 500,000–1,000,000

South America

Amazon 500,000–1,000,000

Paraná 500,000–1,000,000

Source: Revenga (personal communication, 2000) updating Revenga et al. (1998).
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The most important services revolve around water supply:
providing a sufficient quantity of water for domestic con-
sumption and agriculture, maintaining high water quality,
and recharging aquifers that feed groundwater supplies. But
freshwater ecosystems provide many other crucial goods and
services as well: habitats for fish (for food and sport), mitiga-
tion of floods, maintenance of biodiversity, assimilation and
dilution of wastes, recreational opportunities, and a trans-
portation route for goods. Harnessed by dams, these systems
also produce hydropower, one of the world’s most important
renewable energy sources. 

Prior to the 20th century, global demand for these goods
and services was small compared to what freshwater systems
could provide. But with population growth, industrialization,
and the expansion of irrigated agriculture, demand for all
water-related goods and services increased dramatically,
straining the capacity of freshwater ecosystems. Many policy
makers are aware of the growing problems of water scarcity,
but scarcity is only one of many ways in which these ecosys-
tems are stressed today.

Extent  and  Mod i f i ca t i on

Freshwater systems have been altered since historical
times; however, the pace of change accelerated
markedly in the early 20th century. Rivers and lakes
have been modified by altering waterways, draining

wetlands, constructing dams and irrigation channels, and
establishing connections between water basins, such as
canals and pipelines, to transfer water. Although these
changes have brought increased farm output, flood control,
and hydropower, they have also radically changed the natural
hydrological cycle in most of the world’s water basins (Box
2.24 Taking Stock of Freshwater Systems). 

RIVERS
Modification of rivers has greatly altered the way rivers flow,
flood, and act on the landscape. In many instances, rivers
have become disconnected from their floodplains and wet-

Freshwater ecosystems  in rivers, lakes, and wetlands contain just a fraction—
one one-hundredth of one percent—of Earth’s water and occupy less than 1 per-
cent of Earth’s surface (Watson et al. 1996:329; McAllister et al. 1997:18). Yet
these vital systems render services of enormous global value—on the order of sev-

eral trillion U.S. dollars, according to some estimates (Postel and Carpenter 1997:210).

F R E S H W A T E R  S Y S T E M S

(continues on p. 106)



Conditions and Changing Capacity

104
W O R L D  R E S O U R C E S  2 0 0 0 – 2 0 0 1

Box 2.24   Taking Stock of
Freshwater Systems

F O O D  P R O D U C T I O N

■
At the global level, inland fisheries landings have been increasing
since 1984. Most of this increase has occurred in Asia, Africa,
and Latin America. In North America, Europe, and the former

Soviet Union, landings have declined, while in Australia and Oceania they
have remained stable. The increase in landings has been maintained in many
regions by stocking and by introducing nonnative fish. The greatest threat
for the long-term sustainability of inland fisheries is the loss of fish habitat
and the degradation of the aquatic environment.

W A T E R  Q U A L I T Y

■
Even though surface water quality has improved in the United
States and Western Europe in the past 20 years (at least with
respect to phosphorus concentrations), worldwide conditions

appear to have degraded in almost all regions with intensive agriculture and
large urban or industrial areas. Algal blooms and eutrophication are being
documented more frequently in most inland water systems, and water-
borne diseases from fecal contamination of surface waters continue to be a
major cause of mortality and morbidity in the developing world. 

W A T E R  Q U A N T I T Y

■
The construction of dams has helped provide drinking water for
much of the world’s population, increased agricultural output
through irrigation, eased transport, and provided flood control

and hydropower. People now withdraw about half of the readily available
water in rivers. Between 1900 and 1995, withdrawals increased sixfold,
more than twice the rate of population growth. Many regions of the world
have ample water supplies, but currently almost 40 percent of the world’s
population experience serious water shortages. With growing populations,
water scarcity is projected to grow dramatically in the next decades. On
almost every continent, river modification has affected the natural flow of
rivers to a point where many no longer reach the ocean during the dry sea-
son. This is the case for the Colorado, Huang-He (Yellow), Ganges, Nile, Syr
Darya, and Amu Darya rivers.

B I O D I V E R S I T Y

■
The biodiversity of freshwater ecosystems is much more threat-
ened than that of terrestrial ecosystems. About 20 percent of the
world’s freshwater fish species have become extinct, threatened,

or endangered in recent decades. Physical alteration, habitat loss and
degradation, water withdrawal, overexploitation, pollution, and the intro-
duction of nonnative species all contribute to declines in freshwater species.
Amphibians, fish, and wetland-dependent birds are at high risk in many
regions of the world.

H i g h l i g h t s

■ Although rivers, lakes, and wet-
lands contain only 0.01 percent of
the world’s freshwater and occupy only 1 percent of the
Earth’s surface, the global value of freshwater services is
estimated in the trillions of U.S. dollars.

■ Dams have had the greatest impact on freshwater ecosys-
tems. Large dams have increased sevenfold since the
1950s and now impound 14 percent of the world’s runoff.

■ Almost 60 percent of the world’s largest 227 rivers are strongly
or moderately fragmented by dams, diversions, or canals.

■ In 1997, 7.7 million metric tons of fish were caught from lakes,
rivers, and wetlands, a production level estimated to be at or
above maximum sustainable yield for these systems. 

■ Freshwater aquaculture contributed 17 million metric tons
of fish in 1997. Since 1990, freshwater aquaculture has
more than doubled its yield and now accounts for 60 per-
cent of global aquaculture production.

■ Half the world’s wetlands are estimated to have been lost in
the 20th century, as land was converted to agriculture and
urban areas, or filled to combat diseases such as malaria.

■ At least 1.5 billion people depend on groundwater as their
sole source of drinking water. Overexploitation and pollution
in many regions of the world are threatening groundwater
supplies, but comprehensive data on the quality and quan-
tity of this resource are not available at the global level.

Excellent Good Fair Poor Bad Not Assessed

Condition

Increasing Mixed Decreasing Unknown

Changing 
Capacity ?

Key

Condition assesses the current output and quality of the ecosystem
good or service compared with output and quality of 20–30 years ago.

Scores are expert judgments about each ecosystem good or service over
time, without regard to changes in other ecosystems. Scores estimate the
predominant global condition or capacity by balancing the relative
strength and reliability of the various indicators. When regional findings
diverge, in the absence of global data weight is given to better-quality
data, larger geographic coverage, and longer time series. Pronounced dif-
ferences in global trends are scored as “mixed” if a net value cannot be
determined. Serious inadequacy of current data is scored as “unknown.”

Changing Capacity assesses the underlying biological ability of the
ecosystem to continue to provide the good or service.
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F O O D  P R O D U C T I O N

Data on inland fisheries landings are poor, especially in developing coun-
tries. Much of the catch is not reported at the species level, and much of the
fish consumed locally is never reported. No data are systematically collected
on the contribution to inland fisheries of fish stocking, fish introduction
programs, and other enhancement programs. Historical trends in fisheries
statistics are only available for a few well-studied rivers.

W A T E R  Q U A L I T Y

Data on water quality at a global level are scarce; there are few sustained
programs to monitor water quality worldwide. Information is usually limited
to industrial countries or small, localized areas. Water monitoring is almost
exclusively limited to chemical pollution, rather than biological monitoring,
which would provide a better understanding of the systems’ condition and
capacity. For regions such as Europe, where some monitoring is taking place,
differences in measures and approaches make the data hard to compare.

W A T E R  Q U A N T I T Y

Statistics are poor on water use, water availability, and irrigated area on a
global scale. Estimates are frequently based on a combination of modeled
and observed data. National figures, which are usually reported, vary from
estimates used in this study, which are done at the watershed or river catch-
ment level.

B I O D I V E R S I T Y

Direct measurements of the condition of biodiversity in freshwater systems
are sparse worldwide. Basic information is lacking on freshwater species for
many developing countries, as well as threat analyses for most freshwater
species worldwide. This makes analyzing population trends impossible or
limited to a few well-known species. Information on nonnative species is
frequently anecdotal and often limited to records of the existence of a par-
ticular species, without documentation of the effects on the native flora and
fauna. Spatial data on invasive species are available for a few species,
mostly in North America.



lands. Dams, the most significant physical impact on fresh-
water systems, have slowed water velocity in river systems,
converting many of them to chains of connected reservoirs.
This fragmentation of freshwater ecosystems has changed
patterns of sediment and nutrient transport, affected migra-
tory patterns of fish species, altered the composition of ripar-
ian habitat, created migratory paths for exotic species, and
contributed to changes in coastal ecosystems.

Damming the World’s River s
The number of large dams (more than 15 m high) has
increased nearly sevenfold since 1950, from about 5,750 to
more than 41,000 (ICOLD 1998:7, 13), impounding 14 per-
cent of the world’s annual runoff (L’vovich and White
1990:239). Even though dam construction has greatly slowed
in most developed countries, demand and untapped potential
for dams is still high in the developing world, particularly in
Asia. As of 1998, there were 349 dams more than 60 m high
under construction around the world (IJHD 1998:12–14). The
regions with the greatest number of dams under construction
are Turkey, China, Japan, Iraq, Iran, Greece, Romania,
Spain, and the Paraná basin in South America. The river
basins with the most large dams under construction are the
Yangtze basin in China, with 38 dams under construction; the
Tigris and Euphrates basin with 19; and the Danube with 11.

PAGE researchers assessed most of the world’s large rivers
(average annual discharge of at least 350 m3/second) to quan-
tify the extent to which dams and canals have fragmented
river basins and to determine how water withdrawals have
altered river flows. The PAGE analysis shows that, of the 227
major river basins assessed, 37 percent are strongly affected
by fragmentation and altered flows, 23 percent are moder-
ately affected, and 40 percent are unaffected (Dynesius and
Nilsson 1994:753–762; Revenga et al. [PAGE] 2000) (Box 2.25
Fragmentation and Flow). “Strongly affected” systems
include those with less than one-quarter of their main chan-
nel left without dams, as well as rivers whose annual dis-
charge has decreased substantially. “Unaffected rivers” are
those without dams in the main channel of the river and, if
tributaries have been dammed, river discharge has declined
no more than 2 percent.

In all, strongly or moderately fragmented systems account
for nearly 90 percent of the total water volume flowing
through the rivers in the analysis. The only remaining large
free-flowing rivers in the world are found in the tundra
regions of North America and Russia, and in smaller basins in
Africa and Latin America.

Slowing the Flow
Clearly, water diversions and extractions have profoundly
affected river flow on a global basis. On almost every continent,
the natural flow of one or more major rivers has decreased so
much that it no longer reaches the sea during the dry season;
the Colorado, Huang He (Yellow), Ganges, Nile, Syr Darya, and

Amu Darya, all run dry at the river mouth during the dry sea-
son (Postel 1995:10). The Amu Darya and Syr Darya used to
contribute 55 billion m3 of water annually to the Aral Sea prior
to 1960, but diversions for irrigation reduced this volume to an
annual average of 7 billion m3—6 percent of the previous annual
flow—during 1981–90 (Postel 1995:14–15).

By slowing the movement of water, dams also prevent large
amounts of sediment from being carried downstream—as they
normally would be—to deltas, estuaries, flooded forests, wet-
lands, and inland seas. This retention can rob these areas of
the sediments and nutrients they depend on, affecting their
species composition and productivity. Sediment retention
also interferes with dam operations and shortens their useful
life. In the United States, about 2 km3 of reservoir storage
capacity is lost to sediment retention each year, at a cost of
$819 million annually (Vörösmarty et al. 1997:217). And
retention eliminates or reduces spring runoff or flood pulses
that often play a critical role in maintaining downstream
riparian and wetland communities (Abramovitz 1996:11).

Water and sediment retention also affect water quality and
the waste processing capacity of rivers—their ability to break
down organic pollutants. The slower moving water in reser-
voirs is not well-mixed, but rather is stratified into layers, with
the bottom layers often depleted of oxygen. These oxygen-
starved waters can produce a toxic hydrogen sulfide gas that
degrades water quality. In addition, oxygen-depleted waters
released from dams have a reduced capacity to process waste
for as far as 100 km downstream, because the waste-process-
ing ability of river water depends directly on its level of dis-
solved oxygen.

An indicator of the extent to which dams have affected
water storage and sediment retention at the global level is the
change in “residence time” of otherwise free-flowing water—
in other words, the increase in time that it takes an average
drop of water entering a river to reach the sea. Vörösmarty et
al. (1997:210–219) calculated the changes in this residence
time, or “aging” of river water, at the mouth of each of 236
drainage basins (see also Revenga et al. [PAGE] 2000). World-
wide, the average age of river water has tripled to well over 1
month. Among the basins most affected are the Colorado
River and Rio Grande in North America, the Nile and the
Volta Rivers in Africa, and the Rio Negro in Argentina. 

WETLANDS
Wetlands include a variety of highly productive habitat types
from flooded forests and floodplains to shallow lakes and
marshes. They are a key component of freshwater ecosystems,
providing flood control, carbon storage, water purification,
and goods such as fish, shellfish, timber, and fiber. Although
wetlands are a significant feature of many regions, a recent
review by the Ramsar Convention on Wetlands concluded that
available data are too incomplete to yield a reliable estimate of
the global extent of wetlands (Finlayson and Davidson
1999:3). 
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Because wetlands are valued as potential agricultural land
or feared for harboring disease, they have undergone massive
conversion around the world, sometimes at considerable eco-
logical and socioeconomic costs. Without accurate global
information on the original extent of wetlands, scientists
can’t say precisely how much wetland area has been lost; but
based on a variety of historical records and sources, Myers
(1997:129) estimated that half of the wetlands of the world
have been lost this century. More detailed studies have
tracked freshwater wetland loss in specific regions and coun-
tries. For example, experts estimate 53 percent of all wetlands
in the lower 48 states of the United States was lost from the
1780s to the 1980s (Dahl 1990:5). In Europe, wetland loss is
even more severe; draining and conversion to agriculture
alone has reduced wetlands area by some 60 percent (EEA
1999:291). 

Assess ing  Goods  and  Serv i ces

WATER QUANTITY
Water, for domestic use as well as use in agriculture and indus-
try, is clearly the most important good provided by freshwater
systems. Humans withdraw about 4,000 km3 of water a year—
about 20 percent of the normal flow of the world’s rivers
(their nonflood or “base flow”) (Shiklomanov 1997:14, 69).
Between 1900 and 1995, withdrawals increased more than six-
fold, which is more than twice the rate of population growth
(WMO 1997:9).

Scientists estimate the average amount of runoff world-
wide to be between 39,500 km3 and 42,700 km3 per year
(Fekete et al. 1999:31; Shiklomanov 1997:13). However, most
of this occurs in flood events or is otherwise not accessible for
human use. In fact, only about 9,000 km3 is readily accessible
to humans, and an additional 3,500 km3 is stored by reser-
voirs (WMO 1997:7).

Given a limited supply of freshwater and a growing popu-
lation, the amount of water available per person has been
decreasing. Between 1950 and 2000, annual water availability
per person decreased from 16,800 m3 to 6,800 m3 per year, cal-
culated on a global basis (Shiklomanov 1997:73). However,
such global averages don’t portray the world water situation
well. Water supplies are distributed unevenly around the
world, with some areas containing abundant water and others
a much more limited supply. For example, the arid and semi-
arid zones of the world receive only 2 percent of the world’s
runoff, even though they occupy roughly 40 percent of the ter-
restrial area (WMO 1997:7).

High Demand, Low Runof f
In river basins with high water demand relative to the avail-
able runoff, water scarcity is a growing problem. In fact, water
experts frequently warn that water availability will be one of

the major challenges facing human society in the 21st century
and the lack of water will be one of the key factors limiting
development (WMO 1997:1, 19). A 1997 analysis estimated
that roughly one-third of the world’s people live in countries
experiencing moderate to high water stress—a number that
will undoubtedly rise as population and per capita water
demand grow (WMO 1997:1).

To get a better understanding of the balance of water
demand and supply, and to better estimate the dimensions of
the global water problem, PAGE researchers undertook a new
analysis of water scarcity using a somewhat different method
than the 1997 study. PAGE researchers calculated water avail-
ability and population for individual river basins, rather than
on a national or state level,5 with the object of identifying
those areas where annual water availability per person was
less than 1,700 m3. Water experts define areas where per
capita water availability drops below 1,700 m3/year as experi-
encing “water stress”—a situation where disruptive water
shortages can frequently occur. In areas where annual water
supplies drop below 1,000 m3 per person, the consequences
are usually more severe: problems with food production, sani-
tation, health, economic development, and loss of ecosys-
tems occur, except where the region is wealthy enough to use
new technologies for water conservation or reuse (Hinrichsen
et al. 1998:4).

According to the PAGE analysis, 41 percent of the world’s
population, or 2.3 billion people, live in river basins under
water stress, where per capita water availability is less than
1,700 m3/year (Revenga et al. [PAGE] 2000) (Box 2.26 The
Quantity and Quality of Freshwater). Of these, 1.7 billion peo-
ple reside in highly stressed river basins where annual water
availability is less than 1,000 m3/person. Assuming current
consumption patterns continue, by 2025, PAGE researchers
project that at least 3.5 billion people—or 48 percent of the
world’s population—will live in water-stressed river basins. Of
these, 2.4 billion will live under high water stress conditions. 

Even some regions that normally have water availability
above scarcity levels may in fact face significant water short-
ages during dry seasons. The PAGE study identified a number
of such river basins, particularly in northeast Brazil, south-
ern Africa, central India, eastern Turkey, northwest Iran, and
mainland Southeast Asia.

Groundwater Sources
Global concerns about water scarcity include not only surface
water sources but groundwater sources as well. Some 1.5 bil-
lion people rely on groundwater sources, withdrawing
approximately 600–700 km3/year—about 20 percent of global
water withdrawals (Shiklomanov 1997:53–54). Some of this
water—fossil water—comes from deep sources isolated from
the normal runoff cycle, but much groundwater comes from
shallower aquifers that draw from the same global runoff that
feeds freshwater systems. Indeed, overdrafting of ground-
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For centuries, in all parts of the world, rivers and lakes
have been modified to improve navigation, wetlands
drained to make way for settlement, and dams and

channels built to control the flow of water for human pur-
poses. These changes have raised agricultural output by mak-
ing more land and irrigation water available, easing transport,
and providing flood control and hydropower. 

But human modifications have also had far-reaching
effects on hydrological cycles and the species that depend on
those cycles. Rivers have been disconnected from their flood-
plains and wetlands, and water velocity has been reduced as
river systems are converted into chains of connected reser-
voirs. These changes have altered fish migrations, created
access routes for nonnative species, and narrowed or trans-
formed riparian habitats. The result has been species loss
and an overall reduction in the level of ecosystem services
freshwater environments are able to provide. 

The construction of dams has had an impact on most
of the world’s major river systems. There are more than

41,000 large dams in the world—a sevenfold increase in
storage capacity since 1950 (ICOLD 1998, Vörösmarty et al
1997). The map at the top of the facing page shows the
extent of fragmentation, or interruption of natural flow,
caused by human intervention in 227 large river systems
(Dynesius and Nilsson 1994; Nilson et al. 1999; Revenga et
al. [PAGE] 2000). Almost all large river systems in temper-
ate and arid regions are classified as highly or moderately
affected, while all but a handful of the unaffected systems
in which water still f lows freely are located in Arctic or
boreal regions. This trend will continue as new large dams
are built throughout Asia, the Middle East, and Eastern
Europe.

Dams slow the rate of natural flow, thereby increasing
sedimentation and lowering levels of dissolved oxygen. The
most affected river systems, in which length of water reten-
tion has risen by more than a year, include the Colorado River
and Rio Grande in North America, the Nile and Volta Rivers in
Africa, and the Rio Negro in Argentina.

Box 2.25   Fra g m e n tat i o n  a n d  F l o w

Aging of Continental Runoff in Major Reservoir Systems
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River Channel Fragmentation and Flow Regulation

New Dams under Construction by Basin, 1998

Sources: Revenga et al. [PAGE] 2000. The continental runoff map on the preceding page is from Vörösmarty et al. (1997.) The fragmentation map above is

based on Revenga et al. (1998), Dynesius and Nilsson (1994), and Nilsson et al. (1999). The map showing dams under construction are based on data from

IJHD(1998)
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Freshwater systems provide the single most essential
good: water—for drinking, cooking, washing, rinsing,
mixing, growing, processing, and countless other

human uses. Increases in population, industrial production,
and agricultural demand have caused the global rate of water
consumption to grow twice as fast as the population rate
(WMO 1997:9).

The quantity and quality of water available from fresh-
water systems is greatly influenced by land use within the
watershed from which the water is drawn. The mix of cities,
roads, agroecosystems, and natural areas affects transpira-
tion, drainage, and runoff and often dictates the amount of
pollution carried in the water. Natural waters have low con-
centrations of nitrates and phosphorous, but these levels
increase in rivers fed by runoff from agroecosystems (espe-
cially in Europe and North America, where synthetic fertiliz-

ers are widely used) and urban areas. The excess nutrients
stimulate plant growth, which can choke out local freshwater
species, clog distribution systems, and endanger human
health. 

Just as clean water is often a victim of development, devel-
opment, too, can be a victim of the lack of clean water. Many
experts predict that the lack of clean water is likely to be one
of the key factors limiting economic growth in the 21st century.
As of 1995, more than 40 percent of the world’s population
lived in conditions of water stress (less than 1,700 m3 of water
available/person/year) or water scarcity (less than 1,000 m3 of
water available/person/year). This percentage will increase to
almost half the world’s population by 2025. River basins with
more than 10 million people by 2025 that will move into situa-
tions of water stress are the Volta, Farah, Nile, Tigris and
Euphrates, Narmada, and Colorado (Brunner et al. 2000).

Box 2.26   T h e  Q u a n t i t y  a n d  Q u a l i t y  o f  Fre s h w ate r

Global Water Availability, 1995 and 2025

1995 2025

Water supply Population Percentage Population Percentage

Status (m3/person) (millions) of Total (millions) of Total

Scarcity <500 1,077 19 1,783 25

500–1,000 587 10 624 9

Stress 1,000–1,700 669 12 1,077 15

Adequacy >1,700 3,091 55 3,494 48

Unallocated 241 4 296 4

Total 5,665 100 7,274 100

Nutrient Pollution in Selected Rivers, 1994

Area

(millions Concentration (mg/l)

Region River of km2) Nitrates Phosphates

Africa Zaire 3.69 n.a. n.a.

Nile 2.96 0.80 0.03

Asia Huang He 0.77 0.17 0.02

Brahmaputra 0.58 0.82 0.06

Europe Volga 1.35 0.62 0.02

Seine 0.06 4.30 0.40

N. America Mississippi 3.27 1.06 0.20

St. Lawrence 1.02 0.22 0.02

Oceania Murray Darling 1.14 0.03 0.10

Waikato 0.01 0.30 0.10

S. America Amazon 6.11 0.17 0.02

Orinoco 1.10 0.08 0.01
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Annual Water Availability per Person by River Basin 1995

Annual Water Availability per Person by River Basin 2025

Sources: Nutrient pollution table is based on UNEP-GEMS (1995). The water availability table and maps are from Revenga et al. [PAGE] 2000, based on Brun-

ner et al. (2000), Fekete et al. (1999), and CIESIN (2000). Water scarcity projections are based on the UN’s low-growth projection of population growth or

decline; they do not take into account effects of pollution and climate change.
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water sources can rob streams and rivers of a significant per-
centage of their flow. In the same way, polluting aquifers with
nitrates, pesticides, and industrial chemicals often affects
water quality in adjacent freshwater ecosystems. Although
overdrafting from and polluting groundwater aquifers are
known to be widespread and growing problems (UNEP
1996:4–5), comprehensive data on groundwater resources
and pollution trends are not available on a global level.

WATER QUALITY
Freshwater systems, particularly wetlands, play an essential
role in maintaining water quality by removing contaminants
and helping to break down and disperse organic wastes. But
the filtering capacity of wetlands and other habitats is limited
and can be overwhelmed by an excess of human waste, agri-
cultural runoff, or industrial contaminants. Indeed, water
quality is routinely degraded by a vast array of pollutants
including sewage, food processing and papermaking wastes,
fertilizers, heavy metals, microbial agents, industrial sol-
vents, toxic compounds such as oil and pesticides, salts from
irrigation, acid precipitation, and silt.

Information about water quality on a global level is poor and
difficult to obtain for a number of reasons. Water-quality prob-
lems are often local and can be highly variable depending on the
location, season, or even time of day. In addition, monitoring
for water quality is by no means universal, and water-quality
standards often vary significantly from country to country. 

Nonetheless, existing information makes it clear that
there are many consistent trends in the contamination of
water supplies worldwide. One hundred years ago, the main
contamination problems were fecal and organic pollution
from untreated human waste and the by-products of early
industries. These pollution sources have been greatly reduced
in most industrialized countries, with consequent improve-
ments in water quality. However, a new suite of contaminants

from intensive agriculture and development activities in
watersheds has kept the clean-up from being complete. Mean-
while, in most developing countries, the problems of tradi-
tional pollution sources and new pollutants like pesticides
have combined to heavily degrade water quality, particularly
near urban industrial centers and intensive agriculture areas
(Shiklomanov 1997:28; UNEP/GEMS 1995:6).

Increased use of manure and manufactured fertilizers—a
major source of nutrients such as nitrates and phosphorous—
has been a significant cause of pollution in freshwater sys-
tems. Nitrate and phosphorus concentrations are low in nat-
ural systems but increase with runoff from agroecosystems
and urban and industrial wastewater. As a consequence, algal
blooms and eutrophication are being documented more fre-
quently in most inland water systems. The highest nitrate
concentrations occur in Europe, but high levels are also found
in watersheds that have been intensively used and modified by
human activity in China, South Africa, and the Nile and Mis-
sissippi basins (UNEP/GEMS 1995:33–36). These high
nitrate levels, in turn, are associated with extreme eutrophi-
cation caused by agricultural runoff in at least two areas: the
Mediterranean Sea and the northern Gulf of Mexico at the
mouth of the Mississippi River. Water pollution caused by
agricultural runoff remains an intractable problem because
of its extremely diffuse nature, which makes it hard to control
even in industrialized countries. 

Although water quality measurements that focus on levels
of contaminants are useful, they do not directly tell us how
water pollution affects freshwater ecosystems. To determine
this, the aquatic community itself must be monitored. The
Index of Biotic Integrity (IBI), which includes information
about fish or insect species richness, composition, and condi-
tion, is one of the most widely used approaches for assessing
the health of the aquatic community in a given water body or
stretch of river (Karr and Chu 1999). A number of states in the
United States now use various IBI approaches and it has been
applied in France and Mexico; as yet its use is too limited to
give an idea of global aquatic conditions (Oberdorff and
Hughes 1992; Lyons et al. 1995).

The Bottom Line for Water Quantity.
Humans now withdraw annually about one-fifth
of the normal (nonflood) flow of the world’s

rivers, but in river basins in arid or populous regions the
proportion can be much higher. This has implications for
all species living in or dependent on these systems, as
well as for future human water supplies. Currently, more
than 40 percent of the world’s population lives in water-
scarce river basins. With growing populations, water
scarcity is projected to increase significantly in the next
decades, affecting half of the world’s people by 2025.
Widespread depletion and pollution of groundwater
sources, which account for about 20 percent of global
water withdrawals, is also a growing problem for fresh-
water ecosystems, since groundwater aquifers are often
linked to surface water sources. 

The Bottom Line for Water Quality. Surface
water quality has improved in the United
States and Western Europe during the past 20

years, but nitrate and pesticide contamination remain
persistent problems. Data on water quality in other
regions of the world are sparse, but water quality appears
to be degraded in almost all regions with intensive agri-
culture and rapid urbanization. Unfortunately, little infor-
mation is available to evaluate the extent to which chem-
ical contamination has impaired freshwater biological
functions. However, incidents of algal blooms and
eutrophication are widespread in freshwater ecosystems
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FOOD:  INLAND FISHERIES
Fish are a major source of protein and micronutrients for a
large percentage of the world’s population, particularly the
poor (Bräutigam 1999:5). Inland fisheries—stocks of fish and
shellfish from rivers, lakes, and wetlands—are an important
component of this protein source. The population of Cambo-
dia, for example, gets roughly 60 percent of its total animal
protein from the fishery resources of Tonle Sap, a large fresh-
water lake (MRC 1997:19). In Malawi, the freshwater catch
provides about 70–75 percent of the animal protein for both
urban and rural low-income families (FAO 1996). 

Inland Fish Catch. Worldwide, the inland fisheries harvest
totaled 7.7 million metric tons in 1997. Not counting the fish
raised in aquaculture, this represents nearly 12 percent of all
fish—freshwater and ocean-caught—that humans directly con-
sume (FAO 1999a:7–10). The inland fisheries catch consists
largely of freshwater fish, although mollusks, crustaceans, and
some aquatic reptiles are also caught and are of regional and
local importance (FAO 1999a:9) (Box 2.27 Changes in Inland
Fisheries).

The inland fisheries harvest is believed to be greatly under-
reported—by a factor of two or three (FAO 1999b:4). Asia and
Africa lead the world’s regions in inland fish production.
According to FAO, most inland capture fisheries (all fish
except those raised in aquaculture) are exploited at or above
their maximum sustainable yields. Globally, inland fisheries
production (including aquaculture) increased at 2 percent
per year from 1984 to 1997, although in Asia the rate has been
much higher—7 percent per year since 1992. This growth in
part results from deliberate fisheries enhancements such as
artificial stocking or introduction of new species. Such
enhancements are particularly important in Asia, which pro-
duces 64 percent of the world’s inland fish catch (FAO
1999b:6). Another factor in increased production may, ironi-
cally, be the eutrophication of inland waters, which, in mild
forms, can raise the production of some fish species by pro-
viding more food at the base of the food chain (FAO 1999b:7).

Aquaculture. As important as the inland fish catch is, pro-
duction from freshwater aquaculture has now eclipsed it in
size, value, and nutritional importance. Freshwater aquacul-
ture production reached 17.7 million tons in 1997 (FAO
1999b:6). Marine and freshwater aquaculture together pro-
vided 30 percent of the fish consumed directly by humans in
1997, and more than 60 percent of this production is freshwa-

ter fish or fish that migrate between fresh and saltwater (FAO
1999a:7; FAO 1998). Asia, and China in particular, dominate
aquaculture production (FAO 1999b:7). 

Recreational Fishing. In Europe and North America,
freshwater fish consumption has declined in recent decades
and much of the fishing effort now is devoted to recreation.
Recreational fishing contributes significantly to some
economies. For instance, Canadian anglers spend $2.9 billion
Canadian dollars per year on products and services directly
related to fishing (McAllister et al. 1997:12). In the United
States, anglers spent US$447 million on fishing licenses
alone in 1996 (FAO 1999b:42). Recreational fisheries also
contribute to the food supply since anglers usually consume
what they catch, although recently there is a trend toward
releasing fish after they are caught (Kapetsky 1999). The
recreational catch is currently estimated to be around 2 mil-
lion tons per year (FAO 1999b:42).

Condition of Inland Fisheries. The principal factor threat-
ening inland capture fisheries is the loss of fish habitat and envi-
ronmental degradation (FAO 1999b:19). In certain areas like
the Mekong River basin in Asia, overfishing and destructive
fishing practices also contribute to the threat (FAO 1999b:19).
In addition, nonnative species introduced into lakes, rivers, and
reservoirs—either accidentally or for food or recreational fish-
ing—affect the composition of the native aquatic communities,
sometimes increasing levels of production and sometimes
decreasing them. Introduced species can be predators or com-
petitors or can introduce new diseases to the native fauna, some-
times with severe consequences. (See Box 1.9 Trade-Offs: Lake
Victoria’s Ecosystem Balance Sheet, p. 21).

Assessing the actual condition of inland fisheries is com-
plicated by the difficulty of collecting reliable and compre-
hensive data on fish landings. Much of the catch comes from
subsistence and recreational fisheries and these are particu-
larly hard to monitor, since these harvests are not brought
back to centralized markets or entered into commerce (FAO
1999b:4). 

Nevertheless, harvest and trend information exist for cer-
tain well-studied fisheries. Harvest information includes
changes in landings of important commercial species and in
the species composition of well-studied rivers. Without excep-
tion, each of the major fisheries examined has experienced
dramatic declines during this century. 

A somewhat different picture of the condition of inland
fisheries is provided by data from FAO. By analyzing catch sta-
tistics over 1984–97, FAO found positive trends in inland cap-
ture fish harvests in South and Southeast Asia, Central Amer-
ica, and parts of Africa and South America. Harvest trends
were negative in the United States, Canada, parts of Africa,
Eastern Europe, Spain, Australia, and the former Soviet
Union (FAO 1999b:9–18, 51–53).

the world over—an indicator that these systems are pro-
foundly affected by water pollution. In addition, the mas-
sive loss of wetlands on a global level has left the capac-
ity of freshwater ecosystems to filter and purify water
much impaired.

(continues on p. 116)
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Catches from inland fisheries account for nearly 12
percent of the total fish consumed by humans (FAO
1999a). In many landlocked countries, such as

Malawi, freshwater fish make up a high proportion of total
protein intake, particularly among the poor (FAO 1999b). 

Globally, landings from inland capture fisheries (wildfish
caught by line, net, or trap) have increased by an average of 2
percent per year from 1984 to 1996. Regional trends, however
have diverged widely, with declines in Australia, North Amer-
ica, and the former Soviet Union and increases in much of
Africa and Asia. Since 1987, aquaculture has outstripped cap-
ture fisheries as the major source of freshwater fish, with
production dominated by Asian countries (FAO 1999a).

According to FAO, most inland capture fisheries are being
exploited at above-sustainable levels. The effects of over-
harvesting are exacerbated by the loss or degradation of fresh-
water habitat caused by factors like dam building and pollu-
tion. The growth in total catch has been achieved only through

reliance on restocking and the introduction of more productive
species in major producing countries such as China.

Box 2.27   C h a n g e s  i n  I n l a n d  Fi s h e r i e s

Asia

Africa

S. America

Former USSR

N. America

Europe

Oceania

0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
Metric tons (thousands)

Inland Capture Fisheries Landings, 1997

Inland Capture Fisheries Trends, 1984–97

Sources: Revenga et al. [PAGE] 2000. The map is based on (FAO 1999b). The figure is based on FAO (1998). Table is derived from Carlson and Muth (1989),

Bacalbasa-Dobrovici (1989), Postel (1995), Abramovitz (1996, citing Missouri River Coalition 1995), Hughes and Noss (1992), Sparks (1992), Kauffman (1992),

and Liao et al. (1989). 
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Changes in Fish Species Composition and Fisheries for Selected Rivers

River

Colorado River, USA

Danube River

Aral Sea

Rhine River

Missouri River

Great Lakes

Illinois River

Lake Victoria

Pearl River
(Xi Jiang)

Change in Fish Species and Fishery

Historically native fish included 36 species,
20 genera, and 9 families; 64 percent of these
were endemic. Current status of species
under the Endangered Species Act: 2 extinct,
15 threatened or endangered, 18 proposed for
listing or under review

Since the early 1900s, Danube sturgeon fish-
ery has almost disappeared. Current fisheries
are maintained through aquaculture and intro-
duction of nonnative species.

Of 24 fish species, 20 have disappeared. The
commercial fishery that used to have a catch
of 40,000 tons and support 60,000 jobs is now
gone.

Forty-four species became rare or disap-
peared between 1890 and 1975. Salmon and
sturgeon fisheries are gone, and yields from
eel fisheries have declined even though it is
maintained by stocking.

Commercial fisheries declined by 83 percent
since 1947.

Change in species composition, loss of native
salmonid fishery. Four of the native fish have
become extinct and seven others are
threatened.

Commercial fisheries decreased by 98
percent in the 1950s.

Mass extinction of native cichlid fishes.
Changes in species composition and disap-
pearance of the small-scale subsistence fish-
ery that many local communities depended on.

In the 1980s, yield levels in commercial fish-
eries dropped to 37 percent of 1950s levels.

Major Causes of Decline

Dams, river diversions, canals,
and loss of riparian habitat.

Dams, creation of channels, pol-
lution, loss of floodplain areas,
water pumping, sand and gravel
extraction, and nonnative
species introductions.

Water diversion for irrigation,
pollution from fertilizers and
pesticides.

Dams, creation of channels,
heavy pollution, and nonnative
species introductions.

Dams, creation of channels and
pollution from agriculture runoff.

Pollution from agriculture and
industry, non-native species
introductions.

Siltation from soil erosion, pol-
lution, and eutriphication.

Eutrophication, siltation from
deforestation, overfishing, and
introduction of nonnative
species.

Overfishing, destructive fishing
practices, pollution, and dams.

Main Goods and
Services Lost

Loss of fisheries
and biodiversity.

Loss of fisheries,
loss of biodiversity,
and change in
species composition.

Loss of important
fishery and bio-
diversity. Associated
health effects caused
by toxic salts from
the exposed lakebed.

Loss of important
fishery, loss of
biodiversity.

Loss of fishery and
biodiversity.

Loss of fishery,  
biodiversity, and
recreation.

Loss of fishery and
biodiversity.

Loss of biodiversity
and local artisanal
fishery.

Loss of fishery.



Depending on the region, the growth in harvests that FAO
documented could stem from a variety of reasons: the
exploitation of a formerly underfished resource, overexploita-
tion of a fishery that will soon collapse, or enhancement of
fisheries by stocking or introducing more productive species.
FAO found that in every region, the major threat to fisheries
was environmental degradation of freshwater habitat (FAO
1999b:19).

BIODIVERSITY
Freshwater systems, like other major ecosystems, harbor a
diverse and impressive array of species. Twelve percent of all
animal species live in freshwater ecosystems (Abramovitz
1996:7) and many more species are closely associated with
these ecosystems. In Europe, for example, 25 percent of birds
and 11 percent of mammals use freshwater wetlands as their
main breeding and feeding areas (EEA 1994:90).

Although freshwater ecosystems have fewer species than
marine and terrestrial habitats, species richness is high,
given the limited extent of aquatic and riparian areas. Accord-
ing to estimates from Reaka-Kudla (1997:90), there are
44,000 described aquatic species, representing 2.4 percent of
all known species; yet freshwater systems occupy only 0.8 per-
cent of Earth’s surface (McAllister et al. 1997:5).

Some regions are particularly important because they con-
tain large numbers of species or many endemic species (those
that are found nowhere else) (Box 2.28 Biodiversity in Fresh-
water Systems). Many of the most diverse fish faunas are
found in the tropics, particularly Central Africa, mainland
Southeast Asia, and South America, but high diversity is also
found in central North America and in several basins in China
and India.

Physical alteration, habitat loss and degradation, water
withdrawal, overexploitation, pollution, and the introduc-
tion of nonnative species all contribute directly or indirectly

to declines in freshwater species. These varied stresses affect-
ing aquatic systems occur all over the world, although their
particular effects differ from watershed to watershed. 

Threat s and Ext inct ions
Perhaps the best measure of the actual condition of freshwa-
ter biodiversity is the extent to which species are threatened
with extinction. Globally, scientists estimate that more than
20 percent of the world’s freshwater fish species—of which
some 10,000 have been described—have become extinct, are
threatened, or endangered in recent decades (Moyle and
Leidy 1992:127, cited in McAllister et al. 1997:38; Bräutigam
1999:5). According to the 1996 IUCN Red List of Threatened
Animals, 734 species of fish are classified as threatened; of
those, 84 percent are freshwater species (IUCN 1996:37 Intro-
duction; McAllister et al. 1997:38). In Australia, 33 percent of
freshwater fish are threatened, and in Europe, the number
rises to 42 percent (Bräutigam 1999:4). 

In the United States, one of the countries for which good
data on freshwater species exist, 37 percent of freshwater fish
species, 67 percent of mussels, 51 percent of crayfish, and 40
percent of amphibians are threatened or have become extinct
(Master et al. 1998:6). In western North America, data from
1997 show that more than 10 percent of fish species are imper-
iled in most ecoregions (distinct ecological regions), with
more than 25 percent imperiled in eleven ecoregions (Abell et
al. 2000:75). Similar patterns are found for endangered frogs
and salamanders. Based on recent extinction rates, an esti-
mated 4 percent of freshwater species will be lost in North
America each decade, a rate nearly five times that of terres-
trial species (Ricciardi and Rasmussen 1999:1220).

It is not surprising that wetland species are often most
threatened in arid areas, where there isn’t enough water to
meet the competing needs of humans and the environment.
For example, of 391 “important bird areas” in the Middle
East identified by BirdLife International, half are wetlands
(Evans 1994:31). Moreover, these wetland sites were also
judged to be the most threatened (Evans 1994:35). 

Amphibian Declines
Population trends are one of the best ways to measure the con-
dition of individual species and groups of species. Continen-
tal- or global-level data on population trends for extended
time periods are not readily available for many freshwater-
dependent species. But the availability of global population
data for one taxonomic group—amphibians—has grown dra-
matically over the past 15 years as scientists have sought to
ascertain the causes of an apparent world-wide decline of
frogs and other amphibians (Pelley 1998). These data show
significant declines in all world regions over several decades.
For example, of nearly 600 amphibian populations studied in
Western Europe, 53 percent declined beginning in the 1950s
(Houlahan et al. 2000:754). In North America, 54 percent of
the populations studied declined, while in South America, 60
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The Bottom Line for Food Production. Fresh-
water fish play an extremely important role in
human nutrition as well as in local economies.

Harvests have increased significantly in recent decades,
reaching their current 7.7-million ton level for captured fish
and 17.7 million tons for aquaculture-raised fish. Data are
inadequate to determine sustainable yields for most wild
populations, but where data exist, they show that the
capacity of freshwater ecosystems to support wild fish
stocks has declined significantly because of habitat
degradation and overharvest. Production of freshwater
aquaculture, however, has been increasing rapidly and is
expected to continue to do so. The yield of some inland
capture fisheries focused on introduced species has also
increased, but sometimes to the detriment of native fish
species.
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percent declined. In Australia and New Zealand, as much as
70 percent of studied populations declined, although far
fewer populations were monitored. The mechanisms thought
to be responsible for declines include increased exposure to
ultraviolet-B rays, resulting from the thinning of the stratos-
pheric ozone layer; chemical pollution from pesticides, fertil-
izers, and herbicides; acid rain; pathogens; introduction of
predators; and global climate change (Lips 1998; Pelley 1998;
DAPTF 1999). 

Inva sive Species
The number and abundance of nonnative species is another
important indicator of the condition of freshwater biodiver-
sity. Introduced species are a major cause of extinction in
freshwater systems, affecting native fauna through preda-
tion, competition, disruption of food webs, and the introduc-
tion of diseases. Species introductions have been particularly
successful in freshwater ecosystems. For example, two-thirds
of the freshwater species introduced into the tropics have sub-
sequently become established (Beveridge et al. 1994:500).

Nonnative fish introductions are common and increasing
in most parts of the world. Fish are often deliberately intro-
duced to increase food production or to establish or expand
recreational fisheries or aquaculture. For example, intro-
duced fish account for 97 percent of fish production in South
America and 85 percent in Oceania (Garibaldi and Bartley
1998). However, nonnative fish introductions often have sig-
nificant ecological costs. A 1991 survey of fish introductions
in Europe, North America, Australia, and New Zealand found
that 77 percent of the time, native fish populations decreased
or were eliminated following the introduction of nonnative
fish (Ross 1991:359). In North America, introduced species
have played a large role in the extinction of 68 percent of the
fish that have become extinct in the past 100 years (Miller et
al. 1989:22).

The economic costs of accidental introductions can also be
high. For example, the introduction of the sea lamprey
(Petromyzon marinus) in the Great Lakes of North America
was a factor in the crash of the lake trout fishery in the 1940s
and 1950s. In 1991, efforts to control sea lampreys through
chemical and mechanical means cost Canada and the United
States $8 million, with an additional $12 million spent on
lake trout restoration (Fuller et al. 1999:21). Similarly,
between 1989 and 1995, the costs of zebra mussel (Dreissena

polymorpha) eradication in the United States and Canada
totaled well over $69 million, with some estimates as high as
$300–$400 million (O’Neill 1996:2; O’Neill 1999). On the eco-
logical front, zebra mussel infestation has dramatically
reduced populations of native clams at 17 different sampling
stations, leading to the near-extinction of many species. 

Some of the most dramatic trade-offs between economic
benefits and ecological costs involve introductions of species
of tilapia (Oreochromis niloticus and O. mossambicus) and the
common carp (Cyprinus carpio). These important aquacul-
ture species have now been introduced around the world. In
1996, 1.99 million tons of common carp and 600,000 tons of
Nile tilapia were produced through aquaculture (FAO
1999a:14). But in lakes and rivers where these species have
been introduced, native species have suffered. By feeding at
the bottom of lakes and rivers, carp increase siltation and tur-
bidity, decreasing water clarity and harming native species
(Fuller et al. 1999:69). They have been associated with the dis-
appearance of native fishes in Argentina, Venezuela, Mexico,
Kenya, India, and elsewhere (Welcomme 1988:101–109). 

Water hyacinth (Eichhornia crassipes) is another example
of a widespread invasive species that is causing considerable
economic and ecological damage in many parts of the world.
This plant, thought to be indigenous to the upper reaches of
the Amazon basin, was spread widely across the planet for use
as an ornamental plant beginning in the mid-19th century
and is now distributed throughout the tropics (Gopal 1987:1).
Water hyacinth poses practical problems for fishing and navi-
gation, and is a threat to biological diversity, affecting fish,
plants and other freshwater life. The plant spreads quickly to
new rivers and lakes in the tropics, clogging waterways and
causing serious disruption to the livelihood of local commu-
nities that depend on goods and services derived from these
freshwater ecosystems (Hill et al. 1997). In addition, hyacinth
and other aquatic plants act as vectors in the life cycles of
insects that transmit diseases such as malaria, schistosomia-
sis, and lymphatic filariasis (Bos 1997).
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The Bottom Line for Biodiversity. Physical
alteration, water withdrawals, overharvesting,
and the introduction of nonnative species have

all taken a heavy toll on freshwater biodiversity. Indeed,
of all the ecosystems examined in this report, freshwater
systems by far are in the worst condition from the stand-
point of their ability to support biological diversity—on a
global level. More than 20 percent of the world’s 10,000
freshwater fish species have become extinct, threatened,
or endangered in recent decades. In the United States,
where data are more complete, 37 percent of freshwater
fish species, 67 percent of mussels, 51 percent of cray-
fish, and 40 percent of amphibians are known to be threat-
ened or extinct. Increased global demands for food and
water will increase the already considerable pressures on
freshwater systems. 
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Grassland ecosystems have historically been crucial to the
human food supply. The ancestors of nearly all the major
cereal crops originally developed in grasslands, including
wheat, rice, rye, barley, sorghum, and millet. Agroecosystems
have replaced many grasslands, but grasslands still provide
genetic resources for improving food crops and are a potential
source of pharmaceuticals and industrial products.

Grasslands are important habitats for many species,
including breeding, migratory, and wintering birds, and sup-
port many wild and domestic grazing animals. Grassland vege-
tation and soils also store a considerable quantity of carbon.
Other grassland ecosystem goods and services include meat
and milk; wool and leather products; energy from fuelwood
and wind generated from windfarms; cultural and recreational
services such as tourism, hunting, and aesthetic and spiritual
gratification; and water regulation and purification. PAGE

researchers examined four of these goods and services: food
production, biodiversity maintenance, carbon storage, and
tourism (Box 2.29 Taking Stock of Grassland Ecosystems).

Extent  and  Mod i f i ca t i on

PAGE researchers defined grassland ecosystems as
“areas dominated by grassy vegetation and main-
tained by fire, grazing, and drought or freezing tem-
peratures.” Using this broad definition, grasslands

encompass nonwoody grasslands, savannas, woodlands,
shrublands, and tundra. Grassland ecosystems are found on
every continent. Among the most extensive are the savannas

The goods and services provided by the world’s grasslands have received far less
attention than those supplied by, for example, tropical forests and coral reefs,
although grasslands are arguably more important to a larger percentage of peo-
ple. Grasslands are home to 938 million people—about 17 percent of the world’s

population (White et al. [PAGE] 2000). They are found throughout the world, in humid as
well as arid zones, but grasslands are particularly important features of the world’s dry-
lands. Approximately half of the people living in grassland regions live in the world’s arid,
semiarid, and dry subhumid zones (White et al. [PAGE] 2000). Scant rains make these dry-
lands particularly susceptible to damage from human management and slower to recover
from degradation such as overgrazing or improper cultivation practices.

G R A S S L A N D  E C O S Y S T E M S

(continues on p. 122)
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Box 2.29   Taking Stock of
Grassland Ecosystems

F O O D  P R O D U C T I O N

■
Many grasslands today support high livestock densities and sub-
stantial meat production, but soil degradation is a mounting prob-
lem. Soil data show that 20 percent of the world’s susceptible dry-

lands, where many grasslands are located, are degraded. Overall, the ability
of grasslands to support livestock production over the long term appears to
be declining. Areas of greatest concern are in Africa, where livestock densi-
ties are high, and some countries already show decreases in meat production.

B I O D I V E R S I T Y

■
Regional data for North America document marked declines in
grassland bird species and classify 10–20 percent of grassland
plant species in some areas as nonnative. In other areas, such as

the Serengeti in Africa, In other areas, such as the Serengeti in Africa, pop-
ulation levels of large grassland herbivores have not changed significantly n
the past 2 decades.

C A R B O N  S T O R A G E

■
Grasslands store about one-third of the global stock of carbon in
terrestrial ecosystems. That amount is less than the carbon stored
in forests, even though grasslands occupy twice as much area.

Unlike forests, where vegetation is the primary source of carbon storage,
most of the grassland carbon stocks are in the soil. Thus, the future capac-
ity of grasslands to store carbon may decline if soils are degraded by erosion,
pollution, overgrazing, or static rather than mobile grazing.

R E C R E A T I O N

■
People worldwide rely on grasslands for hiking, hunting, fishing,
and religious or cultural activities. The economic value of recre-
ation and tourism can be high in some grasslands, especially from

safari tours and hunting. Some 667 protected areas worldwide include at
least 50 percent grasslands. Nonetheless, as they are modified by agricul-
ture, unbanization, and human-induced fires, grasslands are likely to lose
some capacity to sustain recreation services.

H i g h l i g h t s

■ Grasslands, which cover 
40 percent of the Earth’s 
surface, are home to almost a
billion people, half of them living
on susceptible drylands.

■ Agriculture and urbanization are transforming grass-
lands. For some North American prairies, conversion is
already nearly 100 percent. Road-building and human-
induced fires also are changing the extent, composi-
tion, and structure of grasslands.

■ All of the major foodgrains—corn, wheat, oats, rice,
barley, millet, rye, and sorghum—originate in grass-
lands. Wild strains of grasses can provide genetic
material to improve food crops and to help keep culti-
vated varieties resistant to disease.

■ Grasslands attract tourists willing to travel long dis-
tances and pay safari fees to hunt and view grassland
fauna. Grasslands boast some of the world’s greatest
natural phenomena: major migratory treks of large
herds of wildebeest in Africa, caribou in North Amer-
ica, and Tibetan antelope in Asia.

■ As habitat for biologically important flora and fauna,
grasslands make up 19 percent of the Centers of Plant
Diversity, 11 percent of Endemic Bird Areas, and 29
percent of ecoregions considered outstanding for bio-
logical distinctiveness.

Excellent Good Fair Poor Bad Not Assessed

Condition

Increasing Mixed Decreasing Unknown

Changing 
Capacity ?

Key

Condition assesses the current output and quality of the ecosystem
good or service compared with output and quality of 20–30 years ago.

Scores are expert judgments about each ecosystem good or service over
time, without regard to changes in other ecosystems. Scores estimate the
predominant global condition or capacity by balancing the relative
strength and reliability of the various indicators. When regional findings
diverge, in the absence of global data weight is given to better-quality
data, larger geographic coverage, and longer time series. Pronounced dif-
ferences in global trends are scored as “mixed” if a net value cannot be
determined. Serious inadequacy of current data is scored as “unknown.”

Changing Capacity assesses the underlying biological ability of the
ecosystem to continue to provide the good or service.
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F O O D  P R O D U C T I O N

Soil degradation can be determined globally, but assessment often relies on
expert opinion, and the scale of the data is too coarse to apply to national
policies. Data on livestock density in grasslands include global and some
regional coverage, but only for domestic animals. We still lack correspond-
ing studies of vegetation, soil condition, management practices, and long-
term resilience. Data on meat production are available globally, but meat
produced from livestock raised in feedlots cannot be separated from meat
produced from range-fed livestock.

B I O D I V E R S I T Y

Long-term trends in grassland bird populations can be assessed from com-
prehensive regional data for the United States and Canada. Some long-term
regional data within Africa show steady levels of major herbivore popula-
tions, but geographic coverage is limited. Other regional, national, and local
data for grassland species lack long-term trends. Regional and local cover-
age of invasive species are more descriptive than quantitative.

C A R B O N  S T O R A G E

Methods for estimating the size of carbon stores in biomass and soils con-
tinue to evolve. This study relied on previous global estimates for above- and
below-ground live vegetation, updated to fit the current land cover map by
the International Geosphere-Biosphere Programme, with the addition of
soil carbon storage estimates. Models are needed to incorporate carbon
storage modifications based on different management practices.

R E C R E A T I O N

Regional information evaluates the exploitation of grassland wildlife but
summaries are based primarily on expert opinion. Global country-level
expenditures on international tourism provide estimates for all types of
tourism but cannot be related specifically to grasslands. Regional data for
tourism and safari hunting are good for some areas but rarely report long-
term trends.
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of Africa, the steppes of Central Asia, the cerrado and campo
of South America, the prairies of North America, and the
grasslands of Australia. 

Extent
Estimates of the extent of the world’s grassland ecosystems
range from approximately 41 million km2 to 56 million km2 ,
covering 31–43 percent of Earth’s surface (Whittaker and
Likens 1975:306, Table 15-1; Atjay et al. 1979:132–133; Olson
et al. 1983:20–21). The differences among estimates are due, in
part, to different definitions of grasslands; for instance, dif-
ferent researchers include more (or less) tundra or shrubland.

Using land-cover maps generated from recent satellite
data, PAGE researchers produced a new map of the extent of
the world’s grasslands (Box 2.30 Global Extent of Grass-
lands). Some of the grasslands in this map are actually
mosaics of grasslands and other land uses such as agriculture
but are considered to be grasslands when those “other” land
uses cover 40 percent or less of the area. Mapped this way,
grassland ecosystems cover 52.5 million km2—about 41 per-
cent of the world’s land area (excluding Antarctica and Green-
land)—much more than forests or agroecosystems. Indeed, on
a national basis, grasslands are one of the most common and
extensive types of land cover. In 40 countries, grasslands
cover more than 50 percent of the land area, and in 20 of these
countries—most of them in Africa—grasslands make up more
than 70 percent of the land area. 

Grasslands are a significant ecosystem in many of the
world’s important watersheds as well. For example, grass-
lands comprise more than 50 percent of the land area in these
watersheds: the Yellow River in China; the Nile, Zambezi,
Orange, and Niger Rivers in Africa; the Rio Colorado in South
America; and the Colorado and Rio Grande in North America
(White et al. [PAGE] 2000). The extent of grasslands in these
watersheds underscores the importance of managing grass-
lands so that they retain their watershed functions of absorb-
ing rainfall to recharge aquifers, stabilizing soils, and moder-
ating runoff. These essential watershed services are an often
underappreciated aspect of grasslands.

Modi f icat ions
Like forests, the world’s grasslands have lost much of their
original extent through human actions—mostly conversion to
agriculture. Scientists have no easy way to determine the
extent of global grasslands prior to human disturbance, and
thus no easy way to determine the exact amount of grasslands
lost over time. However, PAGE researchers obtained a good
rough estimate of historical loss by comparing current grass-
lands extent to “potential” grassland areas—those areas
where grasslands would be expected to exist today (based on
soil, elevation, and climate conditions) if humans had not
intervened. 

Using this approach, PAGE researchers examined in depth
five regions for which the potential vegetation would likely be

100 percent grassland in the absence of humans disturbance.
Among these regions, the Tallgrass Prairie in North America
shows the greatest change. Croplands cover 71 percent of this
region and urban areas cover 19 percent. In contrast, the
grassland regions in Asia, Africa, and Australia each retain at
least 60 percent of their area in grasslands with less than 20
percent in cropland and less than 2 percent in urban or built-
up areas.

FIRE
Fire is a natural occurrence in most grassland ecosystems and
has been one of the primary tools humans have used to man-
age grasslands. Fire prevents bushes from encroaching,
removes dry vegetation, and recycles nutrients. Without fire
the tree density in many of the world’s grasslands would
increase, eventually converting them to forests. In addition,
fire helps hunters stalk grassland species and helps farmers
control pests (Menaut et al. 1991:134). 

Natural fires—typically caused by lightening—are thought
to occur about every 1–3 years in humid areas (Frost
1985:232) and every 1–20 years in dry areas (Walker 1985:85).
But today, the number of natural fires is insignificant com-
pared to the number of fires started by humans (Levine et al.
1999:1). Humans have set fires in the savannas for at least
1.5–2 million years and continue to use fire as a low-cost and
effective means to manage grasslands (Andreae 1991:4).
Today, for example, in many African countries people use
burning to maintain good forage conditions for grazing herds
of livestock and to clear away dead debris (Box 2.31 Grassland
Fires). Some 500 Mha of tropical and subtropical savannas,
woodlands, and open forests now burn each year (Goldammer
1995, cited in Levine et al. 1999:4).

Although fire can benefit grasslands, it can be harmful
too—particularly when fires become much more frequent than
is natural. If too frequent, fire can remove plant cover and
increase soil erosion (Ehrlich et al. 1997:201). Fires also
release atmospheric pollutants. Because much of the biomass
that is burned each year is from savannas, and because two-
thirds of Earth’s savannas are in Africa, UNEP reports that
Africa is now recognized as the “burn center” of the planet
(Levine et al. 1999:2). Burning of savannas is responsible for
more than 40 percent of the carbon emissions from global bio-
mass burning each year (Andreae et al. 1991:5).

FRAGMENTATION
Globally, grasslands have been heavily modified by human
activities. Few large unaltered expanses remain (Box 2.32
Fragmentation of American Grasslands). Even many smaller
grassland areas are extensively fragmented (Risser 1996:265).
Fragmentation can affect the condition of grasslands in many
ways, increasing fire frequency, degrading habitat, and dam-
aging the capacity of the grassland to maintain biological
diversity. Agriculture, urbanization, and road building are
the biggest sources of grassland fragmentation, but livestock
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Fire plays a vital role in determining the character and
extent of the world’s grasslands. Fires clear dry vege-
tation, prevent bush encroachment, and recycle nutri-

ents. Without them, much of the world’s grasslands would
eventually become forested. 

Today, the number of natural fires, typically caused by
lightning, is insignificant compared with the number set by
humans, who have used fire for millennia to hunt, clear land
for cultivation and grazing, remove dead debris, and kill
pests. Deliberate burning of grasslands is widely practiced in

many African countries, with 25–50 percent of total land sur-
face in the arid Sudan Zone and 60–80 percent in the humid
Guinea Zone burned annually (Menaut et al. 1991:137).

Fires can be beneficial for grassland ecosystems, but if
they become too frequent, they can remove vegetation cover
and increase soil erosion (Ehrlich et al. 1997:201). In addition,
fires are a significant source of atmospheric pollutants and
carbon emissions, with savanna fires, mostly in Africa,
accounting for a large proportion of the carbon released into
the atmosphere as a result of biomass burning.

Box 2.31   G ra s s l a n d  Fi re s

Fires Detected by Remote Sensing in Africa, South America, and Oceania, 1993

Source: White et al. [PAGE] 2000. Map is based on Arino and Melinotte (1998) and Global Land Cover Characteristics Database Version 1.2 (Loveland et al.

2000).

South America

Africa

Oceania



fencing and the spread of woody vegetation into grasslands
also cause significant fragmentation and harm to native
species. 

One way to evaluate fragmentation is visually—using habitat
maps and expert opinion to gauge the size of habitat blocks and
the degree of fragmentation in an area. Using this approach, an
analysis of 90 grassland regions in North and Latin America
showed that the most heavily fragmented grasslands were in
temperate and subtropical zones of North America, where
there has been extensive agricultural development (Dinerstein
et al. 1995:78–83; Ricketts et al. 1997:33, 147–150).

Another way to assess the pressure of fragmentation is to
measure the extent to which road networks have contributed
to the breakup of larger blocks of grasslands. PAGE
researchers used this approach to measure fragmentation in
two pilot regions: Botswana and the Great Plains in the United
States. In Botswana, if the impact of roads is not considered,
98 percent of the grassland area is found in patches of at least
10,000 km2. What little fragmentation researchers did observe
is caused mainly by agricultural development or natural fac-
tors like rivers. When fragmentation by the road network is
included, fragmentation increases somewhat, but 58 percent
of the area still remains in 10,000 km2 patches. In contrast, in
the Great Plains of the United States, road fragmentation is
pervasive. If the effect of roads is ignored, 90 percent of the
grassland area is in patches of 10,000 km2 or greater. But when
roads are factored in, 70 percent of the area is in patches less
than 1,000 km2 and none larger than 10,000 km2. 

LIVESTOCK GRAZING
Grasslands and grazing animals have coexisted for millions of
years. Large migratory herbivores—like the bison of North
America, the wildebeest and zebra of Africa, and the Tibetan
antelope of Asia—are integral to the functioning of grassland
ecosystems. Through grazing, these animals stimulate
regrowth of grasses and remove older, less productive plant
tissue. Thinning of older plant tissues allows increased light
to reach younger tissues, which promotes growth, increased
soil moisture, and improved water-use efficiency of grass
plants (Frank et al. 1998:518).

Grazing by domestic livestock can replicate many of these
beneficial effects, but the herding and grazing regimes used
to manage livestock can also harm grasslands by concentrat-
ing their impacts. Given the advantages of veterinary care,
predator control, and water and feed supplements, livestock
are often present in greater numbers than wild herbivores and
can put higher demands on the ecosystem. In addition, herds
of domestic cattle, sheep, and goats do not replicate the graz-
ing patterns of herds of wild grazers. Use of water pumps and
barbed wire fences has lead to more sedentary and often more
intense use of grasslands by domestic animals (Frank et al.
1998:519, citing McNaughten 1993). Grazing animals in high
densities can destroy vegetation, change the balance of plant
species, reduce biodiversity, compact soil and accelerate soil

erosion, and impede water retention, depending on the num-
ber and breed of livestock and their grazing pattern (Evans
1998:263).

Assess ing  Goods  and  Serv i ces

FOOD PRODUCTION
Grasslands are central to world food production. Historically,
grasslands have been the ecosystem most extensively trans-
formed to agriculture; they are the original source of many
food crops and a continuing source of genetic material to
improve modern crops. But grasslands are also major sup-
pliers of food and income in the form of meat production from
livestock. This is particularly important for rural popula-
tions. For example, in Africa, where rural populations are
substantial, grasslands often support high livestock densities
(the number of livestock raised per hectare) and are responsi-
ble for most of the continent’s beef production (Box 2.33
Rangelands in Africa). 

How much meat do grasslands currently produce? Global
data on livestock production show more than 5 percent
growth in world beef output in the last decade, to 54 million
tons in 1998. Mutton and goat output increased even more—
up 26 percent over the last decade to nearly 11 million tons.
But such data do not provide a direct indicator of rangeland
condition or its ability to support livestock. Meat production
depends not only on grassland condition, but also on a range
of other factors such as the availability of watering holes,
dietary supplements, veterinary care, and the economic
resources to acquire these things. In addition, some of the
growth in meat production has come from the rapid rise in
the use of feedlots (confined systems where animals cannot
graze and are fattened on grain-based feeds to maximize
weight gain). The popularity of intensive feedlot production
is growing not only in developed countries where it is already
common, but also in developing counties (Sere and Steinfeld
1996:40–41). It is not clear what implications the growing use
of intensive livestock systems will have on grassland condi-
tions, worldwide. Feedlots accounted for 12 percent of world
beef and mutton production in 1996 (De Haan et al. 1997:53).

Information about livestock density is available for much of
the world’s grasslands and can provide a window on the graz-
ing pressure grasslands face. However, like meat production,
livestock density alone does not provide an accurate measure
of the condition of the grassland system. Again, it is important
to know how the livestock are managed—in particular, whether
they are maintained in stable grazing systems, where livestock
continuously graze a given parcel, or mobile grazing systems,
where livestock are rotated over many different grazing lands.
High livestock densities may indicate a highly productive sys-
tem—one that effectively rotates cattle among grazing lands
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Fragmentation of grassland ecosystems can compro-
mise their ability to provide goods and services and
jeopardize their biodiversity. Agriculture, urbanization,

and road building are the primary human-caused sources of
grassland fragmentation, but fencing and encroachment by
woody vegetation can also have significant impacts. 

In the Western Hemisphere, the most fragmented grass-
land ecoregions are the intensively farmed areas of temperate
and subtropical North America. The degree of fragmentation

of the grasslands of the Great Plains region in the United
States has been exacerbated by extensive road construction.
If the road network is not taken into account, 90 percent of
grassland area is composed of blocks 10,000 km2 or more in
extent. With roads factored in, however, no continuous blocks
of this size remain, and 70 percent of the total area is made up
of patches less than 1,000 km2. 

Box 2.32   Fra g m e n tat i o n  o f  A m e r i c a n  G ra s s l a n d s

Grassland Blocks in the Great Plains, Excluding Roads Grassland Blocks in the Great Plains, Including Roads
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Fragmented Grassland Ecoregions of the Americas

Sources: White et al. [PAGE] 2000. Maps of the Great Plains are based on Global Land Cover Characteristics Database Version 1.2 (Loveland et al. 2000).

Map of the Americas is based on the WWF Conservation Assessment for North America, Latin America, and the Caribbean.
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Grasslands support some of the highest concentra-
tions of cattle in Africa, where many rural popula-
tions depend on livestock for sustenance. High den-

sities of livestock may indicate productive, well-managed
systems or overstocked, poorly managed ones. Evidence of
soil degradation often signals poor management because
overstocking of herds diminishes vegetative cover and con-
tributes to erosion. In Africa, a quarter of the susceptible dry-
lands are now degraded, and much of that 320-Mha area is
considered to be strongly or extremely degraded. The capacity
of African grasslands to continue to support livestock pro-
duction appears to be poor. 

Box 2.33   R a n g e l a n d s  i n  A f r i c a

Beef and Veal Production in Sub-Saharan Africa, 1998

Cattle Density in Sub-Saharan Africa

Source: White et al. [PAGE] 2000. Map is based on International Livestock Research Institute (1998). Table is based on FAOSTAT (1999).
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and spreads the grazing pressure so that overgrazing does not
occur. But high livestock densities could just as easily indicate
an overstocked grassland, prone to overgrazing, and with pro-
duction likely to decrease in subsequent years.

The importance of the livestock management system—
mobile or static—is clear from a study of six grassland-rich
regions of Mongolia, Russia, and China. In many parts of the
study area, more recent sedentary methods of raising live-
stock using enclosed pastures have replaced older grazing sys-
tems more characterized by mobility, rotating livestock over
multiple, sometimes widely separated, grazing sites. Compar-
isons among the regions indicate that the highest levels of
grassland degradation are found where livestock mobility is
lowest and static production systems have become the norm
(Sneath 1998:1148) (see also Chapter 3 Sustaining the
Steppe: The Future of Mongolia’s Grasslands).

One of the most visible and useful indicators of degrada-
tion of grazing lands is soil erosion. High densities of live-
stock or poor management of herds diminish vegetative cover
and contribute to erosion. This eventually will reduce the pro-
ductivity of the grassland, although some areas with deep
soils can withstand high rates of erosion for considerable
time. Accordingly, information about soil condition provides
a good indicator of the capacity of grassland ecosystems to
sustain food production over the long term.

GLASOD provides the only source of comprehensive
global information about soil loss for regions with extensive
grasslands (Oldeman et al. 1991). The GLASOD study did not
explicitly report on grassland areas as defined in the PAGE
study; however, it did report data on the world’s drylands,
where grasslands are a major presence. Drylands in the arid,
semiarid, and dry subhumid zones are considered particu-
larly susceptible to soil degradation, and these susceptible
drylands constitute 55 percent of grasslands as defined in
PAGE. GLASOD found that slightly more than 1 Bha, or 20
percent, of all susceptible drylands globally have been
degraded by human activity (Middleton and Thomas
1997:19). Water erosion is responsible for 45 percent of this
damage and wind erosion 42 percent (White et al. [PAGE]
2000; Middleton and Thomas 1997:24).

Regionally, Asia has the largest area of degraded drylands:
370 Mha, or 22 percent of susceptible drylands. However, a
larger fraction of Africa’s susceptible drylands are degraded
(25 percent, or 320 Mha) and—perhaps more critical—a higher
proportion of these degraded areas are classified as “strongly
degraded” and “extremely degraded”—GLASOD’s severest
degradation categories (Middleton and Thomas 1997:19).
Elsewhere in the world, although the absolute area of
degraded drylands is small, the proportionate area is some-
times large. In Europe, 99.4 Mha, or 32 percent, of the dry-
land area is degraded to some extent. North America, Aus-
tralia, and South America have 11, 15, and 13 percent of
susceptible dryland soils degraded, respectively (Middleton
and Thomas 1997:19).

BIODIVERSITY
As in other ecosystems, grassland biodiversity supplies direct
goods—game species, medicinal plants, tourism, and genetic
material for breeding purposes, to name a few—and is also a
critical factor underlying the capacity of grasslands to provide
other goods and services. Many grasslands contain a rich
assemblage of species—often species found in no other ecosys-
tems. For example, PAGE researchers found that 19 percent of
the world’s recognized Centers of Plant Diversity (regions
that contain large numbers of species, especially species
found in only limited areas) are located in grasslands (White
et al. [PAGE] 2000). Similarly, grassland areas contain 11 per-
cent of the world’s endemic bird areas (areas encompassing
the ranges of two or more species that have relatively small
breeding ranges).

The importance of grasslands for biological diversity is
also evident from the biological distinctiveness index devel-
oped by WWF. This index considers species richness, species
endemism, rarity of habitat type, and ecological phenomena,
among other criteria. For North America, 10 of 32 regions
rated as “globally outstanding” for biological distinctiveness
are in grassland ecosystems. In Latin America, 9 of 34 of these
regions are in grasslands (Dinerstein et al. 1995:21; Ricketts
et al. 1997:33).

Information about the actual condition of grassland biodi-
versity is far less common than information about pressures
threatening biodiversity, such as habitat loss and fragmenta-
tion. For this reason, the PAGE study does not include glob-
ally comprehensive measures of grassland biodiversity condi-
tion. However, PAGE researchers did draw on more restricted
regional studies that can provide insight into grassland bio-
diversity trends.

For grasslands in North America, the North American
Breeding Bird Survey provides 30-year population trends for
a wide range of bird species. Survey data from 1966 to 1995
for bird species that breed in grasslands show declines
throughout most of the United States and Canada. In con-
trast, a recent study of the Serengeti region of East Africa
concluded that significant changes have not occurred in res-
ident herbivore densities in the last 20 years. In areas close

The Bottom Line for Food Production.
Worldwide production of beef, mutton, and goat
meat has never been higher. However, this

reflects more the intensification of meat production into
feedlots than an increase in grasslands’ ability to support
livestock. In fact, data on soil degradation in the world’s
susceptible drylands suggest that the capacity of grass-
lands to continue to support livestock production over the
long term appears to be declining in many areas, with 20
percent of the world’s susceptible drylands being
degraded.
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to protected area boundaries but less accessible to vehicle
patrols, wildlife populations that were already low experi-
enced declines (Campbell and Borner 1995:141). 

The number and abundance of introduced species is also
an indicator of biodiversity condition. Information about
introduced species has never been assembled globally, but
studies in North America are illustrative of nonnative
species invasions in the grasslands there. The United States
Congressional Office of Technology Assessment estimated
that at least 4,500 nonnative species have been introduced
into the United States, with approximately 15 percent caus-
ing severe harm (USCOTA 1993:3–5). A WWF study of the
distribution of nonnative plant species in North America
shows that at least 10 percent of the species in all ecoregions
(ecologically distinct regions) within the Great Plains are
nonnative, and more than 20 percent are nonnative in the
California Central Valley Grasslands (Ricketts et al.
1997:83). 

In the face of significant pressures on biodiversity and
declining condition at a regional level, protected areas can
play a pivotal role in maintaining at least samples of the nat-
ural diversity of species and habitats in grasslands. However,
PAGE researchers determined that less than 15 percent of the
world’s protected areas consist of at least 50 percent grass-
land. Protected grasslands total 2.1 million km2—about 4 per-
cent of global grassland area (White et al. [PAGE] 2000).

CARBON STORAGE
How the world’s grasslands are managed will have a signifi-
cant influence on atmospheric carbon concentrations. PAGE
researchers calculated that the soil and vegetation in grass-
lands worldwide currently store 405–806 GtC—about 33 per-
cent of the total carbon stored in terrestrial ecosystems. The
amount of carbon stored in grasslands is about half the
amount stored in forest ecosystems, even though the total
area of grasslands is nearly twice as large.

Unlike tropical forests, where carbon is stored primarily in
above-ground vegetation, soils store most of the carbon in grass-
lands (Middleton and Thomas 1997:141). In grasslands large
amounts of carbon are deposited into the soil as organic litter and
secretions from roots, and as nutrients for microbial organisms
and insects. For example, in one savanna in South Africa, soil
organic matter accounts for approximately two-thirds of the total
carbon pool of about 9 kg C/m2 (Scholes and Walker 1993:84). 

A variety of human activities can disturb the carbon stor-
age capacity of grasslands. When grasslands are converted to
croplands, the removal of vegetation and subsequent cultiva-
tion reduces surface cover and destabilizes soil, leading to the
release of organic carbon. Degradation of grass cover in dry-
lands can also be a significant source of carbon loss in grass-
lands, as can the widespread practice of burning grasslands to
improve their pasture value (Andreae 1991:5; Sala and Paru-
elo 1997:238). Even the growing threat of invasive species in
grasslands may bode ill for carbon storage. For example,
recent experiments suggest that crested wheatgrass—a shal-
low-rooted grass introduced to North American prairies from
North Asia to improve cattle forage—stores less carbon than
native perennial prairie grasses with their extensive root sys-
tems (Christian and Wilson 1999:2397). 

On the other hand, programs aimed at curbing land degra-
dation and rehabilitating grassland cover could increase carbon
storage in the world’s grasslands. Projections for carbon storage
in the world’s drylands from 1990 to 2040 show a difference of 37
gigatons in carbon emissions between a “business as usual” sce-
nario where current degradation patterns continue, and a sus-
tainable management scenario if programs for land rehabilita-
tion are implemented (Ojima et al. 1993:108).

TOURISM
Grasslands provide important cultural, aesthetic, and recre-
ational services. Many grasslands serve as choice hiking,
hunting, and fishing areas, while other grasslands are sites of
historical importance and religious and ceremonial activities.
For example, Native American religious, ceremonial, and his-
torical sites have been preserved in many places throughout
the prairies of the United States (Williams and Diebel
1996:27).

The Bottom Line for Biodiversity. Direct
measurements of biodiversity condition in
grasslands are sparse. However, where infor-

mation is available it shows that serious problems of
species introductions are common and that populations
of many native species are dropping. This suggests that,
at least regionally, the capacity of grasslands to support
biodiversity is decreasing. Indeed, the extensive conver-
sion of grasslands to agriculture and urban areas and the
growing degree of fragmentation suggest that many
grassland ecosystems may already be unable to provide
goods and services related to biodiversity. And, of the
many areas that have been identified as still containing
outstanding grassland biodiversity, few are monitored or
protected by legislation or maintenance programs. 

The Bottom Line for Carbon Storage.
Although they store less carbon than world
forests, grasslands do store approximately 33

percent of all carbon stored in terrestrial ecosystems,
mostly in the soil. Thus the potential for soil degradation
to decrease carbon storage in grasslands is significant.
Current practices of grassland conversion and degrada-
tion of dry grassland areas are reducing the carbon stor-
age potential in many regions of the world, especially the
arid zones.
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The economic contribution of the recreational services
provided by grasslands can be significant. For example, in
Tanzania, gross earnings from tourism related to game hunt-
ing were $13.9 million in 1992–93, a threefold increase over
1988 (Planning and Assessment for Wildlife Management
1996:78). Similarly, total annual earnings in Zimbabwe’s
hunting industry grew from approximately $3 million in
1984 to close to $9 million in 1990 (Price Waterhouse
1996:85).

Other developing countries with extensive grasslands have
also shown tremendous growth in international tourist
receipts (income from visitors coming from out of the coun-
try) over the 10-year interval between 1985–87 and 1995–97.
In Tanzania, for example, international tourist receipts rose
1441 percent, while in Ghana and Madagascar, receipts
increased more than 800 percent (Honey 1999:368–369). Of
course, not all this tourist growth necessarily corresponds to
grassland tourism, but in some countries, such as Kenya,
grasslands and their wildlife are clearly the most popular
tourist destination (Honey 1999:329).

Given the growing importance of tourism as an income
source, it is important to recognize that tourism also can
become a pressure on ecosystems. Wildlife-seeking hunters
and camera-wielding tourists can disturb wildlife, degrade
grasslands with off-road excursions, pollute grasslands with a
variety of pollutants including trash, and increase consump-
tion of water and other resources in fragile areas. All these can
impair the long-term ability of grassland ecosystems to pro-

vide the beauty and biodiversity that draws tourists in the first
place. Analyses of tourist impacts in Kenya, Tanzania, and
South Africa show mixed impacts in parks and other grass-
land areas, with damage mostly confined to heavily visited
areas so far (Honey 1999:256).

Poaching is another modifying and degrading influence
on grasslands that continues to be a problem in several
African countries. In Kenya, elephant populations dropped
85 percent between 1975 and 1990 to approximately 20,000,
and the rhinoceros population declined by 97 percent to less
than 500 animals (Honey 1999:298).

The Bottom Line for Tourism. Growth in
tourist numbers and tourism receipts in grass-
land-rich countries speaks to the significant

economic contribution of grasslands tourism. But it is dif-
ficult to evaluate the present quality and long-term prog-
nosis for grasslands tourism because of the lack of con-
sistent, comprehensive data on wildlife exploitation,
tourist impacts, and the size and quality of trophy ani-
mals, among other indicators. Nonetheless, the continued
conversion of grasslands to agriculture and urban areas,
increased fire frequency, the spread of invasive species,
and the impacts of tourism itself suggest a potential
decline in the capacity of grasslands to maintain tourism
and recreational services over the long term.
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The grandeur of mountain ecosystems belies their
delicacy. Weathering processes and gravity con-
stantly pull rocks, soil, snow, and water downhill,
inhibiting the development of soils. Thin soils and

slope instability, in turn, limit plant growth, raise the vulnera-
bility of mountains to human disturbance, and require lengthy
recovery time once damaged. Mountain regions also have a
long history of political neglect and economic exploitation. 

Nevertheless, millions of people who live far beyond
mountains’ boundaries benefit from the water, timber, rich
biodiversity, and awe-inspiring scenery that mountain ecosys-
tems supply. Yet, it is the people who live in mountain and
upland regions, about a tenth of the world’s population, who
depend most immediately on mountain ecosystems for sub-
sistence (Grötzbach and Stadel 1997:17). Within mountain-
ous regions of developing countries, transport links may be
scarce, access to supplies and markets poor, population
growth rates high, and employment opportunities limited.
Mountain populations in Nepal, Ethiopia, and Peru, for
example, rank among the world’s poorest (FAO 1995).

Extent  o f  Mounta in  Ecosystems

The definition of a mountain region can be based on numerous
criteria—including height, slope, climate, and vegetation. A sim-

ple definition is “areas above 3,000 m”—a category that encom-
passes about 5 percent of the world’s terrestrial surface and an
estimated 120 million people. For simplicity, again, upland
area is defined as the 27 percent of the world’s surface above
1,000 m (Grötzbach and Stadel 1997:17; Ives et al. 1997:6–8). A
total of about half a billion people live in uplands and moun-
tains (Ives et al. 1997:8) Mountain ecosystems encompass a
range of shapes, climates, and compositions of vegetation and
animal species depending on elevation and latitude.

Goods  and  Serv i ces  f rom
Mounta in  Ecosystems

FOOD AND FIBER PRODUCTION
Mountains are not world centers of agriculture in terms of
volume, but subsistence agriculture in mountains is the pri-
mary food source for most mountain inhabitants in develop-
ing countries—millions of people (Messerli and Ives 1997:10).
Mountain agroecosystems also are valuable storehouses of
food crop genes; many of the major food crops originated in
uplands. Much of the world’s remaining agricultural genetic
diversity is believed to exist in the fields of subsistence moun-
tain farmers or in still more remote areas. 

Potatoes are a perfect example. Andean subsistence farm-
ers have actively maintained the genetic diversity of potatoes.

APPENDIX :  Although mountain, polar, and urban ecosystems were not included in the
PAGE study, they are fundamentally important to human health and well-being. Mountain
areas are the source of water for more than half of the world’s population. Polar regions play
a critical role in controlling global climate and sea level. Urban areas are home to half of all
people, and urban populations are rising, especially in the developing world. This appendix
gives brief profiles of each of these ecosystems.

M O U N T A I N  E C O S Y S T E M S



In Paucartambo, Peru, about 21 potato varieties are planted
in each field, and the International Potato Center in Lima
maintains the world’s largest bank of potato germplasm,
including some 5,000 distinct types of wild and cultivated
potato and more than 160 noncultivated wild species (Tripp
and van der Heide 1997; CIP 2000). By comparison, in most
producer countries, a few commercial varieties dominate;
and these monocultures are susceptible to epidemics of pests
and diseases.

Mountains also have traditionally supplied timber
resources to the world and fuel to local populations, but defor-
estation has reduced standing timber in many areas. In the
tropics, mountain forests have had the fastest rates of loss
over the last decade, compared with all types of lowland
forests—about 1.1 percent a year (FAO 1993:ix).

WATER QUALITY AND QUANTITY
Half the world’s population depends on mountain water. All
the major rivers of the world originate in mountains, which
receive high levels of precipitation as rain and snow that they
store temporarily as ice, then release during spring and sum-
mer melt periods (Liniger et al 1998:5). Mountain forests
help filter the water and protect its quality. On average, moun-
tains in semiarid and arid environments provide 70–95 per-
cent of downstream freshwater. In regions with higher rain-
fall, mountains provide 30–60 percent of the water supply
(Liniger et al. 1998:18). High elevation water flows also power
many of the world’s hydroelectric plants. 

Mountain watersheds will be expected to meet much of the
projected increase in demand for freshwater by 2025. Will
they be able to? Few assessments of the biological integrity of
mountain rivers have been attempted, but trends in popula-
tion growth, inadequate wastewater treatment, global warm-

ing, and increasingly extensive montane forest destruction
and pollution all suggest that mountain ecosystems’ ability to
supply ample high-quality water is being degraded. 

Mining is one of the greatest threats to the supply of clean
water from mountains. Many countries have lax mining laws,
regulatory controls, or enforcement, particularly in remote
areas where citizens may be uninformed about mining
impacts. Water drained or pumped directly from mines is
often highly acidic and laden with cyanide and other heavy
metals. Liquid wastes may be pumped directly into local
waterways, or stored in ponds or behind earthen dams that
are vulnerable to overflow or leaks. A partial survey of tailings
dam failures by an NGO identified more than 70 spills and
accidents in the last several decades, with considerable envi-
ronmental damage (D’Esposito and Feiler 2000:5).

BIODIVERSITY
Mountains encompass numerous and varied habitats
informed by altitude, soil and rock type, temperature, and
sun exposure; their isolation has further enabled species
diversity and endemism to flourish. The mountains of Cen-
tral Asia, for example, are home to more than 5,500 species of
flowering plants, with more than 4,200 species concentrated
in Tajikistan alone (Jeník 1997:201). Mount Kinabalu in
Sabah (Borneo) is estimated to harbor more than 4,000 plant
species (Price et al. 1999:5).

Mountains also function as sanctuaries for plants and ani-
mals whose lowland habitats have been lost to conversion.
Tropical montane forests, for example, are refuges for some
of the world’s rarest species including the mountain gorillas
of Central Africa, the Quetzel of Central America, the red
panda of the Eastern Himalaya, the Andean spectacled bear,
and the European lynx found in isolated parts of Central
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Europe. Ten percent of all bird species—already reduced to
restricted ranges worldwide—are found solely or primarily in
cloud forests, where the atmospheric environment is charac-
terized by persistent, frequent, or seasonal cloud cover, usu-
ally on tropical or subtropical mountains exposed to oceanic
climates.

Some protection of mountain biodiversity and other ser-
vices is afforded by the designation of 141 biosphere reserves,
150 parks and reserves (above 1,500 m), and 39 World Her-
itage Sites in mountain and upland areas—more than in any
other major landscape category. Still, numerous pressures—
air and water pollutants, people—cross the boundaries of pro-
tected areas (Messerli and Ives 1997:20; Schaaf 1999).

Conversion
One sign of the potential decline in the capacity of some
mountains to provide biodiversity is the reduction of unique
mountain habitats, like tropical montane cloud forests, to
just fragments of their original extent. Perhaps 90 percent of
mountain forests have disappeared from the northern Andes
(WCMC 1997, citing Weutrich 1993). Although half of the
world’s remaining montane cloud forests have some degree of
protection, WCMC reports that many continue to be frag-
mented or cleared at a rapid rate for agriculture, fuel wood,
grazing areas, mining, and road building, and as a result of
fires that spread from adjacent cultivated areas (WCMC
1997:4).

Pol lut ion
Air pollution is another pressure with documented impacts on
mountain biodiversity. As high land masses, mountains inter-
cept more air currents, and generally receive more precipita-
tion, than other land forms. Most researchers believe that ele-
vated ambient levels of sulfur and nitrogen oxides and ozone
are responsible for the death or decline of extensive areas of
montane forest in the northeastern United States and Canada.
Long-range air pollutants also have damaged the mountain
ranges along the border of the Czech Republic, Southeast Ger-
many, and Southwest Poland (FRCFFP 1998:9). 

RECREATION
Mountain tourism generates about US$70–$90 billion annu-
ally worldwide, about 15–20 percent of the global tourism
industry. That total only begins to capture the value of moun-
tains as sites of sacred rituals, sacrifice, and pilgrimage for all
the major world religions, many minor ones, and as places for
reverence of nature and wilderness (Price et al. 1999:4). 

But mountains may have a difficult time sustainably
accommodating further growth in tourist numbers.  Tourism
can significantly increase the employment and income levels
of mountain communities, and sometimes provides funds for
ecosystem protection. At the same time, tourism can be a pri-
mary degradation force. For example, mountains are heavily
used by the 65–70 million downhill skiers worldwide (Price et

al. 1999:36). They consume local supplies of food and water,
generate solid waste and sewage, and require access to once
pristine locales via roads, rail lines, airports, and hotels. Ski-
ing also involves forest clearance and consumption of large vol-
umes of water for snowmaking or watering.
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High in the San Juan Mountains of Colorado, near the Continental Divide,
the Summitville gold mine leaked contaminants into the Alamosa River in
1992, killing all aquatic life along a 27-km stretch. Clean-up is slated to
cost $170 million (Carlson 2000:10).

The Bottom Line for Mountain Ecosystems.
The demand for mountain areas’ mineral
resources, timber, scenic beauty, and water is

growing. Yet there is a chronic lack of data regarding the
state of mountain ecosystems and the extent and growth
rates of activities damaging to mountain ecosystems.
Agenda 21—the environmental blueprint crafted at the
Rio Earth Summit in 1992—argued that mountains, as
fragile areas, require integrated ecosystem treatment,
like islands, polar regions, or tropical rainforests.
Although acceptance of this viewpoint is growing, moun-
tains are still low on the priority list of most national and
international agendas. They remain vulnerable to
exploitation by lowland populations through damaging
extraction of natural resources and tourism development,
for example, and by poorly designed government policies
that contribute to the demise of traditional mountain
farming systems and indigenous knowledge.
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The polar regions are the most remote places on
Earth, yet their extreme conditions—-cold, high,
dry, windy, and largely removed from the public eye
and political priority list—-heighten their vulnera-

bility. How the Arctic and Antarctica will respond to global
environmental changes is a growing concern because these
regions strongly influence the global climate system, hold a
wealth of mineral and biological resources, and contain most
of the world’s freshwater as ice and permafrost. The fate of
polar resources may signal dangers that will later become
apparent in the rest of the world. 

Managing the polar ecosystems requires cooperation.
Eight countries share jurisdiction over the Arctic: Canada,
Denmark/Greenland, Finland, Iceland, Norway, Russia, Swe-
den, and the United States. Antarctica is managed by inter-
ested countries on the basis of international agreements,
although various countries have claims of sovereignty—-some
contested—-over the continent, some sub-Antarctic islands,
and adjacent territorial seas (UNEP 1999:327,329).

Extent  o f  Po lar  Ecosystems

The areas surrounding the two poles have some things in com-
mon—-cold climate, snow, and ice. Otherwise, their land and
marine ecosystems are significantly different. A thick ice
sheet covers the Antarctic continent; even during the sum-
mer season, only a few mountain and coastal areas are snow-
free. The size of the ice sheet ranges from 4 to 19 million km2,
depending on the season; it is, on average, 2.3 km thick; and
it represents 91 percent of the world’s ice and the majority of
the world’s freshwater (GLACIER 1998; UNEP 1998:178).
Surrounding Antarctica are open seas that have a productive
shelf and upwelling areas where the shelf meets warmer

waters. Other than about 4,000 researchers, Antarctica is
uninhabited (Watson et al. 1998:89). 

The Arctic, in contrast, consists of a large, deep ocean cov-
ered by drifting ice sheets a few meters thick. The land areas,
which surround the ocean and are usually considered part of
the Arctic region, are dominated by polar desert and tundra
vegetation, although they include some prominent ice caps
such as Greenland’s inland ice. The Arctic’s marine waters
include the shallow and deep waters south and west of Alaska,
the Barents Sea, and the northern Atlantic. The Arctic tundra
is home to about 3.5 million people, many of whom make a liv-
ing from marine and freshwater fishing, hunting, and rein-
deer husbandry (UNEP 1999:179).

Goods  and  Serv i ces  f rom
Po lar  Ecosystems

Although polar regions include some of the last large areas
where human activity has not overtly altered the landscape,
scientists have found solid evidence that human activities—-
often occurring in other parts of the world—-are modifying
polar environments and the goods and services they provide.

REGULATION OF GLOBAL CLIMATE,  OCEAN CURRENTS,
AND SEA LEVEL
Earth’s vast polar ice sheets serve as a mirror, reflecting a
large percentage of the sun’s heat back into space, thus keep-
ing the planet cool. Without the ice sheets, more heat from
the sun would be retained in the ocean and more would be
released into the atmosphere, feeding the warming process.

A warmer climate would also promote the release of more
CO2. For the past 10,000 years, tundra ecosystems in the Arctic
have sequestered atmospheric carbon and stored it in the soil;

P O L A R  E C O S Y S T E M S



the tundra and boreal region store about 14 percent of the
world’s carbon (AMAP 1997:161). Some parts of the Arctic may
now be sources of CO2 emissions, however, because of the faster
decomposition of dead plant matter in a warmer climate. If the
permafrost under the tundra thaws, methane releases could
also accelerate global warming (AMAP 1997:161).

The planet’s weather patterns are driven largely by water
circulation in the world’s oceans, which is, in turn, driven by
Arctic marine ecosystems. Warmer surface waters, including
those from the nine major freshwater systems that drain into
the Arctic Ocean, cool when they enter the North Atlantic
(AMAP 1997:11). They become denser and sink to the bottom
of the ocean—-several million km3 of water each winter—and
slowly push water south along the bottom of the Atlantic.
These water currents affect rainfall and climate worldwide
(AMAP 1997:12).

The vast ice sheets in Antarctica and Greenland also con-
trol the world’s sea level. If they shrink, sea level could rise,
ocean currents could shift, and weather patterns could
change and bring drought, severe storms, and the spread of
tropical diseases.

Gradual disintegration and ice melt in polar regions are
part of natural processes, but scientists are exploring the pos-
sibility that climate change may be altering those processes.
Measures of ice thickness taken by U.S. submarines between
the 1950s and 1970s compared with recent measurements
indicate that the ice covering the Arctic Ocean may have
thinned dramatically during the last few decades. The older
submarine data showed an average thickness of 3.1 m,
whereas data at the same sites in the 1990s show an average
thickness of 1.8 m (Rothrock et al. 1999:3469). Satellite obser-
vations since the 1970s show the Arctic Sea cover to be shrink-
ing at about 3 percent per decade (USGCRP 1999). 

BIODIVERSITY
Hundreds of species are endemic to the Arctic, a place where
organisms have adapted to the extremes of temperature, day-
light, snow and ice found in polar regions. The Arctic also
serves as habitat for several migratory bird species. Similarly,
some islands of Antarctica have high levels of endemic
species—-some of New Zealand’s southern islands are home to
about 250 species, including 35 endemics. Still, much
remains to be learned about the terrestrial fauna of the
Antarctic, just as little is known about the fauna of the area’s
deep sea (UNEP 1999:183, 191, 192).

Pollut ion
Pollution may be the most immediate and evident threat to
polar biodiversity. Airborne pollutants have turned the Arctic
into a “sink” for contaminants from all over the world. Per-
sistent organic pollutants (POPs) and other toxic chemicals
travel on air, water, and wind currents until they settle in the
Arctic, where they bioaccumulate in the food chain (AMAP
1997:viii). Radioactive materials have also accumulated in
the Arctic; sources are fall-out from nuclear bomb tests, the
accident at Chernobyl, and releases from European nuclear
fuel reprocessing plants. For the general population in the
Arctic and sub-Arctic, exposure to radioactive contamination
is about five times higher than expected levels in a temperate
area. Indigenous populations, who rely mainly on terrestrial
food products, such as reindeer meat, have about 50 times
higher exposure than other Arctic citizens (AMAP
1997:122–126).

The effects of POPs on wildlife are not fully understood,
but it is clear that the biomagnification effects on certain
species—-birds, seals, polar bears, and others at the top of the
food chain—-are grave and will continue to worsen (UNEP
1999:184, 185). Polychlorinated biphenyls (PCBs), for exam-
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ple, are already found in polar bears in concentrations likely
to affect their reproductive ability (AMAP 1997:89). People liv-
ing in the polar regions exhibit similar high exposure to toxins
with contaminant levels that can be 10—20 times higher than
in most temperate regions (AMAP 1997:172). Numerous stud-
ies have linked even low-level or short-term exposure to dys-
function of the immune system, neurological deficits,
endocrine disruption, and cancer.

Resource Ext ract ion
Natural resource extraction is a growing threat to the biodi-
versity of polar ecosystems. Oil exploration is increasing, for
example, and already its track record for pollution control
includes 103 major pipeline failures in the Russian Federa-
tion between 1991 and 1993 (AMAP 1997:150). Natural
resource extraction also causes damage to tundra, which is
vulnerable to vehicular traffic. During the summer season,
only the top few feet of soil melt, creating a layer of very wet
soil between the permafrost and the thin vegetative cover.
Erosion of the top vegetation easily leads to large-scale soil
erosion that, because of Arctic ecological and climatic condi-
tions, will take centuries to repair, while inducing further
melting of the permafrost. 

Ozone Deplet ion
It is not clear how ozone depletion in polar regions will affect
biodiversity. Ozone depletion is more pronounced near the
poles than elsewhere in the world. In 1985, a massive ozone

hole was discovered over Antarctica in the
spring. In recent years, ozone depletion over
the Arctic has also been evident in smaller, less
frequent holes (generally a few hundred kilome-
ters in diameter, lasting a few days each), but
the trend was clearly one of decreasing ozone
levels through the 1990s in all seasons (Fergus-
son and Wardle 1998:8, 19; UNEP 1999:177).
Ultraviolet (UV) radiation levels estimated in
the spring, compared to the 1970s, are now
about 130 percent higher in Antarctica and 22
percent higher in the Arctic (UNEP 1998:1).
Polar ecosystems’ heightened exposure to the
sun’s harmful UV-B rays could increase the inci-
dence of cataracts and eye and skin cancer for
humans, adversely affect plants and plankton
accustomed to low-UV radiation, and perhaps
harm algae at the base of the marine food web
(UNEP 1998:xi—xiii).

Climate Change
The effect of climate change on polar biodiver-
sity is another unknown. Warmer temperatures
could convert tundra to boreal forests, change
migration patterns of polar bears and caribou,
alter the distribution of some small mammals

whose food sources may be disrupted, and change fish species
composition, among other effects (Watson et al. 1998:95—99). 

FOOD PRODUCTION
The Arctic marine waters are among the richest fishing regions
in the world and a major contributor to the world’s fish catches.
In much of Newfoundland, Greenland, Iceland, the Faroe
Islands, and northern Norway, fishing is the primary liveli-
hood (Hamilton et al. 1998:28). Local populations, particularly
rural indigenous communities, are particularly reliant on hunt-
ing and fishing. Indigenous groups comprise about 50 percent
of the population of Arctic Canada; and in some regions of the
Yukon as much as one-third of the population lives off the land
and another 30 percent support their families with activities
that are not part of the cash economy (AMAP 1997:57). In
much of Arctic Russia, reindeer meat is the primary food
source and herding the main occupation. Secondary food
sources may include moose, brown bear, bighorn sheep, alpine
hare, ducks, geese, and other birds and fish. 

Several polar fish stocks have been adversely affected in
recent years, including salmon, cod, northern char, herring,
and capelin. In the Faroe Islands, for example, cod landings
decreased from about 200,000 tons to less than 70,000 tons
between 1987 and 1993 after Faroese investments in catching
and processing led to overfishing (Hamilton et al. 1998:30).
Sometimes poaching is the biggest problem; Patagonian
toothfish harvests have been driven to the brink of collapse in
the Antarctic in the last 6—7 years because of illegal fishing
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Polar Pollution: Source regions for contaminated air

Source: AMAP 1997:79.



Polar Bears at Risk: Persistent organic pollutant (POPs) levels in polar bear tissues at several arctic locations

Source: AMAP 1997:89
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and lax catch-limit enforcement. In 1997 the reported legal
catch of Patagonian toothfish was 10,245 tons; the illegal
catch was estimated at more than 100,000 tons in the Indian
Ocean sector of the Southern Ocean alone (UNEP 1999:176). 

RECREATION
There is a growing desire to explore polar areas. In the early
1990s, more than a million tourists were drawn to the Arctic
(UNEP 1999:182). About 10,000 visited Antarctica in 1998—
99, and a more than 50 percent increase to almost 16,000 was
projected for 1999—2000 (IAATO 2000). Those may seem
small numbers relative to the vast areas, but they have the
potential for detrimental effects. Tourists are thought to
frighten wildlife like breeding penguins in Antarctica, leave
behind garbage, and create noise and pollution. 

FEEDBACK
The poles are important to the world as early indicators of the
pressures we are placing on global resources. For example, we
can use analyses of the condition of the Arctic to better under-
stand stratospheric ozone production, atmospheric cleans-
ing, and pollution transport in northern latitudes. The mas-
sive ice sheets also serve as a kind of “time capsule” of
information about volcanic activity, storminess, solar activ-
ity, and atmospheric composition (Stauffer 1999:412). Ice

cores recently excavated from Vostok station in East Antarc-
tica show that atmospheric concentrations of carbon dioxide
and methane, two important greenhouse gases, are higher
now than they have been in the past 420,000 years (Petit et al.
1999:429). 

PCBs Chlordane
Hexachlorocyclohexane

Chlorobenzene

The Bottom Line for Polar Ecosystems.  The
polar ecosystems are still relatively unmodified
when compared to other ecosystems, but their

once-pristine condition already shows signs of climate
change and other pressures. The effects of climate change
are greater in polar regions than anywhere else on Earth. It
is still unclear whether the ice thinning that has been
observed in select areas is part of a natural climate varia-
tion or the result of human activities; nor is it clear
whether the overall mass of the world’s polar ice sheets is
growing, shrinking, or fluctuating within normal parame-
ters. But polar regions provide ample evidence of warming
via ice cores and glacier retreat (Watson et al. 1998:90–91).
Meanwhile, the immediate disruption caused by pollution
and unsustainable levels of commercial fishing of some
stocks is significant and growing. 
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Urban areas are some of the most significant sec-
tors on the planet in terms of human well-being,
productivity, and ecological impact. Cities are
centers of commerce, industrial output, educa-

tion, culture, and technological innovation. As nexuses of the
world’s market economies and home to more than 2.7 billion
people (World Bank 2000:152), cities are also centers of nat-
ural resource consumption and generators of enormous
amounts of wastes, with environmental ramifications both
locally and in distant ecosystems.

Urbanization’s tremendous influence on humans and the
environment will surely grow, as it is projected that global
urban populations will nearly double by 2030 to 5.1 billion
(UN Population Division 1996). But do urban areas—or por-
tions of them—function as ecosystems? What defines an urban
ecosystem?

Urban  Ecosystems :  Ex tent  and
Mod i f i ca t i ons  

The concept of urban areas as ecosystems is new and contro-
versial. There is no agreed-upon definition of an urban ecosys-
tem, but the simplest and most useful one may be “a biological
community where humans represent the dominant or key-
stone species and the built environment is the dominant ele-
ment controlling the physical structure of the ecosystem.” The
physical extent of urban ecosystems is determined by the den-
sities of both population and infrastructure. Administrative
boundaries of cities generally are not reliable indicators of
urban ecosystem boundaries for a number of reasons. For

example, the U.S. Census Bureau defines urban areas as “areas
where population density is at least 1,000 people/mi2 (621
people/km2)” (US Census Bureau 1995) but doesn’t define a
minimum infrastructure density. Another complicating factor
is that urban areas are not sharply delineated but blend into
suburbs and then rural areas. The PAGE estimate, however, is
that urban ecosystems cover about 4 percent of the world’s sur-
face (see Box 1.10 Domesticating the World: Conversion of
Natural Ecosystems, pp. 24–25).

Urban ecosystems, unlike natural ecosystems, are highly
modified, with buildings, streets, roads, parking lots, and
other artificial constructions forming a largely impenetrable

U R B A N  E C O S Y S T E M S

Built-Up Area of Selected European Cities
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covering of the soil. Cities do contain natural and seminatural
ecosystems—lawns and parks, forests, cultivated land, wet-
lands, lakes, streams—but the vegetation in those areas may
be altered or highly managed, too. 

Urbanization can change the structure and composition of
vegetation of a region, whereby indigenous plants are
replaced by nonnative species. For example, in the former
West Berlin, approximately 40 percent of more than 1,400
plant species currently identified in the city are nonnative,
and nearly 60 percent of native species are endangered
(Kowarik 1990:47). In wooded areas, the ground leaf layer
may be removed and replaced with shade-tolerant grass, dis-
rupting the natural processes that create healthy soils and
reducing an area’s suitability as habitat for wildlife (Adams
1994:34). 

Environmental stresses also modify the natural elements
of urban ecosystems. Urban trees are subject to high levels of
air pollutants, road salts and runoff, physical barriers to root
growth, disease, poor soil quality, and reduced sunlight. Ani-
mal and bird populations are inhibited by the loss of habitat
and food sources, toxic substances, and vehicles, among other
intrusions. 

Open space and tree cover vary widely in cities, depend-
ing on the natural environment and land use. In the United
States, one analysis of more than 50 cities found that
urban tree cover ranged from 0.4 percent in Lancaster, Cal-
ifornia, to 55 percent in Baton Rouge, Louisiana (Nowak et
al. 1996:51). 

Goods  and  Serv i ces  Prov ided  by
Urban  Ecosystems

The human elements of the city—its man-made infrastructure
and economy—provide goods and services of enormous value,
including human habitat, transportation networks, and a
wide variety of income opportunities. But green spaces,
which often form the vital heart of urban ecosystems, also
contribute a wide range of goods and services. Just a few of
them are focused on here. 

AIR QUALITY ENHANCEMENT AND TEMPERATURE
REGULATION 
Temperatures in heavily urbanized areas may be 0.6–1.3°C
warmer than in rural areas (Goudie 2000:350). This “heat
island” effect is the result of large areas of heat-absorbing sur-
faces, like asphalt, combined with a city’s building density
and high energy use. Higher temperatures, in turn, make
cities incubators for smog. Air pollution levels in megacities
like Beijing, Delhi, Jakarta, and Mexico City sometimes
exceed WHO health standards by a factor of three or more
(WRI et al. 1998:63). 

Green space within cities significantly lowers overall tem-
peratures and thus reduces energy consumption and air pol-
lution (Lyle and Quinn 1991:106, citing Bryson and Ross
1972:106). A single large tree can transpire as much as 450
liters of water per day, consuming 1,000 megajoules (239,000
kcal) of heat energy to drive the evaporation process (Bolund
and Hunhammer 1999:296). Urban lakes and streams also
help moderate seasonal temperature variations. Urban trees
and forests remove nitrogen dioxide, sulfur dioxide, carbon
monoxide, ozone, and particulate matter. Trees in Chicago,
for example, have been estimated to remove 5,575 tons of air
pollutants per year, providing air cleansing worth more than
US$9 million (Nowak 1994:71, 76). Urban forests in the Balti-
more/Washington region remove 17,000 tons of pollutants
per year, providing a service valued at $88 million (American
Forests 1999:5). Even peripheral forests help urban air qual-
ity. Wind currents over the central city of Stuttgart, Germany
draw cooler air from surrounding forest belts, cooling the
downtown areas—one reason why Stuttgart has discouraged
urban sprawl (Miller 1997:65, citing Miller 1983).

BIODIVERSITY AND WILDLIFE HABITAT 
Cities support a relatively wide variety of plants and animals—
both the native species that have specifically adapted to the
urban landscape and its extreme ecological conditions and
the numerous nonnative species humans have introduced. 

Many of the animals, birds and fish that inhabit urban
areas are valuable for the excitement and pleasure they bring
to many urbanites, though some species are perceived as nui-
sances or dangerous. Almost a third of urban residents sur-
veyed in the United States—more than 40 million people—
report that they participate in wildlife watching activities
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Urban Tree Cover in Selected Cities

Tree cover in cities varies because of differences both in management and in

the natural environment, particularly precipitation.

City Tree Cover (%)

Baton Rouge, Louisiana (USA) 55

Waterbury, Connecticut (USA) 44

Portland, Oregon (USA) 42

Dallas,Texas (USA) 28

Denver, Colorado (USA) 26

Zurich, Switzerland 24

Windsor, Canada 20

Colima, Mexico 15–20

Hong Kong 16

Los Angeles, California (USA) 15

Chicago, Illinois (USA) 11

Ciudad Juarez, Mexico 4

Source: Nowak et al. 1996.
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within 1 mile of their homes (U.S. Department of the Interior
1997:94).

Some urban wildlife also is valuable from the perspective
of conservation and biodiversity. Urban parks and other green
spaces are critical to migratory species and provide wildlife
corridors, even though these corridors are often too frag-
mented to afford animals sufficient area to maintain diverse
populations. Nevertheless, in many North American urban
areas, deer and small herbivores such as squirrels are preva-
lent. Muskrats and beavers may be widespread in urban water
areas, and some smaller predators like bats, opossum, rac-
coon, coyote, fox, mink, and weasels adapt well to the habitat
changes wrought by development (Adams 1994:57–65). Rats,
as scavengers, have adapted particularly well to crowded
human living conditions.

Many urban streams are so polluted, littered, or channel-
ized, or their riparian zone so substantially reduced and
cleared of vegetation, that only the most pollution-tolerant
species survive. Yet urban rivers also offer some of the great-

est potential for restoration and the return of aquatic diver-
sity. For example, in 1957 London’s Thames was virtually
devoid of fish in one stretch, but by 1975 efforts to improve
the biological conditions were rewarded with the return of 86
different species of marine and freshwater fish (Douglas
1983:137).

Bird diversity in urban areas may provide a good indicator
of urban environmental quality, since birds require differenti-
ated habitat and are influenced by air and aquatic pollution
through the food chain. For example, a 1993 survey of Wash-
ington, D.C., bird species richness identified 115 species—an

Changes in Tree Cover in the Baltimore-Washington Corridor, 1973–97
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estimate that agreed closely with totals from surveys decades
earlier, and was almost as high as the number found in larger,
surrounding counties. This suggests that Washington, D.C.—
perhaps because parks and low to moderate density residen-
tial areas cover 70 percent of the metropolitan area—is provid-
ing diverse and good-quality habitat for birds. Unfortunately,
such citywide studies are rare (U.S. National Biological Sur-
vey 2000).

STORM-WATER CONTROL
Urban forests, wetlands, and streamside vegetation buffer
storm-water runoff, control pollution, help recharge natural
groundwater reservoirs, and minimize flooding in urban
areas. In contrast, buildings and roads cover much urban land
with impervious surfaces and eliminate vegetation that pro-
vides natural water storage capacity. 

Some studies have attempted to put a monetary value on
the benefit of urban forests to storm-water control. Forests in
the Baltimore/Washington area save the region more than $1
billion—money that would otherwise have to be spent on
storm-water retention ponds and other systems to intercept
runoff (American Forests 1999:2). Unfortunately, in most
cities worldwide, urban trees are a resource at risk. Since the
1970s, three major U.S. metropolitan areas—Seattle, Balti-
more/Washington, and Atlanta—have lost more than a third
of their heavy tree cover (Smith 1999:35).

FOOD AND FIBER PRODUCTION 
Many urban areas contribute substantially to
their food supply. Urban agriculture includes
aquaculture, orchards, and livestock and crops
raised in backyards and vacant lots, on rooftops
and roadsides, and on small suburban farms
(UNCHS 1996:410). Urban and periurban agri-
culture is estimated to involve 800 million urban
residents worldwide (FAO 1999). In Kenya and
Tanzania, 2 of 3 urban families are engaged in
farming; in Taiwan, more than half of all urban
families are members of farming associations; in
Bangkok, Madrid, and San Jose, California, up to
60 percent of the metropolitan area is cultivated
(Smit and Nasr 1992:142; Chaplowe 1998:47). In
Ghana’s capital, Accra, urban agriculture pro-
vides the city with 90 percent of its fresh vegeta-
bles (The MegaCities Project 1994). Urban agri-
culture also provides subsistence opportunities
and income enhancement for the poor and offers
a way to recycle the high volumes of wastewater
and organic solid wastes that cities produce.

RECREATIONAL OPPORTUNITIES AND AESTHETIC HAVENS
Trees provide visual relief, privacy, shade, and wind breaks.
Trees and shrubs can also reduce cities’ typically high noise
levels; a 30-m belt of tall dense trees combined with soft
ground surfaces can reduce noise by 50 percent (Nowak and
Dwyer 1996:471). Parks provide urban dwellers with easy
access to recreational opportunities and places to relax—an
enormously valuable service where open space and escape
from asphalt are often at a premium. Some urban parks,
lakes, and rivers are also tourist attractions and enhance val-
ues of downtown areas. Furthermore, urban water bodies
provide places for sportfishing, kayaking, sailing, and
canoeing.

Manag ing  Urban  Areas  as
Ecosystems  

One of the primary challenges to managing urban
areas as ecosystems is the lack of information.
Because the science of urban ecology is in its
infancy, the knowledge base for urban areas as

ecosystems is less comprehensive than for other ecosystems.
In particular, there is a dearth of data concerning the “green”
elements of cities. Air and water quality, sewerage connec-
tions, water withdrawals and solid waste per capita, and
trends in the extent of urban forests and wildlife diversity are
critical indicators of the condition and capacity of the more
natural areas in urban spaces to provide environmental goods
and services. 
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In Cuba in 1999, urban agriculture produced 800,000 tons of fresh

organic produce and employed 165,000 people. Urban agriculture pro-

duced 65 percent of the nation’s rice, 43 percent of the fruits and veg-

etables, and 12 percent of the roots and tubers.
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Another problem is lack of planning and budgeting for the
care of green spaces; most budgets are geared toward remov-
ing dead trees. Many cities lack systematic tree-care pro-
grams, and little attention is paid to effects of soil conditions,
restrictions to root growth, droughts caused of the channel-
ing off of rain, the heat island effect, and the lack of under-
growth (Sampson 1994:165).

Managing urban consumption and its impact on neighbor-
ing ecosystems is perhaps the biggest challenge. Urban areas
consume massive amounts of environmental goods and ser-
vices—imported from ecosystems beyond their borders—and
export wastes. It is estimated that a city with a population of 1
million in Europe requires, every day, an average of 11,500
tons of fossil fuels, 320,000 tons of water, and 2,000 tons of
food, much of which is produced outside the city. The same
city produces 300,000 tons of wastewater, 25,000 tons of CO2,

and 1,600 tons of solid waste (Stanners and Bordeau
1995:263). The total area required to sustain a city is called its
“ecological footprint” (Rees 1992). In a study of the 29 largest
cities in the Baltic Sea region, it was estimated that cities
claim ecosystem support areas 500–1,000 times larger than
the area of the cities (Folke et al. 1997:167). Any attempt to
improve the sustainability of urban ecosystems must identify
ways for cities to exist in greater equalibrium with surround-
ing ecosystems. 

The good news is that urban areas present tremendous
opportunities for greater efficiencies in energy and water use,
housing, and waste management. Strategies that encourage
better planning, mixed-use development, urban road pricing,
and integrated public transportation, among other efforts,
can dramatically lessen the environmental impacts of billions
of people. The fact that land use changes rapidly in urban
areas is a management and planning challenge, but also an
opportunity as well. For example, the million or more brown-
fields (urban land parcels that once supported industry or
commerce but lie abandoned or contaminated) that scar
cities worldwide offer the chance to create new green spaces or
lessen congestion and development pressure on remaining
green areas (Mountford 1999). If well-managed, urban green
spaces can add to the already proven health and education
benefits of urban ecosystems.

The Bottom Line for Urban Ecosystems.
Urban ecosystems are dominated by human
activities and the built environment, but they

contain vital green spaces that confer many important
services. These range from removing air pollution and
absorbing runoff to producing food through urban agricul-
ture. Urban forests, parks, and yards also soften the
urban experience and provide invaluable recreation and
relaxation. The science of urban ecosystems is new and
there is no comprehensive data showing urban ecosys-
tem trends on a global basis. However, more localized
data show that loss of urban tree cover, and the conse-
quent decline of urban green spaces, is a widespread
problem. The rapid growth in urban populations world-
wide adds to the mounting stress on urban ecosystems.
Continued decline in the green elements of urban
ecosystems will erode the other values—economic, edu-
cational, and cultural. Urban population increases
heighten the need to incorporate the care of city green
spaces as a key element in urban planning.
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This chapter traces the histories of several
ecosystems and the people whose lives depend on them, whose
actions have degraded them, and who hold the power to restore
them. Included are the grasslands and traditions of pastoralism of
Mongolia; a community-managed forest in India; mountain
watersheds and downstream urban areas in South Africa; the agri-
cultural plains of Machakos, Kenya; and the wetlands and crop-
lands of southern Florida in the United States. These are places
where the inhabitants are striving to safeguard their future, which
depends so clearly on the health of their ecosystems.

Five brief stories from Cuba, the Caribbean, the Philippines,
New York City, and the watershed of Asia’s Mekong River comple-
ment the detailed case histories. Many of the cases and stories
encompass multiple ecosystems, but for simplicity they are
grouped in this chapter by the ecosystem most critical to the fea-
tured management challenge.

Together, the cases and stories capture diverse experiences
from around the world—varying spatial scales, population sizes
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and densities, and ethnic groups. They illuminate the driving
forces and impacts of degradation and the analyses of ecosys-
tem condition presented in the earlier chapters. They also
reflect the variety of trade-offs that we face as inhabitants and
managers of ecosystems. For example, South Africans
planted income-generating but invasive nonnative trees, then
paid a high price in terms of diminished water supply to cities
and towns. Drainage and conversion of parts of the Ever-
glades to agriculture fueled the growth of the Florida sugar
industry but reduced the ecosystem’s water retention and fil-
tration capacity and threatened biodiversity. The state gov-
ernment was able to intensify commercial cutting of timber in
Dhani, India, from the 1950s through the 1970s but at the
long-term expense of local livelihoods.

Individually, some of the cases and stories address many
management issues, others just a few. None offers any ready-
made “fixes” for ecosystems that have been degraded, but all
can encourage an exploration of questions crucial to the
future productivity of ecosystems: 

■ What causes an ecosystem to decline? Who gains the bene-
fits of ecosystem use and who pays the costs of decline?

■ What conditions increase recognition that ecosystem mis-
use or overuse must be supplanted by efforts to alleviate
pressures and ensure long-term productivity? What cir-
cumstances move people to concern and action?

■ How do we create the public and political will to take
action to restore an ecosystem? 

■ What mechanisms and policies can help prevent ecosys-
tem decline or ensure long-term sustainability?

■ To what extent, and over what time frame, are an ecosys-
tem and its services amenable to restoration? 

The search for answers to these questions underscores the
complexities of ecosystem change—the often-surprising nat-
ural dynamics of ecosystems as well as the human manage-
ment challenges. Through case studies, we can examine
ecosystems and the people who live in them as constituents in
larger geographical regions and social contexts. No ecosys-
tem, even an isolated Mongolian grassland or a forest in a
small community like Dhani, is managed by a single person or
institution that can act unilaterally. Ecosystem management
is the sum of many individuals and institutions—public and
private, formal and informal—and political and economic fac-
tors. A widening network of connections further complicates
management. Many ecosystem problems have local roots and
local or regional consequences. But the causes of problems
such as acid rain, ozone depletion, invasive species, and
global warming can originate in a neighboring country—or
even half a world away—and affect us all.
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Conservation efforts, plus persistence and hard work,
have enabled the people of Machakos, the Akamba, to survive
in the face of drought, poverty, and land degradation. In the
1930s, severe soil erosion plagued 75 percent of the inhabited
area and the Akamba were described as “rapidly drifting to a
state of hopeless and miserable poverty and their land to a
parching desert of rocks, stones, and sand” (Tiffen et al.
1994:3, 101). Today, once-eroding hillsides are productive,
intensively farmed terraces. The area cultivated increased
from 15 percent of the district in the 1930s to between 50 and
80 percent in 1978, and the land supports a population that
has grown almost fivefold, from about 240,000 in the 1930s to
about 1.4 million in 1989 (Tiffen et al. 1994:5; Mortimore and
Tiffen 1994:11). This environmental transformation has been
called “the Machakos Miracle” (Mortimore and Tiffen
1994:14, citing Huxley 1960).

But the benefits of the “miracle” have not reached every-
one. Those with the least fertile land often lack the financial

In Machakos, necessity is the mother of conservation. Because water is scarce and
rainfall unpredictable in this mostly semiarid district southeast of Nairobi, farmers
have learned to husband water. They collect water from their roofs, they channel
road runoff onto their terraces, they scoop water out of seasonal streams or peren-

nial rivers, and they dig ponds to collect rain. To minimize soil erosion, farmers have
adopted a system of conduits, tree planting, and terraces found nowhere else in Kenya.
“These [measures] are the lifeline of the people here in Machakos,” said Paul Kimeu, soil
and water conservation officer for the Machakos District. 

A G R O E C O S Y S T E M S
REGAINING THE HIGH GROUND: REVIVING THE HILLSIDES
OF MACHAKOS
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UGANDA
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(continues on p. 152)
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Through innovation, cultural tradition, access to new markets, and hard work, farmers in Kenya’s Machakos District have turned
once-eroding hillsides into productive, intensively farmed terraces. However, economic stagnation, population growth, increasing
land scarcity, and a widening income gap raise the question: Is Machakos’ agricultural transformation sustainable?

Box 3.1   O ve r v i e w : M a c h a k o s

E c o s y s t e m  I s s u e s

Since the 1930s, the Akamba people of Machakos have terraced perhaps 60–70 percent of arable fields to
protect them from erosion. Land conditions and agricultural output have also benefited from penned live-
stock, tree planting, composting, and other measures. Yet with decreasing arable land per capita and
sluggish economic development, poverty remains a problem for some, particularly during droughts.
Poverty, in turn, decreases farmers’ ability to invest in sustainable technologies and management. 

Most streams in Machakos are seasonal, rainfall is variable, and groundwater limited. Water projects
and conservation activities have expanded irrigation, reduced the risk of crop failure, cultivated
higher-value crops, and freed labor from fetching water. But about half the population still lacks
potable water and water availability constrains industrial and urban growth.

Contrary to expectations, aerial photos suggest that the District has become more, not less, wooded
since the 1930s. Small-scale tree planting efforts have been beneficial; farmers plant trees to stabi-
lize soils and supply fruits and timber. Akamba also minimize deforestation by using dead wood, farm
trash, and hedge clippings for firewood.

Agriculture

Freshwater

Forests

Some of the most severe agroecosystem degradation in Machakos emerged in the decades when the
colonial government divested the Akamba of their land rights and restricted market access. By con-
trast, greater Akamba control over farm techniques, lands, and livelihoods have coincided with self-
led, often independently funded innovations in conservation. 

Improved access to markets, the growth of urban areas like Nairobi and Mombasa, and the right to
grow lucrative cash crops provided incentive for farmers to implement new technologies and maxi-
mize productivity. But market access remains difficult and economic growth sluggish; decreasing farm
size and labor shortfalls are additional roadblocks to further agricultural intensification.

For decades, government officials and farmers disagreed about farming objectives and methods. In an
atmosphere of inequality and mistrust, officials promoted or regulated technologies that the Akamba
did not accept or perceive as viable. Greater environmental progress has occurred since Akamba
farmers have gained a more equal voice in the decisions about agricultural management and methods.

NGOs, government extension workers, researchers, and self-help groups have vastly improved the
information and resource base available to farmers, but improvements in the information base must
be ongoing. For example, researchers have emphasized the weakness of data with which to analyze
change in extent and condition of Machakos ecosystems, including data on soil health, changes in
land use and vegetation, and production.

Equity and
Tenurial Rights

Economics

Stakeholders

Information and
Monitoring

M a n a g e m e n t  C h a l l e n g e s
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1600s–1700s Akamba first occupy the Machakos uplands.

1889 Europeans arrive.

1895 British Protectorate of East Africa is established.

1897–99 Consecutive drought seasons result in devastating famine; 50–75 percent of Akamba die. 

1906 British colonial government designates the most fertile Machakos lands as “White Highlands” for European settlers; Akamba
are restricted to “Native Reserves.” Only Europeans are allowed to grow high-value export crops like coffee and tea.

1928–29 Drought and famine strike. 

1930s Growth of human and livestock populations without room for expansion cause farmlands on Native Reserves to deterio-
rate. Akamba migrate out of Reserve settlements in search of work or to occupy other lands illegally.

1933–36 Successive droughts occur. Officials acknowledge the “Machakos problem” when 75 percent of inhabited area is
plagued by soil erosion. 

1937–38 Colonial government creates the Soil Conservation Service and attempts to impose conservation measures on
Akamba, including compulsory reductions of cattle. Akamba protest. 

1940–45 Conservation funding and number of available male farm laborers are limited during WWII; famine relief is required.

1946 Government makes significant investments in land development and conservation in Africa—in Machakos in particular.
Emphasis is on compulsory communal work, including government-selected systems of terracing.

1949–50 Consecutive drought seasons ensue.

1950s Growth of urban areas increases demand for agricultural products, making terracing and water conservation profitable
and attractive.

1952 News spreads among Akamba that cultivators who use bench terraces, rather than government-mandated narrow
terraces, are making big profits, sparking voluntary construction of bench terraces. 

1954 Swynnerton Plan to revolutionize agriculture emphasizes production of crops for export. For the first time, Akamba are
granted the right to grow coffee, another incentive to terrace land and a source of cash with which to purchase farm inputs.

1959–63 Akamba turn to political activity in build-up to Kenyan Independence (1963). Conservation efforts slow, as they are
perceived as tainted by colonial authority.

1962 Akamba surge onto former Crown Lands. Population growth rates in some areas reach 10–30 percent per year, as people
seek to escape land shortages in other areas.

c. 1965–70s Recognizing the potential for higher yields, farmers renew soil and water conservation efforts largely without gov-
ernment aid. New roads improve access to Nairobi, and growth of canning plants encourages fruit and vegetable production
and, in turn, terracing.

1974–75 Drought returns.

1975–77 High prices for coffee inspire tripling of production and heavy investment in land conservation.

1978–80s Numerous church-led projects and national and international NGOs provide support for community development,
including famine relief, food production, and water supply and irrigation.

1983–84 Drought strikes—called “dying with cash in hand” because of severe food shortages. After the drought, more terraces
are rapidly constructed. 

1996–98 Droughts followed by El Niño rains ruin subsistence crops and force farmers to sell livestock for food. 

2000 Perhaps as much as 65 percent of farms are terraced, many farmers use additional conservation measures.

T i m e l i n e



resources to tap the water below it. Higher living standards
seem most achievable by those households with access to non-
farm income, but population growth and economic stagna-
tion contribute to a shortage of jobs in towns and cities. For
those farmers without access to nonfarm income, lack of cap-
ital or credit limits their ability to implement innovative agri-
cultural practices.

On the one hand, then, Machakos offers a dramatic exam-
ple of how knowledge, innovation, and respect for the vital
services that soil and water provide have enabled people to
restore and even increase the productivity of severely
degraded lands. On the other hand, Machakos illustrates the
continued vulnerability of both ecosystems and people in the
face of cultural, economic, and environmental change. 

A  Land  o f  H i l l s  and  Dry  P la ins

Machakos lies on a plateau that gradually slopes
southeast from 1,700 to 700 m elevation, bro-
ken by groups of high hills. Rain has always
been precious in Machakos; annual rainfall

ranges from 1,200 mm in the highlands to less than 600 mm
in the lowlands of the southeast and the dry plains of the
extreme northwest (Mortimore and Tiffen 1994:12; Tiffen et
al. 1994:18). Less than half the district has more than a 60 per-
cent chance of getting enough rain to grow maize, the
Akamba’s preferred staple (Mortimore and Tiffen 1994:12,
citing Jaetzold and Schmidt 1983). In most years the high-
lands are the only region that can support reliable agricul-
tural harvests without irrigation. 

The Akamba are believed to have settled the uplands of
Machakos in the 17th and 18th centuries, when most of the
area was an uninhabited thorny woodland. Evergreen forests
crowned the wetter highlands and grasslands carpeted the
drier plains. The Akamba raised cattle, goats, and sheep and
cultivated grains, pulses, and sweet potatoes on wet hills.
Close to water they irrigated small plots of vegetables,
bananas, and sugarcane. They became skillful traders, provid-
ing ivory, honey, beer, ornaments, and weapons to the Kikuyu
and Masai in exchange for food. Their lives changed dramati-
cally in the late 1890s, however, after smallpox, cholera, and
rinderpest decimated both human and animal populations
and drought devastated the land. By 1900, 50–75 percent of
the Akamba had perished in some areas; perhaps only
100,000 people were left in the district (Tiffen et al. 1994:44,
citing Lindblom 1920; Tiffen 1995:4).

At about the same time, the new British colonial govern-
ment gained sufficient power to impose boundaries on the
Akamba and other native people in Kenya. They created sev-
eral “Native Reserves” and claimed some of the best farmland
for themselves in “Scheduled Areas” or “White Highlands.”
Though the Akamba retained most of their traditional lands,

the government’s policy blocked any expansion, with Euro-
pean ranches and farms on two sides and government-con-
trolled “Crown Lands” on the other two. 

Traditionally the Akamba had responded to drought,
decreasing soil fertility, and population growth by moving to
new fields or ranges. Without this mobility, shifting cultiva-
tion gave way to continuous cultivation. Although the popula-
tion of both people and cattle in the Akamba reserve grew, the
colonial government strictly enforced the reserve boundaries
to maintain political control. By 1932, some 240,000 Akamba
lived in Machakos, more than double the population at the
turn of the century (Mortimore and Tiffen 1994:11). Within
the reserves, soils became exhausted and crop yields fell.

For the already stressed ecosystem and its people, the
return of severe drought in 1929 was catastrophic. The
Akamba called the drought “Yua ya nzalukangye” or “looking
everywhere to find food” (Tiffen et al. 1994:5). Then, from
1933 to 1936, droughts occurred during six of the eight semi-
annual growing seasons—the long rains from March to May,
and the short rains from October to December. Locusts
invaded the withering maize crops, and voracious quella birds
ate the remains. Cattle denuded the parched brown hillsides,
then began to starve, soon followed by the Akamba them-
selves. When the rains did come, the region’s highly erodible
red soil bled from the steep hillsides in torrents. Historical
photographs reveal a landscape of treeless hillsides, deep gul-
lies, denuded slopes, and fields stripped of topsoil.

Chang ing  A t t i tudes :  F rom
Compu lsory  Conservat i on  to
Akamba  Innovat i on

In reports written from 1929 to 1939, colonial agricul-
tural officers argued that rapid population growth, sur-
plus livestock, deforestation, and unscientific farming
methods were leading to massive degradation of the

region’s natural resources. The Akamba recognized the wors-
ening environmental crisis, too. “[T]his place was becoming
a desert,” reflected Joel Thiaka, a farmer from Muisuni, in
1938 (Tiffen et al. 1994:44).

Several factors prompted the colonial government to
invest in land development: a global antierosion movement,
catalyzed in part by the Dust Bowl in the United States; the
increasing African populations; and the expense of providing
emergency food aid to ward off massive starvation during
times of drought (Tiffen et al. 1994:179). In 1937 the colonial
government created a Soil Conservation Service led by Colin
Maher. The Service’s first efforts included the confiscation
and slaughter of “excess” Akamba cattle. After Akamba pro-
testors rallied in Nairobi, those initiatives were abandoned
(Tiffen et al. 1994:181–182). 

Maher next launched “compulsory conservation projects.”
These required Akamba to plant grass and build terraces—
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structures used for centuries in Asia and Africa to cultivate
steep hillsides. When these activities progressed too slowly,
Maher mandated the building of conservation structures with
government tractors and paid-labor gangs. The Akamba again
protested, fearful of another government land grab; according
to Akamba tradition, anyone clearing or cultivating land had
permanent use-rights to the property. Some Akamba even
threw themselves in front of the tractors. The Akamba finally
agreed to send one family member two mornings a week to
work on forced-labor gangs building terraces and water conser-
vation projects and planting fodder crops. 

The terraces that Maher required Africans to construct
during this period were narrow-based terraces, also known as
contour ditches. Building these small structures required
workers to dig a shallow trench and throw the soil downhill to
create a small berm to capture runoff. Though easy and rela-
tively fast to construct, narrow terraces were also quick to
wash away and required significant maintenance. They soon
lost favor with Akamba farmers, but not with Maher. 

Although soil conservation efforts languished during World
War II (1940—45), they were renewed with vigor by an expanded
Department of Agriculture after the war, as wide-scale erosion
and famine returned to Machakos. There was much African
opposition to many of these “betterment” projects. Yet several
Akamba innovations emerged in the ensuing decades from
these controversial programs, innovations which laid the foun-
dation for the “Machakos miracle,” though few recognized
them at the time. One was workers’ experimentation with the
construction of a bench terrace called a fanya juu. 

Fanya juu terraces are constructed by digging a trench
along the contour of a slope and throwing the excavated soil
uphill to form a gently sloping field with an earth embank-
ment that collects rainfall and slows runoff. Though they
require considerable labor to construct, such bench terraces
soon become stable and require only periodic maintenance
of the berm. Maher, however, thought they were too labor-
intensive for the Akamba, and thus had mandated narrow
terraces. 

Maize, beans, and mango and banana trees are part of this well-designed hillside terrace.



But the Akamba have a saying: “Use your eye, the ear is
deceptive” (Tiffen et al. 1994:152). Many of the Akamba men
fought as part of British forces overseas, where they saw other
agricultural practices at work. In 1949, one veteran built a
bench terrace patterned after one he had seen in India. He
harvested a good crop of onions that he sold for a profit. Other
farmers in the area soon followed his lead. After Maher’s
retirement in 1951, farmers were allowed to choose whether to
have contour ditches or fanya juu in the compulsory better-
ment programs; more and more chose fanya juu.

During the 1950s, more than 40,000 ha was terraced in
Machakos (Mortimore and Tiffen 1994:14, citing Peberdy
1958). One incentive for this large-scale shift to terraces was
the government’s decision in 1954 to allow Akamba farmers
to grow coffee for the first time—a decision based on the Swyn-
nerton Plan’s emphasis on producing lucrative cash crops for
export. The Akamba were eager to reap the economic benefits
of growing coffee, but coffee can only be planted on steep
slopes if they are terraced, to ensure that the nutrients and
moisture essential to coffee’s growth are retained. Other
farmers used terraces to grow tomatoes and other vegetables
for the expanding town of Nairobi. 

Another breakthrough that would promote self-led
Akamba innovation and conservation occurred in 1956. The
new and mainly African-staffed community development ser-
vice under a government-appointed chief replaced the hated
compulsory work gang with the mwethya, or traditional work
party, whose members chose each other and their own lead-
ers. Normally Akamba families called a mwethya for a special
project, such as building a hut; neighbors would help in
exchange for food. With technical support from the govern-
ment, fanya juu mwethyas were soon busy all over the district
building terraces and undertaking other projects.

Since many Akamba men worked outside the district, most
of the laborers who worked on the conservation projects and
in the first mwethya were women. This was the first time in
Akamba history that women were elected to leadership posi-
tions, providing them with increased status and political
power and reinforcing the value of education for daughters.
The traditional work group evolved, too, into self-help groups
that today pool money as well as labor and are connected with
organizations that provide community development, agricul-
tural extension, and literacy services.

Kenya’s independence from colonial rule in 1963 spurred
a surge of Akamba families onto former Crown Lands. The
new government ended all funding for soil conservation, and
for a few years terracing fell out of favor with the Akamba, who
saw conservation efforts as tainted by the colonial regime. But
soon farmers who had seen the benefits of the fanyu juu—for
yields of staple crops like grains and beans, cash-crop produc-
tion, and survival during drought—began to build them again,
on their own, either through mwethyas or hired labor. In fact,
more terraces were built from 1961 to 1978 than were built
during the 1950s, and without any government aid (Tiffen

Results from a 1998–99 survey involving several hundred farm-
ers and 484 plots of land suggest that the efforts put into con-
serving soil and water in Machakos have been well rewarded.
The survey shows that terracing is by far the most popular
conservation measure. Farmers who use terracing often use
multiple conservation measures—adopting them as a pack-
age (Zaal 1999). Other research suggests that there was a
substantial increase in productivity per hectare in the
Machakos District between the 1930s and 1990s (Tiffen et al.
1994:95–96).

Box 3.2   M a c h a k o s  A g r i c u l tu re
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About half the terraced plots also
incorporated another conserva-
tion measure.

Percent of Fields Given Over to…

Terracing 65.7

Grass strips 14.0

Grass terrace border 10.7

Trash lines 8.5

Agroforestry 2.3

Cover crops 1.0

Open ridges 0.6

Stone terrace 0.4

Cut-off drain 0.2

Source: Zaal 1999.

Benefits of Terracing

The survey showed that farmers
who use terraces reap numerous
benefits.

Percent of Farmers Experiencing…

Higher land value 97

Higher yield levels 94

Greater stability of yield 94

Less erosion 76

Less use of fertilizer 75

Less labor to plant 53

Less labor to weed 43

Source: Zaal 1999.
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Crop and Livestock Production in Machakos

Source: Tiffen et al. 1994:95.



and Mortimore 1992:363). The period from 1960 to 1980 was
also characterized by a phase of steep growth in land produc-
tivity in Machakos (Tiffen and Mortimore 1992:365).
Another 8,500 km of terraces were built annually between
1981 and 1985, half of them by farmers with no outside assis-
tance. By the mid-1980s, aerial surveys showed that 54 per-
cent of Machakos’ arable land was protected from erosion,
with more than 80 percent protected in hilly areas (Tiffen et
al. 1994:198). A 1998–99 survey of 484 fields in Machakos sug-
gests that about 60 percent are terraced; many farmers also
use additional conservation measures (Zaal 1999:5).

Overall, some 76 production technologies were introduced
or expanded in the district between 1930 and 1990, including
introduction of 35 crops varieties, 5 tillage practices, and 6
methods for managing soil fertility (Mortimore and Tiffen
1994:16). Many of these conservation and land development
mechanisms were Akamba innovations. 

The expansion of market opportunities clearly affected the
popularity of conservation measures. The coffee boom in the
1970s, for example, increased demand for labor on the farms
and in coffee processing factories and transport to markets.
Coffee prices fell in the late 1980s, but large international hor-
ticultural firms in Nairobi began to encourage Machakos
farmers to produce crops like French beans as export crops.
Citrus, pawpaws, and mangoes have proved similarly success-
ful with the rise of Kenya’s canning industry and the growth
of towns and tourist trade. According to a 1981–82 survey, 41
percent of rural income came from nonfarm businesses and
wages (Mortimore and Tiffen 1994:16). For decades such
income, usually earned by Akamba men with jobs outside the
district, has been invested in farm improvements such as
building terraces or water storage tanks and planting trees
and hedges. 

Farmers also began to invest in planting and protecting
trees. Photographs comparing landscapes in 1937 and 1990
show a substantial increase in the density and average size of
farm trees (Tiffen et al. 1994:218). Because farmers, particu-
larly women, spent increasing time foraging for firewood after
hillslopes were cleared, they developed the practice of planting
woodlots to facilitate gathering. Often farmers planted trees at
the bottom of their plot so as to minimize water uptake from
their own crops and maximize that from their neighbors’; that
location offered the added advantage of helping to keep hill-
side soil in place. Women farmers have favored fruit tree plant-
ings because they offer household food supplies and an inde-
pendent source of cash (Tiffen et al. 1994:221).

Adaptive changes in livestock management and the adop-
tion of ox-drawn plows for weeding and cultivation have con-
tributed to Akamba farmers’ success. Since no communal
grazing lands remain, animals are now fed on the farm. More
than 60 percent of the district’s livestock are stall-fed or teth-
ered for all or part of the year, requiring fodder feeding, but
also supplying manure for fields (Mortimore and Tiffen
1994:19, citing African Development and Economic Consul-

tants 1986). Added advantages of “zero-grazing” systems are
increased milk yield, reduced destruction of vegetation
through overgrazing, decreased disease incidence, and labor
savings. A transition to foddering cattle also brought the care
of cattle into the female domain, further empowering women.
Many women now derive useful income for themselves and
the farm through milking, for example. Cutting of fodder by
women, usually from napier grass on terrace edges, encour-
ages their involvement in terracing.

Machakos’ agricultural success didn’t come without envi-
ronmental costs. As the cultivated land in the district grew
from 15 to nearly 80 percent, native plant and animal popula-
tions decreased dramatically, including some of Kenya’s
rarest species, such as the rhinoceros. Poaching and
encroachment in Tsavo National Park and other protected
areas remains a problem (Kenya Web 1999). 
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Small-scale, traditional irrigation in Machakos is based on seasonal

streams.
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At a 1999 conservation workshop sponsored by the
World Resources Institute in Machakos, farmers
unanimously agreed that lack of water was their most

pressing concern, followed by farm size and land scarcity. As
the population has increased, farms have been divided among
heirs until the average farm size is little more than 1 ha. The
high-potential lands have all been taken, so people are farming
more marginal lands, either in the plains or on steep mountain-
sides where the government prohibits agricultural activities. 

Lack of capital to invest in farm improvements and tech-
nologies and the lack of a ready labor pool were also at the
top of this group’s list of constraints to conservation.
Because more children are in school and older children are
migrating to cities to find work, women now provide most of
the farm labor in Machakos—while still carrying out tradi-
tional responsibilities like raising children, keeping house,
and fetching fuel and water. 

Soil erosion didn’t make their list of challenges. In fact,
the largest contributor to soil erosion in the district today
isn’t farms but rather poorly constructed or unrepaired roads
and sand mining from river beds by the concrete industry,
which has flourished in conjunction with a building boom in
Nairobi. Many roads are etched with deep gullies along steep
roadsides, made worse by the El Niño rains, but repair
requires public or community resources on a scale that the
citizens of Machakos simply don’t have. Poor roads also
increase the cost of imported foods and the cost of trans-
portation to get Machakos-produced goods to retail markets
in places like Nairobi and Mombasa. Road conditions during
the rainy season make it difficult for farmers to get their pro-
duce to markets before it spoils. Because the district is not
completely supplied with electricity, food processing or
refrigeration is not always feasible.

Box 3.3   R a n k i n g  t h e  C h a l l e n g e s  i n  M a c h a k o s

A road that connects Machakos Town to district hillsides. On the left is a roadside drain. Maize and bean crops and mango, banana, and eucalyp-

tus trees are visible in the background.
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Machakos  Today

“In Machakos today people
are building soil conserva-
tion structures without
being forced,” says

George Mbate, an economist with
USAID (interview 19 February
1999). “They’ve come to relate pro-
duction of crops with proper soil
management.”

The effect of drought is not as
damaging today, thanks to invest-
ments in terraces; retention ditches,
which encourage water seepage to
the cropped area; and cut-off drains,
which collect water and discharge it
safely without causing erosion on the farm. The manure that
farmers apply to fruit trees not only fertilizes the soil but
improves water infiltration, lessening water runoff. Short-
season maize varieties and early planting to allow enough
time to prepare the land for the “long-rains” crops are also
beneficial. These techniques, along with diversification of
income from urban jobs, have made it possible to reduce food
imports and famine relief, even during droughts (Tiffen and
Mortimore 1992:373).

But even terraced crops are vulnerable, and the problems of
Machakos are far from solved. Droughts in 1996 and 1997, fol-
lowed by El Ninõ rains in 1998, ruined subsistence crops and
forced some farmers to sell livestock to buy food. In the semiarid
areas good harvests were achieved, but the heavy rains hit the
hilly areas of Mwala division particularly hard, rotting crops,
leeching nutrients from the soil, and destroying terraces,
houses, and latrines. 

“Most times, it’s a food-deficient area,” admits A.M.
Ndambuki, agricultural officer for the district (interview 1
March 1999). “In a good year, there’s enough food for that
season. This year [1998] with the drought, we didn’t harvest
anything. Now almost all the food we’re eating comes from
outside the district.” Importing food rather than producing it
wouldn’t be a problem if there were sufficient opportunity to
earn money, but in Machakos, there is not. Many of the poor-
est farmers must search for alternative, often low-wage rural
jobs in order to feed their families.

The farmers who fare the best are those like Samuel Milo, who
grows tomatoes, maize, beans, and sugarcane on the sloping
land of his 16-ha farm. He maximizes his terraces by planting
napier grass for fodder on the terrace embankments, and a row of
banana trees in the gullies to protect against erosion and to sup-
ply fruits. He plants trees as windbreaks between crops, too, and
has a woodlot from which he sells timber and gets his firewood.
His 4,200 coffee plants produce high-quality beans that he sorts,
processes, and sells. By keeping his five cows penned and fed on
napier grass harvested from the terrace, instead of allowing them
to graze, he saves land space and has fertilizer for the soil.

But Mr. Milo is not just enterprising and conservation-
minded, he is also fortunate. His farm is unusually large and a
stream runs through his property. He has built an irrigation
channel above the stream. Thanks to income-generating
crops, he has been able to run a pipe from another stream into
a large underground storage tank built on his property, ensur-
ing a steady water supply.

Other farmers are not so lucky. For many, adaptations and
conservation techniques like Mr. Milo’s are too expensive or
labor intensive. For the farmer with limited resources to hire
help, for example, terracing can take years. In one Machakos
village, researchers found that only 57 percent of farmers
could afford the capital needed to produce cash crops for the
market or to purchase farm inputs like fertilizer. Those were
usually farmers with family members who earned money from
off-farm jobs in urban areas (Murton 1999:40).

An example of poorly maintained  terraces

near Machakos. Theses show only mini-

mal management to reduce erosion of the

unprotected terrace berms. Further up the

slope this farmer has planted maize,

beans, cassava, mango, and banana trees.
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Another economic change that may undermine poor farm-
ers’ ability to apply best farm practices is a polarization of
wealth and land. In 1965, the poorest 20 percent of the house-
holds in Mbooni owned 8 percent of the land; in 1996, they
owned 3 percent. By contrast, the richest 20 percent owned 40
percent of the land in 1965 and 55 percent in 1996 (Murton
1999:41). This creates a group of viably large farms, but leaves
very small farms struggling in poverty. Land concentration
occurred as wealthier farmers, often those with a nonfarm
income source, bought out farmers who sold their medium-
sized or small farms. Some of the farmers who sold their farms
migrated onto the former Crown Lands—the more fragile lands
and drier frontier areas. There more acreage was available, but
more inputs were needed to produce the same income.

Why do people bear the hardship of pioneering a new farm
in difficult conditions or hang on to a tiny plot in the uplands?
Because for the Akamba, owning land “is part of your iden-
tity, your value, your culture,” according to Dr. Samuel
Mutiso (interviewed 25 February 1999), a Kamba who heads
the geography department at the University of Nairobi and is
Kenya’s representative to the UN Convention on Desertifica-
tion. “We are torn between two worlds,” he said.

Can  the  “M irac l e ”  Cont inue?

“The changes in Machakos didn’t come over-
night,” says Mutiso. Spurred by necessity and
eventually freed from the constraints of dicta-
torial government land policies, the Akamba

successfully intensified land use by selecting and adapting
new technologies from a variety of places. They switched to
more profitable crops, better staples, manure fertilizers, and
systems of multiple cropping, reduced grazing, and tree culti-
vation. Community-level planning and leadership, such as
the mwethya groups, and community preferences in technol-
ogy and crops far more effectively increased fertility and
decreased erosion than imposed conservation programs.
When farmers have economic incentives to conserve soil—
higher yields, the opportunity to grow more profitable crops,
and access to markets—they are willing to invest more capital
and labor in bench terraces. In a sample of five areas, the pro-
portion of total area treated with soil conservation measures
rose from about 52 percent in 1948 to 96 percent in the older
settled areas in 1978. The areas also reflected substantial
gains from soil erosion reduction and from rainfall infiltra-
tion and soil moisture retention (Tiffen and Mortimore
1992:368).

Migration to urban areas provided a flow of remittances
that augmented capital for agricultural development. Income
and experience from nonfarm jobs were combined with gov-
ernment extension efforts to dramatically facilitate the trans-
fer of knowledge, technology, and capital to the farms.

Another important change was a shift from central gov-
ernment decision making about ecosystem issues to greater
district-level participation, including direct engagement of
local leaders in seminars. This approach afforded an opportu-
nity to work with, rather than against, the Akamba’s intimate
knowledge of the land’s problems and their culturally pre-
ferred agricultural methods. It also capitalized on their abid-
ing attachment to the land. “It is not just economic,” says
Maria Mullei (interview 17 March 1999), an agricultural offi-
cer with USAID who also farms in Makueni, “you love the
land so you protect it.” In fact, much of the incentive and cap-
ital for the retreat from expected ecological disaster came
from the people of Machakos themselves. 

Decreasing farm size, growing land scarcity in the face of
population growth, and loss of communal grazing lands also
have pressured the Akamba to use their land and water as effi-
ciently as possible. Yet no one has suggested that population
growth might encourage further conservation, land intensifi-
cation, and productivity. Today, population growth rates in
Machakos are about 3 percent per year (Mortimore and Tiffen
1994:13). With increasing population density and high costs
of raising children, however, birth rates are starting to fall.

Less encouraging are signs that without capital some ero-
sion protection and water conservation technologies cannot
be adopted even if they would improve the land. For example,
more farmers would like to put in water storage tanks but face
the problem of limited financial resources. On some upland
farms there are too few bulls to haul plows, and terraces are
too small to allow plows to turn easily.

Cyclical poverty may emerge, as Murton (1999) found in
Mbooni, which was part of Machakos district prior to 1992.
Those with an off-farm job, more fertile soils, or a water
source fare better. Those that fare better and increase produc-
tivity are most able to switch to higher value crops, like citrus
fruits and French beans, and tap commercial markets. But
others abandon farming or migrate to marginal lands.
Although all children complete primary school, the poorest
families may not be able to afford to send their children to sec-
ondary school, which may deny them the opportunity to
secure the off-farm jobs that lead to personal income.

The future of agricultural innovation and land productivity
in Machakos also depends in no small part on the larger econ-
omy in which the district operates. The technologies to protect
the land are in place, but the present greenness of the fields does
not guarantee anyone a living. Economic and environmental
sustainability also are determined by food prices, the availability
of urban jobs, and external resources for improvement of roads
or electrification to help farmers tap commercial markets. 

Tempered by such challenges, Machakos remains an
encouraging story, a place where the expected progression
toward further environmental degradation has not occurred,
a place where farms flourish in place of deserts. Whether such
rewards and growth are sustainable will be determined in the
decades to come.
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CUBA’S AGRICULTURAL REVOLUTION:
A RETURN TO OXEN AND ORGANICS

The fall of the Berlin Wall in 1989 and the subsequent
demise of communism in the Soviet Union
occurred half a world away from Cuba. But the
repercussions of that revolution directly affected

Cuban soils: it transformed Cuba’s agricultural lands by forc-
ing a radical shift to organic inputs and farming methods on a
scale unprecedented worldwide.

Cuban  Agroecosystem
Management  f rom 1959  to  1989

From 1959 through the 1980s, being part of the social-
ist trade bloc significantly influenced Cuba’s eco-
nomic development and ecosystem management.
Though a highly industrialized country that pro-

duced pharmaceuticals and computers as well as crops, sugar
was the staple of the Cuban economy. By 1989 state-owned
sugar plantations covered
three times more farmland
than did food crops (Rosset
1996:64). Sugar and its deriva-
tives constituted 75 percent of
the total value of Cuba’s
exports, purchased almost
entirely by the Soviet Union,
Central and Eastern Europe,
and China (Rosset and Ben-
jamin 1993:12). High crop
yields were attained through
agricultural methods that were
more mechanized than in any
other Latin American nation,
in addition to extensive use of
pesticides, fertilizers, and
large-scale irrigation. 

In return for its exports of
sugar, tobacco, citrus, miner-
als, and other items, Cuba
imported about 60 percent of its food as well as crude oil and
other refined products, all from the socialist bloc at favorable
terms of trade. Forty-eight percent of the fertilizer, 82 percent of
the pesticides, and much of the fuel used to produce the sugar
crops were imported as well, along with 36 percent of the animal
feed for Cuban livestock (Rosset and Benjamin 1993:10, 15).

This trade regimen—though highly import-dependent—
enabled Cuba’s 11 million people to achieve economic equity,
rapid industrialization, and advancements in quality of life.
In the 1980s, Cuba exceeded most Latin American countries

in nutrition, life expectancy, education, and GNP per capita.
Sixty-nine percent of the population was urban, with virtually
no unemployment (Rosset and Benjamin 1993:12). Ninety-
five percent of Cubans had access to safe water and 96 percent
of adults were literate (FAO 1999:20). 

The  Advent  o f  A l t ernat i ve
Agr i cu l ture

The crumbling of the socialist trade bloc in 1989–91
brought upheaval to the Cuban economy and its con-
ventional model of agricultural production. Cuba
lost 85 percent of its trade (Murphy 1999). The

United States tightened its already stringent economic block-
ade against Cuba, compounding the country’s difficulties. 

Cuba’s access to basic food supplies was severely threat-
ened. As food imports were halved, caloric intake dropped 22

percent, protein 36 percent,
and dietary fats 65 percent
(Bourque 1999). According to
the FAO, Cuba endured the
largest increase in under-
nourished people in Latin
America in the 1990s—a jump
from less than 5 percent to
almost 20 percent (FAO
1999:8). Imports of pesti-
cides, fertilizers, and feeds
were reduced by 80 percent
and petroleum supplies for
agriculture were halved (Ros-
set 1996:64). 

To avert widespread
famine, Cuba had to find a way
to produce twice the amount
of food with just half of its pre-
vious agricultural inputs. The
result is that Cuba is now in

the midst of the largest conversion from conventional high-
input chemical agriculture to organic or semiorganic farming in
human history (Rosset 1996:64). Cuban farmers are attempting
to produce most of their food supply without agrochemicals.

Cuba’s prior investments in science, education, and agri-
cultural research and development proved a great asset during
these dire economic straits. In the 1980s, concerned by Cuba’s
vulnerability as the sugar plantation of the eastern bloc, gov-
ernment leaders had invested $12 billion in training scientists
in biotechnology, health and computer sciences, and robotics
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(Rosset 1996:65). Although
Cuba comprises only 2 per-
cent of Latin America’s pop-
ulation, it is home to 11 per-
cent of the region’s scientists
(Rosset and Benjamin
1993:4). 

Agricultural scientists in-
f luenced by the interna-
tional environmental move-
ment of the 1970s had begun
to criticize Cuba’s depen-
dence on foreign inputs and
the toll that conventional
cultivation techniques were
taking on the island’s agroe-
cosystems. As they noticed
increasing pest resistance
and soil erosion, many
shifted their research in the
1980s to alternative meth-
ods of crop production, par-
ticularly the biological con-
trol of insect pests (Rosset
and Benjamin 1993:21). 

Most important, Fidel
Castro gave his full support
to the “alternative model”

during this “Special Period.” The government emphasized
the importance of using Cuba’s own scientific expertise
instead of imported technology. “Cuban scientists will create
resources that will one day be more valuable than sugarcane”
Castro said in 1991. “Our problems must be resolved without
feedstocks, fertilizers, or fuel” (Rosset and Benjamin
1993:24).

That was easier said than done. Cuban scientists had
developed several alternative agricultural techniques during
the 1980s but they were largely untried. Plus, the transition
from chemical to organic agriculture takes time—roughly 3–5
years to regain soil fertility and re-establish natural controls

of insect pests and diseases (Rosset and Benjamin 1993:25).
Cuba did not have the luxury of 3–5 years. 

The first challenge was soil fertility. Fertilizer availability
dropped 80 percent after 1989. To fill the void, Cuban farm-
ers have employed a variety of “biofertilizers” and soil
amendments, including composted animal wastes, cover
crops, peat, quarried minerals, earthworm humus, and
nitrogen-fixing bacteria. Though the Rhizobium bacterium
has long been known to help legume crops obtain nitrogen
from the atmosphere, Cuban scientists also have used Azoto-

bacter, a free-living nitrogen-fixing bacterium, to supply
nitrogen to many nonlegume crops. Azotobacter offers added
advantages of shorter crop production cycles and reduces
blossom drop, helping Cubans achieve a reported 30–40 per-
cent increase in yields for maize, cassava, rice, and other veg-
etables (Rosset and Benjamin 1993:43). Similarly, the substi-
tution of worm humus for chemical fertilizers increased
yields of various crops by 12–46 percent (Monzote n.d.:9). 

Intercropping, once rare in commercial scale farming, is
being revived to diversify crop production and boost soil fer-
tility. Another key component of Cuba’s soil management
efforts is reforestation; many forests were razed after the
1959 revolution to plant sugarcane and provide fuel for sugar
manufacturing. In 1989–90, more than 200,000 ha were
reforested (Rosset and Benjamin 1993:50).

The country is recycling its waste products on a massive
scale, including household garbage and composted livestock
and human waste. Wastewater is used to irrigate cane fields.
Filter press cake, a by-product high in phosphorous, potas-
sium, and calcium, serves as fertilizer. Bagasse, or dry pulp,
is fed to livestock and burned to generate electricity for
machinery in many sugar mills.

Cuba has a history of using biological controls for insect
pests that dates back to 1928, when growers began releasing
mass-reared parasitic flies (Lixophaga diatraeae) into sugar-
cane fields to control cane borers. Since the food crises, how-
ever, use of biological controls has intensified. Growers have
been releasing predatory ants (Pheidole megacephala) to
control the sweet potato weevil (Cylas formicarious), a
method that has proven 99 percent effective (Rosset
1996:66).

Cuban researchers have focused also on the use of ento-
mopathogens—bacteria, fungi, and viruses that infect insect
pests but are nontoxic to humans. Bacillus thuringiensis,
Cuba’s first commercially produced biopesticide, is a soil
bacterium widely used to control lepidopteran pests in pas-
ture, cabbage, tobacco, corn, cassava, squash, and tomatoes,
as well as mosquito larvae that transmit human diseases. The
fungus Beauveria bassiana has also been used successfully
against sweet potato and plantain weevils (Rosset 1996:67).
In contrast, prior to 1989 the most common pesticide used in
Cuba was methyl parathion, one of the most acutely toxic
pesticides in the world (Gellerman 1996). By the end of 1991,
an estimated 56 percent of Cuban cropland was treated with

Cuba’s Dependence on
Imported Food, pre-1990

Imported foods accounted for 57
percent of Cubans’ total caloric
intake.

Percentage of Food

Food Imported

Beans 99

Oil and lard 94

Cereals 79

Rice 50

Milk and dairy 38

Animal feed 36

Meat 21

Fruit and vegetables 1–2

Roots and tubers 0

Sugar 0

Source: Rosset and Benjamin

1993:10.

Cuba’s Access to Selected Imports in 1989 and 1992

Percentage
Item 1989 1992 Decrease

Animal feeds 1,600,000 MT 475,000 MT 70

Fertilizer 1,300,000 MT 300,000 MT 77

Petroleum 13,000,000 MT 6,100,000 MT 53

Pesticides US$80,000,000 >US$30,000,000 63

Source: Rosset and Benjamin 1993:17.



such biological controls, representing savings of US$15.6
million per year (Rosset and Benjamin 1993:27).

Overall, nonchemical weed control has been less success-
ful than pest controls in Cuba, as elsewhere. Nevertheless,
researchers continue to develop methods that hold promise—
crop rotations based on mathematical modeling, methods
involving weed densities, and traditional methods used by
peasants before the advent of herbicides.

Perhaps the most striking change in the agricultural land-
scape was the return to the use of oxen in the fields while
Russian tractors, lacking parts and fuel, were idle. Though
more labor-intensive, ox traction actually provides advan-
tages to Cuban farmers. Oxen are cheaper to operate, do not
compact the soils, can be used in the wet season long before
tractors, and their fodder provides much-needed organic fer-
tilizer. New ox-powered plows, planters, and cultivators were
developed, and the government encouraged oxen breeding
programs to expand the herd.

Promot i on  o f  Sma l l  Farms
and  Urban  Gardens

A lternative farming methods alone couldn’t bring
Cuba out of its agricultural slump. Huge Soviet-
style state farms controlled 80 percent of the
nation’s agricultural land. The vast monocultures

of sugarcane, pineapples, citrus and other crops they once
produced with chemical fertilizers and pesticides were inca-
pable of developing the natural pest controls or soil fertility
produced by smaller, more dynamic organic systems. As a
result, the state farms became  extremely vulnerable to pests
and disease (Rosset 1996:65, 69). 

By contrast, campesinos were quick to adapt the new tech-
nologies, and their productivity soared. Many were descen-
dents of generations of small farmers with long family and
community traditions of low-input farming, and they remem-
bered techniques that their parents and grandparents used
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In the 1980s, Cuba used highly mechanized agricultural methods. After the economic crisis, oxen teams were substituted for tractors on both small

and large farms. The number of oxen teams has tripled in the last decade. There is also a growing network of small workshops producing imple-

ments for farming with oxen teams.



such as intercropping and
manuring. Even before the
country-wide emphasis on
organic agriculture in the
1990s, the small farmers
had proven their efficiency:
they worked only about 20
percent of the land but pro-
duced more than 40 percent
of the domestic food supply
(Rosset 1996:65, 68–69).

In 1993 the Cuban gov-
ernment broke up the unpro-
ductive state farms into
Basic Units of Cooperative
Production—worker-owned
cooperatives that con-
trolled about 80 ha each.
Although the government
still owns the land and sets
production quotas for key
crops, coop members own
everything they produce
above the quotas and can
sell it in new farmer’s markets. Sales at markets flourished
and severe food shortages disappeared by mid-1995 (Rosset
1996:69–70). 

Another factor that helped stave off hunger was the pro-
motion of urban agriculture by the Cuban government on
private and state land, which gardeners can use at no cost.
Today, Havana alone has more than 26,000 self-provision
gardens (Moskow 1999:127) that produced an estimated
541,000 tons of fresh organic fruits and vegetables for local
consumption in 1998. Some neighborhoods were producing
30 percent of their food. Price deregulation provided
another incentive, enabling urban farmers to earn two to
three times as much as urban professionals (Murphy 1999).

Wi l l  the  Organ ic
Revo lu t i on  Be  Over thrown?

In the 1996–97 growing season, Cuba recorded its high-
est-ever production levels for 10 of the 13 basic food
items in the Cuban diet, largely because of small farms
and backyard production (Rosset 1998). But FAO data

suggest that total Cuban crop production in 1996–98 was still
40 percent lower than in 1989–91 (World Bank 2000:122),
perhaps in part because sugar crop yields have not yet recov-
ered. Furthermore, pest and disease outbreaks continue.
Many of the biopesticides require critical timing of applica-
tions to work, and the quantity and quality of materials pro-
duced by the cooperatives vary widely. At one point a short-

age of glass jars needed to grow fungal spores held up pro-
duction (Rosset 1996:72). 

Such stumbling blocks have led outside observers to spec-
ulate that the organic revolution in Cuba may dissolve after
the economy improves and trade barriers come down. The
topic is a subject of debate among Cuban agricultural scien-
tists and farm managers, many of whom remain dedicated to
high-input chemical agriculture common in the West
(Mueller 1999). 

Whatever the outcome, Cuba’s ongoing experiment with
alternative agriculture has left a powerful mark. Even
though Havana now enjoys increased food availability, urban
agriculture is stronger than ever (Murphy 1999). In a recent
survey, 93 percent of gardeners interviewed affirmed their
commitment to producing food in urban areas and once
vacant lots even after the “Special Period” ends (Moskow
1999:133). Cuban scientists are already exporting their
expertise, working with Mexico, Bolivia, Brazil, Laos, and
other countries to develop and export biological controls for
the coffee weevil and other pests (Bourque 1999). Moreover,
Cuba has succeeded in feeding its people without the high
inputs of conventional agriculture, providing a model that
other countries can follow.
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Intensive, raised-bed agriculture is the model for urban agriculture in

Cuba. These farms, called organoponicos, are approximately 1 ha and

produce, on average, 20 kg of vegetables per square meter (Bourque

1999). Farmers rely on large applications of organic fertilizers from

local sources and only use biologically based pest controls when

absolutely necessary.
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Look down on South Florida from a high enough altitude and the problem is obvi-
ous. Lake Okeechobee, the liquid heart of the giant watershed that covers the
lower third of Florida, stands penned behind floodproof dikes. Massive changes
in the landscape have clearly altered the flow of water through the area. Below

Lake Okeechobee, the original shape of the Everglades is barely recognizable arcing south
for 160 km from the Lake to the mangrove shallows of Florida Bay. 

REPLUMBING THE EVERGLADES: LARGE-SCALE

WETLANDS RESTORATION IN SOUTH FLORIDA

C O A S T A L  E C O S Y S T E M S

Water dominates the South Florida ecosystem like few
other places in North America. This was once an unbroken
marshland of sawgrass and small tree islands, fed by a shallow
sheet of water flowing south from Lake Okeechobee. Now the
marsh is a series of disconnected tracts separated by dikes,
drained by a web of major and minor canals. Croplands—
mostly sugarcane—have displaced the entire northern third of
the Everglades; only the southern end remains in a relatively
natural state as Everglades National Park and Big Cypress
National Preserve.

The benefits of these changes—and the beneficiaries—are
as clear as the changes themselves. To the east of the Ever-
glades, safe behind a levee, lies the greater Miami area—a sea
of tract houses and high-rise buildings, home to 6 million peo-
ple and a burgeoning center of tourism, trade, international
investment, and retirement living. The levees and canals pro-
tect the populated eastern corridor from floods and effec-
tively turn most of the remaining tracts of Everglades into
reservoirs for water supply. Agriculture, which represents the
other major land use in the area, depends even more on the
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In what may be the world’s most ambitious effort to restore an ecosystem, U.S. government agencies, business interests, and
environmentalists are combining forces—and US$7.8 billion—to reverse a century of draining and diking in the Florida Everglades.
This vast inland marsh houses a rich assemblage of plants and wildlife and is the water source for the Miami area’s 6 million res-
idents and South Florida’s lucrative farming sector.

Box 3.4   O ve r v i e w : F l o r i d a  E ve r g l a d e s

E c o s y s t e m  I s s u e s

The 23,000 km2 Kissimmee-Okeechobee-Everglades watershed was once a single hydrologic system of
rivers, lakes, and wetlands. Flood control and water supply structures have drastically reconfigured
this once free-flowing water, reducing the water volume and disrupting the natural flooding and drying
cycle. Nearly half of the wetlands have been lost; saltwater intrusion and pollution from intensive agri-
culture are additional problems.

Changes in the natural water flow in the Everglades have greatly reduced the quantity of freshwater
reaching the coast at Florida Bay, disrupting estuary salinity levels, and causing seagrass die-offs and
turbidity in the bay. Traditional bird colonies have abandoned nearby mangrove forests and brackish
marshes.

Croplands have displaced about one-third of the Everglades, but have made South Florida counties
important producers of sugarcane, subtropical fruits, and winter vegetables. That output, however, now
is threatened: agricultural acreage in Southern Florida is giving way to urban sprawl and soil
subsidence.

Freshwater

Coastal

Agriculture

Although the restoration bill is daunting, the cost of allowing the Everglades’ decline to continue could
be far greater, particularly for local residents and businesses. For example, further declines in the health
of Florida Bay could bring losses of more than $250 million/year in lost tourist dollars and reduced com-
mercial fish catches. The area’s $2 billion agriculture sector depends even more on the flood control and
reliable water supply that the network of water control structures brings. No one has yet put an eco-
nomic value on the many species whose lives hang in the balance of restoration.

Sustaining the restoration effort will demand ongoing negotiations and commitment among an array of
stakeholders—federal, state, and county governments; agribusinesses; environmental, sport, and recre-
ation groups; and Native American tribes. Because restoration is intimately connected with regional
patterns of land and resource use and economic expansion in Southern Florida, all of the area’s 6 million
residents are also ultimately affected. 

No restoration project of this magnitude has ever been undertaken; its effects on the social and biologi-
cal aspects of the system are not entirely known. The many unknowns make ongoing monitoring of the
ecosystem’s health and productivity particularly essential: to ensure the maximum effectiveness of the
$7.8 billion investment, to provide feedback to stakeholders, to guide changes in the restoration plan,
and to inform similar efforts elsewhere. 

Economics

Stakeholders 

Information and
Monitoring

M a n a g e m e n t  C h a l l e n g e s
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c. 0 AD Native Indian tribes—the Tequesta and the Calusa—migrate into South Florida.

1513 Spanish explorer Ponce de Leon claims Florida for Spain.

1820s Settlers from the United States begin to migrate south into Florida. 

1821 U.S. purchases Florida territory from Spain.

1835–42 and 1855–58 The “Seminole Wars”: Seminoles escape into the Everglades interior to avoid U.S. government troops.

1845 Florida territory is granted statehood in the United States of America.

1848 U.S. government first recommends draining Everglades for agriculture.

1855 Alligators begin to be hunted for their hides; at least 10 million killed from 1870 to 1965.

1881 Hamilton Disston finances first large-scale experiment in draining and farming in the Everglades.

1907 The Everglades Drainage District founded to fund major drainage canals.

1917 Four major canals completed from Lake Okeechobee to the Atlantic Ocean.

1926 and 1928 Hurricanes kill 2,500 people and cause more than $75 million in damages.

1928 Tamiami Trail (first road across the Everglades) is completed.

1947 Record rains flood 90 percent of southeastern Florida for 6 months. Everglades National Park is established.

1948 Central and South Florida (C&SF) Project is authorized.

1954–59 Everglades Agricultural Area created by diking and draining the northern Everglades.

1963–65 C&SF water managers stop water from flowing into Everglades National Park in order to fill new water conservation areas.

1970 Severe drought occurs. 

1973 Construction complete on major elements of the C&SF Project.

1980–81 Severe drought occurs. 

1983 Governor Robert Graham initiates Save Our Everglades program.

1986 Major algal bloom on Lake Okeechobee prompts state action to lower phosphorus pollution entering the lake.

1988 Seagrass die-offs and large algal blooms begin in Florida Bay. Federal government files suit against the South Florida
Water Management District for releasing water polluted with agricultural runoff into the Everglades.

1991 Florida passes the Everglades Protection Act, mandating control of nutrient pollution of the Everglades.

1992 U.S. Army Corps of Engineers begins review of C&SF Project to determine how to reduce ecosystem damage. 

1993 Federal government establishes the South Florida Ecosystem Restoration Task Force.

1994 Florida enacts the Everglades Forever Act to establish a comprehensive program to restore significant portions of the
Everglades. Governor’s Commission for a Sustainable South Florida is established.

1997 Restoration of the channelized Kissimmee River begins. Construction begins on the first of six filtering wetlands to
remove phosphorus from agricultural runoff leaving the Everglades Agricultural Area. 

1998 U.S. Army Corps of Engineers releases $7.8 billion plan to reconfigure the C&SF Project to restore a more natural water
cycle.

T i m e l i n e



flood control and reliable water supply that the network of
water-control structures brings.

But the benefits that have come from bending the natural
water cycle to human need have brought less welcome
changes to the ecosystem. The Everglades and the whole of
the South Florida ecosystem are uniquely dependent on the
area’s distinctive water flow pattern. When people began to
disrupt this pattern, the health of the ecosystem began to
deteriorate—at first slowly, but more rapidly in the last 2
decades. Wading bird populations have plunged, seagrass
beds in Florida Bay have died back, sport and commercial
fishing has suffered, and nonnative plants and fish have
invaded, among other effects. Even the assurance of a plen-
tiful water supply has evaporated as the urban population
grew and the capacity of the Everglades to store water
shrank.

Can the South Florida ecosystem be restored to health?
Local powerbrokers and the public think so, and have already
committed more than $2 billion to the effort over the last
decade. Recently they have embraced a new $7.8 billion Ever-
glades restoration plan proposed by the U.S. Army Corps of
Engineers—the most ambitious and extensive ecosystem
restoration effort in the world. With the goal of duplicating, as
much as possible, the region’s original water patterns, engi-
neers are poised to rip out certain levees, refill some canals,
and re-allocate water throughout the region. There are no
guarantees of success, and even if some recovery occurs, scien-
tists are not sure how much the total health of the ecosystem
will improve over the long term, given that the Miami region is
still developing rapidly. Yet the restoration effort has clearly
generated local enthusiasm, as well as high-level support from
the state and federal governments. How a contentious band of
government agencies, business interests, and environmental
and sporting groups came to agree on such an expensive and
difficult program is a story of how convincing—and threaten-
ing—an ecosystem in distress can be. 

Dra in ing  the  Marsh ,  S topp ing
the  F l ood

Water had long been a barrier to human settle-
ment of the Everglades region. Prior to the
19th century, a few Native Indian villages dot-
ted the coast, but the marshy interior of the

Florida Territory remained largely unpeopled until bands of
Seminole and Miccosukee Indians fled to the Everglades to
escape U.S. government troops in the 1830s.

Early white settlers regarded the Everglades and other sea-
sonally flooded tracts as wasted land, inhospitable to com-
merce, food production, transportation, and personal safety,
and fit only to be drained and “improved.” At first, agricul-
ture was the focus of these schemes. With a tiny population

and no major cities or industrial base, Florida looked to its fer-
tile muck soils for its future.

THE BEGINNING OF FLORIDA’S AGRICULTURE
In 1881, Philadelphia millionaire Hamilton Disston financed
the first real attempts to drain and farm marshlands in South
Florida on a 20,000 ha tract in the upper Kissimmee Basin.
His success with rice and sugarcane crops on reclaimed land
bore out the land’s potential productivity. His canals—the
area’s first—opened a water route from Lake Okeechobee to
the Gulf Coast. By the late 1920s, agriculture was well estab-
lished around Lake Okeechobee and elsewhere in the basin
and the rudiments of a drainage system—five major canals
from Lake Okeechobee to the Atlantic—had been dug (Light
and Dineen 1994:53–55; Light et al. 1995:120–122).

But these early canals and levees were not sufficient to pro-
tect the region from the disastrous floods that periodic hurri-
canes brought. Hurricanes in 1926 and 1928 claimed more
than 2,500 lives and left an estimated $75 million in damages
when flood waters breached the low levee protecting the farm-
ing areas south of Lake Okeechobee. These disasters intensi-
fied efforts to keep the lake safely within its bounds. The levee
was raised and two flood bypass routes, to the east and the
west, were created to help vent flood waters directly to the Gulf
and Atlantic coasts rather than allowing the waters to flow
south along their natural course (Light and Dineen 1994:55).

Unfortunately, when major hurricanes again hit the Ever-
glades in 1947 and 1948, inundating 90 percent of southeast-
ern Florida for 6 months, it was clear that flood protection
was only partial at best. State and local representatives,
backed by their powerful agricultural and urban constituents,
pushed for the federal government to step in and fund a last-
ing solution to the area’s flood problems (Light and Dineen
1994:58; USACE 1998:I–22).

THE CENTRAL AND SOUTH FLORIDA (C&SF) PROJECT
Federal officials responded with a major public works program—
the Central and South Florida (C&SF) Project. It began in 1950
and took more than 20 years to complete. The C&SF Project is a
large interlocked system of drainage canals, levees, pumps,
water control gates, and water storage areas. The levees sepa-
rated the Everglades from the urban eastern corridor to provide
flood protection from Lake Okeechobee waters. As a by-product,
the drainage canals and pumps allowed water tables in the area
east of the levee to fall as much as 1.5 m, permitting suburban
development to flourish (Light and Dineen 1994:58–76). 

The intent of the C&SF Project was not just to tackle the
flood threat, but also to secure an adequate water supply for
both agricultural and urban users. Indeed, too little water was
frequently as great a problem as too much. Drought years were
not uncommon, bringing saltwater intrusion into local well
fields and wildfires to the dry peat soils (USACE 1998:I–7).

To assure an ample water supply, C&SF Project engineers
divided the central Everglades into three enormous tracts con-
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fined within perimeter dikes. These are the Water Conservation
Areas. The Water Conservation Areas act as giant reservoirs to
store water from the Kissimmee basin and Lake Okeechobee and
serve as the principal recharge areas for the aquifer that supplies
water to the urbanized eastern coastal strip. 

A third major element of the C&SF Project was the creation
of a special agricultural zone in the rich soils just south of
Lake Okeechobee. The Everglades Agricultural Area, as it is
called, converted about 20 percent of the original Everglades
to intensive agriculture. Much of the 300,000 ha within the
area is planted in sugarcane, making the sugar industry a sig-
nificant economic force in the area (Light and Dineen
1994:60–66). 

Providing Everglades National Park with sufficient water to
keep it healthy was also on the list of project goals. In reality,
this took a much lower priority than keeping human commu-
nities safe from floods and provided with water and became a
sore point soon after the massive water project came on line.
From the start, Everglades National Park supporters and con-
servationists were leery of the degree to which the C&SF plan
would alter the natural water flow, but the fervor for flood con-
trol swept away their objections (Light et al. 1995:126–131).

Trade-Of fs :  An  Ecosystem in  
Trans i t i on

Overall, the C&SF Project has brought huge social
and economic benefits to the region. Since the
Project began in 1950, urban expansion in the
Miami—Palm Beach corridor has brought new

neighborhoods and livelihoods along with an additional 4.5
million people (USACE 1998:V–12). In the process, it has
fueled the robust expansion of the service industries and
international trade sector that currently account for more
than half of the South Florida economy (GCSSF 1995:
Regional Overview p.2).

Agriculture, which is largely the product of wetlands
drainage and flood control works, contributes at least $2 bil-
lion annually to local coffers—a small but politically signifi-
cant part of the local culture and economy (SFERTF 1998a:9).
South Florida counties lead the nation in production of sug-
arcane, oranges, grapefruit, and snap beans and produce a
variety of other important winter vegetables and tropical
fruits that cannot be grown elsewhere in the United States.
Even the lodging and resort industry, which is vital to the
area’s $14 billion tourist economy (1995), relies on the water
supply that the C&SF Project assures (SFERTF 1998a:9–10). 

But changes in the water cycle and land-use patterns in
South Florida have impaired the natural functioning of the
ecosystem in a number of important ways, degrading the ser-
vices that it has traditionally supplied and threatening to
undermine the region’s economy. 

LOST WATER CAPACITY
The most fundamental physical change in the ecosystem is
that it no longer has the capacity to store and release enough
water to meet all the demands of the region’s wildlife and
human communities, particularly in dry years. Conversion of
large tracts of Everglades and other marshes to farmlands and
suburbs has reduced the sponge-like capacity of the watershed
to retain water in the wet season and release it during the dry
season. By some estimates, nearly half of South Florida’s orig-
inal complement of wetlands has been lost, with a concomi-
tant loss of storage capacity (SFERTF 1998a:3).

LOST SOIL  CAPACITY
Draining and lowering the water tables over much of the water-
shed has caused widespread land subsidence and serious soil
loss in many areas, threatening the future of the region’s agri-
culture. In some parts of the Everglades Agricultural Area,
topsoil loss from drying and oxidation of the peat soils exceeds
2 m—a loss of nearly half the original depth (Davis 1998). Top-
soil loss has already brought a few fields perilously close to
retirement and has convinced some observers that the area’s
future for agriculture is limited to only a few more decades
(Snyder and Davidson 1994:107–108; Davis 1998).

LOST WATER QUALITY
Runoff from farm fields and urban areas has contaminated
the water cycle with pollutants, lowering water quality
throughout the region. Phosphorus contamination is the
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The South Florida ecosystem occupies a single large
watershed—the Kissimmee-Okeechobee-Everglades
watershed—that covers roughly the lower third of the

state and its coastal waters, an area approximately 23,000 km2

(McPherson and Halley 1996:16). Within this enormous region
are several distinct environments, including freshwater
marshes, wet prairies, cypress swamps, and pine forests in
the interior; coastal prairies, beaches, and mangrove forests
fringing the coasts; and coral reefs and seagrass beds in the
warm waters of Florida and Biscayne Bays and the Straits of
Florida.

Water flow across the region
and into the coastal waters is the
dynamic thread that weaves
these communities into a single
larger system—an intercon-
nected tapestry of wetlands,
uplands, and coastal and marine
areas (USACE 1998:II–2).

At the center of the ecosys-
tem are the Everglades, which
originally stretched in a 11,650
km2 swath from Lake Okee-
chobee to Florida Bay (McPher-
son and Halley 1996:16). Today,
the Everglades have been nearly
halved in extent, with Everglades
National Park in the south pre-
serving only a fifth of the native
marshlands (USACE 1998:5–4). 

The dynamics of the South
Florida ecosystem were—and
still are—driven by a seasonal
cycle of flooding and drying.
Most of the region’s 100–165 cm
of annual rainfall occurs from
May through October and, under
the natural regime, much of the
land was flooded during this
rainy season and gradually dried
out during the late fall and winter
(McPherson and Halley 1996:8).
Natural water flow through the
system is generally from north to
south, but is very slow because
of the flatness of the terrain.
Water originating in the Kissim-
mee Basin in the north, where
elevations are slightly higher,
gradually flowed south through
wetlands bordering the Kissim-

mee River and into Lake Okeechobee, which acted as a giant
reservoir. Under high-water conditions during the wet season,
the lake overflowed its southern banks, spilling water into the
Everglades in a broad sheet just inches deep over much of the
marsh. This sheet flow makes of the central Everglades a
shallow, vegetation-covered river—a “river of grass,” as the
Everglades is frequently called. Because the slope is so gen-
tle, with elevations falling just 6 m between Lake Okeechobee
and Florida Bay, it takes the water flowing through the Ever-
glades an average of 12 months to reach the coast (Jones
1999; USACE 1998:II–3).

Box 3.5   T h e  S o ut h  F l o r i d a  E c o s y s te m

Sources: Birbeck 1990; Davis and Ogden 1994; ESRI 1993; Florida Department of Environmental Protection 1996a,

1996b.
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LandSat Image of South Florida Ecosystem, 1994



most serious problem. The level of phosphorus in Lake Okee-
chobee and portions of the Everglades is now well above the
natural tolerance of the ecosystem, throwing the biological
community out of balance. For example, phosphorus levels
have doubled in Lake Okeechobee in the last 20 years result-
ing from manure runoff from dairies and cattle ranches, caus-
ing repeated algal blooms and at least one significant fish kill
in the 1980s (USACE 1998:III–21). 

Phosphorus contamination of the Water Conservation
Areas and Everglades National Park is just as worrisome as
the situation in Lake Okeechobee, though the contamination
comes from a slightly different source. Exposure of the peat
soils in the Everglades Agricultural Area to air during cultiva-
tion naturally releases phosphorus as the soils oxidize. Phos-
phorus-enriched irrigation water pumped out of the Ever-
glades Agricultural Area has already allowed cattails—which
thrive under high-phosphorus conditions—to begin to dis-
place the usually dominant sawgrass vegetation in some por-
tions of the Water Conservation Areas. Scientists worry that
too much phosphorus may next change the balance of plant
and animal life in Everglades National Park (Armentano
1998; SFWMD 1998b:3–6).

LOST BIOLOGICAL DIVERSITY
Populations of many species of wildlife and fishes have dra-
matically declined as their food sources and nesting or spawn-
ing sites have degraded or disappeared. Disrupting the water
cycle has also altered the seasonal pattern of flooding and dry-
ing on which the life cycles of many Everglades species
depend. Sixty-eight species in the South Florida ecosystem
are now listed by the U.S. Fish and Wildlife Service as endan-
gered or threatened with extinction (SFERTF 1998a:3). 

Populations of wading birds, including herons, egrets,
storks, and spoonbills, have been particularly hard hit. Scien-
tists estimate that in 1870, some 2 million wading birds
crowded the marshes and estuaries of South Florida. By the
1970s that number had dropped to a few hundred thousand—
about 10 percent of their historical level. The decline contin-
ues today (De Golia 1997:45). 

The loss of biological diversity in the area is disturbing
both from a conservation and an economic standpoint. Con-
servationists worldwide have recognized South Florida, and
specifically Everglades National Park, for its biological rich-
ness. The Park is one of only three sites in the world to be des-
ignated a World Heritage Site, an International Biosphere
Reserve, and a Ramsar Wetland of International Importance.
The Park is also an important tourist destination, attracting 1
million visitors annually. If current patterns of damage con-
tinue in the Park, area officials have warned that the eco-
nomic impact could be substantial. A government study cal-
culated that if the recent declines in the health of Florida Bay
at the southern end of the Park continue, economic losses
could mount to more than $250 million/year in lost tourist
dollars and reduced commercial catches of shrimp, lobster,
snapper, and grouper (GCSSF 1995:Introduction p.2). 

LOST NATIVE SPECIES
Exotic plant and animal species have invaded more than 3.7
Mha in South Florida and threaten to displace many of the
native species, especially in Everglades National Park
(SFERTF 1998a:3). Changes in the natural water cycle have
fostered the spread of invasives such as Melaleuca, Brazilian
pepper, and old world climbing fern, all of which thrive in
dryer conditions (SFWMD 1998b:7). The system of canals,
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Box 3.6   I n d i c ato r s  o f  E ve r g l a d e s  D e c l i n e

Loss of Tree Islands in Water Conservation Area 3

The health of tree islands is one of the best indicators
of the overall hydrologic condition of the Everglades.
These havens of biodiversity support more species
than any other habitat in the central Everglades and
are the first to suffer during drought and the least tol-
erant of abnormal flooding. 

Number of Total Area Area Loss,
Year Tree Islands (ha) 1945–95 (%)

1940 1,041 8,907 —

1995 577 3,433 62

Source: SFWMD. 2000a:2-32–2-34.

Loss of Nesting Populations of Everglades Wading Birds

Since their numbers first began to be tracked and efforts to restore them
began, the great egret is the only one of the Everglades wading birds to
meet, and indeed, exceed its restoration target. The numbers for the other
birds, however, continue to decrease.

Species 1931–46 1974–81 1982–89 1997–99 Restoration Target

Great egret 5,000–8,000 6,500 4,200 5,084 4,000

Snowy egret and 20,000–30,000 16,000 5,000 1,862 10,000–20,000

Tricolored heron

White ibis 175,000–225,000 29,000 12,500 5,100 10,000–20,000

Wood stork 5,000–8,000 2,650 750 279 1,500–2,500

Total 205,000–271,000 54,150 22,450 12,325 25,500–36,500

Sources: Ogden 1994:542; Ogden 1999:16.
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Currently, the C&SF project diverts much of the Ever-
glades natural water flow for flood control. To pre-
vent flooding, 3–4 times more water is released

directly to the Atlantic Ocean than makes its way through the
Everglades to Florida Bay.  Water released to the Atlantic is
lost for use by humans and wildlife.  Restoration plans involve
capturing some of this lost flow.

Restoration will also involve a major effort to remove
phosphorus pollution from agricultural runoff by filtering it
through 16,000 ha of artificial wetlands before releasing it into
the Everglades.  Filtering marshes reliably reduce phosphorus
to 20 parts per billion (ppb) or less.  Unfortunately, scientists
believe that the ecosystem threshold where phosphorus
begins to affect Everglades marshes is about 11 ppb, meaning
an additional filtering step will be needed.

Box 3.7   R e s to rat i o n  M e a n s  M o re  Wate r  a n d  C l e a n  Wate r

To Florida Bay
(natural route)

To the Atlantic Ocean
(unnatural route)
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which provides unnatural routes into natural areas, has also
been an important pathway for the spread of invasives such as
the water hyacinth and the Asian swamp eel—a relatively new
introduction whose voracious appetite may threaten native
fishes (Armentano 1998; SFWMD 1998a:24). 

A  Change  i n  A t t i tudes

The decline of key features of the ecosystem took
time to be noticed, and even when environmental
damage was obvious, a consensus on how to tackle
the problem took years to evolve. But several key

events and crises moved the process forward. As always,
water—or lack of it—took center stage in convincing people
that the alterations they had made in the natural system were
anything but perfect.

From 1963 to 1965, C&SF water managers prevented water
from flowing south into Everglades National Park in order to
fill the newly constructed Water Conservation Areas. Drought
conditions during those years meant the Park was water
starved. Breeding colonies of ibis and egrets failed to form in
their traditional spots for three consecutive years. Television
cameras brought the Park’s plight to a national audience and
drove home the point that water conflicts were likely to
become more common as water demand in the rapidly urban-
izing area grew. The U.S. Congress subsequently ordered
water managers to deliver adequate water to the Park, but the
fight over how much was “adequate” would consume many
more years and eventually direct the design of the restoration
plan (Light et al. 1995:127, 129).

In 1970 drought struck again. The water shortages that
plagued South Florida were so intense that state politicians
took action, passing landmark legislation that mandated a
regionwide approach to water management (Light et al.
1995:133). Governor Robert Graham launched the Save Our
Everglades program in 1983—the first attempt to address the
problems of the ecosystem at a regional scale, and the first
public initiative to set out the goal of restoring the compo-
nents of the ecosystem to something approaching their nat-
ural state (Light et al. 1995:142). 

Rather than start to improve, conditions throughout the
ecosystem continued to decline. In 1988, an ecological clar-
ion call heralded the ecosystem’s precarious health. Florida
Bay is a shallow, tropical estuary at the southern tip of the
Florida peninsula; a rapid die-off of seagrasses and a striking
decline in water clarity occurred and continued for several
years. Large, sustained algal blooms began to plague the
waterway and commercial and sport fishing catches suffered
(Armentano 1998; USACE 1998:III–23).

At about the same time, Dexter Lehtinen, a brash U.S. gov-
ernment attorney, filed suit against the regional water author-
ity, the South Florida Water Management District, for releas-

ing water polluted with agricultural runoff into the Everglades.
The U.S. government suit—based on the water district’s own
studies—claimed that excess phosphorus from the Everglades
Agricultural Area was threatening Everglades National Park
and nearby Loxahatchie National Wildlife Refuge. The immedi-
ate intent of the suit was to force the District to require farmers
to clean up their effluent before releasing it. But the larger
effect of the suit was to highlight the inherent contradictions in
the District’s traditional service to the local agricultural com-
munity—to provide irrigation water and take away runoff—and
its responsibility to provide clean water to Everglades National
Park (Aumen 1998; Light et al. 1995:144–146).

At first the District fought the lawsuit; but in 1991, newly
elected Governor Lawton Chiles directed the agency to admit
that there was, indeed, a problem and begin to collaborate
with federal authorities rather than continue to waste
resources fighting the lawsuit. This began a process of
redefining the Water District’s mission to include steward-
ship of the South Florida ecosystem. The District eventually
became a key promoter of the idea of ecosystem restoration
(Aumen 1998).

In 1993, the federal government formed the South Florida
Ecosystem Restoration Task Force, which has become a cen-
tral player in developing a coherent restoration plan for the
entire ecosystem. The Task Force has acted as the convening
body to bring together all the parties with a legal interest in
the restoration—a list that includes 10 federal and state agen-
cies, several local county governments, the Miccosukee and
Seminole Indian Tribes, and the South Florida Water Man-
agement District. Agribusiness interests, environmental
groups, and sport and recreation groups also participate in
the public hearings where decisions on restoration matters
are made (SFERTF 1998a:7).

Just as significant, the state in 1994 created the Gover-
nor’s Commission for a Sustainable South Florida, which has
bluntly asserted that the problems with the South Florida
ecosystem are intimately connected with the larger regional
patterns of land and resource use and economic expansion.
Without tackling these patterns, the Commission warns,
restoration activities will not be effective in the long run
(GCSSF 1995:Executive Summary p.1). 

Restor ing  the  F l ow,  Rev i ta l i z i ng
the  Ecosystem

W hat does restoring the South Florida ecosys-
tem really mean? A decade of scientific study,
debate, and negotiation has led to a broad con-
sensus on what needs to be fixed and where to

begin. Current plans already include 200 projects that restore
habitat, manage urban growth, realign farming practices,
and reconfigure the C&SF Project’s water-control structures.

173
C h a p t e r  3 :  L i v i n g  i n  E c o s y s t e m s



Three broad goals are behind these projects (SFERTF
1998a:1, 8–10):

■ Restore the area’s natural hydrological patterns as much as
possible; the shorthand term for this is “getting the water
right.”

■ Increase the health and extent of wildlife habitat so that
depleted species can recover.

■ Relieve pressure on the ecosystem by taming suburban
growth and encouraging an economy that balances the
needs of humans and the biological limits of the natural
system.

GETTING THE WATER RIGHT
The first goal—restoring a more natural hydrological pattern—
is the foundation on which all other aspects of ecosystem
recovery are built. It forms the focus of the US$7.8 billion plan
put forward in 1998 by the U.S. Army Corps of Engineers to
revamp the C&SF Project. The basic strategy of this ambitious
plan is to increase the capacity for storing water within the
watershed. This will allow water managers to quit venting so
much water directly to coastal estuaries from Lake Okee-
chobee during high water times and make it possible to direct
water flows into the Everglades at the most appropriate times
and in more sufficient quantities. It will also increase the
water available for urban water supply and agriculture
(SFERTF 1998a:8; USACE 1998:I–ix).

Computer models of the region’s water flow predict that as
population and industry continue to grow over the next 30
years, water shortages could occur, on average, every other
year in most of the region’s urban areas if the system is not
reconfigured to store more water (USACE 1998:iv). This
would strike hard at the area’s economic stability and quality
of life, and pit urban water users against farmers and both of
these against the environment. Currently more than three
times as much water is discharged directly to the coast than is
allowed to continue its natural flow pattern through Ever-
glades National Park and into Florida Bay (McPherson and
Halley 1996:39). This water is essentially wasted for environ-
mental and human purposes.

To create more storage in the system, the restoration plan
calls for a combination of (a) new surface reservoirs, some
created from existing rock quarries; (b) marshes; and (c) the
use of an innovative technique of pumping water down wells
into a shallow aquifer in the wet season for temporary storage
and recovery during the dry season. These three elements will
be combined into an interconnected system along the eastern
flank of the Everglades that will also serve as a buffer against
the encroachment of suburbs (USACE 1998:v–vi). In the Ever-
glades Agricultural Area, converted cropland will also act as
surface reservoirs. To implement this strategy, federal and
state officials in 1999 bought a 259-km2 tract of sugarcane

fields that will be retired from production and eventually
receive overflow flood waters (McClure 1999b). Elsewhere,
advanced wastewater treatment plants will allow water man-
agers to reuse wastewater to recharge coastal aquifers.

Restoration plans will also require that farmers discharge
cleaner water into the Everglades. The legal settlement of
the 1988 federal lawsuit against the water district directs
farmers to use cultivation practices that reduce the phos-
phorus they release into their drainage water. At the same
time, farmers in the Everglades Agricultural Area must pay
one-third of the cost of constructing some 16,000 ha of spe-
cial phosphorus-scrubbing marshes—the largest constructed
wetlands in the world—through which they will send their
drainage water before it goes into the Everglades. Ulti-
mately, farmers will have to extract even more of the remain-
ing phosphorus from their effluent in order to meet new
water quality restrictions due to take effect in 2003.
Researchers still haven’t decided how this can be done at a
reasonable cost (Aumen 1998).

Removing barriers to the sheetflow of water through the
Water Conservation Areas and into Everglades National Park
is also an essential part of restoring a more traditional hydro-
logical pattern in the region. Current plans call for removing
approximately 800 km of canals and levees within the Water
Conservation Areas and revamping a portion of a major road
that cuts through the Everglades; gates and culverts are to be
installed along the road to restore the sheetflow interrupted
by the road since its completion in 1928 (USACE 1998:vi).

RECOVERY OF WILDLIFE
Reconfiguring the C&SF Project to restore a more natural
hydrological cycle should help with the second major restora-
tion goal—improving habitat quality and recovering wildlife
populations. The original system was huge and hydrologically
interconnected. Animals could typically find appropriate
food supply and breeding grounds somewhere within the sys-
tem under a range of natural conditions. Draining and diking
the watershed broke up the system’s connectivity and dis-
rupted the ability of many animals to find suitable habitats
timed to their life cycle (USACE 1998:vii–viii).

By removing internal levees and allowing the delivery of
more water, more appropriately timed and directed, water
managers hope to recreate many conditions that favored
wildlife. They anticipate that species at every level of the food
chain—from small minnows and crayfish to alligators, herons,
and otters—will start to recover their original population den-
sity and distribution. Water district biologists have particular
hopes that wading bird populations will rebound; these birds
are perhaps most sensitive to the habitat conditions over the
entire watershed (USACE 1998:vi–ix). 

But just how much and how fast the living elements of the
ecosystem will recover is still very much in question. Scien-
tists have drawn up biological criteria to judge whether the
system is truly recovering; but there is still controversy and
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concern over what to expect, especially given its high price
tag. Some critics feel that the recovery plan will not recreate
the original hydrological pattern sufficiently to allow large-
scale recovery and will yield far smaller benefits to wildlife
than advertised (McClure 1999a; Santaniello 1998; San-
taniello 1999; Stevens 1999). Even government biologists are
cautious. They have labored hard to draw up an integrated
strategy to ensure that the restoration plan benefits as many
of the area’s endangered species as possible, but do not expect
all of the beleaguered species to survive.

CURBING DEVELOPMENT
Modifying development and economic activities in the Miami
urban corridor so that they are less environmentally destruc-
tive is probably the most challenging of all restoration goals.
Biologists and water planners know that without progress on
this front, their efforts to restore the South Florida ecosystem
will eventually be drowned in the flood of new development
still surging into the Miami urban corridor. Each year, some
29,000 people relocate to the area to take advantage of the cli-
mate, natural beauty, and expanding economy (SFERTF
1998b:iii). By 2010, officials expect the region’s population to
expand to 8 million; by 2050, some forecasters think the pop-
ulation could nearly triple to more than 15 million (GCSSF
1995:Regional Overview p.1).

Plans to manage this expected influx include a number of
steps to curb the proliferation of urban sprawl. A regional pro-
gram called “Eastward Ho!” is encouraging local governments
to establish urban development boundaries and to redirect
new growth back into already developed areas by building on
unused urban parcels, redeveloping run-down sites, and clean-
ing up brownfields. Modifying building regulations to require
higher housing density in new suburban developments is a sec-
ond essential step that restoration advocates are pressing on
area governments. Upgrading the area’s transportation sys-
tem so that it encourages denser, less automobile-dependent
development is also considered an important part of the over-
all effort to reduce the impact of future growth. 

None of these steps will be easy; they involve land-use deci-
sions by a large number of local governments whose land-use
plans currently lack much regional coordination and are sub-
ject to intense local political pressure (GCSSF 1995:Executive
Summary pp.1–7).

Beyond  the  Everg lades

It is impossible to know yet whether the effort to rejuve-
nate the South Florida ecosystem will ultimately suc-
ceed. On one level, the Everglades restoration effort
has made an impressive start and boasts a list of

accomplishments and advantages that paint a hopeful pic-
ture: it enjoys widespread popular and political support that

comes from a basic understanding of the current state of the
system, its vulnerability to further decline, and an accep-
tance of the tenet that some minimum of ecosystem health
is required to support the local economy and the quality of
life that people enjoy. That alone is a tremendous step for-
ward. But the difficulty of actually bringing back healthy
populations of wading birds, returning full productivity to
Florida Bay, or recovering even one of the 68 endangered
species whose survival hangs in the balance cannot be
underestimated.

Yet regardless of the outcome, the Everglades effort has
already offered many lessons. First, it shows how vulnerable
ecosystems are to single-purpose management, especially
when managers are ignorant of the basic workings of the
ecosystem. Without knowledge of how changes in area
hydrology were likely to affect the South Florida ecosystem, it
was impossible for the Army Corps of Engineers to foresee
the trade-offs they were making when they built the C&SF
Project. And even if they had had such knowledge, it was
probably outside their mandate to act on it, given their pri-
mary goals of flood control and improved water supply. 

The Everglades experience also provides a thoroughly
convincing economic argument for taking care to not
degrade a critical ecosystem in the first place. The $7.8 bil-
lion price tag for what is just the first stage of the overall
restoration effort leaves no doubt that large-scale ecosystem
restoration requires a huge investment—often many times
the expense of altering the system in the first place. Still, this
may be inexpensive compared to the benefits that will be lost
if the ecosystem continues to degrade or fails completely.
The tourist trade alone is worth $14 billion annually to the
South Florida economy and the ecosystem’s health is directly
tied to that industry’s overall success.

Perhaps the most important lesson is that the idea of
ecosystem restoration is extremely compelling. The public’s
and politicians’ acceptance of a restoration program of such
magnitude and expense shows that a well-articulated vision of
a restored ecosystem can be a potent force for consensus and
change. At the same time, the Everglades experience leaves
no doubt that following through on this vision requires
patience and commitment. It takes time to learn how and why
an ecosystem is failing and how to put it right again; time to
negotiate the inevitable controversies about how best to
spend the precious dollars available to attain maximum recov-
ery. Efforts to restore the Everglades have taken nearly 3
decades to mature to their present state, and it will undoubt-
edly require much longer than 3 more decades for the Ever-
glades to heal.

Ultimately, even attaining some level of ecosystem recov-
ery will not be enough. Keeping the restored ecosystem from
failing again will be the ultimate test and will require making
good on the much more ambitious vision of a regional econ-
omy that does not, through its impacts, smother the renewed
life so carefully nurtured. 
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Some people call mangroves “the roots of the sea.”
Mangroves are gnarled, salt-tolerant trees that grow
in intertidal zones and estuaries where the ocean,
land, and freshwater meet; they cling to the loose

soils, sands, and muds with a maze of roots that can withstand
waves and erosion. These unique, adaptable plants, of which
there are about 60 species, are found along the majority of the
world’s subtropical and tropical coastlines. 

Some coastal residents might also call mangroves “the
roots of their community.” The forests, swamps, and wet-
lands where mangroves thrive are ecosystems of great biodi-
versity and productivity. Coastal residents use mangroves for
fuel, construction materials, food, medicines, and tannins.
For fishers the mangroves’ networks of roots provide breeding
grounds for many kinds of sea life. The leaves, small
branches, propagules, and fruit that fall from the trees con-
tribute to production of detritus that supply the fish and
other wildlife with an abundant food supply. Mangroves are
also prime nesting and migratory sites for hundreds of bird
species. By serving as a buffer along the coastline, mangrove
forests protect coastal areas, crops, and towns from flooding
during storms, shelter fishers’ boats, and protect coral reefs
from suspended solids. Plus, mangroves control sedimenta-
tion and coastal erosion. 

But a mangrove’s natural resilience and value affords it lit-
tle protection against a growing number of anthropogenic
threats, as communities and institutions on St. Lucia’s south-
east coast came to understand in the 1980s. That realization
inspired an innovative program to enable local residents to
reap the benefits of Mankòtè, St. Lucia’s largest mangrove
forest, without degrading its ecosystem services and long-
term viability. 

Chang ing  Commun i ty  Pract i ces

Mankòtè was part of a U.S. military base during
World War II. When the base closed and the
area became public land in 1960, the 63-ha
mangrove—20 percent of the total mangrove

area of the country—was still covered with well-developed trees
(Geoghegan and Smith 1998:1). As an open-access resource,
it was soon subjected to varied and often destructive uses
ranging from seasonal fishing, bird hunting, and crab catch-
ing to waste dumping and spraying of pesticides for mosquito
eradication (Smith and Berkes 1993:123–124). 

The greatest stress on the mangrove, however, was the
extensive tree cutting by local citizens for commercial char-
coal production. By the early 1980s, charcoal production had
become a major source of subsistence income and an impor-

tant cottage industry. The use of mangrove wood for charcoal
is popular because it is cheap relative to petroleum-based
fuels, can be easily transported, and is slow burning. Mankòtè
became the main supply of charcoal for about 15,000 resi-
dents of Vieux Fort, a nearby community, and others in the
southeast portion of the island. Although no data are avail-
able, older residents of the area observed that during those
years, smaller trees in the mangrove were being harvested and
large trees were becoming scarce (Smith 2000). 

At about the same time, a regional NGO, the Caribbean
Natural Resources Institute (CANARI), identified the
Mankòtè mangrove as a priority area for conservation.
CANARI soon realized that the charcoal producers them-
selves were key to Mankòtè’s protection. Although charcoal
producers’ harvests were putting pressure on Mankòtè, they
practiced a number of sound management measures. For
example, they cut on a rotational basis, allowing time for the
trees to regenerate before recutting, and left uncut the species
of mangroves that make poor charcoal but provide cover to
impede the evaporation of the swamp. 

CANARI proposed a management strategy that was innov-
ative and controversial for its time. They advocated that the
mangrove be managed in collaboration with the harvesters—a
landless, poor group with no legal right to the resource, but
also the people most dependent on the mangrove and most
damaging to it. With the government’s tacit approval,
CANARI launched what has become an ongoing effort to test
ways to save the mangrove and maintain the charcoal produc-
ers’ incomes (Geoghegan and Smith 1998:4, 7).

Among CANARI’s key steps was to organize the harvesters
into an informal cooperative of about 15 people; the coopera-
tive is called the Aupicon Charcoal and Agricultural Produc-
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ers Group (ACAPG). CANARI works with
the group to monitor and track trends in
charcoal production and the status of the
mangroves. ACAPG committed to a set of
sustainable harvesting practices, including
a ban on cutting trees that line waterways,
preservation of large trees, and cutting on a
slant to preserve the tree’s stump. 

To reduce pressures on the mangrove,
government agencies, local NGOs, and the
harvesters sought to create a new wood supply for charcoal pro-
duction. Between 1983 and 1985, the Department of Forest and
Lands planted a 62-ha woodlot close to Mankòtè with fast-grow-
ing hardwoods, mainly Leucaena, and with a palm species that
ACAPG members can harvest to make brooms. The govern-
ment also loaned the producers a large plot of land and encour-
aged the producers to plant it with marketable products. 

There have been significant communal harvests of planta-
tion wood recently, although initial efforts in plantation and
agricultural endeavors were plagued with problems, from
fires to the charcoal producers’ inexperience with agricul-
ture, marketing, and working together. The woodlot is still far
from a replacement for mangroves, but management strate-
gies and income-diversifying opportunities continue to
evolve. For example, in 1993 the harvesters began leading
tourists and school groups on tours of the mangrove as an
income-generating opportunity. Local NGOs have provided
guide training; technical assistance grants to build interpre-
tive signs, a boardwalk, and a viewing tower; and assisted with
tour promotion and organization (Smith 2000; Brown 1996). 

To limit outside threats to the mangrove, local institutions
successfully protested the Department of Health’s mosquito
eradication program that was damaging the mangrove’s fauna
and hydrological functions, and secured the designation of
Mankòtè as a marine reserve in 1986. That designation affords
the mangrove complete protection from any extractive use
without written permission of the Chief Fisheries Officer, end-
ing years of illegal waste dumping. The charcoal producers
have sole rights of use of timber resources (Smith 1999). 

Like most participatory approaches to ecosystem manage-
ment, the Mankòtè strategy has taken more than a decade to
achieve many of its objectives. By the 1980s, the overall trend

of degradation of the tree cover had been reversed. Monitor-
ing four species of trees in each of four transects between 1986
and 1992 showed a significant increase in the number of man-
grove stems larger than 25 mm/m2—from 0.10 to almost 2
(Smith and Berkes 1993:126–127). The basal area, or total
area of stems, increased fourfold. Because 1991 was a year of
particularly high charcoal production, the increased regener-
ation of mangroves noted in the 1992 survey is especially
noteworthy. Field observations and interviews indicate that
preservation methods are still used rather than clear-cutting
(Smith and Berkes 1993:126–127). Although the data are still
limited, research in the last several years suggests that density
and size of trees have continued to increase, while charcoal
production has averaged 2 tons/month in early 2000, slightly
less than the average in the past 15 years (Smith 2000).

Mankòtè’s future is still uncertain. An economic down-
turn in St. Lucia could bring new pressures to the mangrove.
The government continuously receives proposals for the
development of the mangrove and surrounding land; fortu-
nately, key agencies are concerned about identifying what
kind of development would be possible without encroaching
on the mangrove and its functions. Research is under way to
ascertain other potentially significant pressures on the man-
grove, including the impacts of crab hunting and fishing, and
to test the effectiveness of some silviculture practices in the
mangrove, with the hope of improving yields from regenera-
tion. Nevertheless, there is agreement among all parties that
the informal, collaborative arrangement at Mankòtè cur-
rently provides greater protection to the mangrove than any
government agency or other institution can do on its own. The
arrangement has also allowed rural families to continue to
reap economic benefits.

The woodlot, as originally conceived, was to be

managed by and benefit the group as a whole.

Members would be organized for harvests and

other activities. Similarly, pole production in the

mangrove was meant to be a group activity. How-

ever, it has proven easier for people to continue

using the mangrove and the woodlot without

strict coordination of activities. Extractions are

made by individuals or small teams and recorded

each month.



178
W O R L D  R E S O U R C E S  2 0 0 0 – 2 0 0 1

W ith its cascading waterfalls, rolling hills,
white beaches, and spectacular sunsets, Boli-
nao has been called nature’s masterpiece. But
the most valuable asset in this northern

Philippines municipality may be its 200 km2 of coral reefs.
About one-third of Bolinao’s 30 villages and 50,000 people
depend on fishing to make a living (McManus et al. 1992:43),
and the Bolinao-Anda coral reef complex serves as the spawn-
ing ground for 90 percent of Bolinao’s fish catch. More than
350 species of vertebrates, invertebrates, and plants are har-
vested from the reef and appear in Bolinao’s markets each
year (Maragos et al. 1996:89).

Imagine, then, the dismay among local residents, marine
researchers, and NGOs who learned in 1993 that an interna-
tional consortium intended to build what was claimed to be
the world’s largest cement factory right on Bolinao’s coral
reef-covered shoreline. The cement industry ranks among the
three biggest polluters in the Philippines (Surbano 1998),
and the plans for the Bolinao complex included a quarry,
power plant, and wharf. It can take 3,500 pounds of raw mate-
rials to produce 1 ton of finished cement; pollutants com-
monly emitted from this energy-intensive industry include
carbon dioxide, sulphur dioxide, nitrous oxide, and dust—
about 360 pounds of particulates per ton of cement produced.
Another by-product is highly alkaline water that is toxic to
fish and other aquatic life (Environmental Building News
1993). 

The ensuing debate over the plant’s construction brought
a new urgency and focus to local efforts to ensure the long-
term viability of Bolinao’s coastal resources. Pitted against a
politically and economically powerful business consortium,
residents successfully challenged the idea that a cement
plant’s short-term economic benefits would offset the risk of
long-term ecosystem ruin. That outcome is an unusual and
significant achievement, particularly in developing coun-
tries, where citizen advocacy and broad-based participation in
natural resource management is likely to face daunting obsta-
cles, including limited access to both environmental informa-
tion and the political process.

Bo l i nao ’ s  Threatened  Mar ine
Ecosystem

Bolinao’s environmental fragility had been recog-
nized, in some quarters, long before a Taiwanese
business group called Tuntex announced its plans
to build a mammoth cement complex. A 1986 study

by the Marine Science Institute at the University of the Philip-
pines, for example, documented significant damage to Boli-

nao’s coral reef system. Researchers found that about 60 per-
cent of the region’s corals had been killed, mostly through
destructive fishing practices that relied on dynamite and
cyanide to enhance catches (McManus et al. 1992:44). In
1992, Bolinao’s once-booming sea urchin industry was shut
down indefinitely after the urchins had been exploited nearly
to extinction to satisfy export demand for roe (Talaue-
McManus and Kesner 1995:229). Fishers, fish vendors, and
shell craftspeople had noted diminished catches, changes in
dominant species, and decreases in the size of mature fish. 

But it took the possibility that a cement factory would cause
further deterioration of the area’s marine resources to galva-
nize widespread action on behalf of the ecosystem. “We
launched a vigorous education campaign focused on the
cement plant’s potential environmental impacts,” explains
Liana Talaue-McManus, a researcher from the Marine Science
Institute (Talaue-McManus 1999). For many, this was the first
time that they fully understood the extent and richness of their
community’s natural resources, as well as its vulnerability. 

The plant complex would be located in the middle of the
reef system, within 3 km of the municipal center. This was an
ideal spot from investors’ perspectives, given its abundance of
limestone, the deep channel for marine transport, and Boli-
nao’s proximity to Taiwan. Investors argued that the cement
production complex would not cause any pollution, but local
residents soon began to suspect otherwise.

With support from the University of Philippine’s
researchers, a local NGO—the Movement of Bolinao Con-
cerned Citizens—challenged the Tuntex consortium. They
played a critical role in the 2-year struggle against the cement
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plant, rallying opposition and raising awareness of the com-
plex’s potential impacts. Those impacts, as their research
revealed, could include air pollution, erosion from the quar-
rying of limestone, damage to the reefs from the widening of
the shipping channel, oil pollution from shipping, and the
threat to their limited freshwater supply.

Their efforts were rewarded. In August 1996, the Philip-
pines Department of Environment and Natural Resources
(DENR) denied “with finality” the application for an envi-
ronmental permit, citing the unacceptable environmental
risks the cement plant would pose to aquatic life and coral
reefs, and the conflicts that would arise with existing land and
marine uses (Ramos 1996).

Craf t i ng  a  Long-Term Management
P lan

The hard work of ecosystem protection didn’t end
with the cement plant fight. In fact, for Bolinao res-
idents and NGOs, the toughest part of ecosystem
management was ahead. Local NGOs are still work-

ing toward a larger goal: developing a coastal resource man-
agement plan that empowers fishers and other community

members to participate in long-term decisions about the man-
agement and health of their resources. 

Consensus on how to conserve and protect the marine
areas has long been elusive. Since the early 1990s, a coastal
planning team composed of representatives from the Hari-
bon Foundation and from the Marine Science Institute and
College of Social Work and Development (both at the Univer-
sity of the Philippines) sought to mobilize Bolinao’s villages
on behalf of marine protection. But many issues polarized the
community:

■ Most of Bolinao’s fish harvesters are poor, with the reefs
serving as their sole source of food and income. As farm-
lands deteriorated, many farmers migrated to reef areas,
exacerbating competition for marine resources. Increased
population in the coastal areas increased the amount of
organic pollution; the pollution, in turn, reduced the
resilience of Bolinao’s coral reef ecosystems. Because of
poverty, resource depletion, tradition, and lax enforce-
ment of bans, fishing methods known to be destructive
were sometimes still used.

■ The town leadership lacked adequate information about
the marine ecosystem and needed technical assistance to
make sound resource decisions. 
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■ Access to milkfish fry and siganid fishing in Bolinao was
governed by an inequitable but ingrained system. Those
who won concessions from the local government—through
a sometimes corrupt bidding process—garnered exclusive
privileges to fish in an area. Subsistence fishers were
banned from the area or forced to sell their catch to the
concession holders at below-market prices. The result was
illegal fishing and minimal incentive to regulate the har-
vest, but significant income for the local government.

■ One survey found that the number of aquaculture pens in
the Caquiputan Channel between the Bolinao mainland
and the islands of Santiago and Anda had increased from
330 in December 1996 to 3,100 in July 1997 (Talaue-
McManus et al. 1999). Although they produced revenues
for the town’s political and economic elite, they reduced
fishing grounds and navigation areas, causing water qual-
ity declines and fish kills.

■ Resort owners wanted the shorefront left open and free of
activity, while subsistence and deep sea fishers needed
navigation and docking areas.

The challenge of finding a balance between these actors and
between the different uses of the coastal resources made it all
the more impressive when, in 1997, NGOs successfully crafted
“a collective vision for the long-term viability of Bolinao’s
coastal living resources” (Talaue-McManus et al. 1999). This
coastal development plan drew on more than 2 decades of sci-
entific research by investigators from the Marine Science
Institute and was drafted by 21 representatives of the munici-
pal government, the religious sector, members of the fishing
industry, ferryboat operators, and environmental advocates
through community workshops and meetings. 

The plan divides the municipal waters of Bolinao into four
zones with different use designations—“reef fishing,” “eco-
tourism,” “multiple use” (which includes milkfish pens and
fish cages), and “trade and navigation.” One zone includes a

marine protected area. The next steps were to determine
exactly what activities were to be allowed or prohibited in each
zone, to ensure that the marine protected area remains truly
protected, and, of course, to implement the plan. Implemen-
tation is still under way.

Most of those involved agree that local input has been a
hallmark of Bolinao’s ecosystem management process.
They credit the participatory process with winning much
greater public acceptance for Bolinao’s coastal develop-
ment plan than a traditional plan could have secured; most
often, plans are drawn up quickly by outside consultants
with little or no local input. Plus, by including direct
resource users—subsistence fishers and fish vendors as well
as the local government—in the zoning process, there is a
greater chance of achieving conservation goals. Local stake-
holders are, after all, the people who will ultimately either
respect the new rules and regulations or ignore and evade
them. An ongoing research program, such as that con-
ducted by the Marine Science Institute, is an important
complement to the planning effort. It serves as a source of
knowledge and data that public representatives can draw on
to make informed decisions.

Perhaps the best news is that Bolinao is part of a growing
number of communities, organizations, and sectors of gov-
ernment in the Philippines that are using a “bottom up”
rather than “top down” approach to natural resource man-
agement, building on a long tradition of strong citizen advo-
cacy. And although Bolinao’s coastal development plan is still
very much a work in progress, one thing appears certain:
more and more people will get involved as the plan is imple-
mented. As word has spread in the Philippines about the Boli-
nao experience, other municipalities have turned to the Uni-
versity of the Philippines-Haribon team. They seek help in
formulating their own coastal development plans, offering
the promise of more research and monitoring on the status of
coral reef ecosystems, and generating new strategies and mod-
els for reef protection and new management abilities within
local communities. 
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Dhani Forest has reincarnated itself from the roots up. The stubbled,
degraded slopes of a decade ago have regenerated more rapidly than many
thought possible. Protected from uncontrolled grazing and harvest, root
stumps have sprouted new branches, grasses have flourished, streams have

recharged, and wildlife have returned. So, too, have the livelihoods of local villagers
who traditionally made their living harvesting forest products, such as fuelwood and
siali leaves used in making leaf plates. Under the supervision of a committee of local
villagers, limited harvesting of forest products has resumed, steadily increasing the
flow of benefits from Dhani to the five
communities that flank the forest. 

UP FROM THE ROOTS: REGENERATING DHANI FOREST

THROUGH COMMUNITY ACTION

F O R E S T  E C O S Y S T E M S

The rebirth of this mixed deciduous forest in the state of
Orissa in India marks a new approach to managing the
State’s depleted forests—one that returns limited control to
local communities. In fact, the State has had little to do
directly with the forest’s regeneration. The five villages sur-
rounding the forest initiated the restoration effort. They
crafted a detailed plan to regulate forest use, to carefully
husband what remained of the forest and enhance it where
they could, to distribute the forest benefits fairly, to edu-
cate their children in forest conservation, and to resolve
disputes arising from their plan. They nursed the forest
back to health because it had stopped giving them what they
needed. In doing so, they became leaders in a trend toward
community forest management that has spread across
Orissa State and all of India.
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Twenty years ago, Dhani Forest in Orissa State was badly degraded. Commercial harvesters had removed much of the forest canopy;
local residents had cleared slopes for crops, gathered fuelwood relentlessly, and allowed cattle to graze the forest floor heavily.
Today, this mixed deciduous forest is reborn, thanks to a five-village effort to ensure its survival. These villages have become lead-
ers in a trend toward community forest management that is spreading across India.

Box 3.8   O ve r v i e w : D h a n i  Fo re s t

E c o s y s t e m  I s s u e s

The 2,200 ha Dhani Forest is a primary source of food, fuel, building materials, fibers, and medicines for
local people. Their dependence makes Dhani both extremely vulnerable to overuse and critical to protect. 

At various times, villagers have cleared lower slopes of the forest to expand agricultural areas and feed
their families. Clearing forest, however, decreased their supplies of leaves that serve as farm fertilizer
and food and other resources that cushion the effects of drought and crop failure.

Local stream flows and water tables are vulnerable to changes in Dhani’s forest cover and soils. Dimin-
ished water flows, in turn, affect the health of soils and crops in adjacent agroecosystems.

Forests

Agriculture

Freshwater

Today, villagers’ rights to manage and use part of Dhani Forest’s output is legally recognized—a far cry
from the 1950s when the Orissa Forest Department ignored villagers’ use rights and granted permits to
contractors to harvest timber there. Yet some people argue that the State still does not treat the villages’
forest protection committee as an equal, and some believe that the State should completely surrender
title to Dhani Forest.

Dhani Forest’s renewed health is essential to both local subsistence and local market economies. The
State also reaps economic benefits; local management has lowered its forest protection expenses and is
creating an asset from land that might otherwise be unproductive. 

Dhani’s restoration and protection require collective decision making among the five villages who
crafted the forest’s protection plan, plus the cooperation of other neighboring villages who might
infringe on this open-access forest. Restoration also depends on the State’s willingness to respect com-
munity management and the value of nontimber ecosystem goods and services.

Dhani Forest’s successful restoration has largely depended on folk knowledge, wisdom, and commit-
ment; the same is true of many similar projects in India. Orissa State has contributed some technical
expertise, but more scientific analysis to complement local management is needed—guidance and
research that are beyond the resources of the Dhani community.

Equity and
Tenurial Rights

Economics 

Stakeholders

Information and
Monitoring

M a n a g e m e n t  C h a l l e n g e s



183
C h a p t e r  3 :  L i v i n g  i n  E c o s y s t e m s

Pre-1799 Most forests in India are managed sustainably at the community level.

1799 British rule of India introduces commercial timber production and soon exhausts many forests. 

1865The British colonial government asserts state monopoly over forests with the Indian Forest Act. 

1878 Purview of the Indian Forest Act is expanded and local control is further diminished. Dhani Forest remains under the control
of Orissa’s Raja until 1947 and is generally well managed.

1914–18 World War I massively increases demand for Indian timber. 

1920s Railway lines reach Orissa, providing easier commercial access to Orissa’s forests. 

1940–45 India serves as the sole supplier of timber to Allied forces in the Middle East and Persian Gulf during World War II;
forests are also under siege for fuelwood to offset the loss of coal to the war effort. 

1947 Indian independence and state socialism put an emphasis on industrialization and use of forests for timber production and
commerce rather than local use.

1940–50s Population in villages near Dhani begins to increase notably, intensifying pressure on the forest.

1950s Land Reform Bill declares forests on the boundary of a village to be village forests. Villages begin protecting and regener-
ating these tracts. National Forest Policy reinforces the state’s exclusive control over forest protection, production, and
management.

Late 1950sTribal groups mount a sustained challenge to the continual denial of their rights to use forests. 

1960 Orissa’s Forest Department takes control of Dhani Forest and begins to permit commercial timber harvests; traditional con-
servation and community management systems decline. 

1971 Beginnings of Joint Forest Management in Arabari in West Bengal and other districts.

1979 State permits a second major timber harvest in Dhani Forest. 

1987The villages closest to Dhani form a forest protection and management system to protect about one-third of the forest.

1988 Orissa becomes the first state to formally recognize local forest protection committees like Dhani’s.

1991 Several other villages begin protecting another section of Dhani Forest. 

1993 Orissa enters into a Joint Forest Management agreement with the villages surrounding Dhani Forest.

1997 Orissa awards the Dhani villages the Prakriti Mitra (Nature’s Friend) award.

1998 Dhani Forest’s canopy has filled out and the forest supplies increased goods and services.

1999 A cyclone severely damages Dhani Forest and the livelihoods of forest-dependent groups. 

2000 A total of 400,000 ha is now under the protection and management of some 10,000 local villages throughout Orissa. The Dhani
villages are active in the local federation of forest-protecting villages.

T i m e l i n e



From Restr i c ted  Use  to  Overuse

Traditionally, local village folk did not own or man-
age the 2,200 ha of Dhani Forest. Nonetheless, they
accrued many of the forest’s benefits to augment
their subsistence through a well-regulated system

of forest harvesting.
Until Indian independence in 1947, the Dhani Forest lay

within the domain of the Raja of Ranpur, one of 30 feudal
states in Orissa that maintained a semi-independent status
during the British colonial period. In Ranpur, as in other
nearby feudal states, the Raja, or king, regulated access to
forests and all forest products. During British rule, the Raja
acted like a landlord, paying taxes on the forest estate to the
colonial government. Some forests were essentially off-limits
to local use. In others, villagers were permitted to meet their
needs for timber and other forest products in exchange for
modest royalty payments to the Raja or in exchange for free
labor. Sometimes special considerations were given to the
poor and to local tribal peoples with particularly high depen-
dence on the forest. 

After obtaining the required permit, villagers could gather
a variety of products for personal use, from bamboo and wood
for housing and agricultural tools, to fruits, fibers, leaves,
and flowers. The forest rules banned cutting of selected
“reserved” trees, and it was forbidden to sell or export trees
without a permit from the ruler. The royal family also retained
the privilege of hunting all wildlife within the forest.

The Raja maintained a separate administration of rangers,
foresters, and guards to manage the “reserve forests,” as
forests like Dhani were known. The rangers strictly enforced
the forest rules, both to prevent overuse by locals and to cap-
ture any commercial revenues from timber sales. Even with-
out free access, villagers faced no shortage of forest products.
During the Raja’s tenure, the picture was one of a generally
healthy forest with an abundance of resources.

In the early 1950s this picture began to change. Population
was increasing rapidly, and agricultural land to meet local
food requirements came into greater demand. Villagers
cleared some of the forests on the lower slopes for planting
using traditional swidden cultivation methods. More impor-
tant, the era of the Raja’s strict control had ended and the
states of the newly independent India struggled to forge a
“modern” forest policy—one that favored commercial uses of
timber over meeting local needs. In 1960, the State Forest
Department, which now controlled Dhani Forest, began per-
mitting commercial contractors to harvest timber and remove
much of the canopy in Dhani’s low-lying areas. Villagers
pressed some of the cut areas into crop production, and the
State tried to establish teak plantations in other sections. 

Over the next 2 decades, commercial cutting continued
and local use intensified. Village cattle grazed the forest floor
intensively and villagers gathered fuelwood relentlessly. Some
came from more distant villages where forests were already

exhausted. Sometimes even rootstocks were extracted for sale.
Illegal timber cutters also took from the forest, smuggling out
timber to meet growing urban lumber demands.

In 1979, the State allowed a second major timber harvest
that left the forest devoid of large trees. Alarmed by the access
given to outsiders, local villagers accelerated their own timber
cutting in a rush to claim some of the forest goods and associ-
ated income for themselves. By the mid-1980s, the whole of
Dhani Forest was degraded, much of it badly.

A  T ime  for  Ac t i on

The degradation of Dhani Forest had far-reaching
impacts on the lives of local people. Materials from
the forest on which they had always depended fell
into short supply. People had to traverse long dis-

tances to collect fuelwood and to obtain small amounts of tim-
ber for house construction and farm tools. Firewood for tradi-
tional cremations dwindled. Fruits, tubers, herbs, and leafy
vegetables that had long augmented food supplies during lean
times gradually disappeared. The lack of forest productivity
removed the cushion that the forest had always provided dur-
ing dry periods and crop failures.

With the forest canopy removed, the forest soils dried out,
reducing stream flows and decreasing local water tables.
Because agriculture is the main occupation in the surround-
ing villages, soil moisture and water availability were prime
concerns. Soil erosion also became a problem, affecting fertil-
ity in some neighboring fields. Loss of forest canopy also
meant loss of the leaves and other sources of “green manure”
that farmers had depended on for fertilizer.

Dhani Forest’s worsening condition struck directly at the
local economy, too. Without sales of products collected from
the forest, many villagers had no source of cash. Selling fuel-
wood was the primary commercial activity, but the sale of
leaves from kendu trees and siali vines was also important,
particularly for women and poorer families. Approximately 50
Harijan families (the lowest castes and those with little land
and high daily use of forest products) depend on the income
from siali leaf collection in Dhani Forest. During peak season
after the rains, one person working all day can collect as many
as 3,000 leaves, which can then be stitched together into leaf
plates or sold in bulk in Chandpur, the nearest town. Mats
woven from date palm leaves were also sold locally; tubers like
tunga, karba, and pichuli, as well as medicinal plants and
vines, brought substantial local income. As these products
dwindled, the pressure to migrate out of the nearby villages to
urban areas for wage labor increased.

By the mid-1980s, villagers were convinced that Dhani For-
est’s poor condition was a serious community matter. They
had begun to realize that it was they who were losing the
most—not the private logging contractors or the State Forest
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Department. It also disturbed them that future generations
would inherit a depleted ecosystem. In early 1987, a respected
village elder, Kanduri Pradhan, organized a meeting among
the five villages that lay closest to Dhani Forest—Barapalli,
Arjunpur, Panaspur, Balarampur, and Kiyapella. In ensuing
meetings, a group of residents from all five villages discussed
their options for collectively protecting Dhani Forest. A few
villages in the Ranpur area had already begun to protect their
forests, and this encouraged the group to commit to a joint
program of action to guard and manage more than one-third,
or 840 ha of Dhani Forest. 

The decision to jointly manage Dhani Forest was a signifi-
cant social and political event for the villages. Close cultural
ties already linked the villages—they shared the observance of
some local festivals, for instance, and a common school.
Prior to their decision to protect the forest, they had formed
an inter-village committee to coordinate collective activities.
Yet they were also socially diverse, comprised of an assort-
ment of tribal peoples and Hindu castes, including Brahmins
(the most influential caste), Khandayats (farmers), and Har-
ijans (the least powerful castes). Each of these groups lived
in its own enclaves. Indigenous tribal people, the Saora and
the Kandha tribes, populated Kiyapella and Panaspur vil-
lages. Balarampur village had a mixed tribal and Harijan
community. In Barapalli and Arjunpur villages, Khandayats
and Brahmins dominated. Dependence on the forest, how-
ever, linked them all, and village representatives realized
that any hope of real forest protection lay in joint action.

A  P lan  for  L i f e

By September 1987, the five villages had formalized
their commitment to protect Dhani Forest. They
formed a forest protection committee called the
Dhani Panch Mauza Jungle Surakhya Committee.

Out of lengthy discussions on the causes of the forest’s poor
condition and the possible ways to relieve pressures on the
forest came a plan to restrict human uses of the forest.

From the beginning, the effort to protect and rejuvenate
Dhani Forest was a true community affair. The elders of all
households in each of the villages sat on the general body of
the forest protection committee, which made all policy and
budgetary decisions. A smaller executive committee included
two members from each village to help implement the general
committee’s decisions. Community members were also
required to take turns serving on the 25-person patrol squad
that kept a daily vigil at the forest, restricting public access
and preventing further degradation.

At first, the protection plan was simple: keep people and
cattle out except for very restricted uses. Gradually, as the
community’s experience with protection evolved, so did the
protection plan. The forest protection committee drew up an

elaborate set of regulations and a schedule of fines. Cutting a
valuable timber species like teak, for example, drew a fine of
1,001 rupees—a stiff penalty in the context of local incomes.
In essence, the committee forbade any unsupervised cutting
or collection of forest materials and set strict limits on those
goods that could be harvested. The committee banned anyone
entering the forest from carrying an ax or other sharp imple-
ment that could be used to cut woody material. It also banned
grazing during the rainy season (July–September) to encour-
age regrowth of ground vegetation and restricted human
access during the summer months to prevent fires. To help
restore the lower slopes of the forest, the committee negoti-
ated with local farmers to end the practice of periodically cul-
tivating these areas. 

It did not take long for Dhani Forest to rebound. Although
they had lost much of their foliage, many of the trees and
shrubs still had intact root systems and a number of these
species were naturally fast growing; simple protection from
defoliation allowed them to spring back. Still, Dhani is not the
forest it once was. Some valuable species that were once abun-
dant, like Sissoo, mango, Kendu, and Harida, are now scarce.
The original forest species composition has been altered fur-
ther with the planting of nonnative species like eucalyptus.

But even casual observers can see the improvements in the
forest’s condition. By mid-1999, the forest canopy had filled
out and Dhani Forest boasted more than 250 plant species and
40 bird species. Other wildlife had begun to return as well. Soil
erosion had diminished and stream volumes had increased,
benefiting the agricultural fields that border the forest.

However, nature dealt the Dhani restoration a setback in
October 1999 when a powerful cyclone battered Orissa,
uprooting some 90 million trees in its path (Watts 1999).
Although Dhani Forest is about 60 km inland, its forest
canopy sustained considerable damage, losing many large
teak, eucalyptus, and other valuable trees. Fierce winds
uprooted bamboo bushes as well and destroyed many siali
vines, ruining the siali leaf crop for the year (Singh 2000). In
spite of the damage, Dhani Forest remains a functioning for-
est—testimony to the careful management that in just a little
more than a decade transformed a degraded forest patch into
a living community resource.

Shar ing  the  Bene f i t s  

Conflicts with villagers who were harvesting against
the rules were fairly frequent in the initial days of
forest protection. But as the protection scheme
gained acceptance within and beyond the local vil-

lages, cooperation increased. Soon the patrolling squad
dropped to 10 people—two from each village—and in 1992 a
professional watchman was appointed. At first the commu-
nity paid the watchman with households’ contributions of
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rice or cash donations. Gradually, revenues from sales of bam-
boo from the forest increased enough to fund the watchman’s
salary.

Locals’ acceptance of the protection plan has been rein-
forced by a steady increase in the benefits they reap from the
fast-regenerating forest. The forest protection committee has
capitalized on the fact that short-term benefits demonstrate
progress and breed long-term community support. As the for-
est has grown healthier, the committee has gradually raised
the allowable harvest of different forest products, while tak-
ing care to make sure these uses are sustainable and do not
impede long-term forest recovery. 

Today, local villagers enjoy a much-increased supply of tra-
ditional forest products. Firewood from an annual cleaning
and thinning operation is shared equally among the five vil-
lages, and locals can enter the forest any time to collect fallen
branches, leaves, fruits, berries, and tubers at no cost. They
also can collect green wood for cremations. With a permit, vil-
lagers can obtain poles and timber for a nominal fee, but they
must appear before a committee and justify their need and the
exact amount they require. Likewise, they can purchase up to
100 bamboo stalks for a fee. All materials are for personal use
only and cannot be bartered or sold.

The forest protection committee has also taken care to
extend the benefits of their management beyond the five vil-
lages. With permission and payment of a higher fee, neigh-
boring villages can obtain many of the same forest goods as
local villagers. Special concessions are made for community
festivals if a village does not have access to any other forest.
Victims of house fires can get timber for repairs at no cost.

Beyond  T imber  and  Fue l :
Pursu ing  Soc ia l  Goa l s

The community effort to restore Dhani Forest has
always been motivated as much by social as by bio-
logical goals. The community’s forest management
plan has grown to include much more than simple

protective measures and rules for distributing benefits. 
The Committee’s local economic development efforts are

perhaps its most ambitious work. The Committee has
focused on improving the incomes of local people—mostly
tribal peoples and Harijans—who are most dependent on the
forest for a living and who effectively lost their livelihoods
when the forest was closed to unrestricted use in the early
days of Dhani’s protection. At the Committee’s urging, the
State Forest Department has donated two leaf-plate stitching
machines and trained local women’s groups in siali leaf pro-
cessing. The Committee was also instrumental in bringing a
State-supported dairy program to the area; 40 forest-depen-
dent families each have received one cow to provide a small
income from milk.

The community also has decided to augment the natural
growth in the forest by interplanting fruit trees, like cashews,
that produce a crop that can be consumed locally or sold for
cash. Other trees that produce collectible products are
planted to help diversify the products that local people can
harvest and to increase their production and dependability. 

To fund the forest augmentation work and other commu-
nity development activities, the forest protection committee
aims to market any excess bamboo that remains after vil-
lagers’ needs are met. A state survey of bamboo stocks (pre-
cyclone) in the forest suggests that this can be a significant
and sustainable source of revenue.

A related activity is the forest protection committee’s
efforts to pass on the traditional values of this forest-based
community to the next generation of forest managers. Once
every few months, the village children accompany the forest
guard in his rounds. The guard familiarizes them with the
plants, and teaches the children their common uses and local
religious significance. The children also take part in raising
seedlings and planting them to augment the forest stand. Chil-
dren from Dhani visit various schools in the region to share
their understanding of the forest and its importance with chil-
dren whose villages are not yet involved in forest protection. 

Equ i ty  and  O ther  Cha l l enges

Community forest management efforts like those in
Dhani Forest have become quite common in Orissa
and elsewhere throughout India. More than 6,000
rural communities in Orissa alone have made some

attempt to protect local forest parcels for common use (Nayak
and Singh 1999:8); 120 of these are in the Ranpur area (Pana-
grahi and Rao 1996:2). Like the Dhani villages, many of these
communities have shown remarkable ingenuity, sophisti-
cated planning, and success. But as with any group endeavor,
forest protection by rural communities faces many obstacles.
In some cases, the protection effort breaks down after a few
years because of conflict within or between villages over how
to manage the site. The problem becomes more acute once the
forest regenerates and trees become larger and more valuable,
increasing the temptation to harvest. 

One source of internal conflict stems from the social struc-
ture of the community itself. Local forest protection pro-
grams have evolved in the same social context that has tradi-
tionally given rise to caste, class, and gender inequalities. An
elite group often dominates the village decision-making
process, which may marginalize women and lower-status sec-
tions of the community.

Also, the very act of protecting forests by limiting access to
them tends to adversely affect the poorer and more forest-
dependent members of the village, who have few other
options for fuel and livelihood.
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Dhani reflects both of these problems. The impetus for
forest protection—and control of the forest protection
process—has always been strongest in the villages populated
with higher castes that owned land and had less absolute
dependence on the forest. Conversely, the villages popu-
lated by tribal people and Harijans have shown greater
reluctance to participate and have complained of less power
over the forest’s management. The forest protection com-
mittee’s attempt to provide more income sources for the
poorest members of the community has evolved as a
response to this tension.

Likewise, the Dhani villages have wrestled with gender
issues. Until 1995, the general committee (the main body of the
forest protection committee) consisted of family elders, usually
men. Since then it has included two members—one man and
one woman—from each family in the five villages. The executive
committee, a group of 21 villagers who implement the deci-
sions of the larger general committee, has also included women
since 1995, but only three and they are not routinely consulted
when important decisions are made. Including women in the
forest management makes sense because women are the pre-
dominant forest users, collecting most of the firewood, leaves,
and other plants that enter local commerce.

Conflict with outside villages is another typical complica-
tion in forest protection efforts. Villages that have tradition-

ally made use of a forest, yet have not been part of the effort to
protect it, sometimes resist when a community group tries to
limit free access to the forest. The conflict may remain latent
as long as the forest is degraded, but once the forest regrows,
neighboring villages may want a share. This was the case in
Dhani. Kadamjhola, another village bordering Dhani Forest,
declined to participate in the original forest protection plan
but now wants to share in the project. The five original Dhani
villages have agreed to involve Kadamjhola in the protection
and management scheme.

Other neighboring villages have also sought a share of the
replenished flow of forest products. In earlier years, these vil-
lages regularly infringed on the protected forest patch, caus-
ing many disputes. But in 1991, with the encouragement and
advice of the forest protection committee, several of these vil-
lages joined together to protect their own piece of Dhani For-
est—a section adjacent to the parcel that the five Dhani vil-
lages have under management. The efforts of the two groups
will reinforce each other and reduce pressure on both parcels.

The Dhani Forest protection committee also has helped
other community forest management groups resolve con-
flicts through their role in the recently formed regional feder-
ation of forest-protecting villages that has sprung up in the
Ranpur area.
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There are approximately 2,000,000 villagers living in some 10,000 villages across Orissa. More than 400,000 ha of forest is under JFM by village com-

munities, but what they want is sole rights over the forests they protect and manage. They have formed a state-level forum to fight for ownership.

(continues on p. 190)
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Although overuse of Dhani Forest did not begin until
the 1950s, Indian forests have been systematically
exploited for centuries. Many of the policies and

inequities in wealth and political power that permitted histor-
ical forest destruction still influence the use and restoration
of forests like Dhani.

British rule in India (1799–1947) left an indelible imprint on
Indian forests, both through the outright destruction of
forests for commercial timber and by dismantling centuries of
local traditional forest governance systems. Certainly Indian
forests had been altered prior to the arrival of the Euro-
peans—for settled agriculture, for example—but in 1799 most
were relatively unpressured. Pepper, cardamom and ivory
were the only forest products for which there was significant
commercial demand, and land for subsistence hunting and
gathering was ample. Many forests in India were managed
locally, with village systems and cultural traditions that care-
fully regulated members’ harvesting practices.

But in the 19th century, the British turned to Indian timber
for the royal navy’s ships, for gun carriages, and to construct
and fuel an expanding railway network. Large landowners,
called zamindars, also promoted the conversion of forests to
agriculture to make money and meet the tax demands of the
colonial administrators.

By the mid-1800s, the British were concerned about rapidly
dwindling supplies of teak, sal, and deodar—the best timbers
for railway construction—and the government sought to
expand its legal purview over Indian forests. They criticized
villagers’ customary use of forests as random and unscien-
tific; colonials complained that rural Indians had become
accustomed to grazing cattle and cutting wood wherever they
wished. Although some colonials recognized that there were,
in fact, complex systems of local forest governance that war-
ranted praise and strengthening, their voices were over-
whelmed by the assertion of the proprietary rights of the
colonial government to India’s forests.

The 1878 Forest Act dismantled the last vestiges of rural
community control and instituted new classifications for
forests: the compact and most valuable areas were labeled
“reserved” or exclusively claimed for the state, others were
classified as “protected”–places where the local people were
given certain privileges but no formal rights. Eventually the
colonial government converted many protected areas into
reserve forests. Large areas of forest under the control of
India’s princes were also drawn into the colonial Act. Leases
with local landlords and rajas divested surrounding popula-
tions of their forest rights. By World War II, the Forest
Department’s instructions were to produce the maximum out-
put possible. 

Traditional conservation and community management sys-
tems went into decline. In some areas, sale or bartering of for-

est produce was prohibited. New laws restricted small-scale
hunting by tribes and British foresters. Indian princes sought
to ban the traditional use of jhum—the shifting clearing and
cultivation of forest in rotation—with the hope of enhancing
the commercial value of their forests. Even in the few places,
such as Madras, where the classification of panchayat, or vil-
lage forests, lingered, bureaucratic government rules impaired
their functioning. Loss of control induced a sense of helpless-
ness among villagers, and protected areas became vulnerable
to exploitation by both residents and outsiders. 

With Indian independence in 1947, the domain of the For-
est Department grew and the scope for local community man-
agement shrank still more. The Indian government took over
extensive forests owned by landlords. But before surrender-
ing their lands, many landlords cut as many trees as possible.

Box 3.9   H i s to r y  o f  I n d i a n  Fo re s t  M a n a g e m e n t

The terms used to describe forest-use rights and access

privileges have specific connotations in the context of

Indian forestry laws. 

■ Reserve Forests are those for which all rights are

recorded and settled by the state. They represent the

highest degree of state control—the state grants privi-

leges but not rights to people. 

■ Protected Forests represent a lesser degree of state

control, whereby rights are recorded but not yet settled. 

■ Village Forests constitute a fuzzier category. These

are forests under management of representative vil-

lage bodies, but the nature of these bodies and the kind

of control they have varies. In the 1930s, for example,

the state granted to village bodies some isolated,

unprofitable (for the state) forest patches in western

India in a bid to renew and bolster traditional manage-

ment practices; these, for example, are referred to as

village forests.

■ Common Property Lands are lands with no individual

ownership where resources are shared according to

some established social norms. Grazing lands tradi-

tionally used by village communities are an example.

Village forests can also be thought of as common prop-

erty lands.

Clar i fy ing  the  Forest  C lass i f ications



Industrialization was an important
objective of the newly independent
Indian government and state timber
plantations and production of paper
and other wood-based industries
were subsidized. 

By the 1970s, when government
forests were largely exhausted,
some of the best tree stocks in India
were what remained of locally man-
aged village forests—like Dhani. The
forest industry turned to some of
these village forests and attempted
to extract timber without the consent
of local leaders.

At the same time, a growing pop-
ulation put those remaining forests
under extreme pressure to be con-
verted to other uses or to produce
more wood, fuel, timber, and non-
wood products. One survey found
that between 1950 and 1980, the num-
ber of people supported by a single
hectare of common property went
from 4.9 to 13.7, with poor families
deriving 77 percent of their fuel and
fodder from such lands (Pachauri
and Sridharan 1998:126, citing Jodha
1990).

In the early 1970s, however, experi-
ments in Joint Forest Management
were initiated, and would lead to a
new era of forest co-management. 

The pressures of population
growth and forest conversion con-
tinue, yet Dhani and other forests
are beginning to regenerate. Vil-
lagers are testing their rights to
manage, reap, and perhaps even
gain title to the lands they have
restored. And governments at all
levels are starting to realize the eco-
nomic benefits of managing a forest
for its nontimber goods and ser-
vices—from leaves to healthy
soils—as well as for its commercial
timber potential.
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Estimated Original Forest Cover

Sources: MacKinnon (1997) and Global Land Cover Characteristics Database Version 1.2 (Loveland et al. 2000).

Current Forest Cover
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State  vs .  L oca l  Contro l :  Who  Shou ld
Reap  the  Bene f i t s  o f  Regenerat i on?

Title to Dhani Forest—both the land and the trees them-
selves—rests with the State of Orissa, yet it is only
through the efforts of the Dhani villagers that a func-
tional forest exists on the formerly degraded site. A

similar situation exists on most of the forests in Orissa that have
been regenerated through local community forest manage-
ment—a total of approximately 400,000 ha, or about 7 percent of
the State’s forest lands (Mahapatra 1999:34). This tension
between legal state control and de facto local control has been a
source of local dissatisfaction and political friction for years.

In 1988, responding to pressure from a rapidly growing
number of forest-protecting communities, Orissa became the
first state to formally recognize the legitimacy of local forest
protection committees. Soon after, it established a joint forest
management (JFM) program through which it allows villages
to co-manage local forests while sharing forest products with
the state. Under the JFM formula, local communities are enti-
tled to 100 percent of minor or intermediate harvests of com-
modities like fuelwood and nontimber products like leaves,
grass, and fruits, and 50 percent of major harvests of timber.

Although the state maintains this is an equitable division,
many local villagers throughout Orissa disagree. The State,
they argue, has shown little interest in local forest manage-
ment until now, when forests have begun to regrow and their
value has risen. They complain that the State treats them like
junior partners in the management effort, even though they
have done the bulk of the restoration work. Many of these vil-
lages believe the State should surrender title to forests
entirely to the local communities that protect them. Local
activism over the subject of forest ownership has increased
steadily in recent years, and the question of the State’s role
and right to harvest weighs heavily in the future of local
forests like Dhani (Mahapatra 1999:32–42).

Dhani’s own experience with the State has been more pos-
itive than most. Orissa State showed little interest, interfer-
ence, or involvement in the beginning of the protection
effort. In 1993, however, the State entered into a JFM agree-
ment with the Dhani villages and has since been forthcoming
with support. Lately, the State has cleared up one of the gray
areas in the JFM rules: how to share the bamboo harvest. The
state has also actively supported economic development ini-
tiatives of the Dhani community and offered technical help in
improving the forest stand.

Even while it has maintained good relations with the State,
the Dhani community has been active in the regional federa-
tion of forest-protecting villages. It has also taken a more visi-
ble role beyond the borders of Orissa, becoming a major learn-
ing center for those who want to study community forest
management. In recognition of the Dhani villages’ success in
protecting and restoring the forest, Orissa State awarded
them the Prakriti Mitra (Nature’s Friend) award in 1997. 

Forest  Regrowth ,  Commun i ty
Renewa l

For the past 15 years, Dhani Forest has served as an
840-ha classroom. It has offered the community—and
the world—some basic lessons in the value, degrada-
tion, and restoration of forest ecosystems.

The forest has always been a central feature—both spiritual
and economic—in the lives of the communities around Dhani.
It has been a source of livelihoods, a place for ritual, and the
tangible abode of nature. As the forest condition degraded
and these forest benefits dwindled, the fabric of the commu-
nity began to fray. Both local subsistence and the cash econ-
omy suffered. Food supplies became less stable. Periodic
migration out of the community for wage labor increased.

But the years of forest scarcity had a positive effect as well.
Desperate to regain the benefits of the forest, the Dhani vil-
lagers came to a collective decision to act on their own—a
grassroots campaign that provided a common rallying point
among villagers and helped renew their traditional link to
nature in the form of “Mother Forest.”

Their efforts have brought tangible and significant finan-
cial reward to the communities. They have added money to
the common village fund. They have also brought economic
opportunities to the poorest and most forest-dependent vil-
lagers, the residents hardest hit by the original decision to
limit access to the forest and an essential element in the long-
term success of the restoration effort. 

On another level, the Dhani experience emphasizes the
importance of granting local residents a voice in how the
ecosystems they live in are managed. Annexation of Orissa’s
forest lands by the State left locals with little control and
stripped them of most of the forest’s benefits. This set up the
conditions for Dhani’s demise. In contrast, when locals
reasserted their control, they quickly established a workable
management plan that garnered the community’s and eventu-
ally the State’s support. In this instance, and in many villages
throughout India, community forest management has been far
more effective than state management. Although Orissa State
has acknowledged this truth in the form of its JFM program,
there are indications that it still is unprepared to relinquish the
level of control that local communities feel they deserve. 

The Dhani example nonetheless demonstrates that the
state can play a useful role in supporting community forest
management. By lending financial and technical support to
the community’s forestry and community development goals,
Orissa State improved the Dhani’s prospects for success over
the long term (Singh 2000). Experience here and in many
other villages shows that community institutions such as the
Dhani Forest protection committee tend to get stronger and
more effective once they achieve financial and institutional
independence. To the extent that the state has helped hasten
that independence, it has nourished the roots of Dhani’s
restoration.



The five villages that manage Dhani Forest are home to
1,244 people in 212 households. Twenty-four percent of
the households are families of the lower castes of Indian

society, 29 percent are tribal, and 46 percent are upper caste
families. Since 1935, the number of households has increased
from 28 to 224—an increase of 700 percent. The economies of
these villages are heavily forest dependent—75 percent of their
income comes from a combination of forest resources and agri-
culture. Populations increased most in villages where families in
the upper castes predominate, but lower caste and tribal fami-
lies are the most dependent on forest products.
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Harijan women stitching siali leaf plates.
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Dhani Forest, 1935–96

Sources of Primary Income in the Dhani Villages

Caste Composition

Caste refers to the hereditary social classes of Hinduism; it governs the

occupations members can aspire to and their associations with members of

other castes. The division is based on wealth, inherited rank or privilege, or

profession.
Number of Households

Villages Upper  Castes Lower Castes Tribals Total

Arjunpur 52 21 — 73

Balarampur 4 11 18 33

Barapalli 43 19 — 62

Kiyapalla — — 30 30

Panaspur — — 14 14

Total 99 51 62 212

—, Data not available.

Source: Nayak and Singh 1999.

Box 3.10   T h e  Pe o p l e  o f  D h a n i ’s  Vi l l a g e s



India’s Joint Forest Management (JFM) initia-
tives are based on the concept of collaboration
between local people and state authorities.

Local people participate in forestry activities on
land that remains, essentially, under state control;
the Forest Department provides financial assis-
tance and technical advice. 

Joint Forest Management grew out of the ten-
sion in the 1970s and 1980s between Forest Depart-
ment staff and local communities. This was an era
of political upheaval in many states. Villages had
increasing need for forest resources but decreasing
access to them, as the government aggressively
promoted state plantations in barren and degraded
forest lands that had always been used by local
people. In fact, by 1980 nearly 23 percent of India’s
land area had been placed under state manage-
ment; the majority of the affected rural population
were denied access to their traditional resource
bases. Nonetheless, Indian forests were losing
ground, converted to other uses. For example, during 1959–76,
Indian forests lost 2.5 Mha to agriculture, mostly to encroach-
ment by the people living on forest peripheries.

During this period, Dr. Ajit Banerjee, a young Forest Ser-
vice officer posted at a small research station in West Bengal,
was exploring alternative methods of forest management. In
1971 Banerjee initiated an experiment in Arabari in which local
villagers would work with Forest Department staff to jointly
manage forest patches adjacent to their settlement. The idea

was to provide residents with a supply of biomass and sources
of income through the sale of nontimber forest products—fruit,
leaves, mushrooms, twigs, and fodder grass—and in exchange
the communities would help restore and protect the forests.
Soon, 618 families from 11 villages were working with the West
Bengal Forest Department to restore more than 1,200 ha of for-
est, salvaging sal trees where good rootstocks remained and
planting barren patches with fast-growing species like
cashews. Some of the deforested areas were cultivated with
rice, jute, and maize. The produce was sold to member families
at a nominal price. The members could get firewood and fodder
free for their own use. 

By the early 1980s, jointly managed forests in Arabari were
flourishing. Today, West Bengal, Orissa, and other states have
formally endorsed the “Arabari experiment” as a general model
for jointly managing forests. Widespread replication of the JFM
model—with corresponding regeneration of forests—offers
strong evidence that the recognition of traditional rights of local
people to use forest resources could be the most important
condition for managing a forest sustainably. 

There remain several challenges to the further success of
JFM. Marketing of nontimber forest products is still under the
control of an organized lobby of large merchants. The state-run
corporation responsible for marketing timber remains vulnera-
ble to a group of contractors who keep prices low at auctions.
Moreover, the efficient functioning of forest protection commit-
tees still depends on, in many cases, the personal efficiency
and willingness of concerned Forest Department officials.
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Box 3.11   Jo i n t  Fo re s t  M a n a g e m e n t  i n  I n d i a

A woman carries a “head load” of wood from rejuvenated Dhani

Forest.

Community Managed Forests in 15 of 30 Orissa
Districts

Land Under Land Under 

Villages Protection Villages Protection

District (no.) (ha) District (no.) (ha)

Angul 630 6,000 Mayurbhanj 750 35,000

Balesore 450 7,000 Nabrangpur 150 1,000

Baudh 25 2,500 Nayagarh 650 110,000

Bolangir 600 24,000 Puri 250 6,000

Debgarh 110 4,500 Raigada 75 8,000

Dhenkanal 732 8,000 Sambalpur 650 80,000

Ganjam 80 2,500 Sundargarh 125 5,000

Koraput 125 12,250

Source: Mahapatra 1999.
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F R E S H W A T E R  S Y S T E M S

South Africa is waging a new sort of turf battle. Beginning at dawn each day, thou-
sands of citizens wield scythes, axes, and pesticides against a rapidly advancing
and thirsty enemy: the alien trees, shrubs, and aquatic plants that thrive in South
Africa’s mountain watersheds, drainage basins, and riparian zones. These invad-

ing nonnative plants are literally drinking the water that people desperately need in this
semiarid country.

WORKING FOR WATER, WORKING FOR
HUMAN WELFARE IN SOUTH AFRICA

Imported for aesthetic and economic reasons and
unchecked by natural enemies, alien plants have infested 10
Mha, or 8 percent of the country (Versveld et al. 1998:32).
Their noxious spread creates a chain reaction of ecological
and economic disasters. In addition to depriving South
Africans of needed water, these plants obstruct rivers, exacer-
bate the risk and damage of wildfires and floods, and reduce
biodiversity by crowding out native vegetation.

Destroying trees and aquatic plants may seem counterin-
tuitive to basic concepts of watershed protection and ecosys-
tem management. Watershed conservation is most often asso-
ciated with the prevention of deforestation. But South Africa
is a country naturally dominated by grasslands and fire-prone
fynbos shrub vegetation that, because of its low biomass,
requires little water—unlike an infestation of large alien trees
and woody weed species. 

Common invader species such as wattle (Acacia), silky
hakea (Hakea sericea), and pine (Pinus) increase the above-
ground biomass of fynbos ecosystems by 50–1,000 percent.
The invaders dramatically decrease runoff from watersheds

Atlantic Ocean

Indian OceanSOUTH
AFRICA

(continues on p. 196)
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Nonnative plants have invaded 10 Mha of South Africa. Though they provide valuable timber and other benefits, invasive plants
deprive the country of precious water, reduce biodiversity, obstruct rivers, and increase risk and damage of wildfires and floods.
South Africa’s response, a multiagency effort called the Working for Water Programme, has hired thousands of poor, disadvantaged
citizens to remove invasive species while acquiring a living wage and new skills.

Box 3.12   O ve r v i e w : S o ut h  A f r i c a ’s  I n va s i ve s

E c o s y s t e m  I s s u e s

Since the invasion of South Africa by nonnative plants, the water quantity provided by the country’s
freshwater ecosystems to downstream areas has dramatically decreased—by as much as 82 percent in
some watersheds. 

Converting grasslands and native forests to nonnative plantations made it possible for South Africa
to increase fiber production. Today, timber contributes R1.8 billion to the national economy and forest-
based industries another R10 billion. The trade-off: the nonnative trees drink almost 7 percent of water
that would otherwise flow into rivers—far more than native species. 

Already one-third of South Africa’s Cape Floral Kingdom, a grassland and fynbos shrubland ecosys-
tem, has been lost to urbanization, agriculture, and forestry. Invasives now threaten biodiversity in the
remaining 90,000 km2 of fynbos, home to 45 percent of the subcontinent’s plant species. Invasives also
increase soil erosion after wildfires and floods. 

Conversion of lands to agriculture and habitat disturbance from road building and other developments
promotes the spread of nonnative plants.

Freshwater

Forests

Grasslands 

Agriculture

The end of apartheid began to return a voice to black citizens, whose control over land and water had
previously been drastically limited. This era also brought a new commitment to supplying sufficient
water to all. If that commitment is sustained, it provides impetus for the Working for Water Programme
and other restoration efforts that promise to provide more water at minimal cost.

Once almost free, the government now charges citizens for water to discourage overuse and waste.
Charges for other major water consumers like the forestry and agriculture sectors are critically
needed, too, but hotly contested.

The Working for Water Programme has found some common ground with stakeholders, but more diffi-
cult policy negotiations are ahead. For private landowners and commercial foresters, many invasives
are valuable crops or decorative elements of yards; controlling them brings higher costs than benefits.

Research on the impacts of invasives on water supply helped generate interest in today’s integrated
invasive plant control effort. More economic studies that illustrate the impacts of invaders and the
financial benefits of control are essential to help justify the increasingly large-scale funding that the
Working for Water Programme requires.

Equity and
Tenurial Rights

Economics

Stakeholders 

Information and
Monitoring

M a n a g e m e n t  C h a l l e n g e s



195
C h a p t e r  3 :  L i v i n g  i n  E c o s y s t e m s

T i m e l i n e

c. 1000 Traders and nomads introduce plant and animal species to Southern Africa, but none significantly impact native
vegetation.

1652 The Dutch colonize South Africa’s Cape. They soon import more than 50 crop plants from Europe, Asia, and South
America; some are present-day invaders.

1820–1870 A large influx of settlers from around the world introduces 11 of the 12 invasive species that now cause the greatest
problems in fynbos. 

1880s–1890s Botanists begin to note the spread of nonnative plants over mountain slopes and losses of endemic species in
Cape fynbos vegetation. At the same time, foresters promote mountain plantations of nonnative trees.

1920s Controversy about effects of forest plantations on water supplies begins, even as demand for commercial timber and
related products drives high rates of afforestation with nonnative hardwoods that continue for the next 60 years. 

1930s Rapid spread of prickly pear (Opuntia aurantiaca) in the succulant Karoo sparks awareness of the threat invasives pose
in arid areas as well as fynbos. Threats to biodiversity in grasslands and savanna are not fully understood for another 50
years. 

1934 The South African parliament appoints an interdepartmental committee to assess water preservation options.

1937 The Weeds Act is passed, one of the first major legislative attempts to deal with invasives, but a lack of field staff and
resources makes it difficult to enforce.

1940s–1970s Hydrological studies show that plantations have a negative effect on streamflow. Efforts to control invasives are
launched, but they are uncoordinated, erratic, and hampered by limited follow-up after clearing.

1948 Apartheid designates 83 percent of South African land “whites only.” Rural land and water laws in ensuing decades
mainly serve white interests. Blacks are denied access to the political process. 

1970 The Mountain Catchment Act gives the Department of Forestry management responsibility for high-lying areas; inva-
sives there are tackled in earnest, with plants cleared from tens of thousands of hectares. The Plant Research Institute con-
ducts vital research on biological controls for invasive plants.

1983 Conservation of Agricultural Resources Act grants government wider power to control invasive species and introduces
the idea that landowners are obliged to manage their land sustainably.

1986 International program on biological invasions focuses attention and research on plant invasions in South Africa. A
review of catchment experiments provides unequivocal evidence of the detrimental effect of nonnative plants on stream flow.

Late 1980s Responsibility for management of mountain catchments is passed from the Department of Forestry to the
provinces; lack of funding ends momentum for integrated invasive plant control programs. Plants re-invade cleared areas.

1989 International SCOPE program on biological invasions focuses attention and research on South African plant invasions.
A review of catchment experiments provides unequivocal evidence of the effect of nonnative plants on streamflow. 

1993 Further government-sponsored research determines that clearing invasive vegetation can improve runoff from catch-
ments.

1994 Apartheid ends. South Africa becomes a constitutional democracy.

1995 The Working for Water Programme is founded by South Africa’s Minister of Water Affairs and Forestry, hires 7,000 peo-
ple, and clears 33,000 ha in its first 8 months.

1998 The National Water Act recognizes water as a common resource; commits to protecting its quantity, quality, and reliabil-
ity; and grants each South African a right of access to 25 l of water per day. Meeting that commitment to 14 million people
without access to sufficient water is a daunting challenge.

2000 The Working for Water Programme employs tens of thousands of people and has successfully cleared more than 450,000
ha of land of invasive species, yet millions of hectares still require attention.



through greater water uptake from soil and subsequent tran-
spiration (van Wilgen et al. 1996:186, citing Versfeld and van
Wilgen 1986). Currently, invasive species in South Africa con-
sume about 3.3 billion m3 of water each year, almost 7 percent
of the water that would otherwise flow into rivers (Versveld et
al. 1998:iv). That’s nearly as much water as is used by people
and industries in South Africa’s major urban and industrial
centers (Basson 1997:10).

South Africa’s response to the invasion may be the largest
and most expensive program of alien-plant control ever
undertaken. It is also an effort to address the impoverishment
of black South Africans—poverty being one of the legacies of
apartheid, the system of white rule that ended in 1994.
Through a multiagency effort called the Working for Water
Programme, the government has hired thousands of citizens
to hack away the thirsty invasive plants and to turn the by-
products of their labors into saleable goods such as fuelwood,
furniture, and toys. Since its inception in 1995, the Pro-
gramme has offered men and women opportunities to acquire
a living wage and new skills. In some project areas, the Pro-
gramme provides childcare, community centers, and health
and national water conservation education.

By uniting social goals with ecosystem restoration, and by
capitalizing on public pressure to provide more water to mil-
lions of people, Working for Water has mustered political will,
public support, and funding at a time of fierce competition
among the many social welfare projects visualized by South
Africa’s new democratic government. Still, success is far from
assured and the stakes are high. If the Programme fails, many
pervasive invaders could double in extent over the next 10–20
years (Versveld et al. 1998:vi), jeopardizing the water supply to
cities, industries, and agriculture. The Programme’s high cost,
conflicts of interest with landowners, and management and
safety problems cannot be ignored. But the multiple dividends
that Working for Water pays are substantial: a healthier ecosys-
tem, more water at less cost, and employment for thousands in
a country where opportunities to escape poverty are rare. 

The  P lant  I nvaders

Today, invasive plants and animals are considered
one of the gravest threats to the biodiversity of nat-
ural ecosystems worldwide. That awareness, how-
ever, has come relatively recently. For centuries

alien plants were seen as desirable; their cultivation offered
immediate economic returns and social benefits, although
their costs were usually slower to manifest. Alien plants can
spend decades living innocuously in nonnative settings
before some subtle adaptation or shift in ecological dynamics
triggers an invasion. Even after years of study, it is not always
clear which organisms will aggressively invade new ranges,
where invasions will occur, when, or why.

IMPORTING THE INVADERS
Nonnative plants certainly seemed harmless to the Dutch,
who introduced more than 50 plants within the first few years
of their settlement at South Africa’s Cape in 1652 (Wells et al.
1986:29). For the next 150 years, colonists from all over the
world continued to import species that would provide fire-
wood, timber, food, and shade, and would stabilize sand
drifts, enhance gardens, and remind them of home. 

In total, about 8,750 plant species have been introduced
into South Africa. Fortunately, only 2 percent have become
seriously invasive, mainly trees and shrubs that mature
quickly, multiply prolifically, spread easily, and fare well in
disturbed conditions (van Wilgen and van Wyk 1999:566).
Species imported from southern continents and other fire-
prone ecosystems, like Australia, took hold particularly read-
ily in the fynbos, where fires trigger seed release and create
conditions conducive to germination.

Some of the most problematic species took root in the late
19th century when forest authorities began to promote
afforestation of the mountains around Cape Town. Imported
pines, eucalyptus, and wattles were promoted to supply tan-
nin and timber, since the extent of South Africa’s natural
forests is limited by climate and the fire regime. Officials
believed also that alien plants would increase the water supply
and provide aesthetic relief; they called the naturally bare and
stony slopes of the Cape’s mountains “a reproach and an eye-
sore.” Government foresters provided private growers with
free seeds and transplants of the alien species and awarded
prizes for the best plantations (Shaughnessy 1986:41).

The nonnative trees proved fast growing and able to take
root on all kinds of marginal lands. South Africa soon trans-
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A ribbon of invasive alien pines (Pinus pinaster) on the horizon; these

pines spread from a plantation just over the mountain. They radically

alter the structure of the fynbos and reduce streamflow from rivers.
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Box 3.13   M o s t  W i d e s p re a d  P l a n t  I n va d e r s  i n  S o ut h  A f r i c a

Water Use 

(millions of 

Species Origin Reason for Introduction Approx. Area and System Invaded cubic meters)

Syringa Asia Ornamental, shade 3 Mha; savanna, along riverbanks, disturbed areas,
(Melia azedarach) roadsides, urban open spaces 165

Pines North America Timber, poles, firewood, 3 Mha; widespread in mountain catchments,
(Pinus species) and Europe shade, ornamental forest fringes, grasslands, fynbos 232

Black wattle Australia Shelter, tanbark, shade, 2.5 Mha; widespread, except in arid areas 577
(Acacia mearnsii) firewood

Lantana Central and Ornamental, hedging 2.2 Mha; forest and plantation margins, water 
(Lantana camara) South America courses, savanna 97

Sources: Versveld et al. 1998:75; Working for Water Programme n.d.:4.

Distribution of Nonnative Invasive Species in South Africa.
The map is subdivided by river basins.

Percentage of nonnative
invasive plants by
river basin

No data

Sources: Versfeld et al. 1998; USGS 1997.
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formed grasslands and scrub-brushland habitats—largely
unsuitable for agriculture and grazing though very rich in
native biodiversity—into state-owned and private plantations
to feed the burgeoning timber industry and pulp and paper
mills. Today, plantations of alien trees cover 1.52 Mha. Nat-
ural forests cover less than 7,177 km2—about 0.25 percent of
South Africa (Le Maitre et al. Forthcoming).

Unfortunately, in riparian zones fast-growing aliens drink
almost twice the amount of water that the same trees con-
sume in areas away from rivers (van Wilgen and van Wyk
1999:567). And, plantations can only grow in the higher rain-
fall areas, like South Africa’s mountain catchments. There
they garner “first take” on some of the key water supplies for
South Africa’s lowlands. Although mountain catchments
encompass just 8 percent of the land surface, they provide 49
percent of the total annual freshwater runoff for the country
(van der Zel 1981:76). 

LOSING WATER,  GAINING AWARENESS
As early as the 1800s, South African botanists expressed con-
cern that introduced plants might suppress and replace nat-
ural vegetation, eventually turning the species-rich fynbos
into a biological desert. But among land managers and policy
makers, there was little interest in alien plant control for
almost another 100 years.

The threat of water shortages—more than the potential loss
of biodiversity—is what eventually motivated a reevaluation of
South Africa’s land management practices. Suspicions that
the proliferation of alien plants might be linked to water sup-
ply problems arose in the 1920s when farmers’ associations
petitioned the government to investigate why South Africa’s
rivers were drying up. The government initiated a series of
experiments to assess the impact of commercial forestry on
water resources in mountain areas. In study catchments, fyn-
bos shrublands and grasslands were heavily planted with alien
pines and eucalyptus, and the impact on stream flow was mon-
itored and compared to untreated control catchments. In the
following decades, researchers found stream flow sensitive
even to small changes in catchment vegetation cover. In
KwaZulu-Natal Drakensberg, for example, there was an 82 per-
cent reduction in stream flow in grassland catchments 20
years after planting with pines, a 55 percent reduction in fyn-
bos catchments in the Western Cape 23 years after planting
with pines, and a total drying up of streams in Mpumalanga
Province 6–12 years after completely replacing grassland
catchments with pines and eucalyptus (van Wilgen and van
Wyk 1999:x). Despite these findings, until the 1990s, efforts to
protect watersheds and combat the spread of invasive plants
were small and sporadic, petering out when funding waned. 

Finally ecologists were able to galvanize support for change
with a critical body of evidence that water losses to unchecked
invasives could be economically disastrous. Advances in tech-
nology enabled the development of computer models that sim-
ulated the growth, spread, and water use of alien plants in a

fire-prone landscape. The results were eye-opening. Even
sparsely infested areas are likely to become dense with inva-
sives over the next half century, resulting in reductions in
streamflow of 30–60 percent (van Wilgen et al. 1997:406). Dur-
ing the dry months when water needs are greatest, runoff in
some invaded catchments could be reduced to zero, converting
perennial streams to seasonal ones.

Unchecked alien plants would have dire implications for
the Cape region’s native wildflower, foliage, and dried flower
harvests and for the 1.3 Mha of irrigated croplands that pro-
duce 25 percent of the country’s agricultural output (IWMI
1999:4). The Western Cape’s harvests of apples, peaches, and
pears, for example, depend entirely on water derived from
adjoining mountain catchments; and the deciduous fruit
industry generated gross export earnings of more than
US$560 million and employment for 250,000 people in 1993
(van Wilgen et al. 1996:185). 

The impetus for invasives control gained further momen-
tum from a political transformation—the end of apartheid in
1994. A democratically elected government brought a new
national focus to equitable water access, a radical departure
from a history in which water was seen as the property of the
person whose land it ran through, usually white farmers.
Now, under South Africa’s 1998 Water Law, all water is a com-
mon resource. Each South African has a right of access to suf-
ficient water for basic needs, an amount provisionally set at
25 l/person/day. 

Since 14 million South Africans have inadequate or no
water supplies (Koch 1996:12), translating this new “right”
into practice will make prior water shortages seem trivial.
South Africa is already water stressed, and rapid population
expansion in metropolitan areas like Cape Town threaten to
create regional water crises. Studies have predicted that in
parts of the Cape, water demand in the year 2010 could be
70–106 percent higher than in 1990 (Marais 1998:2, citing
Spies and Barriage 1991). 

A  New K ind  o f  Tur f  Bat t l e

Watershed protection and poverty alleviation are
dual goals paired effectively in South Africa’s
Working for Water Programme. In 1995 Kader
Asmal, Minister of Water Affairs and Forestry,

was convinced by the arguments of scientists and conserva-
tionists that clearing invading plants could supply water and
other ecological benefits. He proposed that the government
use Poverty Relief funds to hire disadvantaged citizens to
remove invasive trees, shrubs, and aquatic plants. 

The first year of the plant-clearing effort had a budget of R25
million and employed more than 6,100 people (van Wilgen
1999). Now in its fifth year, Working for Water’s 1999–2000
budget is eight times larger—R202 million (van Wilgen 1999)
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and funding 240 projects in eight heavily infested provinces. At
times, employment has risen to 42,000 people, many of whom
have never been employed before or only labored as migrant
workers (Working for Water 1998, 1999). Priority is given to
clearing invasives from riparian zones and areas with the great-
est number of disadvantaged citizens.

PROTECTING THE WATERSHEDS
The Programme has cleared in excess of 450,000 ha of
infested land. In some places streams have flowed again for
the first time in decades (van Wilgen 1999). The clearing of a
dense stand of pines and wattles from 500 m of river bank in
Mpumalanga Province, for example, soon resulted in a 120-
percent increase in stream flow. Removing pines for 30 m on
either side of a stream (just 10 percent of the catchment) in
the Western Cape resulted in a 44-percent increase in stream
flow a year later—more than 11,000 m3 of water gained per
cleared hectare (Scott 1999:1151–1155; Dye and Poulter
1995:27–30).

Twelve to 18 months after clearing an area, workers must
eliminate alien seedlings with herbicide treatments or burn-
ing and replant the land with indigenous species. Follow-up
also may require the use of biological controls such as species-

specific insects and diseases from the alien plant’s home
country. Examples include the tiny gall wasp that prevents
the long-leafed wattle from flowering and producing seeds, or
leaf-feeding insect species that damage the leaves and stems
of lantana, another aggressive invader. In most cases, biolog-
ical methods cannot control alien plant species on their own—
they cannot remove existing established stands of trees, for
example—but they can provide a cost-effective means of mini-
mizing the invaders’ future spread and an alternative to her-
bicide applications near water.

ALLEVIATING POVERTY
Working for Water’s momentum comes as much from the jobs it
creates as the water that flows anew from project areas. Employ-
ment is a powerful lever for change in a country with 37 percent
unemployment (in 1997) (UNEP 1999, citing South African
Institute for Race Relations 1998); 50 percent of all households
are classified as “poor,” earning less than R353/ adult/month
(May 1998). In many project areas, citizens lack reliable sources
of clean water, electricity, and permanent homes. Few have the
education or skills to take on available jobs, especially those in
an increasingly technological labor market. 

Programme workers are paid a daily wage of R22–R55—on
par with local wages for similar jobs (Marais 1999). Most
workers spend the day removing invasives with scythes and
chain saws. Some employees trained in mountaineering start
the week with a helicopter flight to parts of Mpumalanga and
Western Cape provinces that are inaccessible by foot. There
they clear alien vegetation from peaks and gorges, camping
until a return flight home on Friday. 

The Programme’s social welfare benefits are expanding
along with the water supply. By supporting child daycare cen-
ters, Working for Water has built a workforce that is more than
50 percent female, including many single mothers. The Pro-
gramme also strives to create jobs for youths, rural residents,
and the disabled. Worker training and education, provided in
collaboration with government agencies, schools, and non-
profit organizations, complements hiring programs. Topics
include environmental awareness and health education—from
first aid, to family planning, to HIV/AIDS prevention.

TEMPERING THE TAP
While striving to restore the mountain watersheds to a state of
uninvaded abundance, the Working for Water Programme
serves to awaken citizens to a new appreciation of the limits of
South Africa’s precious water resources. A combination of
incentives is spurring the adoption of conservation measures
and providing Programme income.

A major impetus comes from South Africa’s new Water
Law, which explicitly recognizes the need to protect “the quan-
tity, quality, and reliability of water required to maintain the
ecological functions on which humans depend” (see next
page). Some municipalities where Working for Water operates
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A Working for Water team clears a dense stand of Pinus pinaster in

the mountains above the coastal town of Kleinmond, about 120 km

east of Cape Town.

(continues on p. 202)
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Box 3.14   S o ut h  A f r i c a ’s  N e w  Wate r  L a w : M a n a g i n g  Wate r  fo r  E q u it y,
E c o n o m i c  G r o w t h , a n d  E c o s y s te m  R e s i l i e n c e

Reforming the way water is managed is central to
South Africa’s economic and political reconstruction.
Since the democratic elections of 1994, the nation has

crafted a suite of water policies, including the Water Services
Act of 1997 and the National Water Act of 1998 (NWA), to
redress past inefficiencies, inequities, and environmental
degradation. These new policies are considered among the
most progressive in the world. 

Like other countries, South Africa’s has crafted water-
sector reforms that emphasize a decentralized approach to
water management, encourage local participation in decision
making, and use innovative water pricing practices (Saleth
and Dinar 1999:iii). What sets South Africa’s approach apart
are its far-sighted and ecologically grounded commitments to
manage water efficiently, while ensuring equity of access and
the sustainability of the resource. These goals have required
radical departures from the nation’s old practices. 

P r ote ct i n g  E c o s y s te m  I n te g r i t y
South Africa’s new water policy is based on the principle that
the nation must maintain the natural ecosystems that under-
pin its water resources if it expects to meet its ambitious
water provision goals. To this end, the NWA requires that the
country maintain an environmental “reserve”—the amount of
water that its freshwater ecosystems require to remain robust
(NWA No. 36, Chap. 3, Parts 2 and 3). The law also encour-
ages an integrated, watershed-based approach to water man-
agement; actions that could fall under the law’s purview
include modifications of land-use practices along stream cor-
ridors, the clearing of nonnative vegetation, and measures to
reduce the production of pollutants.

Wate r  A l l o c at i o n s  to  S at i s f y  B a s i c  N e e d s
The NWA establishes a “basic needs reserve” for humans,
too—an allocation of water for drinking, food preparation, and
personal hygiene. This reserve, provisionally targeted at 25
l/person/day, is guaranteed as each citizen’s right (DWAF
1994:15; Water Services Act No. 108). To ensure that everyone
has access to the reserve, the law directs the Department of
Water Affairs and Forestry (DWAF) to oversee the provision of
water and sanitation across the provinces. 

After a supply of water to meet basic human needs and the
environmental reserve is assured, South African law requires
that remaining water be allocated so that: (a) all people have
equitable access to the resource for productive purposes,
especially within the agricultural sector; and (b) all people
have equitable access to the benefits that flow from water use,
such as jobs. For example, under law, the country would seek to
remedy such inequities as the distribution of irrigation water;
currently, irrigation accounts for more than half the water used

in South Africa, but black farmers have access to less than 10
percent. The NWA also specifies that the government can
implement water charges (described below) for certain regions
or groups to further the goal of equitable access. 

Wate r  a s  P u b l i c  P r o p e r t y  
The 1998 law makes all water public property, repealing the
previous statute that assigned water rights based on property
ownership (NWA No. 36, Ch.4). For example, a landowner now
needs permission to make large-scale water withdrawals from
water that crosses his or her property. Other regulated water
uses include storing water, impeding or diverting the flow of
water in a watercourse, engaging in activities that can reduce
stream flows such as plantation forestry, irrigating land with
waste water, or altering the banks of a watercourse. 

Individuals who want to use water beyond reasonable
amounts for domestic use, livestock, emergencies, and recre-
ation must apply for temporary licenses (NWA No. 36, Chap.
4, Part 1 and Schedule 1). Water authorities grant licenses for
specific uses, like irrigation, and for specific periods of time.
The maximum grant of water rights is 40 years, but all
licenses of any length are subject to review at least every 5
years to ensure equitable distribution in a watershed.
Reviews are conducted to maintain water quality, to redress
situations where water has been over-allocated, or to address
situations in which socioeconomic demands have changed.
Licenses can be traded or auctioned.

N e w  G ove r n a n c e  S t r u ctu re s
The scope for local participation in water management in
South Africa has been vastly broadened while the capacity to
coherently plan and integrate water management at national
and watershed levels has been retained. 

At the national level, DWAF is charged with establishing
the details of the national water strategy, making decisions
about water transfers among watersheds, meeting the terms of
international agreements in shared river basins, and determin-
ing water quality standards. But the responsibility for actually
allocating water to users within an individual watershed rests
with local “Catchment Management Agencies” (CMAs) (NWA
No. 36, Chap. 7, Part 1). The CMAs and other institutions are
expected to operate with broad participation from all inter-
ested parties—for example, they must make all applications for
water licenses public and judge all water users’ responses.

It is also worth noting that South Africa’s water laws are
among the first in the world to grant water rights to a person
who farms a given piece of land, whether the person is the for-
mal owner or merely the user of the plot. This arrangement is
substantial help to holders of communal land (International
Water Management Institute 1999:8).



Wate r  Fe e s  fo r  E q u it y  a n d  E f f i c i e n cy  
The NWA relies on water fees as the main tool for financing
the provision of water and encouraging efficient use (NWA
No. 98, Chap. 5, Part 1). The law requires the DWAF to
develop water pricing strategies and gives the agency consid-
erable discretion in varying water prices by location, depend-
ing on circumstances. For example, the agency can apply a
given water charge on a national or regional basis, or simply
within a specific water management area. The DWAF can use
three types of water fees:

■ A charge to cover the full financial costs of providing
access to water, including the costs of developing, operat-
ing, and maintaining the water infrastructure.

■ A watershed management charge, which can apply to the
use of rivers and other water bodies for waste disposal as
well as to water consumption. Funds generated can be
used to support water management, conservation, and
research.

■ A resource conservation charge that can be applied where a
particular water use significantly affects others in the
watershed. These charges are intended to reflect the
scarcity value of water in a water-stressed area.

I m p l e m e n tat i o n  C h a l l e n g e s
South Africa’s water reforms are lauded internationally, and peo-
ple across South Africa recognize the merits of the changes out-
lined in the new water policies. Nevertheless, implementing the
new policies is challenging. Weak management and inadequate
training have plagued many water delivery projects in the past 5
years, and some communities have resisted paying the new
water charges. These early experiences demonstrate that, no
matter how lofty the goals, instituting profound changes in the
management of a resource as basic as water takes time, both to
build support among the wide array of water users and to build
the capacity and professionalism of local water institutions.

An equally great challenge posed by the new water policies
is the need for the South African government to take a multi-
disciplinary approach to water management issues. Hydrologi-
cal and engineering considerations—for decades, the water
department’s focus—now are merely pieces of a larger man-
agement framework that gives equal consideration to eco-
nomic, social, and ecosystem issues.
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use water conservation campaigns to help implement that law.
Prepaid meters encourage citizens to pace their water use and
“save” water. Citizens use “grey water” (wastewater) in the
garden, water-efficient toilets, and low-flow showerheads.
They refrain from irrigation between 11 a.m. and 2 p.m., when
60 percent of the water applied evaporates.

Another conservation incentive is an increase in what had
been some of the cheapest water prices in the world. Sliding
scales for household water use make the first 5 m3 of water just
R0.007 each, but each additional cubic meter has a higher
price—as much as R0.14/kl for use of more than 60 kl/house-
hold/month (van Wilgen 2000).

The results are striking. In Hermanus, for example, water
use decreased by 25 percent, while revenue from the sale of
water increased by 20 percent, helping to fund a local Working
for Water project. Conservation measures have allowed Her-
manus can delay building expensive additional water supply
capacity—like a new dam (Working for Water 1998:17).

CALCULATING THE BOTTOM LINE
Currently, Working for Water is spending R200–R250 mil-
lion/year, mainly on worker wages. Financial support comes
principally from the government’s Reconstruction and Devel-
opment Programme and Poverty Relief funds, and about 40
percent from water tariffs (van Wilgen 1999). Substantial
training, materials, and staff for the social welfare programs
are provided by many partner agencies. In Walker Bay near
Hermanus, landowners are paying half the clearing costs and
the full maintenance costs. In Cwili-Kei Mouth/Komga on
the Eastern Cape, farmers are paying 60 percent of the cost to
clear their land (Marais 2000; Working for Water 1998:17).
Programme leaders hope to replicate these models. 

Yet at current rates of work and efficiency, the plants are
still spreading faster than the Programme is removing them.
Assuming an alien expansion rate of 5 percent/year, water-
shed restoration and plant control will require about 20 years
of work—an annual investment of about R600 million. That’s
a total cost of about R5.4 billion, plus long-term maintenance
of about R30 million/year (Versveld et al. 1998:iv–vi). 

Still, put in the context of other water supply options,
plant-clearing programs and watershed protection may be the
best buy. One study suggests that the additional water gener-
ated by clearing aliens from catchments in the Western Cape
would cost just over R0.06/m3. By comparison, it would cost,
per cubic meter, R5.70 to secure water from the best dam
option in the Western Cape, R1.50 for treating sewage water,
and R4.80 cents for desalination (van Wilgen et al. 1997:409;
van Wilgen 2000). The studies also showed that early invest-
ment in clearing is financially prudent. The spatial cover of
invasives in fynbos regions appears to spread and intensify
from light to dense within four to six fire cycles (50–80 years).
To clear lightly infested areas costs about R825/ha compared
to R5,875/ha to clear a densely invaded area (Versveld et al.
1998:vi).

WINNERS AND LOSERS
Not only does the government face steep plant-clearing and
weed-control costs, so do private companies and landowners.
Many of the species targeted as “pests” sustain one of the
country’s fastest growing economic sectors: plantation
forestry contributes 2 percent to South Africa’s GDP, about
R1.8 billion/year; and products from pines, eucalyptus, and
wattles contribute another R10 billion/year. Yet forestry is a
major source of invaders. Thirty-eight percent of South
Africa’s invaded areas are occupied by nonnative species used
in commercial forestry, and nearly 80 percent of invasive
pines occur within 30 km of plantation forestry (Nel et al.
1999:i,1,19). Many rural landowners are reluctant to finance
the restoration of invaded areas for which they are responsi-
ble—areas where species like wattle and eucalyptus have
escaped from intended use on farms as windbreaks, shade
trees, and wood lots. Plant nurseries, too, have been targeted
for tighter regulations on sales of invasive plants.

Private landowners and Working for Water have found some
common ground. Working for Water proponents do not propose
banning the use of invasives on plantations, and many landown-
ers are eager to control weeds like lantana, bugweed, and chro-
molaena, which obstruct plantation operations and increase
the fire hazard. The forest industry has committed to a code of
conduct that requires riparian zones and nonafforested areas in
their estates to be kept clear of alien plants. Some forestry com-
panies have helped plant-control efforts by clearing weeds and
commercial species from riverine areas or assisting with plan-
ning, mapping, vehicle donations, and worker training. 

But broader consensus on the financial responsibility of the
forest companies and the thousands of small independent farm-
ers for clearing and controlling invasives is elusive. Not all agree
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The ability to estimate the value
of South Africa’s ecosystems
with and without invasives has

proved key to securing support for clear-
ing programs. For example, a 1997 analy-
sis valued a hypothetical 4-km2 fynbos
mountain ecosystem at R19 million with
no management of alien plants and at
R300 million with effective management
of alien plants. The analysis was based
on the value of just six major goods and
services provided by the ecosystem:
water production, wildflower harvest,
hiker and ecotourist visitation, endemic
species, and genetic storage (Higgins et
al. 1997:165). The authors also deter-
mined that the cost of clearing alien
plants was just 0.6–5 percent of the
value of mountain fynbos ecosystems.
That may be a very conservative esti-
mate, given the extraordinary species richness and endemism in South Africa’s eight biomes and the fact that invading plants
threaten to eliminate about 1,900 species (van Wilgen and van Wyk 1999, citing Hilton-Taylor 1996).

In fact, South Africa’s biodiversity is perhaps the strongest long-term justification for limiting the extent of invasives, but the
most difficult ecosystem service to value. It is possible, for example, to estimate a “market worth” for fynbos plants when devel-
oped as food and medicines or horticultural crops. However, it is more difficult to put a value on a species like the Cape Sugarbird,
whose habitat is endangered by invasions in the Western Cape, or the oribi antelope, threatened by invaders that disrupt grass-
lands habitats.

Box 3.15   Va l u i n g  a  F y n b o s  E c o s y s te m

Benefits and Costs Associated with the Black Wattle (Acacia mearnsii) in South Africa

The black wattle, an aggressive invader, provides significant commercial benefits and is an important resource for rural communities. But one recent analysis
suggests that its costs may be more than twice as high as its benefits.

Wattle Benefits Net 1998 Value (R6 = US$1) Wattle Costs and Negative Impacts Net 1998 Value (R6 = US$1)

Timber and other commercial wood $363 million Reduction of surface streamflow $1,425 million
by-products, including tannins, pulp, estimated at 577 million cm3 of
woodchips water annually

Firewood $143 million Loss of biodiversity Unknown, but believed
to be significant

Building materials $22 million Increases in the fire hazard $1 million

Carbon sequestration $24 million Increase in erosion Unknown

Nitrogen fixation Unknown Destabilization of river banks Unknown

Medicinal products Unknown Loss of recreation opportunities Unknown
and aesthetic costs

Combating erosion Unknown

Total >$552 million >$1,426 million

Source: de Wit et al. Forthcoming.



with proponents of Working for Water who advocate more clear-
ing near and downstream from plantations and fines for illegal
plantings within 20–30 m of riparian zones. Plus, the Programme
advocates a polluter-pays approach to seed pollution, which
would hold those who use invasives responsible for the costs if the
plants spread. Private landowners question the practicality of try-
ing to measure seed pollution. They fear being blamed for impacts
caused by others, including the backlog of removal to be done in
riverine areas—at least some of which were likely infested by the
government before plantation forestry was privatized. Unless
these disputes are overcome and the stakeholders work coopera-
tively, Working for Water’s efforts will be crippled.

Foresters also oppose Working for Water’s advocacy of water
tariffs on “stream flow reduction activities”—effectively, a tax
on the water consumed by their trees to help fund the clearing
of alien-infested catchments. These tariffs will force the forest
industry to come to grips with a system in which water is no
longer a free service; the industry fears that such water controls
will inhibit its global competitiveness. Singling out the forest
industry for user fees complicates the dispute. Sectors like agri-
culture and mining pump more water from rivers than forestry
but are not likely to be charged for several years. Detailed
knowledge of their impact on water use lags far behind that of
forestry, making it difficult to issue permits and bills.

Working for Water also poses problems for the many rural
communities that depend on invasive plants for firewood,
shelter, and food such as honey, prickly pears, and guava. So
far, the Programme has avoided clearing where invasive
plants are a major fuel source for impoverished communities,
or has sold or donated felled species as firewood, charcoal, or
barbecue wood. Eventually, though, it may be necessary to
develop locally managed woodlots of species with minimum
invasive potential or of fast-growing indigenous species. 

The  Programme ’s  Fu ture

Securing the buy-in and support of landowners is only
one of a gamut of daunting obstacles faced by Work-
ing for Water. Living up to its promise of creating
empowerment and alleviating poverty for local com-

munities may prove harder than plant removal. The scope for
employment in catchment clearing is massive if Programme
funding is sustained, but it is less clear whether the Pro-
gramme can provide meaningful and sustainable livelihoods
for a significant number of people. 

Success may depend on the Programme’s ambitious aim of
shifting many of the 92 percent of its participants who currently
remove plants into higher-paying, permanent jobs in fire man-
agement, ecotourism, and “secondary” industries (Fynbos
Working for Water Allied Industries 1998:4). Secondary indus-
tries are businesses that turn cleared invasives into profitable
products like firewood, treated processed timbers, and crafts.

Through a partnership between the Green Charcoal Company
and Working for Water, for example, a factory is manufacturing
charcoal processed from harvests of invasive alien trees. This
partnership lowers the Programme’s clearing costs and simpli-
fies follow-up treatment of the cleared areas by removing the
felled wood. In Mpumalanga Province, the Programme is pro-
ducing wood chips that can be mixed with cement to create pan-
els for inexpensive, insulated home construction. A possible
partner is the Homeless People’s Federation, a network of sav-
ings and credit collectives that help disadvantaged citizens
secure loans to build homes or start businesses. Perhaps the
most poignant example of the secondary industry concept is the
mills that Working for Water is building to produce, from inva-
sive biomass, low-cost coffins. There is no shortage of buyers.
The devastating spread of HIV/AIDS in South Africa has forced
thousands of impoverished families to spend precious funds to
bury relatives in expensive coffins.

But running a successful secondary industry requires
management and business acumen and a labor force with
solid technical skills. That is one reason why Working for
Water seeks to sign contracts with established businesses—to
gain managerial, marketing, and product development expe-
rience for workers and establish outlets for the felled wood or
finished products. Programme workers also gain critically
needed training. An assessment of Working for Water found
that about 70 percent of laborers lack the skills for furniture
building, saw-milling, industrial woodworking, or eco-
tourism (Fynbos Working for Water Allied Industries 1998:8).
That relegates the bulk of untrained laborers to lower-paying
firewood, bark, and chip industries.

The management deficit identified in the secondary
industries also hinders Working for Water as a whole. The
idea and vision for the Programme were implemented
quickly by Programme founders eager to begin “doing”
rather than “planning.” The rapid Programme expansion
appears to have short-changed worker training. Thirty-six
percent of the Western Cape projects reported problems,
such as removal of the wrong species, use of the wrong extrac-
tion methods, or failure to carry out the required follow-up
prescriptions (Raddock 1999). Some projects are led by man-
agers who lack experience, training, mentoring, and super-
visory skills. Worker productivity flags under the daily-pay
system, and poor management exacerbates the problem. 

To improve quality control and productivity, Working for
Water is shifting from the daily wage to a contract system.
The best workers are promoted to “contractors” who identify
people with initiative and form a labor team. After training,
the contractors can bid on plant removal and restoration jobs
that fall under the auspices of the Programme and can con-
tract with private industries to clear invasives from railway
and utility easements or other large land holdings. In test
contract system areas, productivity is up 30–50 percent, and
in some places more than 65 percent of the clearing is
achieved by self-employed teams (Marais 1999; Botha 1999).
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The environmental goals of the Programme present chal-
lenges as well. Some allege that Working for Water is too
politically driven, leading to an emphasis on labor initia-
tives rather than research, monitoring, and conservation
practices such as careful rehabilitation of cleared areas. The
return of a full complement of ecosystem services in cleared
areas mandates that topsoil be replaced followed by
mulching and plantings of indigenous vegetation to prevent
soil erosion; that nutrient cycling be initiated; and that the
provision of a clean water supply be promoted. If felled trees
are not removed, wildfires can burn very hot (invaded grass-
land and shrubland sites have 10 times more fuel than non-
invaded ecosystems), killing indigenous seed banks and
causing soil to become water repellent. In subsequent rain-
falls, sheet and gully erosion may result. Prevention of fur-
ther invasions through careful management of primary
infestation routes and sources—roads, railways, rivers, and
actions of private landowners—requires more attention, too.

Programme success also depends on overcoming financial
problems. Until the government’s recent commitment to pro-
vide funding in 3-year cycles, varying levels of income meant
labor contracts could be as short as 1 month. Also, the timing of
cash flows does not always correspond with optimal seasonal
work plans. For example, the ideal time to cut wattles is in the
winter when cold temperatures would help kill trees, but fund-
ing has sometimes only been available in the summer when
regrowth is strongest. Another problem is that sudden infusions
of cash from the Poverty Relief Fund might necessitate surges in
hiring and clearing efforts without adequate management. 

A  Comp lex  Fabr i c  o f  So lu t i ons

Without its tangible social welfare benefits, few
democratic governments would embrace an
investment of public resources on the scale of the
Working for Water Programme. In a country with

poverty as widespread as in South Africa, it would be hard to con-
vince public leaders that limiting the spread of alien plants—even
with compelling evidence that biodiversity or water is at risk—
outweighs the need to provide a living wage. 

But Working for Water relates ecosys-
tem protection to local residents’ lives,
viewing social context not as a static back-
ground but as a promising avenue for
ecosystem restoration. Rather than cor-
doning off one problem from another, the

Programme weaves a solution around all of them. A surplus of
unemployed citizens is tailored into a resource, not a drawback.
Felled wood is an input, an opportunity for entrepreneurs, and
a source of Programme funding, not waste. Clearing trees in a
community offers a chance to provide education programs.

Many hands weave Working for Water’s complex fabric of
solutions. The Programme benefits immeasurably from a
savvy public relations campaign and the support of myriad
government agencies. Programme promoters have garnered
international recognition and R23 million in foreign aid
(Gelderblom 2000). Programme managers capitalize on mar-
keting opportunities, such as outfitting workers in bright-col-
ored T-shirts printed with the Programme logo and the names
of financial sponsors. Partnerships with government agen-
cies, nonprofit organizations, and the private sector yield
management advice, research, ideas, and staff and materials.
Perhaps most important, the tacit buy-in of those many part-
ners has transformed Working for Water from an idea to a mul-
timillion-dollar project in just 5 years. The high levels of
recognition that the Programme has gained among national
and international publics and policy makers also offers insur-
ance against cutbacks in tough budgetary times. 

Whether Working for Water can grapple comprehensively
and cogently with invasive plants, water conservation,
poverty, and even worker health remains to be seen. There is
the strong possibility that the Programme will fall short of its
goals. Controlling invasives completely may not be possible,
but partial success will still warrant acclaim. Even if inva-
sives’ spread continues to outpace Working for Water’s
efforts, the Programme’s expenditures have already trans-
lated into more water. The Programme’s social welfare strate-
gies have brought about greater public understanding of the
value of ecosystem services, better health education, and
worker skills training. These investments cannot be lost.

Persistence is critical to what must be an ongoing process
of watershed restoration and biodiversity protection in South
Africa. Sustaining the necessary public and political interest,
sufficient to ensure millions in annual funding, is no small
task. But the need for water—mandated for all by law and
essential for economic growth—plus the need for jobs may be
the ultimate insurance that the Working for Water Pro-
gramme will succeed.
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Fynbos vegetation is a shrubland character-

ized by a mixture of three main growth forms:

proteoids, ericoids, and restioids.
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The Mekong River represents a last chance of sorts—
the last chance to tap a large, relatively pristine
river basin’s potential to supply energy and water
without destroying its environmental integrity. The

Mekong is the world’s 12th longest river, stretching 4,880 km
from its source on the Tibetan plateau to its outlet on the
coast of Vietnam. It is the 8th largest river in terms of annual
runoff and perhaps the world’s least exploited major water-
way in terms of dams and water diversions. But the Mekong’s
795,000 km2 watershed includes six of Southeast Asia’s rich-
est and poorest nations—Cambodia, China, Lao PDR, Myan-
mar, Thailand, and Vietnam. All these governments are eager
to promote economic development using the Mekong’s water
resources (MRC 1997:14–15).

The drive to dam and divert the Mekong threatens the tra-
ditional uses of the river—as a source of fish and a barrier to salt
water penetration into the rich Mekong delta soils. Ideally, a
new model of coordinated regional water management will
preserve those benefits while sharing new ones. The Mekong
River Commission (MRC), originally known as the Mekong
Committee, was established among the basin countries in
1957 to address potential conflict over hydropower develop-
ment. The MRC provides a vehicle for joint management of the
river and for the coordination of development strategies for
the lower Mekong basin. In 1995, after almost 4 decades of
political turmoil had hampered the Commission’s effective-
ness, the basin countries reaffirmed their interest in working
together. Cambodia, Lao PDR, Thailand, and Vietnam signed
the Agreement on Cooperation for the Sustainable Develop-
ment of the Mekong River basin, which acknowledges the need
for regional action. China and Myanmar have observer status. 

Yet the MRC lacks any real power to develop or enforce a
unified vision of sustainable water use in the basin, and each
of the riparian countries is pursuing its ambitious develop-
ment plans largely independently at this time. Can a truly
regional approach to Mekong management evolve in time to
influence the basin’s environmental future?

Damming  the  Mekong

The Mekong River and its tributaries have a potential
hydroelectricity generating capacity of 30,000–
58,000 MW (MRC 1997:5–19). Although plans to
construct major hydroelectric dams have been afoot

for years, as of 1997 less than 5 percent of this potential had
been exploited.

Now, however, scores of large dams are under serious con-
sideration in response to both the growing regional demand

for electricity and the desire of the nations in the basin to earn
foreign exchange from international sales of hydropower. The
financial crisis that erupted in Asia in 1997 shook Thailand’s
economy particularly hard, slowing electricity consumption
and delaying power purchase agreements and dam start-ups,
but energy demand is expected to pick up again quickly as the
recession recedes (EIA 1999). By 2020, electricity demand in
the Mekong region could be six times greater than in 1993
(MRC 1997:5–9). 

Hydropower potential varies greatly among the riparian
nations. Highland countries like China and Lao PDR possess
the greatest share, while countries like Vietnam and Cambo-
dia—along the slower-moving, lower reaches of the Mekong—
possess relatively little. Currently, major pressures on the
Mekong include:

■ China’s Yunnan province at the top of the watershed is
planning a cascade of up to 14 dams on the upper Mekong—
known locally as the Lancang River. These dams would
have a total installed capacity of 7,700 MW, equivalent to
20 percent of China’s current energy consumption.
Because of Yunnan’s remoteness from China’s more devel-
oped areas and the chance to earn export dollars, Yunnan
authorities are likely to export electricity to Thailand.
China has also proposed plans to divert water from the
Mekong into the Yellow River to meet Northeast China’s
growing demand for water.

■ Many of the tributaries feeding the Mekong in Thailand
have already been dammed to provide power and irrigation
water to its arid eastern provinces. However, Thailand has

MANAGING THE MEKONG RIVER:
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Box 3.16   H o w  t h e  M e k o n g ’s  H y d r o p o we r  R e s o u r c e s  A re  D i v i d e d
The Mekong Basin at a Glance

Average Population Consumption
Flow from
Catchment Percentage Electricity Fish 

Area of Total National Basin GDP (KWh/ (kg/
Country (m3/sec) Flow (millions) (millions) ($ billions) person/yr) person/yr)

China 2,410a 16 1,278.0 5.9 902.0 260a —

Cambodia 2,860 18 11.2 8.7 3.0 55 13

Lao PDR 5,270 35 5.4 4.6 1.8 55 7

Thailand 2,560 18 61.4 22.1 153.9 900 15–27b

Vietnam 1,660 11 79.8 14.0 24.8 140 21–30c

Myanmar 300 2 45.6 0.4 — 60 —
Note: —, data not available. 
aYunnan Province only.  bNortheast Thailand only.  cMekong delta in Vietnam only.

Sources: UN 1998; CIESIN 1999; World Bank 1999; MRC 1997:5–11, 5–20.



long-standing plans to divert water from the Mekong into
the water-scarce Chao Phyra River, the main source of
water for Thailand’s economic heartland.

■ One-third of the total flow of the Mekong originates in Lao
PDR. Given its abundant rainfall and rugged topography,
estimates of the country’s hydropower potential reach
7,000 MW, of which only a fraction is currently exploited.
Laos has prepared plans to construct as many as 17 new
dams during the next decade to reduce the country’s
poverty. Most of the hydroelectricity will be sold to Thai-
land and Vietnam. Thailand already buys electricity from
Lao PDR’s Nam Ngum dam and is negotiating to buy
power from the planned Nam Theun II dam.

Not all the proposed projects will be developed, however.
Only a handful are both technically feasible and economically
viable, and public and NGO outcry against some—like Nam
Theun II—may stall construction. For those hydropower plans
that do hold economic promise, the private sector stands
ready to invest. Often the funding comes through “build-own-
operate-transfer” (BOOT) projects, in which foreign inves-
tors finance, construct, and operate a dam, recouping their
investment and sharing risk during a concession period, then
transfer ownership of the project to the government. 

Vu lnerab i l i t y  Downstream

A lthough dams and diversion projects dominate the
official development discourse, the Mekong has
long provided many other environmental benefits
to the basin’s 55 million inhabitants. Approxi-

mately 30 percent of households in the Mekong delta are
below the poverty line and most of the rural population
depends on the river and its tributaries for their survival
(MRC 1997:4–6).

For example, the fish caught in the Mekong are the source
of 40–60 percent of the animal protein consumed by the popu-
lation of the lower basin, and fish sustain an even higher per-
centage of people in much of Cambodia (Institute for Devel-
opment Anthropology 1998:87–88). The 900,000 tons of fish
harvested annually (Friederich 2000) and the Mekong’s extra-
ordinary fish species richness are threatened by dams, which
interfere with spawning cycles by preventing fish migrations. 

Dams also reduce the seasonal floods that sustain fish
spawning and nursery grounds in the wetlands upstream and
the delta region. The flood cycle, keyed to the monsoon rains,
is a critical factor in the life cycle of many of the area’s aquatic
species. Even slight changes in peak flood flow could threaten
the region’s fish production and food security (MRC
1997:3–8). Impacts observed at dams already constructed on
Mekong tributaries illustrate the area’s vulnerability. At Nam

Pong reservoir in Northeast Thailand, the number of fish
species found in the river dropped from 75 to 55 after
impoundment. Fishermen upstream of Thai dams at Tuk Thla
and Kompol Tuol saw their catches decline from 5–10 kg/day
to 1–2 kg/day after the dams were built (MRC 1997:5–14). 

Altering the annual flood cycle, reducing the silt load of
the water, or diverting the Mekong’s flow could also have seri-
ous impacts on agriculture in the Mekong delta. Flood waters
deposit 1–3 cm of fertile silt each year on the lowland flood-
plains in Vietnam and Cambodia, sustaining these inten-
sively farmed areas (MRC 1997:2–17). In addition, river flows
during the dry season are important for controlling salinity
penetration into interior areas from the coast. According to
the Vietnam Water Resources Sector Review, seawater pene-
trates up to 70 km inland during the dry season. If current
trends in water abstraction in the delta continue, the area
affected by salinity could increase from 1.7 to 2.2 Mha (Xie
1995:10). Increased salinity was cited as the primary cause of
rice yield declines of 50–90 percent in Tra Vinh province over
the last 30 years (Nguyen 1998:4).

The dangers that dams could pose to the biodiversity of the
Mekong must also be considered in the context of the envi-
ronmental degradation that the region has already suffered. A
combination of deforestation, increasing conversion to inten-
sive, chemical-dependent agriculture, continued population
growth, and mangrove clearance for shrimp aquaculture in
the delta region has compromised the basin’s environmental
health. Vietnam, for example, has already lost approximately
85–90 percent of its forest cover, largely because of decades of
war and reconstruction. In Thailand, perhaps 55–65 percent
of forests has been cleared for agriculture and tree plantations
(WCMC 1994:106–107). Some of the highest rates of defor-
estation in the world continue to plague the riparian coun-
tries (FAO 1999:132). Many remaining forests are of poor
quality, affecting water retention in the basin and promoting
land degradation and soil loss in the uplands (MRC
1997:3–5). Disrupting flood cycles or decreasing base flows
during dry times through water diversions could add signifi-
cantly to these existing stresses. 

Furthermore, where will countries resettle the thousands
of people who will be displaced by dams? Just the nine pro-
posed mainstream dam projects could displace 60,000 people
(MRC 1997: 5–24).

Conf l i c t  Brew ing?

With all its mighty waters, the Mekong ecosys-
tem is finite and fragile. The array of current
demands and future plans for the river has
already led to increasing competition among

the basin countries. The MRC was established to minimize
the conflicts inherent in managing a river that crosses many
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international borders, but its efforts at regional coordination
have been largely unsuccessful (China Environment Series
1998). Although it collects hydrological data from the basin,
the MRC has done little to analyze the data, promote debate
among the partners on the cumulative effects of their water
developments, or craft a common vision of how water should
be shared. As a result, the governments of Cambodia, Viet-
nam, Lao PDR, and Thailand are competing for international
funding for their dam-building projects and have “. . . adopted
a rhetoric of cooperation and sustainable development to
mask underlying conflicts and competition” (China Environ-
ment Series 1998).

Complicating the equation is the fact that China is not a
member of the MRC, although it controls the upper reaches of
the river and has an ambitious dam-building program in place.
China is reluctant to join the MRC until water-use rules are
clarified and it is assured that restrictions on dam building and
water diversions will not interfere with its upper Mekong
development plans. The agreement specifies that the water-
shed nations have neither the right to veto the use nor the uni-
lateral right to use the water of the Mekong. This implies that
dam construction on the river’s mainstream would only pro-
ceed by consensus, a system unacceptable to China.

In reality, compromise will be difficult for all the basin
countries, whose negotiating powers vary greatly as a function
of their location within the river basin and their wealth. Based
on the size of its economy, China has by far the greatest capac-
ity to mobilize funding and technology to exploit its “share” of
the Mekong. Because its portion of the river runs through
sparsely populated territory, China also has a relatively small
population that depends on the river for irrigation and fish
production. China, therefore, has much to gain and little to
lose from dam construction. Cambodia and Vietnam, on the
other hand, are extremely vulnerable because of their down-
stream location, relative poverty, and the large number of peo-
ple that depend directly on the Mekong for their livelihoods.
Lao PDR, one of the poorest nations in the world, is desperate
to develop its hydropower resources to spur economic growth.
Thailand is in an intermediate position. It has the largest
within-basin population among the riparian countries, but
has the economic and human resources to withstand poten-
tially negative changes in the river upstream. 

A  Reg i ona l  V i s i on

Despite the current imbalance of power among
the riparian countries and the potential for con-
flict, the benefits of a regional approach are
compelling. Development of a regional electric-

ity transmission grid, for example, would benefit from a
coordinated plan to develop the basin’s hydropower poten-

tial. A regional grid would facilitate China’s ability to mar-
ket hydropower to other energy users in the region, offering
advantages all around. In addition, a regional growth plan
that helps expand the economies of the lower Mekong basin
countries and promotes open markets in the region pro-
vides a longer-term inducement for Thailand and China to
cooperate.

A basin-wide approach to water management would also
offer clear environmental advantages. It would, by definition,
force the riparian countries to examine how dams on the
upper reaches of the river would affect flow conditions down-
stream. Currently, upstream countries can pursue water with-
drawals and hydropower production while ignoring repercus-
sons such as salt water intrusion, decreased catches for
subsistence fishing, and soil depletion.

Since the governments in the region unanimously favor
developing the region’s hydropower potential, a regional
approach to water management would not necessarily mean
less power generation, but it would offer a chance to distinguish
between environmentally “good” dams and “bad” dams. The
challenge is to select dams that meet strict environmental and
economic standards. Some have argued, for instance, that
dams on the Lancang and in the uplands of Lao PDR are
“good” because they generate a lot of power without displacing
many people and flooding large areas. Thus, the social and
environmental costs are relatively small. It is also possible that
dams could actually benefit the local environment in some
ways. Planners of Lao PDR’s Nam Theun II dam have proposed
earmarking a portion of the hydropower revenue for forest con-
servation in the surrounding watershed. Protecting forests
around dams is desirable because it reduces sedimentation,
lowers maintenance costs, and prolongs dam life.

But capitalizing on the benefits of a regional approach to
water development and use in the Mekong region will take
quick action, given the rapid changes under way. Water
experts warn that now is the time to rethink basin-wide water
management, not after the dams and diversion schemes have
been built and the environmental and geopolitical repercus-
sions are felt.

The MRC has a critical role to play in promoting regional
cooperation. It has been criticized for failing to seriously
address the potential negative environmental impacts of pro-
posed dams and diversion schemes, and it has failed to build
the predictive modeling capacity that is needed to assess the
trade-offs between river basin development options. But the
MRC reaffirmed its commitment to environmental analysis
and assessment in 1995 and to serving as a regional informa-
tion center on environment and development in the Mekong
River basin. These developments could help basin nations to
better visualize the benefits of a regional approach to manag-
ing the Mekong watershed and to quantify the damage—envi-
ronmental and social—that may occur if they pursue an unco-
ordinated approach. 
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To safeguard the city’s drinking water, in 1997 New
York City chose to launch an ambitious environ-
mental protection plan, rather than build an expen-
sive water filtration plant. By protecting its water-

shed the city would employ nature’s ability to purify water
while preserving open space and saving money. But as this
widely heralded example of watershed protection is imple-
mented, many question whether it will, in fact, deliver all that
it promises.

For more than a century, New York City residents have
enjoyed drinking water of such purity that it has been dubbed
“the champagne of tap water.” That water—about 1.3 billion
gallons per day—flows from an upstate watershed that encom-
passes 1,970 mi2 and three reservoir systems: the Croton,
Catskill, and Delaware (NRC 1999:3, 17). Until relatively
recently, undisturbed soil, trees, and wetlands provided nat-
ural filtration as the water traveled through the Catskill
Mountains and the Hudson River Valley before reaching 9
million residents of the city and its suburbs. The only regular
treatment needed was standard chlorination to control water-
borne diseases such as cholera and typhoid.

But in the last several decades, development has brought
increasing numbers of people and pollutants to the water-
shed, straining the land’s buffering and filtering capacities.
More than 30,000 on-site sewage treatment and disposal sys-
tems and 41 centralized wastewater treatment plants dis-
charge wastewater into the upstate watersheds (NRC
1999:358). Runoff from roads, dairy farms, lawns, and golf
courses contains fertilizers, herbicides, pesticides, motor
oils, and road salts.

The need to attend to the development-pressured upstate
watershed became clear in 1990. The U.S. Environmental
Protection Agency (EPA) put New York City on notice: protect
the source for the Catskill and Delaware reservoirs—the water-
shed, nature’s own treatment plant—or construct and operate
a water filtration system. Filtration would cost $3–$8 billion,
according to various estimates, potentially doubling the aver-
age family residential water bill (Ryan 1998). By comparison,
the City determined that the price tag for watershed protec-
tion would be just $1.5 billion, increasing the average water
bill of a New York City resident by about 1–2 percent, or $7 per
year (Revkin 1995, State of New York 1998). 

The EPA’s warning was compelled by the 1989 Surface
Water Treatment Rule, which requires that surface water
supplies for public water systems be filtered unless stringent
public health criteria are met and extensive watershed pro-
tection strategies minimize risks to the water supply. The ris-
ing levels of bacteria and nutrients in the watershed, plus the
risks posed by antiquated sewage treatment plants and fail-
ing septic systems, put New York City’s Catskill and Delaware
supplies in danger of violating the Rule. The Croton supplies

east of the Hudson River were in bigger trouble already:
because of that area’s greater pollution pressures, filtration
was mandated. Even though the Croton system supplies just
10 percent of the City’s water, compared to the 90 percent
that flows from the Delaware and Catskill systems, the cost
to build and maintain that plant is still expected to be at least
$700 million (Gratz 1999).

The cost savings from protecting the Delaware and Catskill
supplies were clear, but crafting and implementing a major
ecosystem protection plan is no small undertaking. Nation-
wide, less than 2 percent of municipalities whose drinking
water systems are supplied by surface water have demon-
strated to the EPA that they can avoid filtration by instituting
aggressive watershed protection programs (Gratz 1999). The
vast majority are far smaller than New York, less populated,
and own substantially more of the critical watershed lands.
When the protection agreement was crafted, New York City
owned just 85,000 acres of the watershed, less than 7 percent
of the total critical area, including the land beneath the reser-
voirs (Ryan 1998); another 20 percent was owned by the state
(NRC 1999).

With so little watershed land under its direct control, but
millions of water users dependent on it, New York City
needed to obtain the support of upstate landowners for open-
space conservation and stronger land-use protection. But
from the perspective of upstate communities, watershed
restrictions such as land acquisitions, limits on where roads
and parking lots can be constructed, and strict standards for
sewage treatment systems amounted to outsiders threaten-
ing local taxpayers’ economic viability. Still, after years of
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contentious negotiations, city, state, and federal officials,
some environmentalists, and a coalition of upstate towns,
villages, and counties forged a 1997 watershed management
agreement that convinced the EPA to extend its filtration
waiver until 2002. 

Perhaps the most crucial element of the program is the
state’s approval of New York City’s plan to spend $250 million
to acquire and preserve land in the watershed, with priority
given to water-quality sensitive areas (NRC 1999:213). A local
consultation process helps protect the interests of watershed
communities. Other plan elements include new watershed
regulations, direct city investments in upgrades to waste-
water treatment plants to minimize contamination, city fund-
ing of voluntary farmer efforts to reduce runoff, and
payments to upstate communities to subsidize sound envi-
ronmental development (State of New York 1998). 

In addition to economic savings, the ecosystem protection
program offers some additional advantages that filtration
cannot. It lowers health risks that are present even with filtra-
tion—for example, the risk that a sewage plant will malfunc-
tion or an incidence of the disinfectant-resistant pathogen
Cryptosporidium will occur. Land acquisition and develop-
ment controls also mean more land for parks, recreation, and
wildlife habitat.

But whether this dramatic effort will prove to be a bargain
remains to be seen. Among the unknowns are the effectiveness
of voluntary pollution protection commitments by farmers,
and still-evolving knowledge of best management practices to
control roadway, lawn, farm, and other runoff. Environmental
organizations are concerned that the negotiated settlement
contains serious loopholes in the watershed rules and land-
buying requirements. For example, the agreement provides no
limits on the number of new sewage treatment plants that can
be built in the City’s cleanest reservoir basins.

Nor does the agreement specify an absolute acreage
requirement that the city must purchase in the watershed,
only that the city must solicit the purchase of 350,000 acres.
The City projects that this approach could lead to its acquisi-
tion of about 120,000 acres, allowing it to increase its holdings
to 17 percent of the critical land area in the next 10 years (Gratz
1999). However, the City’s solicitation efforts might yield far
less land, since the plan relies on the cooperation of upstate
residents—and even 17 percent ownership gives the City lim-
ited watershed control. Another problem is that the plan sets
criteria for types of land to be acquired but no assurance that
the “best” lands from the perspective of water quality will be
purchased, since land is obtained on a willing buyer/seller
basis. From the perspective of the Natural Resources Defense
Council, the plan may allow too much development to take
place on sensitive watershed lands and the scientific aspects of
water management were given insufficient attention by nego-
tiators under pressure to craft a politically acceptable plan
(Izeman 1999, Revkin 1997). Other concerns include inade-
quate requirements for buffers—zones of vegetation where dis-
charge of pollutants, and development, cannot take place
(NRC 1999:14)—and the agreement’s failure to emphasize pol-
lution prevention as much as pollution control.

Only years of extensive water quality monitoring will prove
whether the watershed protection program is sufficient to
protect public health. At the moment, the water is still
deemed safe to drink, but some still think filtration ultimately
will be required. 

Shortcomings aside, the agreement is laudable. It formally
acknowledges the interests of watershed residents and
stresses the need to implement watershed protection plans
fairly and equitably. Elements of the New York City watershed
agreement may serve as a model for other communities.
There is a growing recognition that filtration, by itself, is no
panacea. It can reduce the threat of waterborne pathogens,
but it cannot completely eliminate the threat, especially if the
source water is poor. Watershed protection offers a cost-effec-
tive approach to clean drinking water, and benefits the envi-
ronment as a whole. The challenge in the case of New York
City is the need to compel many people and communities to
work together, putting aside self-interest, toward the twin
goals of saving the watershed and saving money.

Ownership of Critical Watersheds

Only a handful of major U.S. cities have unfiltered water supply systems—

mostly those that can ensure long-term water protection because significant

portions of the critical watershed lands are owned by the water utility or are

designated as protected open space under state or federal ownership and

management. New York City is an exception—and accordingly, it must rely

heavily on the cooperation of private upstate landowners to help protect its

drinking water.

Population

Ownership (percent) Watershed Served

City Public Private Area (acres) (millions)

Seattle, WA 100 0 103,885 1.2

Portland, OR 100 0 65,280 0.8

New York, NY 26 74 1,279,995 9.0

Boston, MA 52 48 228,100 2.4

San Francisco, CA 100 0 475,000a 2.3

aSupplies 85 percent of the city's water; 15 percent is filtered and

comes from other publicly owned watersheds. 

Sources: NRC 1999; personal communications.
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For Mongolia, with a human population of just 2.4 million
in a land area the size of Western Europe, there would seem to
be an abundance of pasture for its 30 million head of livestock.
But natural conditions make the grasslands of Inner Asia
highly vulnerable to damage from human activities and slow
to recover. The growing season is just 4 months long. Annual
precipitation ranges from just 100 mm in the most arid
regions to 500 mm in limited northern areas, and in much of
the region is less than 350 mm. The steppe is subject to
intense winds, snow can cover the ground 8 months of the
year, and in the dry season grass and forest fires are common.
These ecological and climatic factors inhibit the growth of
vegetation and increase the severity of erosion in areas with
unprotected soils (Palmer 1991:55). 

In an environment of extremes, herders have recognized
the merits of moving their herds seasonally or more fre-
quently. Herd mobility seems to sustain the fertility of range-
lands, and thus benefits livestock health and food security. In
the feudal period, herders would rotate animals over pastures
where they had access to abundant seasonal grasses or shelter
from harsh weather—usually pastures to which use rights were
coordinated by local authorities, such as lords or monasteries
and their officials. Occasionally herders would use a tech-

nique called otor—movement of livestock to even more distant
and lesser-used pastures. Otor helped to intensively feed the
animals and prepare them for severe, grass-scarce winter and

For thousands of years, most of central Asia’s high steppe has been the realm of
nomadic herders and their horses, camels, goats, sheep, and cattle. Today, this
expanse of grasslands—the largest remaining natural grasslands in the world
(WCMC 1992:287)—is divided, politically, between Russia, China, and the

Republic of Mongolia. This entire region is sometimes called “Inner Asia.”

SUSTAINING THE STEPPE: THE FUTURE OF MONGOLIA’S
GRASSLANDS
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spring seasons and could be used to relieve pastures when a
shortage of forage or degradation became evident. 

Important aspects of these coordinated, large-scale, highly
mobile systems endured in Mongolia even through the socialist
government campaigns that organized livestock herders into
collectives in the 1950s. Since 1990, however, Mongolia has
reoriented its economy from central planning toward privatized
land and free markets. This has brought new opportunities to
some, but it has also created social and economic conditions
that are undermining the long-standing mobile herding culture
and perhaps threatening its continued existence. Systems of
wide pastoral movement, in many cases, broke down when the
collectives ended and have been replaced with lower-mobility,
small-scale pastoralism. This trend may pose a significant
threat to the sustainability of Mongolia’s grassland ecosystems.

A similar shift from mobile herding to more sedentary live-
stock rearing mixed with farming systems had already
occurred in the Chinese and Russian regions of Inner Asia,
and the environmental effects are discouraging. Like Mongo-
lia, these countries experimented first with organizing
herders into collectives—Russia in the 1930s and China in the
late 1950s. Then, decades later, they privatized livestock
operations in a bid to modernize and increase production.
Meat and wool production increased but with costs to the
ecosystems, including pasture degradation. Estimates vary
widely, but local studies in Buryatia and Chita in Russia and
in Inner Mongolia in China suggest that as much as 75 per-
cent of grasslands has suffered some degree of degradation
(Humphrey and Sneath 1999:52; Gomboev 1996:21). Accord-
ing to Chinese government figures, just 44 percent of Inner
Mongolia’s grasslands are considered usable and in good con-
dition (Neupert 1999:426). 

By comparison, Mongolia’s grasslands are in relatively
good condition. Officials have calculated that moderate or
severe degradation affects 4–20 percent of pasture lands (Gov-
ernment of Mongolia 1995:28). 

The ecosystem problems in parts of China and Russia
underscore for Mongolia the merits of preserving elements of
the mobile herding practices. Incorporating mobile herding
into the modern Mongolian economy may be essential to
local livelihoods and national prosperity. Grasslands cover
about 80 percent of Mongolia’s 1.567 million km2 land area
and agriculture—mainly livestock herding—supplied 33 per-
cent of Mongolia’s GDP in 1998. Approximately half the
national workforce works in the agricultural sector, mostly as
pastoralists (herders) (National Statistical Office of Mongo-
lia 1999:45, 54, 95; Statistical Office of Mongolia 1993:6).
Mongolian exports of livestock products have collapsed since
the end of the socialist trade bloc in 1989–91, but in better eco-
nomic times, pastoralism supplied substantial raw materials
such as wool and hides for Mongolia’s export trade and fledg-
ling industrial sector. And Mongolia’s future economic
growth depends at least in part on livestock production. Eco-
nomic growth is a priority for Mongolia, whose per capita

GNP of US$380 (1998) makes it one of the poorest countries
in Asia (World Bank 2000:11).

At individual and local levels, the meat, milk, and trans-
port that livestock provide are vital to the many herders and
their families living in remote, inaccessible places. Price
inflation and fuel and commodity shortages during the cur-
rent transition to a market economy make livestock even
more essential to households’ food security. 

“Fo l l ow ing  the  Water  and  Grass”

Large-scale, highly mobile herding operations have
ancient roots. From the 17th until the 20th century,
Mongolia was divided into administrative districts
called hoshuu or “banners” ruled by a hereditary

lord or a Buddhist monastery. The commoners were bound to
particular geographic areas and required to work for local
authorities. Buddhist monasteries, nobility, and the imperial
administration owned millions of animals that were herded
by subjects and servants who generally received a share of the
animal produce in return. 

The pastoral movement systems could be sophisticated.
The herder groups were flexibly organized, consisting of one
or more families. Herders and their families might move large
groups of horses, sheep, goats, and other domesticated or
semidomesticated animals to selected seasonal pastures in an
annual cycle (Simukov 1936:49–55). Because different ani-
mals have different grazing habits, animals were segregated
by species for efficient pasture use. Sheep, for example, crop
so close that horses and cattle cannot get at what is left, forc-
ing horses to dig up grass roots to eat. Some members of the
herder group might specialize in working with a particular
species. Others might cut wool, milk animals, make felt for
tents, or help the group move to a new camp.

There was enormous variation in frequency and distance
of moves. In better-watered northern regions, herders might
move livestock twice a year. In other areas, herders might
make three to four long-distance moves; in some places,
more. The ancient Chinese description for these pastoral
activities was “following the water and grass” (Hasbagan and
Shan 1996:26).

With local lords and monasteries to coordinate general
access to pastures and to support pastoral movement, herd-
ing families usually could share seasonal pastures efficiently
and avoid pasture overuse. These flexible herding systems
and collective-use arrangements also ensured that water
sources or the best pastures were not controlled by a few
herders to the detriment of the whole herding system
(Mearns 1991:31).

Such herding principles and techniques have been passed
down through the ages with remarkable continuity. Some pas-
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Nomadic herders have grazed livestock on Mongolia’s vast but fragile grasslands for thousands of years. By rotating animals over
shared pastures in collaborative seasonal and species-segregated patterns, herders have anchored their country’s economy with-
out degrading its ecosystems. Recent political and economic changes, however, may be eroding these sustainable practices. Analy-
ses of neighboring grassland regions in China and Russia warn of the degradation possible when large-scale mobile herding prac-
tices decline and small-scale static systems expand.

Box 3.17   O ve r v i e w : M o n g o l i a ’s  G ra s s l a n d s

E c o s y s t e m  I s s u e s

Estimates of grassland degradation are much debated and range from 4 to 33 percent, but the clear
potential for further degradation is cause for alarm. Grasslands are the basis of livestock production and
approximately half of Mongolia’s workforce depends on pastoralism or agriculture for their livelihoods
and food security. Overgrazing, mining, vehicular traffic on the steppe, and other pressures threaten
grassland biodiversity. Among the mammals at risk are Mongolia’s gazelles, wild camels and horses, and
the Asiatic wild ass.

Much of Inner Asia is not well suited for growing crops; half of all cultivated land in Mongolia is con-
sidered degraded. Sedentary livestock will require conversion of more land to agriculture to supply
food and fodder for animals and people.

Mongolian herding practices are dictated in part by the uneven and irregular distribution of water in
Mongolia. Growing concentrations of herders and settlements near water sources intensify pressure
on natural resources in those areas. Those same water sources supply irrigation water for agriculture;
agricultural water use in 2000 is projected to triple its 1970 amount.

Forests, found primarily in Mongolia’s wetter, mountainous areas, are critical to the protection of soil,
grasslands, water resources, and wildlife diversity. However, reduction of forests by logging, use for
fuelwood, and forest fires is accelerating. 

Grasslands

Agriculture
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For centuries a variety of collective tenure arrangements have helped sustain grasslands and produce
healthy livestock in Mongolia. The recent transition to private land and herd ownership, however, has
decreased flexible systems such as rotational grazing and access to shared grazing lands. In some
areas land tenure is ambiguous; in others wealthier pastoralists have fenced large areas of high-quality
grasslands. 

Reorientation from a centrally planned to a market economy may spark environmental problems and
widen income inequality; poorer pastoralists may not be able to capitalize on economies of scale and
access large areas of high-quality pastures. The government has cut supportive services to herders
since the breakup of collectives, and few pastoralists can afford the fuel or other inputs necessary to
sustain mobile herding operations. 

Privatization is bringing divisive elements to herding communities. The influx of new herders with limited
experience in animal husbandry, the widening gap between rich and poor herders, and absentee herd own-
ership all weaken the system of shared beliefs and preferences for mobile herding that once helped protect
grassland condition. Sustainable management suggests the need for government policies that facilitate
and encourage mobility rather than sedentary production.

Pastoralists’ ecological knowledge, understanding of local geography, and animal husbandry skills
need to be incorporated into management policies. There also is room for scientific analysis and
research to help guide a transition to privatization without losing the best aspects of mobile herding.
Assessments of pasture condition, arable land, and livestock use, and identification of pastures that
are of strategic importance to mobile herders would greatly aid the transition.
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1691–1911 Mongolia becomes a frontier province of China. Herders move livestock for Buddhist monasteries, high lamas, and
aristocratic lords in rotations over common lands; pasture rights are regulated by the local institutions and among clans and
families according to customary law.

1911 Expulsion of Manchus in northern Mongolia brings a decade of Mongol autonomy.

1921 Bolshevik uprising in Russia inspires revolution in Mongolia. 

1924 Mongolian People’s Republic is founded in northern Mongolia, creating the world’s second communist state after the
Soviet Union (USSR). The southern part of Mongolia remains under Chinese control and becomes the Inner Mongolian
Autonomous Region in 1947, though it lacks real political autonomy.

1929–32 The Mongolian government attempts to forcibly collectivize herding households. Thousands of Buddhist lamas are
killed and private property is confiscated. Herders slaughter 6–7 million head of livestock in protest. 

1932 The Mongolian government shifts to a more gradual organization of collectives; cooperation among herding households
is encouraged. Russia has already collectivized most rural residents at this time. 

1949 The communist People’s Republic of China is founded. Rangelands in Xinjiang, Inner Mongolia, and other areas are
nationalized, removing them from the control of landlords, Mongol princes, lamaseries, and clans.

1950s–60s Chinese and Russian governments emphasize agricultural expansion and highly mechanized farming methods.

1950s Socialist government campaigns in Mongolia increase momentum for the organization of pastoralists into collectives.
Expansion of area under cereal and fodder crop production begins.

1950s Russia and China encourage use of foreign breeds of sheep and other livestock to increase productivity; these
“improved” breeds eventually prove weaker and decrease herd mobility.

1955 A ceiling is placed on private livestock holdings in Mongolia to encourage the emergent collectives. 

1957 China begins to establish large collectives (People’s Communes) in rural districts and eradicates customary use-rights
for pastures. Grasslands become pressured as livestock herds and cultivated area expand.

1960s Virtually all of Mongolia’s herding households are members of collectives and all land is owned by the state. Households
look after a share of the collectives’ herd, although they are also permitted to own some private stock. Mongolia begins
expanding its cultivated area.

1980s China begins shift from a centrally planned to free-market economy. Agricultural communes are dissolved and livestock
distributed to pastoral households. Farmers and pastoralists have leases for lands, but uncertainty over pasture rights and
location discourages mobility. Fenced areas emerge in the once-unbounded steppe. The communist era ends in Russia. Influ-
enced by political change in the USSR and Eastern Europe, Mongolia begins a transition to a democratic government and
market economy.

Early 1990s Farms in Russia retain communal structure despite the new central government policies; many farm leaders are
reluctant to hand over land and livestock to individual private farmers.

1991 Prices are freed from state control. Constitution of Mongolia acknowledges the principle of private land ownership, but
pastureland is specifically excluded from private ownership and lease systems are developed. Mongolia begins to dissolve
collectives; herd numbers soon increase more than 20 percent. 

1994 More than 90 percent of Mongolia’s animals have been transferred to private ownership. Many are owned by “new”
herders who were allocated animals in the dissolution of the collectives; some opt for more sedentary herd management.
Land degradation is perceived around herders’ settlements.

2000 Severe economic crisis that began with the breakup of the USSR continues to limit economic growth and reconstruction
in Mongolia. Government resources to support mobile herding are scarce and the gap between wealthy and poor herders
grows. 

T i m e l i n e



toralists still shift their herds 150–200 km between summer
and winter pastures. Others shift their herds 25–50 km, and
some less than 10 km depending on social and economic con-
ditions (Humphrey and Sneath 1999:221–222). But many
pastoral systems are, fundamentally, still mobile, and pas-
toralists continue to stress the benefits of mobility and coop-
erative grazing for pasture and livestock health. 

Science tends to support what herders have observed for
generations. Ecological studies show that continuous grazing
of livestock in the same pastures can be much more damaging
than systems of pasture rotation (Tserendash and
Erdenebaatar 1993:9–15). Dense populations of sedentary live-
stock can impair grass regrowth. Some plant species may grad-
ually disappear and be replaced by poorly palatable weeds or
poisonous plants that can sicken or kill livestock. Once a pas-
ture’s soil is severely damaged, wind can cause desertification. 

A  New Era  i n  Mongo l i a :  1 92 1–90  

The pastoral culture experienced major new influ-
ences in the 20th century. After only a decade of
Mongol autonomy, following the collapse of the
Chinese Qing Dynasty, struggles for power led to the

1921 Bolshevik-inspired revolution. Socialist central planning
emerged under the leadership of the Mongolian People’s Rev-
olutionary Party in 1924. This era introduced technologies
like irrigated agriculture and farm machinery. It also intro-
duced state-controlled pastoralism and brought the begin-
nings of industrialization. Mobile herding techniques gener-
ally endured—even improved in some ways—during this period.

One of the first steps of the Soviet-style government was to
organize herders into collectives. Early attempts at collec-
tivism were so unpopular they had to be abandoned. However,
in the 1950s, Mongolian pastoralists were organized as wage
workers employed by about 250 negdels or collective farms
and about 50 state farms, each managing pastoral or agricul-
tural activity in a rural district or sum. A sum consisted of a
central settlement of a few hundred households and a large
area of grassland used as pasture by the herder households,
most living in mobile felt yurts and herding the collective or
state farm livestock and a few personal animals. Although the
new sum districts were generally smaller than the earlier ban-

ners, most pastoralists continued to rotate pastures through-
out the year and make use of otor. However, in some regions
the distance of seasonal moves was reduced (Humphrey and
Sneath 1999:233–264). 

This “collective” system actually enhanced mobile pas-
toralism in some ways. The collectives maintained machinery
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Avariety of pastoral systems are practiced in herd movements in Inner Asia, depending on environmental, social, and eco-
nomic conditions. In one area of Mongolia (Hovd sum, Uvs aimag), for example, most pastoralists use pastures that are
high in the mountains in the summer—areas above 2,400 m. In autumn pastoral households move down near the lakes, at

around 1,600 m. Winter is spent higher on the mountain slopes, at around 2,200 m, and the spring pastures are at a slightly lower ele-
vation—2,000 m. In another, less mountainous area of Mongolia (Dashbalbar sum, Dornod aimag), the pastoral population generally
spends the winter and spring in low areas in river or stream valleys and move to pastures in higher altitudes in the summer and
autumn. The average movement in this area is about 25 km (Humphrey and Sneath 1999:236–247).

Box 3.19   Pa s to ra l  M ove m e n t s
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for transportation and hay-cutting services. Herding house-
holds were moved on long legs of the annual migration by col-
lective trucks; and hay deliveries helped feed livestock during
the winter and early spring. Recalled one herder, “In the col-
lective period . . . otor was very good. The services provided to
the herdsmen were excellent. Also, the making of hay [for fod-
der] and the repair of hashaa [enclosures and sheds] was
done well” (Humphrey and Sneath 1999:39). Herding house-
holds were encouraged to work together. State loans were sup-
plied for infrastructure improvements that would benefit pas-
toralists, such as boring wells, purchasing hay-making
equipment, and constructing winter animal shelters.

But collectivism discouraged individual initiative. Noted
the same herder, “Herdsmen had hay and so forth provided
for them, and were instructed where and when to move, so
they did not choose places to pasture the livestock them-
selves. They worked only at the command and direction of
their leaders . . . cutting and making hay, shearing sheep . . .
dipping the animals, all these things the brigade or groups
did together. So [during collectivism] people . . . just followed
instructions and waited to be told what to do” (Humphrey
and Sneath 1999:39–40). 

Still, Mongolia basically retained its mobile herding sys-
tem and a relatively low livestock-to-pasture ratio. This pat-
tern of land use does not appear to have caused much pasture
degradation (Asian Development Bank/PALD 1993). 

Ch inese  and  Russ ian  Exper i ences
w i th  Grass land  Management  

A comparison of Mongolia’s grasslands to neighbor-
ing Chinese and Russian grasslands during
roughly the same period (1920–90) underscores
the pitfalls of abandoning large-scale, mobile

herding techniques. Even in areas of Mongolia where live-
stock densities are comparable to neighboring regions of
China and Russia, the Mongolian regions tend to be far less
degraded, according to estimates and herders’ perceptions.
This may be because Chinese and Russian central govern-
ments placed more emphasis on settled pastoralism. Russia
also relied heavily on highly mechanized farming methods. 

In Russia, most herders were organized into collectives by
the 1930s. Within a few decades, livestock in some parts of
Russia were kept relatively immobile on fenced pastures.
Heavy machinery and chemical fertilizers were used to culti-
vate fodder crops and grain.

In China’s Inner Mongolia in the 1950s, families were sim-
ilarly settled into “People’s Communes.” The communes cen-
tered on a village in a district with local government facilities,
while herding families on the steppe were organized into pro-
duction “brigades.” The brigades retained some mobility and
herded the commune livestock on seasonal pastures as

directed by officials, along with the small number of personal
livestock that households were allowed to own. The decrease
in pasture rotation, however, required an increase in hay-
making facilities and winter animal sheds. 

China, like Russia, dictated a drastic expansion of agricul-
ture in the 1950s and 1960s. Large-scale irrigation projects
enabled fodder to be grown, so pastoralists no longer had to
move livestock to different seasonal pastures.

Even the remnants of the former specialized herding sys-
tems in China’s Inner Mongolia disappeared by the 1990s.
The new post-Maoist government, as part of its economic
reforms, dissolved the communes. Because the government’s
recent experience in allocating agricultural land to farming
families in the rest of China had been relatively successful,
the administration sought to apply a similar policy to pastoral
regions. Livestock were distributed to pastoral households
and quotas for animal production were phased out. Hay-
making fields also were allocated to households. By the 1990s
grazing land was divided and allocated to individuals and
groups of households using long-term leases (Humphrey and
Sneath 1999:165). 

These 20th century political and economic changes
brought benefits to Chinese and Russian pastoralists, but
also introduced new inequalities and ecosystem problems.
Growth in production was one benefit. In China’s Inner Mon-
golia, the number of livestock rose from about 17 million
head in 1957 to more than 32 million in 1980 (Inner Mongo-
lian Territorial Resources Compilation Committee
1987:519–520). These increases were largely the result of a
shift to fast breeding sheep and goats and away from larger
livestock such as horses, cattle, and camels. Herders also
gained rudimentary electrical service, roads, and wells pro-
vided by the central government. In Buryatia, Chita Oblast,
and Tuva in Russia, farms provided members with guaran-
teed wages, living accommodations, pensions and insurance,
medical facilities, kindergartens and schools, shops, central
heating, fuel and firewood, clubs, libraries, and recreational
facilities (Humphrey and Sneath 1999:79). 

With economic reforms and the beginning of a market
economy in the 1980s, living standards in China rose from
the extremely low levels that had prevailed in the People’s
Communes. Some herders became wealthy; those who had
better access to markets or who were able to buy machinery
and vehicles usually were those who could obtain low-interest
government loans through ties to the local administration.
Those households could hire labor to look after large herds
and could invest in hay-cutting machinery and other assets.
Some could pay for special access to high-quality areas of pas-
ture in addition to the minimal pasture allocated to each
herding household. Those with the financial means fenced
these formerly common lands, limiting the mobility of others
to use or move across them. 

Thus, benefits were brought at high cost to cultural tradi-
tions and ecosystems. Large-scale pastoral movements
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between seasonal pastures have been largely eliminated by
the land allocations, and there has been a corresponding
decline in the use of the pastoral technique of otor. The effect
has been to increase the amount of hay cut to feed livestock,
to increase the tendency for livestock to graze in one location
all year, and to intensify the concentrations of animals in cer-
tain areas. Individual herders can no longer graze different
species of livestock on a range of accessible, suitable territo-
ries. For example, riverside pastures that had been available
to cattle from the whole district might today be divided
among different households. Locals have identified deterio-
ration of pasture in intensively grazed areas in Russia and
China’s Inner Mongolia, especially around water sources and
households.

Where static herds do not
have access to natural water
sources year round, water must
be trucked to those pastures;
and vehicular traffic damages
the fragile surface of those pas-
tures. The need to increase pro-
duction of hay and fodder to
feed the settled livestock also
damages the thin steppe soils.
In the substantial areas of
Inner Asia where soil cover is
weak and the climate harsh,
converted pastures supply low
crop yields while exacerbating
erosion and desertification
(Humphrey and Sneath
1999:91); plowed grasslands
rapidly lose topsoil to strong
winds and soil moisture decreases. 

Other problems include reduced production of grass in
hay-making pastures each year, since people routinely cut in
the same places. Herders in China’s Inner Mongolia have
been known to plow the spring pastures to plant hay and
grain because they cannot afford the high price of grain sold
in markets. Grassland specialists in Xinjiang estimate that it
takes 15–20 years for plowed land to regain its previous pro-
ductivity as pasture (Humphrey and Sneath 1999:106)
because plowing destroys the extensive root system that sup-
ports perennial grasses.

Another issue is the introduction of foreign livestock
breeds. Merino sheep, for example, were crossbred with Mon-
golian sheep starting in the 1950s to increase the productivity
and quality of livestock products. Many of the “improved”
breeds were weaker and slower moving than indigenous
breeds, thus requiring heated sheds to survive the winter, fur-
ther reducing herd mobility (Humphrey and Sneath
1999:239). In Buryatia in Russia, researchers noted that for-
eign breeds indirectly affected forest ecosystems. Building
winter sheds and supplying fuel and housing for newly settled

herders requires timber. As a result, forest areas along the
Russian border have been heavily exploited. By comparison,
most Mongolian herders still use yurts for shelter and burn
dried dung for fuel; wooden houses are generally found only
in central villages. Thus, forest pressures from Mongolia’s
pastoralists are lower (Humphrey and Sneath 1999:12).

A decline in nomadic practices brings cultural advantages
and disadvantages. Interviews with herders from various
parts of Inner Asia suggest that many still prefer a mobile life,
particularly middle-aged and older herders. Others recognize
that nomadism is essential for pasture health but can be a
hard life. Time spent in otor is time cut off from other people
and, often, from social services like formal education, health

care, and postal services. Static farming and livestock rearing
let families cultivate vegetables, drink water from wells, and
access markets more readily (Yenhu 1996:21).

Mongo l i a  a f ter  Soc ia l i sm :
Para l l e l s  t o  Ch ina  and  Russ ia  

In 1990, Mongolia began a transition toward a free-mar-
ket economy. In some ways, the lives of its herders and
its economic climate show parallels to China and Rus-
sia. There are more sedentary living complexes,

divided pastures, and pressures on grasslands and other
ecosystems. As a consequence, overgrazing and soil degrada-
tion have increased. Records show that the number of dust
storms in Ulaanbaatar, the Mongolian capitol, have
increased from 16 per year on average during 1960–69 to 41
per year during 1980–89 (Whitten 1999:11). Mongolia’s
National Environmental Action Plan warns that desert in the
country’s southern region may be advancing northward by as
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much as 500 m per year (Government of Mongolia
1995:27–28).

INCREASE IN L IVESTOCK NUMBERS 
Mongolia has dissolved its collectives, and most of the live-
stock and other agricultural resources have become the mem-
bers’ property. As in China’s Inner Mongolia in the 1980s,
this move toward privatization and markets has promoted
rapid growth in Mongolian livestock numbers. That growth
occurred as herders first sought prosperity through larger
herds, then as they sought to at least earn subsistence income
as the economy took a downturn. From 1990 to 1998, Mongo-
lia’s national herd increased by more than 20 percent, from
26 to 32 million head (Statistical Office of Mongolia 1993:28;
Ministry of Agriculture and Industry of Mongolia 1998:2). 

DECREASE IN COMMON PROPERTY GRASSLANDS 
To date, the Chinese have progressed farthest in the transi-
tion from collective use of pastures to individual use, though
Russian Buryatia and Chita are not far behind (Humphrey
and Sneath 1999:97). Now Mongolia is following suit. All pas-
tureland remains “common” land under the jurisdiction of
provincial and district-level authorities, suggesting that
Mongolia still has some of the largest areas of common graz-
ing land in the world (Mearns 1996:308–309). In practice,
however, access to and control of common grasslands is not
clearly defined. Ownership and use of public land is a contro-
versial topic in Mongolia, with active debate in the Mongo-
lian parliament about the merits of private rights to land and
how to ensure that the rich do not acquire all the best pas-
tures. With ambiguous use rights and declining use of collec-
tive management, some herding families have begun to rotate
their herds less, fearing that others may use the best pastures
if they vacate them. 

Furthermore, the dissolution of the motor pools of the
old collectives and the increase in the cost of gasoline is
making seasonal movement difficult for many pastoral
families. Where they once used trucks, they now rely on ani-
mal transport. The organization of otor movement and the
regulation of access to pasture, which had been overseen by
collective and state farm officials, have declined.

INCREASING DEPENDENCE ON PASTORALISM 
During the breakup of the state collectives, livestock were
allocated to its former members—to herders and to those who
performed other jobs, like veterinarians, drivers, and can-
teen workers. In some districts the majority of the population
became directly dependent on their allocation of livestock for
subsistence. The number of registered herders nationwide
was 135,420 in 1989—less than 18 percent of the national
workforce. Since the economic reforms of the 1990s, that
total has more than tripled to 414,433 in 1998 (National Sta-
tistical Office of Mongolia 1999:95,45; Statistical Office of
Mongolia 1993:6). 

Many of these “new herders” maintain permanent
dwellings in the district center and are less familiar with or
guided by the traditional mobile grazing systems than the
households who were part of the specialized herding
brigades of the collectives. Some have part or all of their
livestock herded by relatives or friends with access to more
distant pastures. Others who have migrated from urban
areas to take up herding are treated as outsiders and
resented for what locals see as increased grazing pressures
on local pastures. The presence of these migrants weakens
the potential to successfully manage common grazing
areas (Mearns 1996:328).

ECONOMIC CRISIS 
In the collective era, Mongolia exported 25,000–40,000
tons of meat, 25,000–30,000 tons of livestock, and more
than 60,000 horses each year. The vast majority of these
products went to the Soviet Union and other members of the
socialist trade bloc. With the collapse of the socialist trade
bloc, those export markets almost disappeared. Mongolia’s
meat exports in 1998 amounted to just 7,500 tons, and live-
stock and horse exports were insignificant (National Statis-
tical Office of Mongolia 1999:144). At the same time, Mon-
golia’s access to affordable imports was undermined;
pre-1990, Mongolia spent one-third of its GDP on imports
from the Soviet Union, including all petroleum products, 90
percent of imported machinery and capital goods, and 70
percent of consumer goods (Mearns 1991:30). 

Accordingly, there has been a collapse in living standards
and a declining level of public services like veterinary services
and provision of farm machinery. The economic crisis also
has lowered agricultural output. The area under cultivation,
yields per hectare, and overall production for staple crops like
wheat and cereals all have decreased since the end of central
planning. Many farmers cannot afford to buy machinery,
seeds, and fertilizers (Economic and Social Commission for
Asia and the Pacific 1999:336).

In retrospect, many herders stress the relative wealth,
security and convenience that the collective period offered, in
comparison with the shortages and uncertainty of the cur-
rent transition to a market economy. Some pastoralists have
tried to establish “cooperatives” by pooling their shares of
the old collectives to take ownership of its assets, or to share
transportation and other costs. However, most of these coop-
eratives have gone bankrupt as the economy has failed to
improve. 

INCOME INEQUALITY 
Although economic liberalization has enabled some individu-
als to make money, those in the agricultural sector have
struggled to realize any profit. Similar to China’s Inner Mon-
golia, Mongolia is experiencing a growing difference between
the living conditions of rich and poor herders. Today, about
37 percent of livestock-owning households struggle to subsist
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on the income from less than 50 animals, and 11.5 percent
had less than 10 animals in 1998 (National Statistical Office
of Mongolia 1999:96). This situation is likely to have wors-
ened during the harsh winter of 1999–2000 when more than
2.2 million livestock died of starvation (UNDP 2000).

One benefit of the emergence of a small stratum of
wealthy livestock owners is the potential for them to reestab-
lish some larger pastoral operations that can benefit from
economies of scale and the old systems of extensive pastoral
movement. The number of households in Mongolia that
owned more than 1,000 animals rose from seven in 1992 to
955 in 1998; 33 of these owned more than 2,000 head of live-
stock (National Statistical Office of Mongolia 1998:96;
Zasagyn Gazar Medeel 1992). The richest employ neighbor-
ing households to help herd livestock and can maintain
trucks, jeeps, and wider systems of pastoral movement than

most other households. Poor herders cannot afford such
moves and, with smaller herds, have less incentive to do so.
Their more meager flocks can survive on pastures around
their fixed dwellings (Humphrey and Sneath 1999:254). 

Poor herders also face more labor and education chal-
lenges now than they did under collective systems. For
many it has become more economical to remove children
from school to stay home and help with herding rather than
employ laborers to look after herds (Ward 1996:33). 

RELIANCE ON HAY AND FODDER CROPS 
Unlike neighboring China and Russia, Mongolia has largely
continued to use local breeds that can graze on natural pastures
year round. But hay supplies are still critical in winter and early
spring (Humphrey and Sneath 1999:236). In fact, the loss of
the hay provision the government once supplied to Mongolian

222
W O R L D  R E S O U R C E S  2 0 0 0 – 2 0 0 1

Densities of livestock in Inner Asia are significantly
higher in parts of Inner Mongolia and Xinjiang com-
pared to neighboring Mongolia. But it is not neces-

sarily the case that high livestock densities mean reduced
grassland productivity. In fact, researchers studying pastoral-
ism in Inner Asia found that the mobility of the herd and the
herd structure seem to be stronger determinants of degrada-
tion. For example, records from the 1930s suggest that Inner
Mongolia supported about the same quantity of livestock

(when calculated in terms of a standard unit of livestock) as it
has in the 1990s—the equivalent of about 70 million sheep
(Sneath 1998, citing Chang 1933). But in the 1930s, the herds
contained a much smaller proportion of sheep and goats and
the system of pastoralism was much more mobile. Environ-
mental problems are perceived where herders have shown a
tendency to graze their herds year round in specific areas.
Pressure on grasslands is exacerbated when some of the best
natural pastures are converted to hay making and agriculture.

Box 3.20   L i ve s to c k  D e n s it y  i n  I n n e r  A s i a

Livestock Density in Inner Asia

Livestock density per
square kilometer
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Source: MECCIA 1995.
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Population and Livestock Density in Selected Districts

Percentage

Population Livestock Percentage of Pasturec

Density Density of Useful Considered

Country/Village (person/km2) (SSUa/km2) Landb Cultivated Degraded

China

Chinggel Bulag 0.70 54 0 54.4

Hosh Tolgoi 2.10 56 0.3 ?

Handgat 3.25 54 0.44 12

Hargant 1.40- 36 0 22.9

Russia

Argada 11.30 270 33 88.3

Gigant 4.00 125 18.8 76.9

Sholchur 1.80 65 0.9 1.5

Mongolia

Hovd sum 0.96 48 0.008 0.07

Dashbalbar 0.40 22 0.17 0.03

Sumberd 1.56 36 1.2 2

aSSU, standard stocking unit: sheep = 1, goat = 0.9, cattle = 5, horse = 6, 

camel = 7.
b“Useful land” is all land not specifically unusable for farming economy as a

whole. It includes arable and hay-making land. 
c“Pasture” is land specifically designated for pasture. 
dData do not include the administratively separate town or Choir.

Source: Humphrey and Sneath 1999:77.

Growth in Mongolian Livestock Populations
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collectives seems to be harming livestock nutrition, especially
as pastoralists make shorter and less frequent moves. 

The lack of adequate hay production leaves flocks vulnera-
ble to starvation, as evidenced during the winter of
1999–2000. Thousands of hectares of pasture were buried
under heavy snow into the spring, yet the government was
unable to provide supplementary feed because of limited
funds, lack of hay stocks resulting from prior drought, and
transportation problems (FAO 2000). 

Another problem is that some of the pasture used for hay
production is not ecologically suited for it. Perhaps 10 per-
cent of the 1.34 million ha under cultivation in 1990 is now
affected by erosion (Whitten 1999:14).

Mongolian herders have noted the negative impacts of
recent trends. Remarked one man, “In the 1970s all the
households used to go on otor, and the households were

spread out at a distance from one other. But now most of the
households do not move from their winter camps, so in the
winter and autumn pastures the animals have eaten all the
vegetation. So there has been significant pasture damage and
reduction in vegetation” (Sneath 1993). 

Modern i za t i on  and  Mongo l i a ’ s
Future

Looking at China’s Inner Mongolia, some already
foresee the passing of the era of mobile pastoralism.
Economics could encourage production systems in
which calves and lambs are shipped to farming

areas for fattening, rather than raised on grass. For some

Source: Humphrey and Sneath 1999:44–45.



herders, benefits of such a transition could include increased
income, more leisure time, and greater economic security
(Humphrey and Sneath 1999:93, citing Li et al. 1993).

It is too soon to tell if such a scenario is inevitable for Mon-
golia, or if the country can find a way to balance the old herd-
ing techniques of pastoral mobility with the new forces of
urbanism and market economics. On one hand, old tech-
niques of pastoral mobility still exist even in China’s Inner
Mongolia, with livestock raised to full weight on the steppe.
On the other hand, the herding patterns that collectives used
had retained some aspects of the older systems of land use,
but the dissolution of these institutions brought a decline in
large-scale pastoral operations and expanded the herds kept
for use by individual families. 

Currently, grazing land in Mongolia remains a public
resource despite attempts to introduce legislation for its pri-
vate ownership. However, without support, the poorer house-
holds with small numbers of livestock and limited domestic
labor will have difficulty maintaining systems of wide pas-
toral movement, even where pasture land is not divided
among individuals. A more sedentary life does not inevitably
lead to pasture degradation, but the movement of the herds in
relation to available pasture does appear to matter to herders.
For example, in Dashalbar, Mongolians have a relatively set-
tled way of life, with houses in the district center, but herders
with a vast area of pasture at their disposal still make use of
seasonal movement and occasional otor (Humphrey and
Sneath 1999:212).

Other complicating influences include a tripling of the
human population in Mongolia in the last 60 years and pro-
jected high growth rates for several more decades. This adds
pressure to expand the pastoral economy and animal herds,
although the number of livestock may be approaching the
maximum level that Mongolia can support with the resources
currently available to the pastoral sector. The desire to live
near roads, markets, schools, and modern services also will
draw people and their herds to populated areas where degra-
dation is already a problem. 

With current high inflation, debt, and depressed trade, it
seems unlikely that local or central governments will be able
to encourage large pastoral enterprises by renewing the gov-
ernment-supported motor pools and machinery for hay pro-

duction. Yet such investments and government leadership
may be essential if large-scale pastoral movement systems
that include the majority of herders are to be retained. Dis-
trict governments might be able to coordinate labor for the
maintenance of public resources such as wells and hay pro-
duction, for example. Or, small farms and associations could
be combined in scaled-down versions of collectives for more
specialized and mobile livestock herding, even if households
are more settled.

It is possible that wealthy Mongolian herd owners will
accumulate sufficiently large livestock holdings to establish
intermediate-scale pastoral operations, using labor from
poorer households. However, decades may pass before such
operations become large enough to encompass the majority
of grazing land, and there would still be need for district
authorities to coordinate herding and land use.

Significant investment in improved transportation ser-
vices for herders could bolster environmentally sustainable
systems of large-scale pasture rotation and might also benefit
livestock processing industries by facilitating their purchase
of livestock products at competitive prices. In China, at least,
the close presence of markets and relatively high demand for
pastoral products has enabled some herders to make a good
living. But in Russia and Mongolia, the distance to markets,
the high cost of production inputs like fuel, and low demand
all depress the livestock economy. In Russia and Mongolia,
the prices for livestock products like meat, cheese, and wool
are very low; sugar, tea, flour, and other foods are expensive
(Humphrey and Sneath 1999:75).

Market failures may cloud Mongolia’s ability to see the
short-term benefit of preserving large-scale herding patterns.
This is especially true in the face of some farmers’ increased
wealth and the lack of policies that support and encourage
mobile herding and collective action. But where herders’ lives
become highly settled, the grasslands appear to be overused.
Pastoralists recognize the threat to the future productivity of
their livestock operations. Herding populations from Tuva to
western Mongolia and Mongol-inhabited parts of Xinjiang
are deeply concerned about the environment. Whether that
local awareness will translate into political change and sensi-
tivity to ecological vulnerability, or what path “moderniza-
tion” will take, is difficult to gauge.
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Adopting an “ecosystem approach” means we evaluate our decisions on land and resource use in

terms of how they affect the capacity of ecosystems to sustain life, not only human well-being but

also the health and productive potential of plants, animals, and natural systems. Maintaining this

capacity becomes our passkey to human and national development, our hope to end poverty, our

safeguard for biodiversity, our passage to a sustainable future.

–from the Foreword to this volume 

Just as ecosystems sustain us, we must sustain them.
We exist with them in a worldwide web—a fraying web of life. The
scientific evidence described in Chapter 2 and the practical expe-
rience recounted in Chapter 3 underscore the need to weave a dif-
ferent future.

The Pilot Analysis of Global Ecosystems (PAGE) shows that the
overall capacity of ecosystems to deliver goods and services is
decreasing. Yet human demand for ecosystem products—from
water to food to timber—continues to increase. Globally, we have
managed agriculture, forests, and freshwater systems to achieve
remarkable growth in the output of food and fiber. But when
PAGE researchers examined the full range of goods and services
produced by five major ecosystems, they found that the increased
output of some goods and services has resulted in steep declines
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in virtually all others—from water quality and quantity to bio-
diversity and carbon storage. In many cases these trade-offs
were unconcious. Nonetheless, even with a new awareness of
the value of traditionally overlooked ecosystem services like
biodiversity or carbon storage, we can’t simply reverse the
trade-offs we’ve made. We can’t, for example, make do with
less food in order to protect biodiversity or improve water
quality. The poor and disadvantaged would pay the human
consequences of such a strategy.

The case studies in Chapter 3 further underscore our
dependence on ecosystems. The villagers who live near Dhani
Forest in India have no ready replacement for the food and
fiber that Dhani provides, any more than the residents of
southern Florida—even with their greater financial means—
can find an alternative supply for the plentiful water that the
Everglades offers.

Fortunately, the case studies give reasons for optimism.
The groundswell of political concern over the deterioration of
the Everglades is one sign that awareness of the importance of
ecosystems is growing. The community’s response to Dhani
Forest’s degradation assures us that—at least in some places—
we are changing our behavior for the better. With its Working
for Water Programme, the South African government is
simultaneously fighting invasive plants, rising water
demand, and poverty. The Programme examines impacts and
pressures across ecosystems, challenges political interest
groups and perverse economic inf luences, and forges
alliances with the private sector.

Nonetheless, most of the management approaches pre-
sented in Chapter 3, as innovative as they are and as difficult
as they were to implement, still fall short of a true “ecosystem
approach.” Some focus only on facets of an ecosystem’s
health. They include reparative actions, but not always pre-
ventive ones. From Mongolia to Bolinao to New York City,
none encompasses the broad-scale changes needed to cope
with current environmental degradation and inevitable
increases in consumption.

What  Shou ld  We  Do  to  Adopt  an
Ecosystem Approach?  

The principles of the ecosystem approach, described in
Box 4.1, are slowly gaining recognition among
resource managers. For more than a decade, the con-
cept of ecosystem management has been growing in

theory and application. In 1992, the U.S. Forest Service offi-
cially adopted an ecosystem orientation to managing U.S.
National Forests. Since then, it has struggled to articulate what
this means for its timber harvest policies, grazing practices,
recreation activities, and management of roadless and wilder-
ness areas. Box 4.2 provides examples of the differences between
a traditional approach and an ecosystem approach in forestry.

An ecosystem approach broadly evaluates how peo-
ple’s use of an ecosystem affects its functioning and
productivity.

■ An ecosystem approach is an integrated approach. Cur-
rently, we tend to manage ecosystems for one dominant
good or service such as fish, timber, or hydropower with-
out fully realizing the tradeoffs we are making. In doing
so, we may be sacrificing goods or services more valu-
able than those we receive—often those goods and ser-
vices that are not yet valued in the marketplace such as
biodiversity and flood control. An ecosystem approach
considers the entire range of possible goods and services
and attempts to optimize the mix of benefits for a given
ecosystem. Its purpose is to make tradeoffs efficient,
transparent, and sustainable. 

■ An ecosystem approach reorients the boundaries that tra-
ditionally have defined our management of ecosystems. It
emphasizes a systemic approach, recognizing that
ecosystems function as whole entities and need to be
managed as such, not in pieces. Thus it looks beyond tra-
ditional jurisdictional boundaries, since ecosystems
often cross state and national lines. 

■ An ecosystem approach takes the long view. It respects
ecosystem processes at the micro level, but sees them in
the larger frame of landscapes and decades, working
across a variety of scales and time dimensions. 

■ An ecosystem approach includes people. It integrates
social and economic information with environmental
information about the ecosystem. It thus explicitly links
human needs to the biological capacity of ecosystems to
fulfill those needs. Although it is attentive to ecosystem
processes and biological thresholds, it acknowledges an
appropriate place for human modification of ecosystems.

■ An ecosystem approach maintains the productive potential
of ecosystems. An ecosystem approach is not focused on
production alone. It views production of goods and ser-
vices as the natural product of a healthy ecosystem, not
as an end in itself. Within this approach, management is
not successful unless it preserves or increases the
capacity of an ecosystem to produce the desired benefits
in the future.

Box 4.1  

W h at  I s  a n  E c o s y s te m  Ap p r o a c h ?
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Box 4.2   D i f fe re n c e s  B et we e n  Tra d it i o n a l  Fo re s t  M a n a g e m e n t  a n d  a n
E c o s y s te m  Ap p r o a c h  to  Fo re s t  M a n a g e m e n t

Objectives

Scale

Role of Science

Role of
Management

■ Maximizes commodity production

■ Maximizes net present value 

■ Aims to maintain harvest or use of forest
products at levels less than or equal to
their growth or renewal 

■ Works at the stand level within political or
ownership boundaries 

■ Views forest management as an applied
science

■ Focuses on outputs (goods and services
demanded by people), such as timber, 
recreation, wildlife, and forage

■ Strives for management that fits industrial
production

■ Considers timber is the most important 
forest output (timber primacy)

■ Strives to avoid impending timber famine 

■ Views forests as a crop production system

■ Values economic efficiency

■ Maintains the forest ecosystem as an intercon-
nected whole, while allowing for sustainable 
commodity production

■ Maintains future options

■ Aims to sustain ecosystem productivity over
time, with short-term consideration of factors
such as forest aesthetics and the social accept-
ability of harvest practices

■ Works at the ecosystem and landscape level

■ Views forest management as combining science
and social factors

■ Focuses on inputs and processes, such as soil,
biological diversity, and ecological processes,
since these give rise to goods and services

■ Strives for management that mimics natural
processes and productivity

■ Considers all species—plant and animal—
important and considers services (protecting
watersheds, recreation, etc.) are on an equal 
footing with goods (timber) 

■ Strives to avoid biodiversity loss and soil
degradation

■ Views forests as a natural system, more than the
sum of its parts

■ Values cost-effectiveness and social acceptability

Traditional Forest Management Forest Ecosystem Management 

Source: Adapted from Bengston 1994



The European Union likewise has begun to frame its envi-
ronmental problems in terms of large-scale ecosystem effects
such as forest loss, widespread nutrient pollution of rivers,
and loss of biodiversity. Thus, in its periodic assessments of
the environment, the European Environment Agency reports
on such indicators as air pollution in excess of ecosystem
“critical loads,” trends in defoliation of European forest
ecosystems, and the effects of fragmentation on Europe’s
ecosystems (EEA 1999).

At an international level, the ecosystem approach has also
gained greater visibility and endorsement. At their biennial
meeting in May 2000, the nations that signed the 1992 Con-
vention on Biological Diversity formally spelled out 12 prin-
ciples that define an ecosystem approach and called for gov-
ernments to adopt these principles to manage their land,
water, and living resources. In their declaration, the nations
noted there is no single way to implement the ecosystem
approach in all nations, but that the general framework for
management must focus on ecosystem processes rather than
political jurisdictions and sectoral divisions (COP-5
2000:103–109).

Although these steps toward incorporating an ecosystem
approach into land-management decisions represent
progress, the wide-scale reorientation of business practices,
government policies, and personal consumption habits
around an ecosystem approach is still far from reality. In most
nations, and in most local practices, the idea of ecosystems as

essential biological elements that touch daily life and busi-
ness remains foreign. At an international level, there is little
use of an ecosystem approach when shaping agreements on
trade, agriculture, forests, or water use.

Lessons drawn from the PAGE findings and the case stud-
ies offer practical guidance for adopting an ecosystem
approach. Our recommendations are grouped in four broad
areas:

■ Tackle the science and information gap.

■ Recognize and measure the value of ecosystem services.

■ Engage in a public dialogue on goals, policies, and trade-
offs.

■ Involve all stakeholders in ecosystem management.
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These are not a series of sequential steps, but an on-going
dance in which we can progress in all areas simultaneously. By
following the practical guidance from PAGE and the case stud-
ies, we will move more agilely in each area. We already have
enough knowledge and experience to get the dance under way.

TACKLE THE SCIENCE AND INFORMATION GAP
Managing ecosystems holistically and sustainably requires a
detailed understanding of their function and condition. With-
out a stronger base of scientific knowledge and indicators at
local, national, and global levels, we are ill-prepared to judge
ecosystems’ productive capacity, to recognize the trade-offs
we are making, or to assess the long-term consequences of
these trade-offs. 

Underlying all of our efforts to tackle the science and infor-
mation gap is the need for more
applicable scientific knowledge.
For example, experimental evi-
dence shows that the loss of biologi-
cal diversity will reduce the
resilience of an ecosystem to exter-
nal perturbations such as storms,
pest outbreaks, or climate change.
But scientists are not yet able to
quantify how much resilience is lost
as a result of the loss of biodiversity
in a particular site nor even how
that loss of resilience might affect
the long-term sustainability of the
production of goods and services.
Better scientific understanding of
ecosystems’ carrying capacity and
thresholds for change would greatly
benefit our management efforts.

In some cases, our scientific
understanding of ecosystems is
improving enough to allow us to
build models that will help deter-
mine what resources are most at
risk and forecast their future. In
South Africa, for example, sophis-
ticated computer modeling
revealed that allowing invasive
trees to spread would severely dis-
rupt water supplies. In the Ever-
glades, modeling of the entire
watershed showed just how distorted the water cycle in the
region had become. Fifty years earlier, when people were mak-
ing decisions about altering waterflow in the Everglades, they
didn’t have such powerful scientific tools at hand.

But more than simply building a better scientific base and
honing our understanding of ecology, we must develop and
consistently measure indicators of ecosystem extent, condi-
tion, and performance. PAGE underscores how sorely our

indicators of ecosystem condition are lacking. Often PAGE
assessments had to be based on data measured in different
periods, governed by inconsistent definitions, or riddled with
blanks in coverage. Even for agroecosystems, for which stud-
ies of conditions and production abound, there are no globally
consistent measurements of the impact of agriculture on
water quality and little crop-specific information about the
size and production of irrigated areas. In our era of supposed
information overload, the PAGE results show that consistent,
reliable measures of ecosystem conditions are difficult to
ascertain both on a global scale and on a local or national scale
where most land use decisions are made. 

The case studies, too, clearly illustrate the need for improved
indicators, consistent monitoring, and reporting on ecosystem
condition. The longer cases chronicle the gradual transforma-

tion of ecosystems through physical alteration or overuse, a
period when individuals and institutions sometimes failed to
recognize early warnings of ecosystem decline or were unable to
assess the long-term repercussions of their choices. Part of the
challenge is that ecosystem decline may begin gradually, then
manifest quickly as pressures increase. Florida Bay degraded
slowly in the first two decades after the Central and South
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How can we judge whether an ecosystem is in 
good condition? Scientists have taken several
approaches:

■ Measuring against natural systems. Some scientists have
suggested that the condition of an ecosystem could be
measured by comparing one or more of an ecosystem’s
properties (such as biomass, number of species, or the flow
of nutrients through the ecosystem) to those of a “natural”
or “undisturbed” ecosystem. This would effectively define
the condition of an ecosystem to be its degree of “non-nat-
uralness.” But the shortcomings of this approach for policy
and management decisions are clear. Judging condition
with such an indicator of “naturalness” would mean, for
example, that all agroecosystems or forest plantations
would be defined as being in poor condition since they are
quite different from the natural ecosystems that they
replaced. Moreover, given the pervasive influence of human
action on the global environment, it is increasingly difficult
to define what a “natural” or “undisturbed” ecosystem
would be like.

■ Measuring sectoral conditions. Many reports have been
written about the state of agriculture in various countries
focusing only on food production, without considering the
potential negative effects of that food production on biodi-
versity, water quality, or carbon sequestration. Or forest
assessments have examined only timber production, with-
out evaluating the potential impact of timber harvest on
regional rainfall, energy production from downstream
hydro-facilities, or biodiversity loss. This strictly sectoral
approach made sense when trade-offs among goods and
services were modest or unimportant. But it is insufficient
today, when ecosystem management must meet conflicting
goals and take into account the linkages among environ-
mental problems. A nation can increase food supply by con-
verting a forest to agriculture, but in so doing decreases the
supply of goods that may be of equal or greater importance
such as clean water, timber, biodiversity, or flood control.
Both local resource managers and national policy makers
need some means of weighing these trade-offs, which
requires a more integrated view of just what those trade-
offs might entail.

■ Measuring for optimization. An integrated assessment
determines the condition of an ecosystem by assessing
separately the capacity of the system to provide each of the
various goods and services and then evaluating the trade-
offs among those goods and services. Even if the trade-offs
are conscious choices, an integrated assessment will show
whether the capacity of the system to provide a combina-
tion of the services is optimized. For example, in an accept-
ably productive agroecosystem that relies on chemical
inputs, separate assessments could show whether the
addition of a rotation of a green manure crop could greatly
reduce nutrient inputs, dramatically increase water quality,
or affect agricultural yield. Thus, it could be determined
whether the ecosystem was being managed to optimize the
provision of a combination of food and clean water or
whether these goods might have been achieved through an
alternative management approach. 

This approach to ecosystem assessments is called
an “integrated assessment” because it examines not just a
single ecosystem product, such as crop production, but an
entire array of products that the ecosystem might provide.
The principal benefit of an integrated ecosystem assess-
ment is that it provides a framework for examining the link-
ages and trade-offs among various goods and services.
The opportunity to increase the aggregate benefits from
the bundle of goods and services produced by an ecosys-
tem would be hidden in an assessment of each sector in
isolation. The goal of management of the ecosystem may
well be to favor one service, say, food production, over the
others, but by looking at the production and condition of
the entire array of services, trade-offs among various ser-
vices become apparent. 
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In collaborating on this report and supporting a global
assessment of ecosystems, the United Nations Develop-
ment Programme, the United Nations Environment Pro-

gramme, the World Bank, and the World Resources Institute
confirm their commitment to use information to motivate
actions that will maintain and restore ecosystems. Govern-
ments, businesses, organizations, and individuals everywhere
have many opportunities to match that commitment: 

■ Governments can use their access to information to drive
decisions on ecosystem use, protection, and restoration.
Government agencies and officials now have more and bet-
ter data than ever before, through advancements in science
and technology, and they are in the best position to inte-
grate satellite habitat imagery, air and water quality read-
ings, biological data, demographic information, and trans-
portation and land-use maps. For example, government
regulators can incorporate scientific findings on ecosys-
tem thresholds, such as the “critical load” of pollutants like
SOx and NOx, in regulations that govern automobile and
powerplant emissions or water quality standards.

■ Businesses can improve their environmental performance
in relation to ecosystems by collecting and disseminating
information about the environmental aspects of their
processes, products, and services. Although government
regulations are powerful means of requiring businesses to
manage and report on their performance, increasing num-
bers of businesses around the world are voluntarily adopt-
ing environmental management systems and publicly 
disclosing information on their performance. Many busi-
nesses do so to save money, to increase shareholder
value, to benchmark their performance, and to monitor
their compliance with external commitments. 

■ Industry associations can develop policies and codes that
respect the need to keep ecosystems viable. One model for
how such ecosystem-friendly business practices can be
promulgated is the International Organization for Stan-
dardization’s ISO 14000 standards, which provide guidance
to companies that want to improve their environmental
management in a number of areas, including environmental
auditing, labeling, and product life-cycle assessment. As of
July 2000, 14,106 companies in 84 countries have adopted
the ISO 14000 standards. Another model is the Global
Reporting Initiative (GRI), which was established in 1997 by
the Coalition for Environmentally Responsible Economies
and the UN Environment Programme, with the mission of

designing globally applicable guidelines for preparing
enterprise-level sustainability reports. The GRI guidelines
are available online at http://www.globalreporting.org.

■ Universities, environmental groups, and civic associations
can help interpret the wealth of raw data that is already
available—presenting data in user-friendly, indexed, non-
technical formats that allow anyone to navigate lots of
information quickly. Such organizations can compile risk-
ranked lists of facilities or production methods, integrate
data sets, or create rankings of popular consumer products
based on the presence of suspected toxins, for example.
They can also “watchdog” ecosystem management, ensur-
ing that we truly take an ecosystem approach by promoting
open planning processes, organizing and informing con-
stituents, and demanding accountability from governments,
multilateral banks, and corporations.

■ Consumers can seek product information and use purchas-
ing power to drive businesses to better practices on behalf
of ecosystems. Certification of sustainable management
practices or “ecolabeling” already enables us to choose the
timber, agricultural products, and fish products that are
produced and harvested with the fewest ecological
impacts. For example, the Forest Stewardship Council
assesses forest management practices against a set of 10
environmental, social, and economic principles and has
certified more than 15.8 Mha of productive forestland world-
wide (Parker et al. 1999:12). Business leaders such as IKEA,
the largest furniture manufacturer worldwide, are turning to
those forest products both to gain a marketing advantage
and to respond to consumer interest in more environmen-
tally sensitive products. Similar certification processes,
such as Energy Star ratings, are already in place to help
consumers evaluate the energy consumption of appliances,
and others could be developed for environmentally sensi-
tive goods and services, such as community-based lodging
and guides for ecotourism.

■ Citizens everywhere can make a point of learning more
about the environmental conditions and issues in their sur-
roundings. Those with access to the Internet can readily get
information to help them make decisions about voting,
using local land and resources, recycling, and disposing of
household wastes, for example. They also gain the means to
share the information with friends and colleagues, or voice
their opinions—sometimes just by sending a message with
another click on the keyboard.
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Florida Project altered the Everglades water flow, then rapidly
in the last decade. In South Africa, the connection between
imported plants and water supply took almost a century to iden-
tify with certainty. The years that it took to recognize the dam-
age and change course amplified the repercussions of degrada-
tion—both on the ecosystem and on those dependent on the
goods and services that had been compromised. 

Not all information is equal, however, when it comes to
supporting an ecosystem approach. Integrated assessments
are the most effective means to encourage stakeholders to
manage ecosystems for more than their immediate commer-
cial value(Box 4.3 The Need for Integrated Assessments).
Such assessments separately determine the capacity of an
ecosystem to provide various goods and services and then
evaluate the trade-offs among those goods and services. Nar-
rower sectoral measures, which have been the principal
sources for most decision making, focus on a single outcome,
rather than consequences across the ecosystem. Thus, the
government agencies that replumbed the Everglades judged
their success on the basis of agricultural production and flood
control. The agencies that forested South African mountains
with pines had their sights set on maximum timber output, as
did the government in Dhani, which permitted commercial
contractors to harvest the forest canopy. Only at crisis points—
when the supply of critical goods like food or water was inter-
rupted—did serious interest develop in analyzing other indica-
tors of the health of these ecosystems. Perhaps the crises
would never have occurred if more integrated information
had been available at the outset.

Of course, that’s a wishful thought. No matter how sophis-
ticated our scientific understanding, computer models, and
original statistics, we are still likely to be surprised by ecosys-
tem outcomes unless we monitor them continuously. Just as
our knowledge of ecosystem dynamics is rapidly changing, so
is the scale of pressures—demographic, economic, and biolog-
ical—that will alter ecosystems. Periodically assessing ecosys-
tems is key to avoiding unexpected outcomes. In Bolinao,
only years of monitoring a variety of environmental indica-
tors will show whether the new four-zone coastal management
plan is helping fish stocks rejuvenate, or whether other fac-
tors outside the purview of the plan are more critical. The
New Yorkers who drink unfiltered water must rely on exten-
sive water quality monitoring to determine whether their
ecosystem protection plan is adequate or whether an invest-
ment of billions of dollars in a filtration plant is necessary. A
careful record of monitoring may verify suspicions that new
ecosystem management is needed—and can help the largest
and most expensive efforts, like the Everglades restoration
plan, withstand inevitable public and legal challenges.

Sound scientific analysis, modeling, assessment, and
monitoring can increase the wisdom of ecosystem manage-
ment decisions. The scope of action for tackling the science
and information gap is large indeed, and it spans govern-
ments, businesses, organizations, and individuals (Box 4.4.

Using Information to Support an Ecosystem Approach). But
it is not the only requirement for an ecosystem approach. 

RECOGNIZE AND MEASURE THE VALUE OF ECOSYSTEM
SERVICES 
Undervaluing ecosystem services has contributed to many
shortsighted management practices. The PAGE study of fresh-
water systems, for example, argues that heavily subsidized
water prices, especially for agriculture, have promoted the
inefficient use of water. The study documents the sixfold
increase in water consumption since 1900 worldwide, more
than twice the rate of population growth. The PAGE study of
forest ecosystems shows that old-growth forests in Canada—
where logging companies’ operations are subsidized—are har-
vested far in excess of their rate of growth, despite the forests’
value in terms of biodiversity, carbon storage, and watershed
protection. Market mechanisms have generally failed to assign
monetary values to such public goods, but market failure is not
solely responsible for the exploitation of ecosystem services.
Tax breaks, trade incentives, tariffs, public-investment strate-
gies, and other economic policies have distorted the price of
water, land, and other ecosystem inputs and outputs.

The case studies, too, provide a wealth of examples of eco-
nomic policies that, despite good intentions, have aggravated
declines in ecosystem condition and capacity by undervaluing
essential ecosystem services. For example, government funds
subsidized the drainage of nearly one-fourth of the Everglades
south of Lake Okeechobee to create the Everglades Agricul-
tural Area. In addition to the direct damage this drainage
inflicted on wildlife habitats, it also set the stage for indirect
injury to the Everglades through water withdrawals, polluted
runoff, and soil subsidence from agricultural production. 

An essential element of an ecosystem approach is recog-
nizing and measuring the value of ecosystem services, so that
governments, industries, and communities can factor these
values into their production and consumption choices. A first
step toward setting these values is calculating the cost of eco-
nomic policies that subsidize the use of resources, either by
comparing subsidized to market prices or by summing the
cost of government subsidy programs. Worldwide, subsidies
supporting environmentally unsound practices in the use of
water, agriculture, energy, and road transport are estimated
to total US$700 billion, with almost half that amount sup-
porting farm production and farm income in OECD countries
(UNEP 1999:207). Refining and disaggregating this amount
into national, local, or sectoral components is feasible and,
even if imprecise, would provide some empirical basis for
adjusting distorted prices. Going further to remove subsidies
and set explicit prices on ecosystem services may be politi-
cally difficult but would lead directly to more efficient
resource use.

South Africa’s water law is an example of explicit pricing
to encourage efficiency(see Box 3.14, pp. 200–201). South
Africa allows the Department of Water Affairs and Forestry to
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levy watershed management charges on those sectors that use
rivers and other water bodies for waste disposal and water con-
sumption. Those fees are expected to discourage waste, pro-
mote conservation, and provide funds to improve watershed
health. Some sectors and communities have resisted new
water charges, but others have instituted municipal conserva-
tion practices that reduced water use by 25 percent.

For ecosystem services that are not explicitly subsidized,
other methods of valuation need to be developed or improved
(see Box 1.14, p. 32). Environmental economists should con-
tinue to hone our abilities to guage the value of ecosystem
goods and services, and such values should be transmitted to
those making decisions on landuse and industrial production
methods. An example of how such valuation can be brought
into more common use is the Environmental Valuation Refer-
ence Inventory, compiled by Environment Canada. This data-
base of valuation studies allows corporations and government
agencies to quickly call upon accepted research on monetary
values for a variety of environmental services. These values,
in turn, can be used to estimate the effects of projects or devel-
opments that may degrade these services (EVRI 2000).

Ultimately, creating financial incentives for ecosystem
conservation is more important than setting an accurate
price on ecosystem services. The price of many ecosystem ser-
vices may prove to be incalculable from any supply-and-
demand equation. Nonetheless, we should not lose sight of
the fact that subjective judgment is at work in every valuation.
The aesthetic appreciation or spiritual significance of a given
landscape depends on the values of the beholders, just as the
price of a particular good depends on the buyers’ willingness
to pay. In a debate that has focused on scientific and economic
measures of value, community and religious leaders have a
unique opportunity to raise the ethical considerations that
should guide our use of ecosystems. Thus the valuation of
ecosystem services—like the ecosystem approach as a whole—
is most effective when it engages a public dialogue on goals,
policies, and trade-offs.

ENGAGE IN A PUBLIC DIALOGUE ON GOALS,  POLICIES,
AND TRADE-OFFS 
With an ecosystem approach, knowledge of ecosystem
processes and conditions serves as the foundation for public
discourse on what we want and need from ecosystems, how
the benefits should be distributed, what the ecosystems can
tolerate in terms of degradation, and what we can tolerate in
terms of costs. The discourse is itself a foundation for concen-
sus about what actions need to be taken. Even a tenuous con-
sensus among competing interests in the New York watershed
or the Bolinao reefs or the Everglades wetlands is a powerful
facilitator of change, often more powerful that any engineer’s
technology, government’s mandate, or consultant’s report. 

The story of New York City’s watershed management plan
is an example of an effort to bring together all those who have
a stake in the health of an ecosystem and identify a common
theme around which they could unite—in this case, water.
Although the negotiated outcome in cases like New York City
may not be ideal from a scientific perspective (the protection
plan has been criticized as inadequate), it represents progress
over interminable wrangling or inaction. Plus, when all inter-
est groups are part of the solution, the results are usually
more sustainable than those achieved without broad stake-
holder participation.

When governments fail to broaden the dialogue on ecosys-
tem management to include all stakeholders, nongovernmen-
tal organizations with ties to the local community can be pow-
erful agents of change. The value of NGOs stands out in
stories like the restoration of the Mankòtè mangrove and
coastal management in Bolinao. There, NGOs persisted with
countless consultations to forge alliances among the stake-
holders and to elicit wider participation in decision making. 

Many public dialogues on resource use are not only about
the present—the relocation of a levee in the Everglades or the
area for work crews to fight invasives in South Africa—they are
implicitly about the future. Discussions about the best course
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W e  c a n  d o  b e t t e r  a t

m a n a g i n g  e c o s y s t e m s  t h a n

w e  h a v e  i n  t h e  p a s t ,  a n d  w e

c a n  d o  b e t t e r  t o d a y .

(continues on p. 236)
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Box 4.5   Fi l l i n g  t h e  I n fo r m at i o n  G a p

All ecosystems

Agroecosystems

Extent and land use 

Soil degradation 

Biodiversity

Water quantity and
quality

Condition

Satellite imagery has improved knowledge of the extent of various
ecosystems, but available data are rarely precise enough to use at
the national or subnational levels or to support all the needs of
international environmental conventions. More frequent interpreta-
tions, improved data resolution, more systematic classification
processes, and innovative approaches to ground-truthing are
needed. 

The only comprehensive global source of information on soil degra-
dation (GLASOD) was undertaken in the late 1980s; a supplemental
study, using more detailed information, only covered Asia (ASSOD).
Needs include longer-term monitoring of soil organic matter, more
detailed data on soil nutrient balances, and more work on indicators
that show the link between soil quality and ecosystem goods and
services. 

Information on biodiversity is poor across ecosystems. Only an esti-
mated 15-20 percent of species have been identified, although the
Global Taxonomy Initiative is trying to address this issue. Even for
known species, information on population trends and invasions is
lacking. The Global Invasive Species Programme and the World
Conservation Union are assembling databases on invasives, and
considerable data exist among scientists, museums, or plant collec-
tions in all countries, but effort is needed to assemble them into a
form that can inform national planning.

Better information on water resources can immediately benefit
nations because of its direct link to human health and well-being. In
most parts of the world (except OECD countries), water quality
monitoring is rudimentary, and most efforts leave out important bio-
logical information. Groundwater data are not readily available at a
global or continental scale.

Food production and yield statistics are copious, but less is
recorded about the underlying condition of agricultural systems,
much less about differences in farming systems and land manage-
ment practices. Reasonably detailed land use data are needed to
predict the impact of agriculture on soil fertility, water quality, and
habitats. Current data on soil degradation, water quality, and biodi-
versity are qualitative and often controversial.

E c o s y s t e m  C h a r a c t e r i s t i c  P r i n c i p a l  I n f o r m a t i o n  N e e d s
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Coastal
Ecosystems

Forest
Ecosystems

Freshwater
Ecosystems

Grassland 
Ecosystems

Biodiversity

Fisheries

Water quality

Condition

Water quantity

Fisheries

Condition

E c o s y s t e m  C h a r a c t e r i s t i c  P r i n c i p a l  I n f o r m a t i o n  N e e d s

Availability of global biodiversity data for coasts and oceans remains
limited; even data on the distribution of habitat types are lacking for
most areas, except for coral reefs and mangroves. Because most
coastal habitats are small and submerged, local surveys, such as the
Global Coral Reef Monitoring Network, are still more reliable than
remote sensing in determining extent and condition.

Outside of North Atlantic fisheries, only 50-70 percent of landings
are now reported by species, which precludes efforts to evaluate the
impact of fishing on specific species. Population information on fish
stocks, which is needed to assess whether harvests exceed sustain-
able levels, is still more fragmentary.

Remote sensing can help to fill information gaps about occurrence
and duration of algal blooms, oil spills, turbidity, and sea surface
temperature, but on-site monitoring is needed to evaluate many
coastal water quality parameters, such as eutrophication, coliform
bacteria, and persistent organic pollutants, as well as to monitor
disease outbreaks among marine organisms. The Global Ocean
Observing System established by the United Nations could compile
such data. 

Extraordinarily poor data on woodfuel production and consumption
will be difficult to supplement, since monitoring will be costly in
most developing countries. Key data needs related to timber produc-
tion are the relative rates of growth and harvest in production
forests. Improved deforestation estimates will require both better
satellite coverage and corroboration on the ground.

Rain and stream gauges around the world are disappearing, victims
of loss of funding for monitoring programs. Better basic hydrological
information about river discharge, flood frequency, dry season flows,
condition of wetlands, and location of dams would help planners
meet the growing human demand for water. 

Improved data on inland fisheries, essential to ensure their sustain-
ability, will require improved or new monitoring networks, since
much of the catch is consumed locally and unrecorded.

High resolution satellite data measuring the productivity of grass-
lands, combined with on-the-ground measures of rainfall, livestock
densities, and management systems could greatly increase our
understanding of desertification and help national governments bet-
ter manage rangelands. 
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of growth in a crowded area or about the rationale for allocat-
ing scarce resources or even about the nature of sustainability
itself can mold a common sense of value among diverse par-
ticipants. Thus, public dialogue can help the community
make judgments about the relative importance of different
ecosystem services. The dialogue also promotes public aware-
ness and education;  it encourages participants to learn more
about the social, economic, and physical trends that are likely
to affect their best-laid plans in the future.

Thus, it is essential that the stakeholders now trying to
ensure the viability of ecosystems—like the Mekong River
Basin or Bolinao’s coastal resources—strive to incorporate
projected future social and ecological changes. In the
Mekong, the extraordinary pace of economic and popula-
tion growth will inexorably drive intertwined demands for
irrigation, drinking water, hydropower, fish production,
salinity control, and transport. Bolinao’s new coastal man-
agement plan may suffice for the municipalities’ current
population of 50,000, but the area’s long-term health will
depend in part on the plan’s ability to incorporate a poten-
tial doubling of the population in 30 years (McManus et al.
1995:195). 

Governance systems that encourage community decision
making create powerful incentives for local conservation. But
local solutions may not always be sufficient to keep up with
rapidly accelerating, rapidly changing stresses. In those
circumstances, more enduring efforts have to involve the
widest possible range of stakeholders not only in dialogue but
in implementation. 

INVOLVE ALL STAKEHOLDERS IN MANAGING ECOSYSTEMS
Local communities can be the most pernicious violators or
the most prudent managers of ecosystems. Often motivated
by poverty or short-term gains, they have the greatest oppor-
tunity to overuse ecosystem goods and services. At the same
time, their knowledge of their ecosystem and their direct
stake in its health are important assets that improve the
chances for long-term stewardship. 

Similarly, national agencies, multinational businesses,
and international organizations have all demonstrated their
powers of destruction, as well as capacities for broad vision
and enlightened policies on the use of ecosystems. National or
multinational goals may conflict with—and dominate—local
ones, as they did in Dhani during the period of greatest local
degradation. But the growing environmental sensitivity of
internationally financed demonstration projects, such as
some of the best ones undertaken by the World Bank and the
United Nations, can encourage local and national interests to
adopt an ecosystem approach.

Involving all essential local, national, and even interna-
tional interests in ecosystem management thus produces bet-
ter outcomes. Inclusion of all stakeholders brings more
knowledge and experience to bear on problems. The process
of inclusion can balance interests that may be legitimate but

divergent and can yield a more equitable distribution of the
benefits and costs of ecosystem use. 

Local stakeholders, however, often have the most to
gain or lose in managing ecosystems. Dhani provides the
quintessential example of how community concern and
action can revive a local ecosystem. Driven by their depen-
dence on the forest and their understanding of how it had
been degraded, the villagers of Dhani forest crafted an
effective forest protection plan. When the state, which
owns the forest land, later blessed the plan, it made the
local community partners in the restoration rather than
adversaries. Likewise, in Machakos, the demise of govern-
ment-instigated compulsory work groups in the 1950s
enabled the Akamba to return to the traditional clan-based
mwethya and to undertake—on their own initiative—the
conservation techniques and work styles that rejuventated
their agroecosystems. 

The case studies also underscore how local communities
with secure rights of resource use tend to manage ecosystems
more sustainably. By contrast, consider how Dhani residents
abandoned carefully crafted rules of forest access and use in
favor of hastened harvesting of fuelwood when state and com-
mercial cutting in the 1960s–70s undermined their tenure.
Similarly, pastoralists in Mongolia who are uncertain about
their rights to common property grasslands are less likely to
use the sustainable practice of pasture rotation, for fear of los-
ing access to lands to another herder and his flocks. 

Sadly, ecosystem mismanagement continues as a result of
government policies that displace local people, exploit nat-
ural resources for quick capital, and fail to recognize the role
that ecosystems play in the development of sustainable liveli-
hoods, especially for the poor. Tenure remains in question for
millions of people, even as experience has repeatedly shown
that secure tenure and the authority to manage resources pro-
mote long-term investments in land improvements and care-
ful stewardship.

What  Does  the  Fu ture  Ho ld?

The case studies suggest that people do learn and
adapt and that ecosystems do have some natural
resilience. But they also warn that there are limits
to how much an ecosystem can recover. It is possi-

ble for a forest that has lost biomass and habitat quality, like
Dhani Forest, to rebound in just a few years once overuse is
controlled. It is less likely that wetlands, as in Florida, can
be restored to health in areas already converted to suburbs,
roads, and malls. Meanwhile, restoration will demand
expensive financial investments in places like South Africa
and Florida, and significant human capital in places like
Dhani, Machakos, and Cuba—outlays that depend on strong
public and governmental will.
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The case studies do not end here. Only time will reveal the
level of health that any of these degraded ecosystems regain.
We know the “restored” Everglades system will be different in
species composition and functioning than the original sys-
tem. South Africa will never entirely be rid of its invading
plants, despite the best efforts of the Working for Water
Programme. 

Climate change, globalization, and urbanization are
pressures that could undermine the long-term successes of
even the most informed, carefully constructed management
and restoration plans. Increasing global carbon emissions
are already affecting ecosystems. Warmer temperatures and
changes in rainfall patterns could encourage migrations and
invasions of nonnative species, and rising sea levels could
submerge many low-lying areas, from coral atolls to parts of
the Everglades ecosystem. Globalization and industrializa-
tion are likely to destabilize many traditional economic pat-
terns that focus on subsistence and local resource use. Sub-
urban sprawl, habitat fragmentation, air pollution, and the
sheer scale of resource demand and waste generation will
take a toll before better urban planning begins to minimize
these stresses. 

Successful ecosystem management will increasingly
require the cooperation of neighbors—sometimes people

with widely divergent goals. Dhani residents had only to
work with adjacent villages, but South Africa must work with
Botswana and Zimbabwe to control dense infestations of
nonnative plants like rose cactus, the distribution of which
is accelerated by elephants and donkeys moving freely across
borders. Even that is a relatively local problem compared
with the transboundary issues raised by efforts to develop
and manage the Mekong River sustainably. There, the
wishes and needs of six nations all threaten the quantity and
quality of the water in the Basin, and the livelihoods of the
fishers and farmers in the Lower Mekong. 

The international agreement to stem stratospheric
ozone depletion (the Montreal Protocol) suggests that we
can—aided by sound science—formulate a shared vision and
commitment to manage a problem, once we understand its
severity. But for some ecosystem services, like biodiversity
and carbon storage, a shared understanding of their impor-
tance may not be enough to bring about cooperative global
management. International markets do not value ecosys-
tem services, such as biodiversity or carbon storage, as the
public assets they are. Yet they are essential assets of global
importance; thus, the global community may need to bear
some of the costs of sustaining them. International efforts
to supply public capital and leverage private-sector

It is impossible to devise effective environmental

policy unless it is based on sound scientific infor-

mation. 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 Millen-

nium Ecosystem Assessment, a major interna-

tional collaborative effort to map the health of

our planet, is a response to this need. It is sup-

ported by many governments, as well as UNEP,

UNDP, FAO and UNESCO. I call on Member

States to help provide the necessary financial

support for the Millennium Ecosystem Assess-

ment and to become actively engaged in it.

— UN Secretary General Kofi A. Annan
From We the Peoples: 

The Role of the United Nations
in the 21st Century (April 2000)

Also endorsing the Millennium Ecosystem Assessment as of

September 2000:

■ Conference of parties to the Convention to Combat

Desertification

■ Conference of parties to the Convention on Biological

Diversity

■ Conference of parties to the Ramsar Convention on

Wetlands

■ Consultative Group on International Agricultural Research

and the International Agricultural Research Centers 

■ Millennium Assessment Steering Committee, representing

30 international agencies and research

■ Ministers of the Environment meeting in Elmina, Ghana,

September 1999, representing 20 countries

■ Third World Academy of Sciences

■ Third World Network of Scientific Organizations

■ World Resources partners UNDP, UNEP, World Bank, and

WRI

Box 4.6   T h e  C a l l  fo r  a  M i l l e n n i u m  E c o s y s te m  A s s e s s m e n t



investment will be a crucial factor in changing how coun-
tries value and conserve their ecosystems.

Perhaps the most important message in the case studies is
that we can do better at managing ecosystems than we have in
the past, and we can do better today. We often tout technol-
ogy’s promise of solving problems: making restoration
cheaper or increasing the productivity of our ecosystems.
These cases don’t undermine technology’s promise, but they
remind us that we already have much of the knowledge and
technology we need. Many of these “fixes” are simple and
nontechnical. In South Africa, people are restoring the
ecosystem by uprooting invasive trees by hand. In Dhani, a
community employs watchmen and patrols, uses simple har-
vest plans and bans cattle grazing, and promotes alternative
local employment. In Machakos, the Akamba collect rainwa-
ter and construct terraces—a practice dating back to ancient
times in many parts of the world. 

Put simply, we already know enough to begin to manage
ecosystems more soundly and to restore some of the natural pro-
ductivity we have lost. Mustering the local, national, and global
commitment to use and expand that knowledge is the challenge.

A  M i l l enn ium Ecosystem Assessment

Our failure to think in terms of ecosystems has been
rooted in the profound lack of information about
how ecosystems affect us and what condition they
are in. The Pilot Analysis of Global Ecosystems

begins to address this information issue. But one of the most
important conclusions of the PAGE study is that we currently
lack much of the baseline knowledge we need to assess ecosys-
tem conditions adequately on a global, regional, or some-
times even a local scale. PAGE researchers noted the absence
of dozens of critical data sets—from the level of fuelwood use
to the impacts of livestock on grassland forage conditions
(Box 4.5 Filling the Information Gap).

Considering our technological advances, it is surprising
that the availability of information for assessing the condi-
tion of ecosystems has not improved in recent years and may
actually be decreasing. On the one hand, remote sensing has
made information available about certain features of ecosys-
tems, such as their extent. On the other hand, on-the-ground
information for such indicators as freshwater quality and
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river discharge is less available today than 20 years ago (Stok-
stad 1999:1199).

Gathering this kind of information and making it available
in a form that governments, businesses, and local residents
can easily understand and use will require a much larger,
more comprehensive effort than PAGE. Such an effort, the
Millennium Ecosystem Assessment (MEA), scheduled to
begin in 2001, is organized and supported by an array of gov-
ernments, UN agencies, and leading scientific organizations
(Box 4.6 The Call for a Millennium Ecosystem Assessment).
The PAGE study itself provided a demonstration of some of
the methods and approaches the MEA will use, but the MEA
will develop and expand these methods for global application
by a diverse group of researchers acting at several scales, from
local to global. 

The MEA, like the PAGE study, will focus on the capacity
of ecosystems to provide goods and services important to
human development. Thus, it will consider the underlying
ecosystem processes on which these goods and services
depend. Furthermore, it will explicitly consider social and
economic attributes such as employment and economic
value. The MEA will consist of a global assessment more com-
prehensive than the PAGE study and approximately 10 assess-
ments undertaken at regional, national, and local scales. It
will also help nations develop more capacity to do their own
assessments in the future:

■ The global component of the MEA will establish a baseline
for future assessments, help meet information needs of
the international environmental treaties, like the Conven-
tion on Biological Diversity, establish methodologies for
integrated ecosystem assessments, and raise public aware-
ness about the importance of ecosystem goods and ser-
vices. The global component will be uniquely suited to
assessing change in global chemical cycles of carbon,
nitrogen, and water.

■ The regional, national, and local components of the MEA

will cover only a small portion of the globe but will help to
catalyze more widespread use of integrated assessments
and help to develop the methodologies and modeling tools
needed for those assessments. These components will also
provide information that bears directly on management
and policy decisions in the regions where they are con-
ducted, and they will be uniquely suited to assessing trade-
offs and linkages among various goods and services. The
development of scenarios describing plausible future con-
ditions of ecosystem goods and services will also take place
at a regional level and be synthesized at the global level.

■ Capacity building will also be a central objective of the
MEA process. The regional, national, and local compo-

nents of the MEA will directly strengthen the institutions
involved. The information, methodologies, and modeling
tools developed through the MEA will be of use to national
and subnational assessment processes around the world.
Finally, the MEA will help to promote the data collection
and monitoring efforts needed to meet information needs
at all scales.

The MEA is just one of many steps necessary to reorient
our view of ecosystems and how to manage them. Yet it is one
of the first and most elemental. If the MEA is successful, it
could provide a foundation of knowledge about ecosystems
that would offer immediate utility and guidance for policy
makers tackling such basic issues as water use, coastal devel-
opment, agricultural policies, and biodiversity conservation.
At a more fundamental level, it would mark an important step
toward an ecosystem approach by beginning to frame the
environmental information that decision makers use in terms
of ecosystem goods and services. In time, this basic reorgani-
zation of how we measure and analyze environmental change
will embed the concept of ecosystems into how we talk about
and manage our impacts on the Earth. 

What  Be t ter  T ime  Than  Now?

Our dominance of Earth’s productive systems gives
us enormous responsibilities, but great opportu-
nities as well. Human demands on ecosystems
have never been higher, and yet these demands are

likely to increase dramatically, especially in developing coun-
tries, as rising populations mean more and more people are
seeking better lives. Human understanding of ecosystems has
never been greater, and yet even amid an abundance of data
we are often confronted with our own ignorance about the
world around us. Most important, human intervention in
ecosystems is evident everywhere, yet so little has been done
to protect them that we must not delay our actions. 

The challenge for the 21st century, then, is to reconcile
the demands of human development with the tolerances of
nature. For this we have to understand the vulnerabilities
and resilience of ecosystems. From the Foreword to this
volume:

At the dawn of a new century, we have the ability to

change the vital systems of this planet, for better or

worse. To change them for the better, we must recognize

that the well-being of people and ecosystems is interwo-

ven and that the fabric is fraying. We need to repair it,

and we have the tools at hand to do so. What better time

than now?
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Acronyms

AAAS American Association for the Advancement
of Science

ACIAR Australian Centre for International
Agricultural Research

AGIDS Amsterdam Research Institute for Global
Issues and Development Studies

BGS British Geological Survey
BP/RAC Blue Plan for the Mediterranean/Regional

Activity Centre
CANARI Caribbean Natural Resources Institute
CARPE Central African Regional Program for the

Environment
CDIAC Carbon Dioxide Information Analysis

Center
CGIAR Consultative Group on International

Agricultural Research
CI Conservation International
CIAT International Center for Tropical

Agriculture
CIESIN Center for International Earth Science

Information Network
CIMMYT International Maize and Wheat

Improvement Center, Mexico
CONABIO National Commission for the Knowledge

and Use of Biodiversity
COP-5 Conference of the Parties to the

Convention on Biological Diversity
CORAL Coral Reef Alliance
CRSSA Center for Remote Sensing and Spatial

Analysis
C&SF Project Central and South Florida Project
CSIR Council for Scientific and Industrial

Research, South Africa
CSRC Complex Systems Research Center
DOE United States Department of Energy
ECE European Commission for Europe
EEA European Environment Agency
EFI European Forest Institute 
EMEP Co-Operative Programme for Monitoring

and Evaluation of the Long-Range
Transmission of Air Pollutants in
Europe

EIA Energy Information Administration
ESA Ecological Society of America
ESRI Environmental Systems Research Institute
EVRI Environmental Valuation Reference

Inventory
FAO Food and Agriculture Organization of the

United Nations
FAOSTAT FAO Statistical Databases
FSC Forest Stewardship Council

GAIM Global Analysis, Integration and Modelling
Task Force, International Geosphere-
Biosphere Program

GCSSF Governor’s Commission for a Sustainable
South Florida 

GEF Global Environment Facility
GESAMP Joint Group of Experts on the Scientific

Aspects of Marine Pollution
GLASOD Global Assessment of Soil Degradation
GOOS Global Ocean Observing System
GUO Global Urban Observatory
IAI Inter-American Institute for Global Change

Research
ICLARM International Center for Living Aquatic

Resources Management 
ICO International Coffee Organization
ICOLD International Commission on Large Dams
ICSU International Council for Science
IEA International Energy Agency
IFAD International Fund for Agricultural

Development
IFDC International Fertilizer Development

Center
IFPRI International Food Policy Research

Institute
IGBP International Geosphere-Biosphere

Programme
IIASA International Institute for Applied Systems

Analysis
IJHD International Journal on Hydropower and

Dams
IMERCSA Musokotwane Environment Resource

Centre for Southern Africa 
IMF International Monetary Fund
IPCC Intergovernmental Panel on Climate

Change
IRF International Road Federation
IRN International Rivers Network
ISRIC International Soil Reference and

Information Centre
ITTO International Tropical Timber

Organization
IUCN IUCN-The World Conservation Union
MRC Mekong River Commission
NASA National Aeronautics and Space

Administration
NOAA National Oceanic and Atmospheric

Administration
NOAA/NGDC National Geophysical Data Center
NOAA/NOS National Ocean Service
NRC National Research Council
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NRDC Natural Resources Defense Council
ODI Overseas Development Institute
OECD Organisation for Economic Co-Operation

and Development 
ORNL Oak Ridge National Laboratory
OVI Ocean Voice International
PAGE Pilot Analysis of Global Ecosystems
PRB Population Reference Bureau
RFF Resources for the Future
SARDC Southern African Research and

Documentation Centre
SFERTF South Florida Ecosystem Restoration Task

Force
SFWMD South Florida Water Management District
Sida Swedish International Development

Cooperation Agency
TNC The Nature Conservancy
UC Berkeley University of California at Berkeley
UC Davis University of California, Davis
UCSD University of California, San Diego
UNCHS United Nations Centre for Human

Settlements (Habitat)
UNDP United Nations Development Programme
UN-ECE United Nations Economic Commission for

Europe
UNEP United Nations Environment Programme
UNESCO United Nations Educational, Scientific and

Cultural Organization 
UNFIP United Nations Fund for International

Partnerships 
UNFPA United Nations Population Fund 
UNICEF United Nations Children’s Fund 
UNPD United Nations Population Division
UNSTAT United Nations Statistical Division
USACE United States Army Corps of Engineers
USAID United States Agency for International

Development
USDA United States Department of Agriculture
USDA/NASS National Agricultural Statistics Service
USDA/NRCS Natural Resources Conservation Service
USGS United States Geological Survey
USGS/EDC Earth Resources Observation Systems

(EROS) Data Center
U.S. EPA United States Environmental Protection

Agency 
USOTA United States Office of Technology

Assessment
UT Austin University of Texas at Austin
WBCSD World Business Council for Sustainable

Development 

WCFSD World Commission on Forests and
Sustainable Development

WCMC World Conservation Monitoring Centre
WHO World Health Organization
WMO World Meteorological Organization
WRI World Resources Institute
WTO World Trade Organization
WWF World Wildlife Fund

Abbreviations for Units of Measure

AVHRR advanced very high resolution radiometer
Bha billion hectares
cm centimeter
GtC billion tons or gigatons of carbon
km kilometer
l liter
m meter
mi mile
MtC metric tonne of carbon
Mha million hectares
ha hectare
MW megawatt
MMTCE million metric tons of carbon equivalents
ppm parts per million
ppb parts per billion
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Mountain Ecosystems
Editor: Wendy Vanasselt (WRI). Contributing writers: Emily
Matthews (WRI), Janet Overton (WRI), and Wendy Vanasselt (WRI).
Reviewers: Thomas Kohler (University of Berne, Switerzland) and
Martin Price (Environmental Change Institute, University of Oxford).

Polar Ecosystems
Editor: Wendy Vanasselt (WRI). Contributing writers: Lori Han
(WRI), Steve Nadis (consultant), and Wendy Vanasselt (WRI).
Reviewer: Lars Kullerund (GRID-Arendal).

Urban Ecosystems
Editors/writers: Wendy Vanasselt (WRI) and Gregory Mock (WRI).
Contributors: Jeff Beattie (American Forests), Richard Haeuber
(Ecological Society of America), Jay Moor (Global Urban Observa-
tory), Dave Nowak (USDA Forest Service), Daniel Smith (American
Forests), and Mark Walbridge (George Mason University).

CHAPTER 3 LIVING IN ECOSYSTEMS

Agroecosystems
Regaining the High Ground: Reviving the Hillsides of
Machakos, Kenya
Editor: Wendy Vanasselt (WRI). Contributing writers: Laurie Conly
(consultant) and Joel Bourne (consultant). Reviewers: Paul Kimeu
(Machakos soil and water conservation officer), George N. Mbate
(USAID) John Murton (British Embassy), and Mary Tiffen (Dry-
lands Research, U.K.).

Cuba’s Agricultural Revolution: A Return to Oxen and Organics
Editor: Wendy Vanasselt (WRI). Contributing writer: Joel Bourne
(consultant). Reviewers: Miguel A. Altieri (UC Berkeley), J. Paul
Mueller (North Carolina State University), and Peter Rosset (Insti-
tute for Food and Development Policy/Food First).

Coastal Ecosystems
Replumbing the Everglades: Wetlands Restoration in South
Florida
Editors: Deborah Farmer (consultant) and Gregory Mock (WRI).
Writer: Gregory Mock (WRI). Reviewers: Thomas Armentano (Ever-
glades National Park), Nicholas G. Aumen (consultant), Steven
Davis (SFWMD), Dale Galwick (SFWMD), Richard Harvey (U.S.
EPA), Ronald Jones (Florida International University), and Charles
Lee (Audubon of Florida). Additional contributions: Kevin Burger
(SFERTF), Angela Chong (SFWMD), Bonnie Kranzer (GCSSF),
Nancy Lin (SFWMD), Patrick Lynch (SFWMD), Terry Rice (South-
east Environmental Research Program), Kathryn Ronan (SFWMD),
and Terrance Salt (SFERTF). Maps: Kirsten Thompson (WRI).

Bolinao Rallies Around its Reefs
Editor: Wendy Vanasselt (WRI). Contributing writers: Steve Nadis
(consultant), Janet Overton (WRI), and Wendy Vanasselt (WRI).
Reviewers: Tony LaVina (WRI) and Liana Talaue-McManus (Univer-
sity of the Philippines).

Managing Mankòtè Mangrove
Editor/writer: Wendy Vanasselt (WRI). Reviewers: Lauretta Burke
(WRI) and Allan Smith (CANARI).

Forest Ecosystems
Up From the Roots: Regenerating Dhani Forest Through
Community Action
Editors: Gregory Mock (WRI) and Wendy Vanasselt (WRI). Con-

tributing writers: Prateep Nayak (Vasundhara, India), Neera M.
Singh (Vasundhara, India), Greg Mock (WRI), Silanjan Bhat-
tacharyya (Vivekananda College, India), Madhav Gadgil (Centre for
Ecological Sciences, Indian Institute of Science), and Tapan Mishra
(Raja Narendralal Khan Women’s College, India). Reviewers: Mad-
hav Gadgil and Anirban Ganguly (Centre for Ecological Sciences,
Indian Institute of Science). Additional contributions: M.D. Subash
Chandran (Dr. A.V. Baliga College of Arts and Science, India), Kali-
pada Chatterjee (Development Alternatives, India), Neeraj Negi
(Seva Mandir, India), Usha Sekhar (Centre for Science and Environ-
ment, India), and Mamta Vardhan (Seva Mandir, India). Maps:
Kirsten Thompson (WRI).

Freshwater Systems
Working for Water, Working for Human Welfare in South Africa
Editor/writer: Wendy Vanasselt (WRI). Reviewers: Mark Botha
(Botanical Society, South Africa), Caroline Gelderblom (CSIR),
Andrew Malk (WRI), Christo Marais (National Working for Water
Programme), and Brian van Wilgen (CSIR). Contributing writer to
box on South Africa’s Water Law: Gwen Parker (WRI), reviewed by
Geert Creemers (consultant) and Saliem Fakir (IUCN). Map: Siobhan
Murray (WRI).

Managing the Mekong River: Will a Regional Approach Work?
Editor: Wendy Vanasselt (WRI). Contributing writers: Nathan Bade-
noch (WRI), Jake Brunner (WRI), and Greg Mock (WRI). Reviewers:
John Dore (WRI/REPSI) and Glenn S. Morgan (World Bank). Map:
Kirsten Thompson (WRI).

New York City’s Watershed Protection Plan
Editor/writer: Wendy Vanasselt (WRI). Reviewers: Jeffrey Gratz (U.S.
EPA), Mark Izeman (NRDC), Robin Marx (NRDC), Donald Reed
(WRI), and Geoffrey Ryan (Department of Environmental Protec-
tion, New York City).

Grassland Ecosystems
Sustaining the Steppe: The Future of Mongolia’s Grasslands
Editor: Wendy Vanasselt (WRI). Contributing writer and reviewer:
David Sneath (University of Cambridge). Maps: Siobhan Murray and
Kirsten Thompson (WRI).

Special thanks to Lori Han (WRI) and Amy Wagener (WRI) for graph-
ics assistance throughout Chapter 3.

CHAPTER 4 ADOPTING AN ECOSYSTEM APPROACH

Editors/writers: Carol Rosen (WRI), Gregory Mock (WRI), and
Wendy Vanasselt (WRI). Contributing writer: Walter V. Reid (consul-
tant). Reviewers: Matthew Arnold (WRI), Gerard Cunningham
(UNEP), Dave MacDevette (UNEP), Sheila Heileman (UNEP), Nor-
bert Henninger (WRI), Anthony C. Janetos (WRI), Valerie Thomp-
son (WRI), Dik Tromp (UNEP), and Dan Tunstall (WRI).

PART  I I  DATA  TABLES

Project manager: Robin White (WRI)
Copyeditor: Michael Edington (consultant)

Biodiversity and Protected Areas
Research and data compilation: Carmen Revenga (WRI). Reviewers
and contributors: Antonia Agama (Man and the Biosphere, Spain),
Javier Beltran (WCMC), John Caldwell (WCMC), Neil Cox (WCMC),
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Harriet Gillet (WCMC), Rosanna Karam (UNESCO), Dwight Peck
(Ramsar Convention Bureau), Mechtild Rossler (UNESCO), Mark
Spalding (WCMC), and Katarina Vestin (UNESCO).
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Adele Crispoldi (FAO), Rachel Donnelly (WCMC), Luca Garibaldi
(FAO), David James (FAO), Ken Kassem (WRI), Yumiko Kura
(WRI), Edmondo Laureti (FAO), Lorin Pruett (Veridian-MRJ Tech-
nology Solutions), Eric Rodenburg (USGS), Mark Spalding
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Agriculture and Food
Research and data compilation: Christian Ottke (WRI). Reviewers
and contributors: Alan Brewster (Yale), Mark Cohen (for P. Pinstrup-
Anderson; IFPRI), Eric Rodenburg (USGS), Orio Tampieri (FAO),
and Dan Tunstall (WRI).

Freshwater
Research and data compilation: Carmen Revenga (WRI) and Mark
Rohweder (WRI). Reviewers and contributors: Aline Comeau
(BP/RAC), Jean-Marc Faurès (FAO), Ken Kassem (WRI), Yumiko
Kura (WRI), Jean Margat (BP/RAC), Eric Rodenburg (USGS), and
Alexander Safian (Israel).

Atmosphere and Climate
Research and data compilation: Mark Rohweder (WRI). Reviewers
and contributors: Kevin Baumert (WRI), Ruchi Bhandari (WRI),
Tom Boden (CDIAC), Alan Brewster (Yale School of Forestry and
Environmental Studies), Nancy Kete (WRI), Eric Rodenburg
(USGS), Vigdis Vestrang (ECE), and Dan Tunstall (WRI).

Energy and Resource Use
Research and data compilation: Christian Ottke (WRI). Reviewers
and contributors: Jonathan Loh (WWF), Jim MacKenzie (WRI),
Emily Matthews (WRI), and Karen Treanton (IEA).

Population and Human Development
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Notes

1. Extent and Growth. To determine the extent of agroecosystems,
the International Geosphere-Biosphere Programme (IGBP) defined
agroecosystems on the basis of remote sensing imagery and defined
agricultural regions as areas where more than 40 percent of the land is
used for cropland or highly managed pasture. Using this definition,
agroecosystems account for 21 percent of total land area (USGS EDC
1998). However, this excludes significant areas where there is overlap
with forest and grassland ecosystems, since, in fact, land use is often
fragmented spatially. Where agriculture mixes with other land uses—
forests or grasslands—a mosaic of land cover is formed. 

For the PAGE study, satellite data were reinterpreted to incorpo-
rate mosaic areas that have a 30 percent or more intensity of cropland
or managed pasture. Using this approach, approximately 6 percent of
areas classified as forest and 14 percent classified as grasslands by
IGBP fall within the global extent of agroecosystems as defined by
PAGE. Thus the percentage of agricultural land area totals 28 percent
(Wood et al. [PAGE] 2000).

2. Economic Importance. The total value of agricultural produc-
tion output was calculated by weighting 134 primary crop and 23 pri-

mary livestock commodity quantities by their respective average
international agricultural prices (calculated by the Gary-Khamis
method) during 1989–91.

3. Soil Degradation. It is difficult to reconcile these results with
observed growth in food production in Asia, even allowing for past
increases in fertilizer application rates. But this apparent incom-
patibility highlights the basic challenge of using existing data sets
in making credible assessments of the state and changing capacity
of ecosystems.

4. Deforestation and Forest Loss. See for example: Holmes, Derek
(2000, draft of 25 February), Deforestation in Indonesia: A Review of
the Situation in Sumatra, Kalimantan, and Sulawesi. (Draft report in
preparation for the World Bank, based on mapping carried out by the
Indonesian Ministry of Forestry and Estate Crops; data are subject to
final revision, but are not expected to change significantly.)

5. Supply and Demand. PAGE researchers used a slightly lower
estimate of global runoff than previous analyses and discounted the
use of fossil water sources, since such use is unsustainable in the long
term.
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