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RESILIENCE AND SUSTAINABLE DEVELOPMENT

Preface

Policy makers need information from many sources for
their decision making. For issues related to sustainable deve-
lopment, the Scientific and Technological Community will
provide essential background information. Research has in
the past provided knowledge necessary for the develop-
ment on international agreements on issues such as long-
range transport of air pollutants, climate change and biodi-
versity. Without research and assessments of best available
knowledge, it would have been very difficult to come to
international agreements and policy commitments.

However, the research community has in the past pri-
marily focussed on the natural sciences and the environ-
mental pillar of sustainable development. Today, as we pre-
pare for the World Summit on Sustainable Development
(WSSD) in Johannesburg, the Scientific and Technological
Community must address all three pillars: Social, Economic
and Environmental. To do this, it is necessary to develop
new methodologies to integrate information from natural
and social sciences as well as economic research.

The research community has started to address the lin-
kage between the ecological and the social systems. The
present report argues the case for research aimed at deve-
loping management strategies that support the resilience

KJELL LARSSON

Minister for the Environment
Government of Sweden

of ecosystems, which are vital for the social systems
through their production of goods and services. Policy
makers as well as scientists, must take note of the necessity
to understand the interdependence of these coupled sys-
tems. A paradigm shift will be necessary. The future is not
whatithasbeen, and the problems of tomorrow cannot be
addressed using the concepts and methodologies of yes-
terday.

The WSSD process is focussed on the development of
new partnerships for the implementation of Agenda 21.
This report provides one example of such partnerships. This
report was commissioned by the Swedish Environmental
Advisory Council, chaired by the Minister for the Environ-
ment, as part of the Swedish preparations for WSSD. The
report was written by a group of internationally renowned
scientists and is published by ICSU as one example of the
types of approaches needed to address science and tech-
nology for sustainable development. ICSU has been
requested by the UN to take the lead in providing input from
the Scientific and Technological Community to WSSD, and
it has been decided to publish this report in the ICSU series
to ensure that it becomes widely circulated to all the
various groups involved in the WSSD process and to serve
as an example of science and policy collaboration.

THOMAS ROSSWALL

Executive Director
1CSU
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Executive Summary

The goal of sustainable development is to create and
maintain prosperous social, economic, and ecological sys-
tems. These systems are intimately linked: humanity depends
on services of ecosystems for its wealth and security. Moreo-
ver, humans can transform ecosystems into more or less desi-
rable conditions. Humanity receives many ecosystem ser-
vices (such as clean water and air, food production, fuel, and
others). Yet human action can render ecosystems unable to
provide these services, with consequences for human liveli-
hoods, vulnerability, and security. Such negative shifts repre-
sent loss of resilience.

New insights have been gained during the last ten years
about the essential role of resilience for a prosperous deve-
lopment of society. A growing number of case studies have
revealed the tight connection between resilience, diversity
and sustainability of social-ecological systems. In this report
we provide an up-to-date synthesis of these case studies and
recent insights, in the context of emerging theories of com-
plex systems characterized by uncertainty and surprise.

Resilience, for social-ecological systems, is related to (a)
the magnitude of shock that the system can absorb and
remain within a given state, (b) the degree to which the sys-
tem is capable of self-organization, and (c) the degree to
which the system can build capacity for learning and adap-
tation. Management can destroy or build resilience, depen-
ding on how the social-ecological system organizes itself in
response to management actions.

More resilient social-ecological systems are able to absorb
larger shocks without changing in fundamental ways. When
massive transformationisinevitable, resilient systems contain
the components needed for renewal and reorganization. In
other words, they can cope, adapt, or reorganize without
sacrificing the provision of ecosystem services. Resilience is
often associated with diversity - of species, of human oppor-
tunity, and of economic options - that maintains and encou-

rages both adaptation and learning. In general, resilience
derives from things that can be restored only slowly, such as
reservoirs of soil nutrients, heterogeneity of ecosystems on a
landscape, or variety of genotypes and species.

Social-ecological systems are constantly changing. Usually
one assumes that ecosystems respond to gradual change in a
smooth way, but sometimes there are drastic shifts. Regime
shifts are known for many ecosystems and these shifts can be
difficult, expensive, or sometimes impossible to reverse.
Although we understand ecological regime shifts retrospecti-
vely, it is difficult to predict them in advance. Measurements or
predictions of thresholds typically have low precision, and often
ecological thresholds move over time. It is difficult to design
assessment programs that learn as fast as thresholds change.

One approach to the ongoing change of social-ecological
systems has been the attempt to control or canalize change.
Paradoxically, management that uses rigid control mecha-
nisms to harden the condition of social-ecological systems
can erode resilience and promote collapse. There are many
examples of management that suppressed natural distur-
bance regimes or altered slowly-changing ecological
variables, leading to disastrous changes in soils, waters, land-
scape configurations or biodiversity that did not appear until
long after the ecosystems were first managed. Similarly,
governance can disrupt social memory or remove mecha-
nisms for creative, adaptive response by people, in ways that
lead to breakdown of social-ecological systems.

In contrast, management that builds resilience can sustain
social-ecological systems in the face of surprise, unpredicta-
bility, and complexity. Resilience-building management is
flexible and open to learning. It attends to slowly-changing,
fundamental variables that create memory, legacy, diversity,
and the capacity to innovate in both social and ecological
components of the system. It also conserves and nurtures the
diverse elements that are necessary to reorganize and adapt
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to novel, unexpected, and transformative circumstances.
Thus, it increases the range of surprises with which a socio-
economic system can cope.

Building social-ecological resilience requires understan-
ding of ecosystems that incorporates the knowledge of local
users. Thus the ecological ignorance of some contemporary
societies undermines resilience. The outdated perception of
humanity as decoupled from, and in control of, nature is an
underlying cause of society’s vulnerability. Technological
developments and economic activities based on this percep-
tion further contribute to the erosion of resilience. It can be
counteracted by understanding the complex connections
between people and nature, which create opportunity for
technological innovations and economic policies aimed at
building resilience.

Two useful tools for resilience-building in social-ecological
systems are structured scenarios and active adaptive manage-
ment. People use scenarios to envision alternative futures and
the pathways by which they might be reached. By envisioning
multiple alternative futures and actions that might attain or
avoid particular outcomes, we can identify and choose resi-
lience-building policies. Active adaptive management views
policy as a set of experiments designed to reveal processes that
build or sustain resilience. It requires, and facilitates, a social
context with flexible and open institutions and multi-level
governance systems that allow for learning and increase adap-
tive capacity without foreclosing future development options.

At least three general policy recommendations can be
drawn from the synthesis of resilience in the context of sustai-
nable development. The first level emphasizes the importance
of policy that highlights interrelationships between the bios-
phere and the prosperous development of society. The second
stresses the necessity of policy to create space for flexible and
innovative collaboration towards sustainability, and the third
suggests a few policy directions for how to operationalize sus-
tainability in the context of social-ecological resilience.

1. Although most people appreciate that development is
ultimately dependent on the processes of the biosphere, we
have tended to take the support capacity of ecosystems for
granted. Thisreportillustrates that erosion of nature’s support
capacity leads to vulnerability. Policy should strengthen the

perception of humanity and nature as interdependent and
interacting and stimulate development that enhances resi-
lience in social-ecological systems, recognizing the existence
of ecological threshold, uncertainty and surprise.

2. Policy should stimulate the creation of arenas for flexible
collaboration and management of social-ecological systems,
with open institutions that allow for learning and build adap-
tive capacity. Policy frameworks with clear directions for
action towards social-ecological resilience are required in this
context (the EU watershed management directive is one
example). They create action platforms for adaptive manage-
ment processes and flexible multi-level governance that can
learn, generate knowledge and cope with change. Such sys-
tems create a diversity of management options of significance
for responding to uncertainty and surprise.

3. Policy should stimulate the development of indicators of
gradual change and early warning signals of loss of ecologi-
cal resilience and possible threshold effects. Policy should
encourage monitoring of key ecosystem variables and aim to
manage diversity for insurance to cope with uncertainty.
Policy should stimulate ecosystem friendly technology and
the use of economic incentives to enhance resilience and
adaptive capacity. The development of monocultures should
be avoided. Policy should provide incentives that encourage
learning and build ecological knowledge into institutional
structures in multi-level governance. Policy should invite par-
ticipation by resources users and other interest groups and
their ecological knowledge. Structured scenarios and active
adaptive management processes should be implemented.

Managing for resilience enhances the likelihood of sustai-
ning development in a changing world where surprise is
likely. Resilience-building increases the capacity of a social-
ecological system to cope with surprise. A changing, uncer-
tain world in transformation demands action to build the
resilience of the social-ecological systems which embrace dll
of humanity.

The need to account for resilience in a world of transfor-
mations is a perspective that should become embedded in
strategies and policy of the World Summit on Sustainable
Development and recognized in the next phases for imple-
mentation of Agenda 21.
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Introduction

Sustainable development is about creating and maintai-
ning our options for prosperous social and economic deve-
lopment. Sustaining this capacity requires understanding
and managing feedbacks and interrelations among ecologi-
cal, social and economic components of systems across tem-
poral and spatial scales (Gunderson and Holling 2002, Kates
etal.2001). Human society is part of the biosphere and socie-
ties are embedded in ecological systems. The diversity of bio-
tic systems across scales, from genes to landscapes, and the
ecosystem services they generate, provides the basic founda-
tion on which social and economic development depends.

Despite tremendous improvements in technological, eco-
nomic and material well being in some parts of the world,
development of human society still relies on ecosystems ser-
vices and support, and will continue to do so. Therefore, a
major challenge is to manage our interconnected environ-
mental assets in a fashion that secures their capacity to sup-
port societal development for a long time into the future
(Costanza et al. 2000).

Development challenges now evident in both rich and
poor nations, with millions of people in scores of regions
caught up in enormous ecological and social changes, are
full of surprises and uncertainties (Holling 1986, Kates and
Clark 1996). We are facing “permanent white-waters” which
demands strategies for adaptation to uncertainty in contrast
to the conventional emphasis on optimisation based on pre-
diction (Malhotra 1999).To quote a decision-maker in alarge
multinational firm; “The future is moving so quickly that you
can’t anticipate it... We have put a tremendous emphasis on
quick response instead of planning. We will continue to be
surprised, but we won't be surprised that we are surprised. We
will anticipate the surprise.” (Malhotra 1999).

When surprise and the unexpected loom so large, p artial
economic, social or environmental solutions exclude the
benefit of integration between social, ecological and econo-

mic processes and ignore the returns from resilient solutions.
A foundation for sustainable policies and investments must
integrate ecological with economic with institutional with
evolutionary understanding - an understanding, grounded in
empirical studies, that combines disconnected nodes of aca-
demic and managerial perspectives into a coherent, plau-
sible and useful whole, one capable of guiding society to
more productive, unfolding encounters with nature over
uncertain and contested futures (Gunderson and Holling
2002).

A minimal integrated solution would involve selected
social, economic and ecological actions at the appropriate
scales. Because surprise is certain, the integration should be
loose and adaptive, based not only on information and
knowledge but also on understanding and wisdom (Gunder-
son and Holling 2002). Diversity is conserved to maintain and
encourage adaptive and learning capabilities. Diversity of
species performing critical functions, diversity of knowledge,
institutions and human opportunity and diversity of econo-
mic supports all have the potential to contribute to sustaina-
bility and adaptive opportunity (Berkes et al. 2002).

Linked systems of people and nature, especidally with the
extent and interconnections of today’s populations, techno-
logies, and human activities, behave as complex adaptive
systems (Levin 1999). Forward-looking analyses of these sys-
tems (Hammond 1998, Raskin et al. 1998, Nakicenovic and
Swart 2000, GEO-3 Scenarios http://www1unep.org/) sug-
gest that the transition to sustainability derives from funda-
mental change in the way people think about the complex
systems upon which they depend. Thus a fundamental chal-
lenge is to change perceptions and mind-sets, among actors
and across all sectors of society, from the over-riding goal of
increasing productive capacity to one of increasing adaptive
capacity, from the view of humanity as independent of
nature to one of humanity and nature as co-evolving in a
dynamic fashion within the biosphere.
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The Concept of Resilience

This paper will address the challenge using recent work
related to the concept of resilience in complex adaptive sys-
tems (Holling 1986, 1996, 2001). Resilience provides the
capacity to absorb shocks while maintaining function. When
change occurs, resilience provides the components for rene-
wal and reorganisation (Gunderson and Holling 2002,
Berkes et al. 2002). Vulnerability is the flip side of resilience:
when asocial or ecological systemloses resilience it becomes
vulnerable to change that previously could be absorbed (Kas-
person and Kasperson 2001a). In a resilient system, change
has the potential to create opportunity for development,
novelty and innovation. In a vulnerable system even small
changes may be devastating. The concept of resilience shifts
policies from those that aspire to control change in systems
assumed to be stable, to managing the capacity of social-
ecological systems to cope with, adapt to, and shape change.
Managing for resilience enhances the likelihood of sustai-
ning development in changing environments where the
future is unpredictable and surprise is likely (Levin et al. 1998,
Holling 2001).

The Resilience Alliance (www.resalliance.org) defines resi-
lience as applied to integrated systems of people and nature
as (a) the amount of disturbance a system can absorb and still
remain within the same state or domain of attraction (b) the
degree to which the system is capable of self-organization
(versus lack of organization, or organization forced by exter-
nal factors) and c) the degree to which the system can build
and increase the capacity for learning and adaptation (Car-
penter et al. 2001a).

The antonym of resilience is often denoted vulnerability.
Vulnerability refers to the propensity of social and ecological
system to suffer harm from exposure to external stresses and
shocks. It involves exposure to events and stresses, sensitivity
to such exposures (which may result in adverse effects and
consequences), and resilience owing to adaptive measures to
anticipate and reduce future harm (Kasperson et al. 1995).
Coping capacity is important, at all stages, to alter these
major dimensions. The less resilient the system, the lower is
the capacity of institutions and societies to adapt to and
shape change. Managing for resilience is therefore not only
anissue of sustaining capacity and options for development,

now and in the future, but also an issue of environmental,
social and economic security (Germany Advisory Council on
Global Change 2000, Adger et al. 2001).

A Road Map to the Paper

This paper, a synthesis of the rapidly-changing field of resi-
lience research, was written as a scientific background docu-
ment to the process of the World Summit on Sustainable
Development. Because the paper attempts to cover a broad
and diverse set of topics, we develop a guide to the remainder
of this paper. We begin with a section that provides context
by describing the linked systems of humans and nature as
complex adaptive systems. The dynamic nature of these sys-
tems poses a challenge for those who seek sustainability—
what should be sustained and why? The next section starts to
address this paradox by providing examples that illustrate
societies’ dependence on ecosystem services and the tight
coupling between societal development and ecosystem
dynamics, as well as the role of key properties for sustainabi-
lity—resilience and adaptive capacity. The next section exem-
plifies essential processes and mechanisms of resilience.
These include descriptions of how humans erode resilience,
how that erosion increases social and economic vulnerabi-
lity, and how diversity in social-ecological systems can
enhance resilience. These threads are gathered togetherina
section on managing for social-ecological resilience and sus-
tainability. This sections starts by illustrating how vulnerabi-
lity is created by efforts to rigidly control processes of change
in landscapes simplified by humans in an attempt to stabilize
ecosystem outputs and sustain consumption patterns (Hol-
ling and Meffe 1996, Carpenter and Gunderson 2001). Such
well-intentioned, but ultimately disastrous, management
contrasts with adaptive approaches and flexible institutions
that attempt to build social-ecological resilience in the face
of complexity, uncertainty and surprise (Lee 1993). We end
the paper with a few recommendations for implementation
of sustainable development in the context of social-ecologi-
cal resilience.
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The Context and the Challenge

The Context — Complex Adaptive Systems

All ecosystems are exposed to gradual changes in climate,
nutrient loading, habitat fragmentation or biotic exploita-
tion. Nature has usually been assumed to respond to gradual
change in a smooth way. However, sudden drastic switches to
a contrasting state can interrupt smooth change, with serious
social and economic consequences. Although stochastic
events like storms or fire can trigger such shifts, recent studies
of rangelands, coralreefs, forests, lakes and oceans show that
loss of resilience usually paves the way for a shift to an alter-
nate state (Scheffer et al. 2001). Shifts between states are one
characteristic of complex adaptive systems.

Complex systems theory (Holland 1995, Kauffman 1993)
is in contrast to the perspective of a world in steady state or
near-equilibrium that has dominated resource and environ-
mental science and policy (Gunderson et al. 1995qa). To
understand and address the challenges facing humanity, new
perspectives, concepts and tools about the dynamics of com-
plex systems and their implications for sustainability are now
developing in parallel, influencing not only the natural
sciences but also the social sciences and humanities, through
the work of many people and groups. Complex systems thin-
king is used to bridge social and biophysical sciences to
understand, for example, climate, history and human action
(Mclntosh et al.2000), assessments of regions at risk (Kasper-
son et al. 1995), syndromes of global change and how to link
social and ecological systems for sustainability (Berkes and
Folke 1998, Scoones 1999, Gunderson and Holling 2001,
Berkes et al. 2002). It underpins many of the new integrative
approaches, such as ecological economics (Costanza et al.
1993, Constanza et al. 2001, Arrow et al. 1995) and sustaina-
bility science (Kates et al. 2001). It is embedded in the foun-
dation for the Resilience Alliance, a consortium of institutes
and research groups focusing on sustainability, and publi-
shing the web based scientific journal Conservation Ecology
(www.consecol.org).

Assessing and evaluating sustainability in the context of
complex systems requires a shift in thinking and perspective
(Ludwig et al. 2001). The earlier world-view of nature and
society as systems near equilibrium is being replaced by a
dynamic view, which emphasizes complex non-linear rela-
tions between entities under continuous change and facing
discontinuities and uncertainty from complexes or suites of
synergistic stresses and shocks. Complexsystems are self-orga-
nizing. Self-organization is when the macroscopic system pro-
perties and patterns that emerge fromthe interactions among
components feedback to influence the subsequent develop-
ment of those interactions. Self-organization creates systems
far from equilibrium, characterized by multiple possible out-
comes of management (Levin 1999). A long-term perspective
suggests that stability in the management of complex systems
is anillusion that disappears when one chooses ascale of per-
ception commensurate with the phenomena under investiga-
tion (van der Leeuw 2000). A long view also highlights the
importance of scale interactions across time and space in
relation to adaptive renewal cycles of exploitation, conserva-
tion, release and reorganization in social and ecological sys-
tems (Gunderson and Holling 2002).

A fundamental challenge in this context is to raise awareness
of the long view. We should build knowledge, incentives, and
learning capabilities into institutions and organisations for
managing the capacity of local, regional and global ecosystems
to sustain human well-being in the face of complexity and
change. Such management should involve diverse interest
groupsinnew and imaginative roles, for example through adap-
tive co-management as will be illustrated later in this document.

The dynamic view of nature and society also has major
implications for economic valuation and policy. Most
approachesto valuation attempt to capture the value of mar-
ginal change under assumptions of stability near alocal equi-
librium (Daily et al. 2000). They seldom take into account the
inherent complexities and resulting uncertainties associated
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with ecosystem management and natural capital assets in
general (Brock et al. 2002). They ignore the slowly-changing
probability distributions of critical ecosystem thresholds (Car-
penter 2002). New approaches to valuing the environment,
such as portfolio management, are required to capture the
significance and value of resilience and the capacity of the
environment to sustain well being (Costanza et al. 2000).
Sudden and abrupt change has major implications for p oli-
cies on production, consumption and international trade. It
has also major implications for economic policy, like taxes on
resource use or emissions. Because of the complex dynamics,
optimal management will be difficult if not impossible to
implement (Mdler 2000).

Attempts to manage social and economic capacity to
adapt to and shape change cannot easily be done by dividing
the world into economic sectors. That approach misses too
many interactions. Instead, capacity needs to be managed in
an integrated and flexible manner at appropriate spatial and
time scales. For example, freshwater should not be viewed
simply as an economic good to be consumed in households,
industry or through irrigation of cropland but rather should
be assessed and managed at catchment or landscape levels.
Freshwater connects terrestrial and aquatic environments
and its diverse functional roles in sustaining resilience and
supporting ecosystem production must be taken into
account to secure societal development and to avoid vulne-
rability (Rockstrom et al. 1999). Consequently, water mana-
gement is not a sectoral issue. Focusing on economic growth
to eradicate poverty, disconnected or decoupled from the
environmental resource base on which it ultimately depends,
is also a wrong approach (Arrow et al. 1995). Focusing on
technical solutions to make societal development indepen-
dent of nature will not lead to sustainable solutions (Holling
and Meffe 1996). Instead efforts should be made to tune and
create synergies between economic development, technolo-
gical change and the dynamic capacity of the natural
resource base to support social and economic development.

ADAPTIVE CAPACITY

Adaptive capacity is the ability of a social-ecological sys-
tem to cope with novel situations without losing options for
the future, and resilience is key to enhancing adaptive capa-
city. Adaptive capacity in ecological systems is related to

genetic diversity, biological diversity,and the heterogeneity of
landscape mosaics (Carpenter et al. 2001a, Peterson et al.
1998, Bengtsson et al. 2002). In social systems, the existence
of institutions and networks that learn and store knowledge
and experience, create flexibility in problem solving and
balance power among interest groups play an important role
in adaptive capacity (Scheffer et al. 2000, Berkes et al. 2002).

Systems with high adaptive capacity are able to re-confi-
gure themselves without significant declines in crucial func-
tions in relation to primary productivity, hydrological cycles,
social relations and economic prosperity. A consequence of
aloss of resilience, and therefore of adaptive capacity, is loss
of opportunity, constrained options during periods of re-
organisation and renewal, an inability of the system to do
different things. And the effect of this is for the social-ecolo-
gical system to emerge from such a period along an undesi-
rable trajectory.

Are there elements that sustain adaptive capacity of
social-ecological systems in a world that is constantly chan-
ging? Addressing how people respond to periods of change,
how society reorganizes following change, is the most
neglected and the least understood aspect in conventional
resource management and science (Gunderson and Holling
2002). Folke et al. (2002) identify and expand on four critical
factors that interact across temporal and spatial scales and
that seem to be required for dealing with natural resource
dynamics during periods of change and reorganization:

* learning to live with change and uncertainty;

e nurturing diversity for resilience;

* combining different types of knowledge for learning; and

* creating opportunity for self-organization towards social-
ecological sustainability.

Each of these points is discussed in the following para-
graphs.

Learning to live with change and uncertainty

Robust, adaptive strategies of social-ecological systems
accept uncertainty and change. They take advantage of
change and turn it into opportunities for development. For
example, management actions can be structured to generate
a disturbance, whichin turn entrains ecosystem development
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and is followed by monitoring and testing of ecological
understanding of ecosystem condition that are embedded in
social institutions. Many traditional societies and local com-
munities have long recognized the necessity of the coexis-
tence of gradual and rapid change. These groups have deve-
loped institutions that have accumulated a knowledge base
for how to relate to and respond to environmental feedback,
and allow for disturbance to enter at smaller scalesinstead of
accumulating to larger scales, thereby precluding large-scale
collapse (Holling et al. 1998). Such management practices
seem to have developed as a result of selection through expe-
rience with change and crisis, realizing that not all possible
outcomes can be anticipated, planned or predicted (Berkes
and Folke 1998). In modern societies some of the same
mechanisms have evolved from slow cultural adaptation.
Addition of a 3-5 year election cycle in democratic societies,
for example, adds a new scale of opportunity for evaluation
and change (Holling 2001).

Nurturing diversity for resilience

Diversity is not just insurance against uncertainty and sur-
prise. It also provides a mix of components whose history and
accumulated experience helps cope with change, and facili-
tates redevelopment and innovation following disturbance
and crisis (Folke et al. 2002). Social and institutional learning
(Lee 1993) based on such experience of crises and surprises
may help avoid shifts in ecosystems to less valuable states
(Scheffer et al. 2001). In this sense, institutions emerge as a
response to crisis and are reshaped by crisis (Olsson and Folke
2001). Diversity and an apparent redundancy of institutions
(in the sense of overlapping functions) appears to play a cen-
tral role in absorbing disturbances, spreading risks, creating
novelty and reorganizing following disturbances (Low et al.
2002). This is analogous to the functional diversity and appa-
rent redundancy (or response diversity) of species and their
functions, that will be described in the later section on eco-
system capacity and biological diversity.

Combining knowledge systems

Peoples’ knowledge and experience of ecosystem mana-
gement embed lessons for how to respond to change and
how to nurture diversity (Gadil et al. 1993, Berkes and Folke
2002). This third factor addresses the significance of such
knowledge, its inclusion in management institutions, and its
complementarity to conventional resource management

and science (Gadgil et al. 2002). Scientific understandings of
complex adaptive systems can be enriched by insights from
local communities and traditional societies with an expe-
rience and historical continuity in ecosystem management
(Colding and Folke 2001). There is also a need to expand
knowledge from structures of nature to functioning of nature
and its role in resilience. Combining different ways of kno-
wing and learning will permit different social actors to work
in concert, even with much uncertainty and limited informa-
tion (Kates et al. 2001).

Creating opportunity for self-organization

The fourth factor brings together the first three in the
context of self-organization. Sustaining the capacity for a
dynamic interplay between diversity and disturbance is an
essential part of self-organization (Folke et al. 2002). The
learning process is of central importance for social-ecologi-
cal capacity to build resilience. Learning includes the use of
monitoring to generate and refine ecological knowledge and
understanding into management institutions and future
action. Such learning approaches are present in adaptive co-
management, a process by which institutional arrangements
and ecological knowledge are tested and revised in a dyna-
mic, ongoing, self-organized process of trial-and-error (Pin-
kerton 1989, Pomeroy 1995, Hanna 1998).

The Challenge — What to Sustain and Why?

A social-ecological system can be resilient at one time
scale because of technological innovations. Iron axes, for
example, helped agricultural societies to persist over a par-
ticular time span because they enabled their owners to
clear more forests and grow more food. But at alonger time
scale, once some threshold of forest cover had been crossed,
fallowing could no longer maintain soil fertility and the resi-
lience of the systems eroded. Social-ecological resilience in
one time period was gained at the expense of the succee-
ding period (Carpenter et al. 2001a). Similarly, resilience at
one spatial extent can be subsidized from a broader scale, a
common pattern in human cultural evolution (Redman
1999). Through the use and dependence on fossil fuels and
freshwater reservoirs, current social-ecological systems are
subsidized by resources from a past era and from distant
places.
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Hence, to judge whether or not social-ecological resi-
lience is sustained or erodes it is necessary to address and
understand transfers across spatial scales and time periods.
To build resilience for social-ecological sustainability we
need first to clarify the human-nature relation, and identify
what to sustain and why.

NATURE AND HUMANITY AS ONE SYSTEM

Throughout history humanity has shaped nature and
nature has shaped the development of human society (Tain-
ter 1988, Turner et al., 1990). For example, the North Ameri-
can landscape at the time of Columbian contact in late 1400
had already been transformed through land clearing, hun-
ting, farming and fire management practices. Indeed, the tro-
pical rainforests of the Americas reached their current form
under the selective pressures of human groups (Gomez-
pompa and Kaus 1992, Redman 1999). Hence, these are nei-
ther natural or pristine systems, nor are there social systems
without nature. Instead humanity and nature have been co-
evolving, for good or ill, in a dynamic fashion (Norgaard
1994, Berkes and Folke 1998, Raskin et al. 2001, Kasperson
and Kasperson 2001b) and will continue to do so. Human
actions are a major structuring factor in the dynamics of eco-
logical systems.

The human footprint has expanded at an accelerating
rate, from local to global scales, during the last half of the
20t century. Land-use and land-cover changes by humans
now significantly affect key aspects of Earth System functio-
ning including climate change (Falkowski et al. 2000). Che-
mical pollution is no longer only a local problem. The sheer
magnitude of the production and application of chemicals
has reached global dimensions. Human activities dramati-
cally accelerate evolutionary change in other species This is
apparent in microbial antibiotic resistance to drugs, plant
and insect resistance to pesticides, life-history changes in
commercial fish stocks, rapid changes in invasive species,
pest adaptation to biological engineering products, and
emergence of new diseases (Palumbi 2001, McMichael et al.
1999, Epstein 1999). A large fraction of the world’s available
freshwater, nitrogen budget, CO2 balance, fisheries produc-
tion, and biotic turnover are driven by human activities
(Vitousek et al. 1997). The same is true of the global phos-
phorus budget that drives freshwater and coastal eutrophi-

cation (Bennett et al. 2001). During the 20t century the
human population increased by a factor 4, the urban popu-
lation by a factor of 13, water use by a factor 9, sulphur
dioxide emissions 13, carbon dioxide emissions 17, marine
fish catch 35 and industrial output 40 times (McNeill 2000).

Consequently, most aspects of the structure and functio-
ning of Earth’s ecosystems cannot be understood without
accounting for the strong, often dominant influence of
humanity. Humanity is a keystone species and may evenbe
the world’s dominant evolutionary force (O’Neill and Kahn
2000, Palumbi 2001). In the present era of a human domina-
ted biosphere, co-evolution now takes place also at the pla-
netary level and at a much more rapid and unpredictable
pace than previously in human history and many ecosystems
require human intervention to be sustained.

However, despite tremendous improvements in technolo-
gical, economic and material well being, in some parts of the
world, development of human society in all parts of the world
still relies on ecosystems services and support, from local
levels to global scales.

HUMAN DEPENDENCE ON ECOSYSTEM
SERVICES AND SUPPORT

Societal development depends on the generation of eco-
system goods such as food, timber, genetic resources, and
medicines, and services such as water purification, flood
control, carbon sequestration, pollination, seed dispersal, soil
formation, disease regulation, nutrient assimilation and the
provision of aesthetic and cultural benefits (Baskin 1996,
Daily 1997). Carbon sequestering is a debated ecosystem ser-
vice in the context of the Kyoto Protocol. In Costa Rica fores-
ted conservation areas are credited with income for the ser-
vices that they provide both as carbon sinks and watersheds
(Chichilnisky and Heal 1998). Coral reefs provide seafood,
shoreline protection and recreational services of high econo-
mic significance as well as many services difficult to capture
in monetary terms (Moberg and Folke 1999). Mangrove eco-
systems serve as essential breeding, nursery and feeding
grounds for numerous shellfish and fish, protect the coast
from floods, hurricanes and tidal waves, and sustain the live-
lihood of coastal communities (Ronnbdck 1999). Natural
and restored wetlands of the large-scale Baltic Sea drainage
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basin of Northern Europe annuadlly retain an amount of nitro-
gen that corresponds to about 10-20% of the total emissions
entering the Baltic Sea thereby counteracting eutrophication
(Jansson et al. 1998).

Investments in wetland functioning to gain one ecosystem
service like nitrogen cleansing often generate several other
valuable services like fodder for animals, bird watching, sport
fishing and other recreational and tourism values, due to the
multifunctional nature of ecosystems. This makes the total
value of investments in Swedish wetlands at least twice as
high as alternative investments (Gren European Economic
Review). In Ching, the remaining forests in the upper Yangt-
zee river catchment have a value for flood control that is esti-
mated to be ten times higher than the timber value (WRI
2001).1n 1996, New York City invested between $1billion and
$1.5 billion inrestoration of a watershed in the Catskill moun-
tains to provide freshwater to the city. The alternative capital
cost of building a filtration plant would have been about
5-6 times larger, plus annual operational costs of about $300
million (Chichilnisky and Heal 1998). Often, however ecosys-
tem goods and services cannot be translated into economic
values, anissue of ongoing and continuous debate (Costanza
et al. 1997, Ddily et al. 2000).

However, the value of ecosystem services is not only an
issue of economic and technical trade off. Societal develop-
ment depends on ecosystem support irrespective of whether
or not this is recognized in human preferences. For example,
roughly two-thirds of the food crops in the world require visits
by a diversity of animal pollinators (bees, flies, bats, wasps,
beetles, birds, moths, butterflies and thrips) to set fruit and
seed (Nabhan and Buchman 1997). Such diversity plays a
significant role in sustaining ecosystem services and support
(see below).

Freshwater is required to sustain the capacity of, for
example, forests, wetlands, agricultural land, and savannas to
uphold the flow of ecosystem goods and services to humans.
The annual amount of freshwater flow for providing terres-
trial ecosystem support to the urban people in the Baltic
countries is 50 times larger than the freshwater consumed
directly in household and industry (Jansson et al. 1999). Ano-
ther example of whole catchment-management is South
Africa’s Working for Water programme that maximizes an

ecosystem service (delivery of water), enhances sustainability
by eliminating invading dlien plants, and promotes social
equity through jobs and training for economically marginali-
zed people. Without removal, the alien plants convert spe-
cies-rich vegetation to single-species stands of trees with
increasing biomass and water consumption by the trees, the-
reby diminishing the water supply to densely populated areas
downstream. Removal of water-demanding dlien trees is a
more cost-effective way of delivering water than building
new dams while at the same time improving the quality of life
amongst previously disadvantaged people (van Wilgen et al.
1998).

As a specific example of human dependence on ecosys-
tem support, the city of Hong Kong requires ecosystem work
over an ared that is 2200 times its built-up land to support its
inhabitants with essential ecosystem goods and services.
Thirty percent of this support is derived from Chinese ecosys-
tems, and 95% of its seafood supply is obtained from marine
waters of other nations (Warren-Rhodes and Koenig 2001).
The 29 largest cities in the Baltic Sea drainage basin cover
only 0.1% of the area of the drainage basin, but their inhabi-
tants appropriate an ecosystem area about 1000 times the
city area (Folke et al. 1997). This ‘ecological footprint’ is used
for production of food (including seafood) and timber consu-
med inside the city, and for assimilation of waste emitted
fromthe city (nutrients and carbon dioxide). Each city inhabi-
tant depends on ecosystem work over an area of about
220,000-225,000 m2, drawing on the work of nature from all
over the planet. It is in the self-inter est of the city inhabitants
to sustain the capacity of ecosystems to supply this support,
and not only within national boundaries but also in regions
from where this support is derived.

Focusing on the production of ecosystem goods or valua-
tion of ecosystem services will not lead to sustainable use by
itself, because it does not address the dynamic capacity of
ecosystems to uphold the supply of these goods and services.
The chdllenge is to sustain the capacity, here referred to as
resilience, through active management in order to secure
prosperous social and economic development. In the next
section we will exemplify essential premises of resilience and
human use and abuse of ecosystem capacity.
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Processes and Mechanisms
behind Resilience and
Vulnerability

Structural Premises — Biological Diversity
and Ecosystem Adaptive Capacity

BIOLOGICAL DIVERSITY AND ECOSYSTEM FUNCTIONING

Diversity plays a significant role in sustaining the resilience
of ecosystems (Perrings et al. 1995, Peterson et al. 1998, Cha-
pinetal.2000, Loreau et al.2001, Diaz and Cabido 2001, Kin-
zig et al. 2002). This role is related to the diversity of functio-
nal groups of species in a system, like organisms that
pollinate, graze, predate, fix nitrogen, spread seeds, decom-
pose, generate soils, modify water flows, open up patches for
reorganization and contribute to the colonization of such
patches. Vertebrates that eat fruit, like flying foxes, play a key
role in the regeneration of tropical forests hit by disturbance
such as hurricanes and fire by bringing in seeds from sur-
rounding ecosystems for renewal and reorganization (Cox et
al. 1992, Elmqvist et al. 2001). In these examples the loss of
the functional groups will severely affect the capacity of eco-
systems to reorganize after disturbance. Conversely, in sys-
tems thatlack a specific functional group, the addition of just
one species may dramatically change the structure and func-
tioning of ecosystems (e.g. Diaz and Cabido 2001). In Hawaii,
the introduced nitrogen-fixing tree Myrica faya has in a dra-
matic way changed the structure and functioning in many
ecosystems where no native nitrogen fixing species had been
present. Once established, M. faya, can increase nitrogen
inputs up to five-times, thereby facilitating establishment of
other exotic species (Vitousek and Walker 1989).

DIVERSITY AS INSURANCE

Resilience does not only depend on the diversity of func-
tional groups in ecosystems. It is also related to the number of
species within a functional group and the overlapping func-
tions among groups (a species may perform several func-
tions, like birds that both spread seeds and pollinate plants)
(Peterson et al. 1998). Species within the same functional

group appear to respond differently to environmental
change, a property we call response diversity (Walker 1989,
Walker 1997, Ives et al. 1999). In semi-arid rangelands, for
example, resilience of production to grazing pressure is
achieved by maintaining a high number of apparently less
important and less common, or apparently ‘redundant’, spe-
cies from the perspective of those who want to maximize pro-
duction, each with different capacities to respond to different
combinations of rainfall and grazing pressures. They replace
each other over time, ensuring maintenance of rangeland
function over a range of environmental conditions (Walker et
al. 1999). (Figure 1).

RESILIENCE

¢ ¢
oe

o @ W

Lower

@ O

\

Highresponse Low response

diversity diversity

Figure 1. Four different functional groups of species are represen-
ted (e.g. pollinators, predators, grazers, nitrogen fixing plants). All four
species in each group perform the same function. In the left figure spe-
cies differ in their response to environmental change (response diver-
sity). Inthe right, the four species within each functional group respond
in a similar way to environmental change. Their capacity to absorb dis-
turbance and sustain ecosystem functioning is lower.
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Hence, a resilient ecosystem contains functional groups
with several species that perform a similar function, but
respond in different ways to environmental changes. Inlake sys-
tems, animal plankton species with higher tolerance to low pH
sustain the grazing function on phytoplankton during acid
conditions (Frost et al. 1995). In areas where humans reduce
response diversity by decreasing biodiversity and favoring
monocultures, the capacity of ecosystems to sustain society
with goods and services becomes more vulnerable to distur-
bances and environmental, social or political change. For
example, in several Pacific Islands flying fox populations have
been severely reduced through over hunting and trade to a
market in Guam (Brdutigam and Elmqvist 1989). Hence,
human demand for a certain resource on a regional market
decreases the seed dispersal capacity and thereby diminishes
the capacity of forest ecosystems on many islands to reorganize
after hurricanes and other disturbances (EImqyvist et al. 2001).

Lawton (2000) and Loreau et al. (2001) synthesized the evi-
dence from many experiments and affirmed that the diversity
of functiondlly different kinds of species affected the rates of
recovery and increased the reliability of ecosystem processes.
Furthermore, a number of observations suggest that biodiver-
sity atlarger spatial scales, i.e. landscapes and regions, ensures
that appropriate key species for ecosystem functioning are
recruited to local systems after disturbance or when environ-
mental conditions change (Peterson et al. 1998, Nystrom and
Folke 2001, Bengtsson et al. in press). In this sense biological
diversity provides insurance, flexibility and risk spreading
across scales (Barbier et al. 1994, Folke et al. 1996).

Reserves have been the cornerstone of biodiversity conser-
vation and though they will continue to be important for spe-
cies conservation, their role as sources for renewal and reor-
ganization of ecosystem functioning in managed landscapes
and seascapes needs to be recognized. They contribute to
ecosystem resilience, but they need to be complemented with
biodiversity management in human-dominated landscapes
(Bengtsson et al. in press). In some cultures, taboo systems
such as sacred groves perform the same function as reserves
in the developed world (Colding and Folke 2001). They are
effective because they are embedded in local institutions and
value systems (Gadgil et al. 1993, Colding and Folke 2000).

The role of biodiversity in ecosystem resilience needs to be
explicitly accounted for in management and policy (Perrings

et al. 1992). Hence, in addition to the conservation of biolo-
gical diversity for aesthetic, ethical or psychological reasons
(eg, biophilia, Wilson 1984), there is a more pragmatic reason
for conservation. Erosion of functional diversity and response
diversity may lead to vulnerability, alterations in nature’s
capacity to supply society with essential ecosystem services
and support, and degraded social-ecological regimes
(Homer-Dixon and Blitt 1998).

The Dynamics — Shifts between Ecosystem States

There is increasing evidence that ecosystems often do not
respond to gradual change in a smooth way. Studies of ran-
gelands, coral reefs, forests, lakes and oceans show that
human induced loss of resilience canlead to sudden switches
to alternative states, triggered by stochastic eventslike storms
or fire (Table 1. p.18).

In lakes, water clarity often seems to be hardly affected by
increased human-induced nutrient concentrations until a
critical threshold is passed at which point the lake shifts
abruptly from clear to turbid, eutrophied waters (Scheffer et
al. 1993, Carpenter et al. 1999). With thisincrease in turbidity,
submerged plants disappear. Associated loss of animal diver-
sity and reduction of the high algal biomass makes this state
undesired. Substantially lower nutrient levels than those at
which the collapse of the vegetation occurred are required to
restore the system. The economic and social intervention
involved in such arestoration will be complex and expensive
(Mdler 2000, Brock et al. 2002).

Resilience of rangelands depends on the ability of the land-
scape to maintain water infiltration, water storage capacity,
nutrient cycles and vegetation structures. Rangeland shifts
between grass dominance and woody plants (small trees and
shrubs) dominance. The shifts are driven by fire and grazing
pressure under highly variable rainfall (Walker 1993). Persis-
tent high grazing pressure precludes fire and above some den-
sity of woody plants, even if grazing animals are removed,
there is insufficient grass fuel to permit a fire and the range-
land shifts to the less productive (from a human use perspec-
tive) woody plant state. It can take decades for the woody
plant community to re-structure and open up sufficiently to
allow fire back into the system (Carpenter et al. 2001b).
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Ecosystem Type Alternative State 1 Alternative State 2 References

Freshwater Systems Clear Water Turbid Water Carpenter 2001
Benthic Vegetation Blue-green algae Scheffer et al. 2001
Oligotrophic macrophytes Cattails and blue Gunderson 2001
and algae green algae

Marine Systems Hard coral Fleshy Algae Nystrom et al. 2000
Kelp forests Urchin dominance Estes and Duggins 1993
Seagrass beds Algae and muddy water Gunderson 2001

Rangelands Grass structure Shrub structure Walker 1993

Forests Pest outbreak No pest Holling 1986

Pine Trees dominate

Hardwood plants dominate

Peterson et al. 2002

Birch-Spruce succession

Pine dominance

Danell et al. in review

Arctic Systems

Grass dominated

Moss dominated

Zimov et al. 1995

Table 1. Examples of documented shifts in states in different kinds of ecosystems.

In other cases regime shifts may be largely irreversible. Loss
of trees in cloud forests is one example. In some areas the
forests were established under a wetter rainfall regime thou-
sands of years previously. Condensation of water from clouds
intercepted by the canopy supplies necessary moisture. If the
trees are cut, this water input stops and the resulting conditions
can be too dry for recovery of the forest (Wilson and Agnew
1992). A continental scale example of anirreversible shift seems
to have occurred in Australia, where overhunting and use of fire
by humans, some thirty to forty thousand years ago, removed
large marsupial herbivores and accumulated nutrients.
Without large herbivores to prevent and fragment vegetation,
an ecosystem of fire and fire-dominated plants could expand,
irreversibly switching the system from a more productive state,
dependent on rapid nutrient cycling, to a less productive state,
with slower nutrient cycling maintained by fire (Flannery 1994).

Sensitivity of keystone species to environmental change
and human exploitation can cause major shifts in ecosystem
composition. One well known example is the role of sea
otters in northern Pacific rocky, -near-shore kelp ecosystems.
The otters prey upon sea urchins, controlling their grazing of
the kelp thereby sustaining a state that is dominated by the
submerged kelp forests. In the absence of the sea otters,

urchin populations canincrease to a density that prevents the
kelp forests from establishing, creating an alternate state of
urchin dominance (Estes and Duggins 1995).

In a similar way, in the boreal forest foraging by ungulates
can change the relative distribution of tree species, with cas-
cading consequences for the development of the forest eco-
system. In the mountain range of Scandinavia birches domi-
nate young stands with Norway spruce following in the
natural succession. If the birches are heavily browsed by
ungulates, spruce does not get shelter andfails. Instead, pines
may establish and later become dominant, causing long-
term changes in soil fertility as a consequence. The direction
and magnitude of responses of plant communities depend
on the ungulate species involved, their population densities,
site productivity, successional stage (early or late), and whe-
ther or not the herbivores have been present in the ecosystem
for extended (evolutionary) time (Danell et al. in review).

An interesting “experiment” was created in Venezuelq,
where aset of islands was created by a hydroelectricimpound-
ment. The islands were free of top predators and populations
of seed predators and herbivores subsequently increased by a
factor 10 to 100 compared to nearby mainland sites, with
severe reductions in densities of seedlings and saplings of
canopy tree species as a result. This study suggests that remo-
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val of predatorsmay result in trophic cascades in the terrestrial
ecosystem, affecting the densities and species composition of
both herbivores and plants and significantly changing the
structure and functioning of the ecosystem (Terborgh et al.
2001). The same trophic cascade phenomenon occurs in lake
ecosystems (Carpenter and Kitchell 1993).

In Florida Bay, the system has flipped from a clear-water,
seagrass-dominated state to one with murky water, compri-
sed of algae blooms and recurrently stirred-up sediments.
Several hypotheses have been proposed to explain this shift,
including change in hurricane frequency,reduced freshwater
flow entering the Bay, higher nutrient concentrations, remo-
val of large grazers like sea turtles and manatees, sea level
rise, and construction activities restricting circulation in the
Bay (Gunderson 2001). In the Everglades the freshwater
marshes have shifted from clear water wetlands dominated
by sawgrass to cattail marshes, due to nutrient enrichment.
The soil phosphorous content defines the alternative states
and a number of disturbances (fires, drought, freezes) can
trigger a switch between these states (Gunderson 2001).

OVERFISHING — ILLUSTRATING THE SHIFT

Coral reefs in the Caribbean region have undergone dra-
matic changes over the past two to three decades, often from
a state dominated by hard coral to one dominated by fleshy
algae. The changes have been brought about through a com-
bination of natural (hurricanes and disease) and human (over-
fishing and nutrient increase) processes. The grazing function
of algae that fish species and other grazers perform contri-
butesto the resilience of the coral reef, by keeping the substrate
open for recolonization of coral larvae and thereby reorgani-
zing the reef into a coral dominated state following distur-
bances such as hurricanes (Nystrom and Folke, 2001). Conti-
nuous overfishing of reef fish grazers has led to increased
abundance of sea urchins. The sea urchin became a keystone
grazer and could, despite high levels of nutrients in the water,
continue to keep the density of invading algae low after dis-
turbance, thereby maintaining the coral dominated state.
However, the sea urchin populations were hit by a species-spe-
cific pathogen and were reduced by 99% in some areas. Since
all major grazers were now in very low numbers they were not
able to prevent algae invading. Brown fleshy algae became
overwhelmingly abundant and prevented coral larvae settle-
ment and the reef changed to a state of algae dominance.

The coral reef example demonstrates how loss of diversity
through overfishing of the functional group of grazers resul-
ted in eroded resilience and increased vulnerability. A distur-
bance event - the species specific pathogen - that previously
could have been absorbed by a diverse functional group of
herbivores with different capacities to respond to change
(response diversity), became the trigger that caused the eco-
system to shift from a coral-dominated state to one domina-
ted by algae. To what extent this phase shift is irreversible is
unclear (Nystrom et al. 2000).

Itis becoming increasingly clear that complex biotic inter-
actions are much more important in driving oceanic com-
munity dynamics than previously thought, and that biologi-
cal diversity plays a significant role in this context (Jackson et
al. 2001). Human fishing pressure can affect the entire food-
web, causing profound shifts in species abundance at various
trophic levels. The best evidence of food web effects comes
from lakes where other important causal factors, such as
nutrients and invasive species, can be measured indepen-
dently (Carpenter and Kitchell 1993, Carpenter et al. 2001b).
Nevertheless it is clear that large changes in marine ecosys-
tems follow from biotic interactions (Shiomoto et al. 1997,
Steele 1998, Walters and Kitchell 2001, Daskalov 2002). In
the Black Sea, for example, overfishing has contributed to the
collapse of valuable fin fisheries, population explosions of jel-
lyfish, blooms of algae and collapse of benthic communities
(Daskalov 2002). Overfishing has contributed to the collapse
of northern cod populations in northern Atlantic and the Bal-
tic Sea and similar declines are known from lake sport fishe-
ries (Post et al. 2002).

Globadl fisheries impacts are reflected in the industrial fishing
down of marine food webs in a transition from long-lived, high
trophic level fish to short-lived, low trophic level invertebrates
and small plankton eating pelagic fish (Pauly et al. 1998). His-
torical overfishing by humans of coastal ecosystems has led to
a sequential reduction of functional groups of species (mam-
mals, turtles, fish) and removal of entire trophic levels, thereby
creating more vulnerable and fragile coastal ecosystems. The
loss of functional diversity and response diversity through
fishing over human history, with escalating exploitation during
the last half century, has paved the way for impacts such as
eutrophication, algal blooms, disease outbreaks, and species
introductions in coastal areas (Jackson et al. 2001).
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Creating Vulnerability through Loss of Resilience

Intensive fertilizer use, high densities of animals and poor
tillage practices in catchments decrease the resilience of fre-
shwater systems, and increase their vulnerability to flood
events or toxic algal blooms (Carpenter et al. 1998). Intensive
conventionadl tillage often results in long term reduction in
infiltration capacity of soils and lowered water holding capa-
cities, and therefore a larger proportion of rainfall flowing as
rapid surface runoff instead of slow subsurface water rechar-
ging rivers downstream. This changes the hydrological pat-
tern of aquatic habitats, and increases the vulnerability of key
populations that are sensitive to fluctuations in water flow.

In North America, climate warming combined with agricul-
tural runoff is leading to spread of a subtropical cyanobacte-
rium, Cylindrospermopsis raciborskii, through the Great Lakes
and Upper Mississippi basins. Unlike other species of cyano-
bacterium, C. raciborskii appears to release neurotoxins all the
time (Chorus et al. 2000), so that losses of water supplies that
used to be sporadic may now become continuous.

This example highlights one important reason why indivi-
dual regions, and the world as a whole, need to increase
attention to resilience: To provide a buffering against effects
of climate change. All the evidence from climate change
research suggests that the frequency of major climate events
(perturbations) will increase, as expressed in changes in the
current variation in climate regimes (Carter et al 2000). The
IPCC 2001 Working Group | report concludes that, in addi-
tionto projected warming scenarios for various regions, there
will be changes in the variability of climate and in the fre-
quencies and intensities of some climate phenomena.
Examples include extreme events of drought, rainfall and
major floods and spread and emergence of diseases (Epstein
1999, Palmer and Rdisanen 2002, Milly et al. 2002, Lindgren
and Gustafson 2001). The Working Group Il report on
impacts and adaptation concludes that these changes will
have very significant impacts on many of the world's ecosys-
tems, including agro-ecosystems. In the face of these projec-
tionsit willrequire big increases in resilience to enable social-
ecological systems to cope with future climate events. If
resilience continues to decrease in response to efforts to
increase production efficiencies, the frequency of regional
catastrophes will escalate accordingly.

These trends illustrate the pervasive uncertainty, variability
and vulnerability of resource flows and ecosystem support
that social and economic development on a human domina-
ted planet is currently facing (Kasperson and Kasperson
2001a,b). “Catastrophes” - the undesirable sudden changes in
social-ecological systems - are due to the combination of the
magnitudes of external forces and the internal resilience of
the system. As resilience declines it takes a progressively smal-
ler external event to cause a catastrophe (Alexander 2000,
Quarantelli 1998).

Hence, ecosystems with low resilience may still maintain
function and generate resources and ecosystem services - i.e.
may seem to be in good shape - but when subject to distur-
bances and stochastic events, they may exceed a critical thre-
shold and change to a less desirable state. These shifts are
sometimes irreversible and in other cases the costs (in time
and resources) of reversal are so large that reversal is imprac-
tical. Such shifts may significantly constrain options for social
and economic development, reduce options for livelihoods,
and create environmental refugees as a consequence of the
impact on ecosystem life-support.

EROSION OF RESILIENCE CAUSING VULNERABILITY
IN LIVELIHOODS

Reducing resilience increases vulnerability. Increasing vul-
nerability places aregion on a trajectory of greater risk to the
panoply of stresses and shocks that occur over time. And the
process is a cumulative one, in which sequences of shocks
and stresses punctuate the trends, and the inability to reple-
nish coping resources propels a region and its people to
increasing criticality (Kasperson et al. 1995, 1996).

For example, in the Argolid valley of Greece, people speak
of an environmental crisis because there is not enough water
to continue irrigating the citrus crops that were planted in the
valley about 40 years ago. As a consequence of citrus irriga-
tion, the water table in some parts of the valley has dropped
up to seven meters a year, and now water is pumped at the
valley’s edge from depths as great as 400 meters. Hence, the
environmental crisis is caused by the intensive cultivation sys-
tem itself, driven by an industrial perspective of agriculture.
The people who brought this agro-industrial perspective to
bear on the exploitation of the fertile lands of the valley came
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from outside the local farming communities and were not
familiar with the local ecological context. They could claim
large economic subsidies by declaring themselves as farmers
for more than 50% of their time, enabling them to make the
investment in the citrus cultivation that drove the region
towards vulnerability. Originally these subsidies, derived from
policies of the Greek government and the European Union,
were aimed at the young generation of existing farming com-
munities (van der Leeuw 2000).

Throughout history people have transported their cultural
landscapes to new areas. Just as the Polynesians brought
their pigs and breadfruit for migration to New Zealand and
other islands, so did later the British settlers with their wheat
fields, sheep and green lawns. Sometimes these transported
landscapes were suited to the new climate and thrived in
their new setting, but sometimes they generated major pro-
blems (Redman 1999).

A current major problem in this context is the large-scale
salinization of land and rivers in Australia. Extensive land
clearing during the last two hundred years has changed eco-
system structure and processes and altered the hydrological-
ecological dynamics of the Australian continent. In particu-
lar, European introduced agriculture removed native woody
vegetation for annual crops and grasses that transpire much
less water. Thereby, more water is leaching down through the
soils causing water tables to rise (McMahon et al. 1992,
McFarlane et al. 1993). The Australian soils are saline. The
increased water movement through the soils mobilizes salts.
This causes problems with salinity both in rivers and at, or
close to, the soil surface severely reducing the capacity for
growth of most plants (MDBC 1999).

About 5.7 million hectares are currently at risk of dryland
salinity and this could rise to over 17 million hectares by 2050
(NLWRA 2001). The costs of salinization are manifested as pro-
duction loss due to saline river water, health hazards, produc-
tion loss in agricultural lands and destruction of infrastructure
in rural and urban areas. Added to these are the less well-
known costs due to loss of biodiversity and ecosystem services
in both terrestrial and aquatic environments (MDBC1999).
Hence, the terrestrial support capacity for societal develop-
ment in Australia has been reduced through unexpected
changes in ecosystem processes, as a consequence of mana-

gement. Successful restoration requires ecological as well as
hydrological knowledge, an understanding that actively
manages the interplay of freshwater flows and ecosystem pro-
cesses in both terrestrial and aquatic ecosystems, and appro-
priate incentives and institutional arrangements.

Ancient villages in southern Jordan seem to have become
more vulnerable due to a self-generated loss of resilience of
their productive natural resource base. The ever-present need
for fuel wood and the grazing of goats put pressure on vege-
tative ground cover over a wider and wider area. As the fuel
and grazing needs pushed the boundary of native vegetation
further from the villages, less timber was available for home
construction and fuel and wild resources became less avai-
lable. Consequently, the villagers narrowed their food sources
by relying more and more on domestic fields and herds. The
villagers presumably invented ways to adapt to the narrowed
options of the developing agricultural system, thereby men-
tally masking the land degradation and vulnerability. It is
likely that a slight change in climate led to a series of dry years
that were too much for the agricultural villages to absorb lea-
ding to abandonment (Redman 1999).

It may be that we at present are witnessing similar effects,
predominantly in arid and semi-arid regions, where human
settlements appear to have lost ecological and social resi-
lience to cope with years of drought, resulting in an agrarian
crisis (Rockstréom and Tilander 1997). The capacity of the land
tosupport human societies has been reduced. In the savannas
and steppe belts in Africa, there have been significant land-
use changes. Where there originally was shifting cultivation
and livestock movements with a high degree of natural vege-
tation, permanent settlements have become dominant and
the vegetation cover has been reduced (Hudak 1999, Niamir-
Fuller 1999). This land-use change reduces the evapotranspi-
ration during the rainy season, reduces the feedback of mois-
ture to the atmosphere, reduces the recycling of moisture, and
hence reduces the rainfall further inland, until it reaches a
threshold below which there is no longer any significant rain-
fall (De Groen and Savenije 1996).

Water vapour from terrestrial ecosystemsisthe engine that
recycles moisture to the atmosphere, which replenishes the
atmospheric moisture content, and in this way sustains rain-
fall (Savenije 1996a,1996b, 1997).In the Sahel belt 90% of the
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rainfall stems from continental water vapour. A sequence of
dry years, as was experienced during the 1980s, accelerates
the process of desertification; during dry years, people expand
their forest clearing activities even more, which exacerbates
the loss of moisture recycling. As a consequence of reduced
moisture recycling the drought period is prolonged. Hence,
land degradation led to the persistence of drought.

There are substantial local benefits to be gained from
improved soil and water management. Conservation far-
ming practices, where conventional tillage is abandoned in
favour of minimum or zero tillage practices that maximize
crop nutrient and water availability, are examples of affor-
dable and appropriate technologies that can contribute to
both reduced poverty and increased resilience (Rockstrém et
al. 2001). Rainwater harvesting systems, where surface
runoff flow is used for productive purposes for dry spell miti-
gation, can be used to improve crop productivity while
conserving soil and water. Dry spell mitigation in semi-arid
and dry sub-humid tropics is an important adaptation that
increases social resilience (Rockstrom, 2000) and which in
arid and semi-arid regions of North Africa and the Middle
East has formed the basis for the establishment of sedentary
societies (Evanari et al. 1971).

LOSS OF LIVELIHOOD AND INCREASED CONFLICT

The increase in social and economic vulnerability as a
consequence of reduced resilience may cause losses of liveli-
hood and trigger tension and conflict over critical resources
such as freshwater or food (Homer-Dixon and Blitt 1998).
Empirically, it has been difficult to establish whether poverty
or environmental factors are determinants of such conflict.
Losses of livelihood constitute an often-missing link in expla-
nations of current conflict patterns. A common denominator
for many, if not most, of the internal wars and conflicts pla-
guing Africa, South Asia, and Latin America during the last
decade, is poverty as a result of loss of livelihoods, in turn
often caused or exacerbated by environmental degradation
(de Soysa et al. 1999, Messer et al. 2001). While p overty may
be a near-endemic condition in certain societies, loss of live-
lihood marks a rapid transition from a previously stable
condition of relative welfare into a condition of poverty or
destitution (Dasgupta 1993). It is this rapid process of
change, resulting in a sudden and unexpected fall into

poverty, more than the endemic condition of poverty, which
creates the potential for what rightly may be termed liveli-
hood conflicts (Ohlsson 2002).

The losses of livelihood resulting from scarcities of arable
land and water are of increasing concern and importance.
Water for irrigation and competition for scarce water
resources have been portrayed as a source of international
conflict. Nations, however, and the international system have
learned to manage this threat. There is now a growing
consensus that water scarcity is not likely to create wars bet-
ween nations - but there is also a growing certitude that
water scarcity may work in a direction to exacerbate the
basic conditions that fuel livelihood conflicts (Postel 1999).

Other types of conflict arise in rich countries, where partial
solutions generate new classes of problems with conse-
quences greater than the original problems they were inten-
ded to solve. The Everglades in southern Florida is a classic
example where four stages of partial and short-term solutions
each ended with a larger set of problems at larger scales,
involving more people (Gunderson et al. 1995a,b). Initially the
solutions were local, then watershed-wide, and then at the
scale of the regional sugar trade. Now the approvals are in
place for the largest, most expensive process of regional trans-
formation anywhere in the world. With enough money, the
problems generated by earlier partial solutions can be dealt
with, but the cost and difficulty grow due to loss of resilience
at each successive scale (Gunderson et al. 1995a,b).

van der Leeuw (2000) characterizes land degradation and
loss of ecosystem resilience as a socio-natural process that has
occurred throughout history. This process highlights the impor-
tance of the underlying perception behind the management
systems. Human drivers of ecosystem change are deeply
embedded in cultural values and underlying perceptions
(Thompson et al. 1990), and economic production systems and
lifestyles, mediated by institutional factors (Lambin et al. 2001,
Raskin et al. 2001). Urbanization and many aspects of globali-
zation tend to distance people from their relation to ecosystem
support by disconnecting production from consumption and
production of knowledge from its application (Folke et al.
1998). People become dlienated from their dependence on
accessto resources and ecosystem functions outside the boun-
daries of their own jurisdiction (Folke et al. 1997).
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Managing for Social-Ecological
Resilience and Sustainability

Wrong Focus of Management

Human simplification of landscapes and seascapes for
production of particular target resources to be traded on
markets has stabilized resource flows in the short term. But it
has done so at the expense of reduced diversity and it has ero-
ded resilience (Gunderson and Holling 2002). Far too often
managers seek to command and control processes of change
in simplified landscapes in an attempt to stabilize ecosystem
outputs and sustain consumption patterns (Holling and
Meffe 1996, Carpenter and Gunderson 2001). Humans
control agricultural pests through herbicides and pesticides;
convert multi-species variable-aged forests into monocul-
tures of single-aged plantations; hunt and kill predators to
produce a larger, more reliable supply of game species; sup-
press fires and pest outbreaks in forests to ensure a steady
lumber supply; clear forests for pasture development to
achieve constantly high cattle production

Fire management provides a good example. Suppression of
fire in ecosystems that have evolved with fire as anintegral part
of their environments is successful in the short-term, but the
consequence is an accumulation of fuel, over large areas,
which eventudlly generates large fires that may fundamentally
change the state of the ecosystem (Holling and Meffe 1996).
Intense management in many temperate and boreal forests
during the last 100 years has reduced resilience and fire-tole-
rance of forests. After several decades of fire and grazing exclu-
sion and logging, formerly open forests or savannas now have
very hightree densities. Surface fuel loads are higher, ladders of
fuel (tall shrubs and small trees) connect the ground surface
with the crowns and the biggest trees, with the thickest bark,
have been selectively removed. As a result fire severity has
increased and fire tolerance has decreased (Agee 2002).

Putatively “optimal” management of systems assumed to
be stable and predictable has reduced options and compro-
mised the capacity of life-support ecosystems to buffer

change (Ludwig et al. 1993) by suppressing disturbance and
by reducing the diversity of the environment. Conventional
resource management has taken for granted the capacity of
ecosystems to sustain production and to sustain the flow of
ecosystem services. Contemporary fish farming, or aquacul-
ture, is a recent example. The spread of monocultures of (e.g.)
shrimp and salmon in coastal waters worldwide has degra-
ded coastal areas and marine food webs under the assump-
tion that production can be controlled (Folke and Kautsky
1989, Naylor et al. 1998, 2000).

Short-term success of increasing yield in homogenized
environments reinforces mental models of human develop-
ment as being superior and largely independent of nature’s
services. Short-term successes allow managers to shift their
attention from the original purpose to efforts to increase
organizational or economic efficiency and to control varia-
tion in nature. The perception, or belief system, of humanity
as independent of nature is reinforced. According to this thin-
king, nature can indeed be conquered, controlled and ruled
(Thompson et al. 1990). Technology, based on this perspec-
tive, further masks the feedback from the environment,
contributing to an accumulation of the feedback at larger
spatial scales and longer temporal scales. Short-term success
makes navigating nature’s dynamics appear to be a non-
issue and as a consequence knowledge, incentives and insti-
tutions for monitoring and responding to environmental
feedback erode (Holling et al. 1998). Societies become vul-
nerable without recognizing it.

Cases such as those discussed earlier in this report show
that management of resources often fails to achieve its goals.
Management increases vulnerability and may cause social
disruption and a decline in the resource base it was attemp-
ting to manage. An important reason is that many
approaches to development are partial and short term. They
represent application of good economics or good enginee-
ring or good environmental protection tolarge problems and
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Figure 2. (A) The pathology of command-and-control manage-
ment that erodes ecosystem resilience. Optimization and stabilization
of key ecosystem variables reduce resilience and make the system
more vulnerable to shifting to an alternative (and usually socially
undesirable) state.

opportunities that have high uncertainties. That approach
can provide short-term benefit but ultimately leads to long-
termloss (Gunderson and Holling 1995a, Kasperson and Kas-
person 2001a).

How can the trap of successful short-term management at
the expense of long-term loss be counteracted? The likeli-
hood that a social-ecological system will remain within a
desirable state is related to slowly changing variables that
determine the boundaries beyond which disturbances may
push the system into another state. Consequently, efforts to
reduce the risk of undesired shifts between ecosystem states
should address the gradual changes that affect resilience
rather than trying to control disturbance and fluctuations
(Holling and Meffe 1996, Carpenter et al. 2001a). The slowly
changing variables include such things as land use, nutrient
stocks, soil properties and biomass of long-lived organisms
(Gunderson and Pritchard 2002). For example, economic
and institutional constraints limit the ability of agricultura-
lists of the lake districts in the US and of rangelands in Aus-

A

X

Ecosystem State B
(undesired)

(B)

(B) Adaptive management approach to restore and maintain resi-
lience and adaptive capacity. Resilience management manages for
variability in components and processes. Often, adaptive manage-
ment seeks to restore a desired ecosystem state.

tralia to organize management of slow variables (Carpenter
et al. 2001a). Also, differences in land tenure, agricultural
policy and market conditions are more significant drivers of
long-term changes in semi-arid African savannas than are
agro-pastoral population growth, cattle numbers, or small-
holder land use (Homewood et al. 2001).

Resilience measures differ from most existing sustainabi-
lity indicators. Resilience focuses on variables that underlie
the capacity of social-ecological systems to provide ecosys-
tem services, whereas other indicators tend to concentrate
on the current state of the system or service. Management
that monitors, clarifies, and redirects underlying, fundamen-
tal variables may succeed in building resilience, and thereby
adaptive capacity. Stochastic events (hurricanes, droughts,
etc) that trigger shifts between states cannot be predicted
with much certainty. Therefore, building resilience of desired
ecosystem states is the most pragmatic and effective way to
manage ecosystems in the face of increasing environmental
change (Scheffer et al. 2001).



RESILIENCE AND SUSTAINABLE DEVELOPMENT

25

Key attributes of resilience in complex adaptive systems
include:

* Ecological resilience can be assessed by the amount of
variability that can be accepted without patterns chan-
ging and controls shifting to another set of keystone pro-
cesses.

* Inan ecosystem keystone processes interact in an overlap-
ping, apparently redundant manner. They should not be
evaluated by the efficiency with which any one process
functions.

* Resilience within a system is generated through major
changes and renewal of systems at smaller, faster scales.

* [Essential sources of resilience lie in the variety of functio-
nal groups and the accumulated experience and memory
that provides for reorganization following disturbances.

Successful ecosystem management requires monitoring
and ecological understanding and institutional capacity to
respond to environmental feedback (Hanna et al. 1996,
Berkes and Folke 1998, Danter et al. 2000) and the political
will and perception to make such management possible. By
responding to and managing feedbacks from complex adap-
tive ecosystem, instead of blocking them out, adaptive mana-
gement has the potential to avoid the pathology of natural
resource management that threatens the existence of many
social and economic activities (Holling and Meffe 1996).

Adaptive Management and Flexible Institutions

Adaptive capacity is closely related to learning, and lear-
ning is central to the notion of adaptive management (Hol-
ling 1978, Lee 1993, Gunderson and Holling 2002). Adaptive
management proceeds by a design that simultaneously
allows for tests of different management policies and
emphasizes learning as we use and manage resources, moni-
toring and accumulating knowledge on the way, and
constantly adjusting the rules that shape our behavior to
match the dynamics and uncertainty inherent in the system.
The adaptive management approach treats policies as hypo-
theses, and management as experiments from which mana-
gers can learn, accepting uncertainty and expecting sur-
prises (Walters 1986, Cook et al. 1990, Gunderson et al.
1995a, Ostrom 1999). Ecological resilience maintains the
capacity for institutional learning in a dynamic environment

by providing a buffer that protects the system from the failure
of management actions that are based upon incomplete
understanding. It thereby allows managers to learn and to
actively adapt their resource management policies. In other
words, those participating in adaptive management expect
to continually monitor the system they are managing, and in
doing so they expand and enrich their understanding of the
dynamics of the system. Management decisions are regularly
revisited and changed as knowledge advances.

As it proceedsin a stepwise fashion, responding to changes
and guided by feedback from resource dynamics, adaptive
management allows for institutional and social learning (Lee
1993), developing a collective memory of experiences. This
memory provides context for social responses to ecosystem
change, increases the likelihood of flexible and adaptive res-
ponses, particularly during periods of crisis and reorganiza-
tion. Adaptive management therefore draws on experience
but allows for novelty and innovation. It provides a repertoire
of general design principles that can be drawn on by resource
users at multiple levels to aid in the crafting of new institu-
tions to cope with changing situations (Ostrom et al. 2002,
Berger et al. 2001).

There are indigenous and traditional ecological know-
ledge-based systems that parallel adaptive management in
their reliance on learning-by-doing, and the use of feedback
from the environment to provide corrections for manage-
ment practice (Berkes et al. 2000). They rely on the accumu-
lation of knowledge over many generations. This knowledge
is transmitted culturally. Such systems differ from technically-
based systemsin that they do not rest solely, or even primarily,
on testable hypotheses and generalizable theories. Instead,
they integrate moral and religious belief systems with mana-
gement, though in many cases such belief systems have “co-
evolved” to be sensitive to the attributes of the ecological sys-
tem upon which the people are relying (Gadgil et al. 1993).
For example, people of Hudson Bay, Canada, have know-
ledge about changes in slow variables in relation to climate
and link this knowledge to the long history of close interac-
tion with nature (Riedlinger and Berkes 2001).

Local users can provide early information about ecosys-
tem change and complement scientific monitoring. In the
Newfoundland cod fisheries, coastal fishers registered
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changes in the ecosystem long before the collapse of the
fishery happened. The signals of change were not perceived
either by large-scale offshore fisheries or governmental deci-
sion-makers (Finlayson and McCay 1998). Olsson and Folke
(2001) describe how members of a local fishing association
in Sweden use indicators at various scales that are critical in
detecting fundamental changes in ecosystem dynamics.
Management decisions are guided by monitoring of these
indicators to keep track of environmental change. With the
careful design of research that carefully records both socidl
and ecological system characteristics and their interactions
over time, it will be possible to develop shared knowledge sys-
tems about the factors that enable some people to sustain
ecological systems for long periods of time while others des-
troy them rapidly (Gibson et al. 2000).

Multi-level Governance and Institutional Change

The parallels between adaptive management and local
and indigenous management systems that respond to envi-
ronmental feedback are not accidental (Berkes et al. 2000).
Flexible social networks and organizations that proceed
through learning-by-doing are better adapted for long-term
survival than are rigid social systems that have set prescrip-
tions for resource use. Such flexible institutional arrange-
ments have been judged as inefficient since they look messy
and are non-hierarchical in structure. A growing literature on
polycentric institutions (McGinnis 1999, 2000) is demonstra-
ting that dynamic efficiency is frequently thwarted by crea-
ting centralized institutions and enhanced by systems of
governance that exist at multiple levels with some degree of
autonomy complemented by modest overlaps in authority
and capability. A diversified decision-making structure allows
for testing of rules at different scales and contributes to the
creation of an institutional dynamics important in adaptive
management.

The challenge for management is to develop institutional
structures that match ecological and social processes opera-
ting at different spatial and temporal scales and addressing
linkages between those scales (Ludwig et al. 1993, Holling
and Meffe 1996, Folke et al. 1998). Therefore, an important
part of adaptive management is to encourage local organi-
zations to interact with each other and with organizations at

other levels. Adaptive management would be enhanced by
linking institutions both horizontally (across space) and verti-
cally (across levels of organization) (Svedin et al. 2001,
Ostrom et al. 2002). Multi-level governance of complex eco-
systems needs constant adjustment, which requires innova-
tion and experimentation (Shannon and Antypas 1997,
Imperial 1999, Danter and others 2000, Ludwig and others
2001). Olsson and Folke (2001) describe the development of
watershed management by a local fishing association in a
multi level governance system faced with internal and exter-
nal ecological and social change. The social change included
devolution of management rights which provided an arena
for local users to self-organize and developed, refine, and
implement rules for ecosystem management. Not only do
these people respond to change but by doing so they build
adaptive capacity to deal with future change in the multi-
level governance system.

Two large-scale resource systems in the United States pro-
vide compelling examples of how adaptive capacity canbe
built in industrialized developed areas. The Everglades of Flo-
rida and the Grand Canyon ecosystem are both complex
social-ecological systems, where unwanted ecosystem state
shifts (eutrophication, species endangerment, loss of habitat
and biodiversity) have resulted from large scale water mana-
gement projects (Gunderson et al. 1995a). In both cases, the
restoration of resilience has been a social objective, involving
millions to billions of dollars.

Uncertainty has been confronted in both areas through
the articulation of a set of competing hypotheses about what
led to the loss of resilience, and what is needed to restore
those lost ecosystem functions and services. Those hypo-
theses are tested through a structured set of management
actions designed to sort among the alternative explanations
and a comprehensive monitoring plan established through
decades of research. The slowly-changing variables—
nutrients in sediments, and decadal hydrologic cycles - are
the critical objects of monitoring, as they are the key indica-
tors of ecosystem resilience. In larger, more complex systems
than the Everglades and Grand Canyon, structured manage-
ment experiments may be impossible, yet it is still necessary
for people to assess the fundamental variables and branch
points thatlead to alternative futures. In these situations, sce-
nario exercises are a useful mechanism for building unders-
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tanding and flexibility toward adaptive change (Raskin et al.
1998, Carpenter 2001, Peterson et al. 2002, Millennium Eco-
system Assessment www.millenniumassessment.org).

The Everglades and the Grand Canyon diverge with res-
pect to their ability to cultivate institutional learning. The
Everglades process has been trapped by special interest
groups (agriculture and environmentalists) who seek to avoid
learning, thus undermining the possibilities for enhancing
resilience. The Grand Canyon group, on the other hand, has
developed an ‘Adaptive Management Work Group’ which
uses planned management actions and subsequent monito-
ring data to test hypotheses, and build understanding of eco-
system dynamics. Such understanding is one necessary ingre-
dient of adaptive capacity.

Working with such ‘open institutions’is essential for dealing
with ambiguity of multiple objectives, uncertainty and the pos-
sibility of surprising outcomes (Shannon and Antypas 1997,
Kasperson and Kasperson 2001b). Such emergent governance
(Shannon, SUNY Buffalo Law School, pers.comm.) that creates
new institutional platforms for adaptive management is evol-
ving in many places. For example, adaptive co-management
systems, i.e. flexible community-based systems of resource
management tailored to specific situations and supported by
and working in collaboration with concerned governmental
agencies, educational institutions and where appropriate
NGOs, is part of the sub-global assessments of the Millennium
Ecosystem Assessment (www.millenniumassessment.org)
(Ayensu et al. 1999). Adaptive co-management draws on
accumulated social-ecological experience and is informed by
both practice and theory. It relies on the participation of a
diverse set of interest groups operating at different scales, from
local users, to municipalities, to regional and national organi-
zations, and occasionally also international networks and
bodies. Adaptive co-management takes place, for example, in
the context of the Biodiversity Register program in India (Gad-
gil et al. 2000) and through the involvement of several local
steward associations in the management of semi-urban and
urban landscapes in Sweden.

Diversity in functions and in response among local level
resource management systems, from the individual level to
organizational and institutional levels (Pinkerton 1998, Ols-
son and Folke 2001, Burger et al. 2001, Westley 2002, Folke et

al. 2002), enhances performance so long as there are over-
lapping units of government that can resolve conflicts,
aggregate knowledge across scale, and insure that when pro-
blems occur in smaller units, a larger unit can temporarily
step in (Low et al. 2002). Cash and Moser (2000) propose that
governance for linking global and local scales should utilize
boundary organizations, utilize scale-dependent compara-
tive advantages, and employ adaptive assessment and
management strategies. Such cross-scale governance should
focus on nurturing ecosystem states that generate essential
support to society.

Building adaptive capacity in linked social-ecological sys-
tems to respond to change now and in the future is a prere-
quisite for sustainability in a world of rapid transformations
(Gunderson and Holling 2002, Raskin et al. 2002). In addition
to scientific information, it requires the involvement of
resource users, decision-makers and other interest groups in
resource management (Ostrom et al. 1999, Berkes et al.
2002). Ecological knowledge and understanding of resource
and ecosystem dynamics among resource users and other
interest groups, its incorporation into resource-use practices
and institutions, its temporal and spatial transmission and
transformation, and its re-creation through cycles of crises
and re-organization needs to be nurtured to counteract the
creation of social-ecological vulnerability.
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Concluding Remarks and
Policy Implications

Humanity has powerful interactions with biogeochemi-
cal, hydrological and ecological processes, from local to glo-
bal scales. The complexity of social-ecological systems
makes it necessary to abandon the perception of a global
steady state. Instead, managing complex, coevolving social-
ecological systems for sustainability requires the ability to
cope with, adapt to and shape change without losing
options for future development. It requires resilience - the
capacity to buffer perturbations, self-organize, learn and
adapt. When massive transformation occurs, resilient sys-
tems contain the experience and the diversity of options
needed forrenewal and redevelopment. Sustainable systems
need to be resilient.

Management can diminish or build resilience. Rigid
control mechanisms that seek stability tend to erode resi-
lience and facilitate breakdown of socio-economic systems.
There are many examples where management has altered
slowly-changing ecological variables, such as soils or biodi-
versity, with disastrous social consequences that did not
appear until long after the ecosystems were first affected. An
extensive literature documents human-induced regime shifts
into less productive and less desirable ecosystem states,
which are difficult, expensive, or sometimes impossible to
reverse. Similarly, management can disrupt flexible social ins-
titutions and experience or remove mechanisms for creative,
adaptive response by people. Erosion of the sources of resi-
lience leads to fragile social-ecological systems, with conse-
quences for human livelihoods, vulnerability, security and
conflicts.

Although we may understand the mechanisms behind
shifts in ecosystems, it will be difficult to predict such shifts.
Measurements and predictions of ecological thresholds have
broad-tailed and changeable probability distributions. Often,
passive monitoring-and-control systems are unable to learn
as fast as the thresholds move. In such situations, prediction
and optimization have little use, and will have to be replaced

by risk spreading and insurance strategies to maintain
options and sustain social-ecological systems in the face of
surprise, unpredictability, and complexity.

Resilience-building management needs to be flexible and
open to learning. It attends to slowly-changing, fundamental
variables such as experience, memory, and diversity in both
social and ecological systems. The crucial slow variables that
determine the underlying dynamic properties of the system,
and that govern the supply of essential ecosystem services,
need to be identified and assessed. The processes and drivers
that determine the dynamics of this set of crucial variables
need to be identified and assessed. The role of biological
diversity in ecosystem functioning and response to change
should be explicitly accounted for in this context and ack-
nowledged in resilience building policies.

Two useful tools for resilience-building in complex, unpre-
dictable systems are structured scenarios and active adaptive
management. Structured scenarios attempt to envision alter-
native futures in ways that expose fundamental variables and
branch points that may be collectively manipulated to evoke
change. Active adaptive management seeks a set of structu-
red management experiments designed to reveal fundamen-
tal variables and system potential. These techniques should
be encouraged and expanded to help increase capacity to
build resilience. They require, and facilitate, a social context
with flexible and open institutions and multi-level gover-
nance systems that allow for learning and that build adaptive
capacity without constraining future development options.

Managing for social-ecological resilience requires unders-
tanding of ecosystem dynamics, incorporating also the
knowledge and wisdom of local users and interest groups.
Consequently, the spread of ecological illiteracy in contem-
porary society needs to be counteracted. Outdated percep-
tions of humanity as decoupled from, and in control of, the
processes of the biosphere will foster vulnerability and large-
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scale surprise and counteract sustainability. Instead, techno-
logical development and economic policies need to contri-
bute to building resilience, founded on a perception of coe-
volving social-ecological systems from local to global scales.

At least three general policy recommendations can be
drawn from the synthesis of resilience in the context of sustai-
nable development. The first level emphasizes the impor-
tance of policy that highlights interrelationships between the
biosphere and the prosperous development of society. The
second stresses the necessity of policy to create space for
flexible and innovative collaboration towards sustainability,
and the third suggests a few policy directions for how to ope-
rationalize sustainability in the context of social-ecological
resilience.

1. Although most people appreciate that development is
ultimately dependent on the processes of the biosphere, we
have tended to take the support capacity of ecosystems for
granted. Thisreportillustrates that erosion of nature’s support
capacity leads to vulnerability. Policy should strengthen the
perception of humanity and nature as interdependent and
interacting and stimulate development that enhances resi-
lience in social-ecological systems, recognizing the existence
of ecological threshold, uncertainty and surprise.

2.Policy should stimulate the creation of arenas for flexible
collaboration and management of social-ecological systems,
with open institutions that allow for learning and build adap-
tive capacity. Policy frameworks with clear directions for
action towards social-ecological resilience are required in this
context (the EU watershed management directive is one
example). They create action platforms for adaptive manage-
ment processes and flexible multi-level governance that can
learn, generate knowledge and cope with change. Such sys-
tems create a diversity of management options of signifi-
cance for responding to uncertainty and surprise.

3.Policy should stimulate the development of indicators of
gradual change and early warning signals of loss of ecologi-
cal resilience and possible threshold effects. Policy should
encourage monitoring of key ecosystem variables and aim to
manage diversity for insurance to cope with uncertainty.
Policy should stimulate ecosystem friendly technology and
the use of economic incentives to enhance resilience and

adaptive capacity. The development of monocultures should
be avoided. Policy should provide incentives that encourage
learning and build ecological knowledge into institutional
structures in multi-level governance. Policy should invite par-
ticipation by resources users and other interest groups and
their ecological knowledge. Structured scenarios and active
adaptive management processes should be implemented.

We have emphasized that managing for resilience
enhances the likelihood of sustaining development in chan-
ging environments where the future is unpredictable. More
resilient social-ecological systems are able to absorb larger
shocks without changing in fundamental ways. Resilience-
building policy attempts to increase the range of surprises with
which a socio-economic system can cope. It also conserves
and nurtures the diversity - of species, of human opportunity,
of learning institutions and of economic options - that is
necessary to renew, reorganize and adapt to unexpected and
transformative circumstances. The need to account for resi-
lience in a world of transformations is a perspective that
should become embedded in strategies and policy of the
World Summit on Sustainable Development and recognized
in the next phases for implementation of Agenda 21.
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Appendix

Key terms

RESILIENCE

Ecological resilience - The amount of change
a system can undergo and still remain within
the same state or domain of attraction, is
capable of self-organization, and can adapt to
changing conditions (Carpenter et al. 2001).
Holling (e.g. 1986, 1996) defined ecological
resilience as the magnitude of disturbance
that a system can experience before it moves
into a different state (stability domain) with
different controls on structure and function,
and distinguished it from engineering resi-
lience (see below). More recent work empha-
size the possibility of a system to adapt to
change as a major component of ecological
resilience, in addition to recovery or reorgani-
zation after disturbances (Carpenter et al.
2001, Gunderson and Holling 2002).

Engineering resilience - A measure of the rate
at which a system approaches steady state fol-
lowing a perturbation (e.g. deAngelis 1992),
also measured as the inverse of return time.
Holling (e.g. 1986, 1996) pointed out that
engineering resilience is a less appropriate
measure in ecosystems and other systems that
often have multiple stable states.

Social resilience - The ability of human com-
munities to withstand external shocks or per-
turbations to their infrastructure, such as envi-
ronmental variability or socal, economic or
political upheaval, and to recover from such
perturbations (Adger 2000).

OTHER TERMS

Ecological memory - The network of species,
their interactions between each other and the
environment, and the structures that make
reorganization after disturbance possible. Its
composition is determined by the past ecolo-

gical and evolutionary history of the system.
The ecological memory can be divided into
the internal memory present within the distur-
bed area (also termed 'biological legacies'),
and the external memory that provides source
areas and propagules for colonization from
outside the disturbed area (Bengtsson et al.
2002).

Social memory - The accumulation of expe-
riences concerning management practices
and rules-in-use that ensure the capacity of
social systems to monitor change and to build
institutions (formal and informal norms and
rules) that enable appropriate responses to
signals from the environment (Mclntosh

2000).

Ecosystem functioning - A summary term for
system level processes that are carried out in
or by ecosystems. Some examples are primary
production, nutrient cycling, hydrological
regulation, nitrogen fixation, filtration, pedo-
genesis, maintenance of biodiversity, commu-
nity (population) regulation, erosion control.

Functional groups - Groups of species that
have similar traits or a similar function in eco-
systems. Examples of functional groups
among plants are nitrogen fixers and plants
that draw water from deep in the soil. Other
examples are decomposer organisms, myco-
rhizal fungi, and predators on pest insects.

Reorganization - re-structuring the biological
and social composition of a system and re-
establishing the functioning of the system fol-
lowing disturbance.

Vulnerability - The propensity of social or eco-
logical systems to suffer harm from external
stresses and perturbations. Involves the com-
bination of sensitivity to exposures and adap-
tive measures to anticipate and reduce future
harm (Kasperson et al. 1995).
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