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Abstract

Enhancing the resilience of ecosystem services (ES) that underpin human well-being is critical
for meeting current and future societal needs, and requires specific governance and manage-
ment policies. Using the literature, we identify seven generic policy-relevant principles for
enhancing the resilience of desired ES in the face of disturbance and ongoing change in social-
ecological systems (SES). These principles are (P1) maintain diversity and redundancy, (P2)
manage connectivity, (P3) manage slow variables and feedbacks, (P4) foster an understanding
of SES as complex adaptive systems (CAS), (P5) encourage learning and experimentation,
(P6) broaden participation, and (P7) promote polycentric governance systems. We briefly de-
fine each principle, review how and when it enhances the resilience of ES, and conclude with
major research gaps. In practice, the principles often co-occur and are highly interdependent.
Key future needs are to better understand these interdependencies and to operationalize and
apply the principles in different policy and management contexts.
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INTRODUCTION

A major challenge of the twenty-first century is
ensuring an adequate and reliable flow of essen-
tial ecosystem services (ES) to meet the needs
of a burgeoning world population. All social-
ecological systems (SES) produce a “bundle”
of ES, including provisioning (e.g., freshwa-
ter, crops, meat), regulating (e.g., flood and
climate regulation), and cultural services (e.g.,
recreation, spiritual values) (1). Extensive and

ES: ecosystem
service(s)

SES: social-ecological
system(s)

Resilience: the
capacity of an SES to
sustain a desired set of
ES in the face of
disturbance and
ongoing evolution and
change

rapid global changes, including urbanization,
growing human populations, rising consump-
tion, and increased global connections, have led
to a large and growing demand for provision-
ing services. Meeting these needs has resulted
in large-scale conversion of natural ecosystems
to cropland, which has eroded the capacity of
ecosystems to produce other ES essential to
human health and security—especially regulat-
ing services (2, 3). Furthermore, extensive an-
thropogenic changes to the world’s ecosystems
are increasing the likelihood of large, nonlin-
ear, and potentially irreversible changes, such
as coral reef degradation (4). Such events of-
ten have substantial and sometimes catastrophic
impacts on ES and human well-being (1, 5).

Enhancing the resilience of ES that un-
derpin human social and economic well-being
is therefore of substantial policy interest.
Any consideration of policies for enhancing
resilience requires a clear specification of
“resilience of what to what”—what is desired
to be resilient and to what (6). In this review,
we focus on the resilience of ES, defined as
the capacity of the SES to sustain a desired set
of ES in the face of disturbance and ongoing
changes in SES. Because different sectors of
society often value, need, and demand different
ES (7), decisions about which ES to sustain are
inherently political. Every SES produces a vari-
ety of interacting ES at multiple scales, and it is
not possible to increase the resilience of all ES
simultaneously (1, 2). Although there are syner-
gies among some services, important trade-offs
exist between ES at a particular scale, as well
as between ES at different scales. For instance,
timber harvesting and use at a local scale affects
carbon storage globally (3). To further compli-
cate matters, the desired mix of ES will evolve
with changing societal values and preferences
(8), and the resilience of ES is only one among
many desired outcomes of SES (e.g., human
rights, democracy). The inevitable trade-offs
between disparate, changing societal goals re-
quire resolution of collective action dilemmas
and intergroup conflicts, a process that comes
replete with power inequalities, asymmetric re-
source bases, and unequal outcomes (7). While
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Slow variable:
a variable whose rate
of change is slow in
relation to the
timescales of ES
provision and
management, and is
therefore often
considered constant

Feedback:
a mechanism, process,
or signal that loops
back to influence the
SES component
emitting the signal or
initiating the
mechanism or process

we fully acknowledge the complex social, insti-
tutional, and political aspects of such decision-
making processes, we do not address them
here. Instead, we assume that some desired mix
of ES has been legitimately agreed upon and
focus on how the resilience of these ES may be
enhanced, while allowing for the possibility of
changes in the preferred mix of ES over time.

A growing number of studies provide insight
into how the resilience of SES and the ES they
produce may be enhanced (9–11). Although
several studies have proposed general “rules of
thumb” for enhancing resilience (12–14), there
does not yet exist a definitive set of resilience-
enhancing principles or a synthetic understand-
ing of where and when they apply. On the basis
of the literature, a “mock court workshop” at
which proposed principles were debated, and a
modified Delphi survey of leading experts in the
field (Supplemental Material), we identified
seven generic principles for enhancing the re-
silience of ES. (For all Supplemental Material

Figure 1
The seven principles reviewed in this paper, grouped into those that relate to
generic social-ecological system (SES) properties to be managed and those that
relate to key properties of SES governance. Abbreviation: CAS, complex
adaptive systems.

follow the link on the Annual Reviews home
page at http://www.annualreviews.org.)
These principles include (P1) maintain diver-
sity and redundancy, (P2) manage connectivity,
(P3) manage slow variables and feedbacks,
(P4) foster an understanding of SES as com-
plex adaptive systems (CAS), (P5) encourage
learning and experimentation, (P6) broaden
participation, and (P7) promote polycentric
governance systems. In this review, we group
these principles into those that focus on generic
SES properties and processes (P1–3) and those
that focus on the way SES are governed (P4–7)
(Figure 1). This follows the distinction made
by Jentoft et al. (15) between the system
to be governed and the governance system.
We also distinguish between governance and
management, where governance is taken to
be the social and political process of defining
goals for the management of SES and resolving
trade-offs, and management is defined as
the actions taken to achieve these goals and
includes monitoring and implementation (16).
This is not a definitive set of principles, but our
hope is that this review will stimulate further
discussion and refinement of a useful set of
principles for enhancing resilience of ES.

This article reviews the evidence in support
of each of the seven principles. Although most
of the principles are also important for the
actual production of ES, we focus exclusively
on how they affect the resilience of ES, i.e., not
the quantity of ES produced, but the ability
to sustain production of ES in the face of
unexpected shocks and disturbances as well as
during slower ongoing change. We assume that
ES are typically coproduced by the interaction
of social and ecological factors (8, 17), so that,
for instance, cereal crops are produced by the
interplay of ecological factors (e.g., fertile soil,
rainfall) with social factors (e.g., demand for
crops, agricultural technology, market access).
We further assume that SES are CAS, charac-
terized by emergent and nonlinear behavior,
the capacity to self-organize and adapt on the
basis of past experience, and substantial uncer-
tainties; all of these have marked consequences
for ES governance and management (18, 19).

424 Biggs et al.

Supplemental Material

A
nn

u.
 R

ev
. E

nv
ir

on
. R

es
ou

rc
. 2

01
2.

37
:4

21
-4

48
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.a
nn

ua
lr

ev
ie

w
s.

or
g

by
 S

w
ed

is
h 

U
ni

ve
rs

ity
 o

f 
A

gr
ic

ul
tu

ra
l S

ci
en

ce
s 

on
 1

0/
04

/1
3.

 F
or

 p
er

so
na

l u
se

 o
nl

y.

http://www.annualreviews.org
http://www.annualreviews.org/doi/suppl/10.1146/annurev-environ-051211-123836


EG37CH16-Biggs ARI 22 September 2012 12:18

For each principle, we give a brief definition,
review the state of knowledge about the
underlying mechanism by which the principle
enhances resilience of ES and the conditions
under which resilience may be compromised,
and conclude with a summary of major re-
search gaps. Although we have attempted to
separate individual principles for the sake of
analysis and presentation, they are in practice
highly interconnected and interdependent.
We discuss some of these connections and
synergies in the concluding section.

PRINCIPLE 1: MAINTAIN
DIVERSITY AND REDUNDANCY

Diversity does not simply refer to variety, but
includes three interrelated and distinct compo-
nents: variety (how many different elements),
balance (how many of each element), and dis-
parity (how different the elements are from one
another) (20). In an SES context, important
system elements that may exhibit diversity in-
clude genes, species, landscape patches, cultural
groups, livelihood strategies, and governance
institutions. Diversity in SES therefore encom-
passes biodiversity, spatial heterogeneity, liveli-
hood strategies, and institutional diversity. Re-
dundancy is closely related to diversity and is
a system property that describes the replica-
tion of particular elements or pathways in a sys-
tem (21). Redundancy is essentially the oppo-
site of disparity and provides “insurance” for ES
provision by allowing some system elements to
compensate for the loss or failure of others.

How Do Diversity and
Redundancy Enhance the Resilience
of Ecosystem Services?

There is wide consensus from a variety of
disciplines that diversity and redundancy
are important for resilience because they
provide options for responding to change and
disturbance (11, 20, 22–24). The diversity
of system elements, such as multiple species,
management approaches, and institutions,
provides the basis for innovation, learning, and

Complex adaptive
system(s) (CAS):
a system of
interconnected
components
characterized by
emergent behavior,
self-organization,
adaptation, and
substantial
uncertainties about
system behavior

Response diversity:
the variety of ways in
which different species
or SES elements
respond to a
disturbance

Functional
redundancy: the
presence of species or
SES elements that can
compensate for each
other

adaptation to slower, ongoing change (see P5).
In terms of resilience of ES to disturbances,
response diversity and functional redundancy
are particularly important. Response diversity
refers to the variety of ways in which different
species, actors, or SES elements respond to
a disturbance, such as a fire or drought (25),
whereas functional redundancy refers to the
capacity of functionally similar elements to
partly or fully substitute for each other (21).

Response diversity and functional redun-
dancy work in combination to enhance the
resilience of ES (26, 27). Most ES are produced
by multiple species or SES elements, which
respond differently to disturbances owing to
differences in their physical traits, the timing
of their contribution to ES, or the spatial scale
at which they operate. This variety usually
allows at least some of the elements to persist
through particular disturbances and continue
delivering ES (25). For example, seed dispersal
in Ugandan forests is performed by mammals
ranging in size from mice to chimpanzees. Al-
though small mammals are negatively affected
by localized disturbances, larger, more mobile
species are not and can therefore maintain
the seed-dispersal function (28). In traditional
agroforestry systems, diverse tree and crop
species with varying requirements for light
and nutrients are planted so that harvests are
discontinuous in time and failure of any one
crop, owing to disease or drought, will not have
catastrophic impacts on food provision (29).
In governance contexts, a variety of organi-
zational forms (e.g., government department,
nongovernmental organization, community
organization) with overlapping domains of
authority provide for a diversity of responses
and thereby facilitate the maintenance of ES
in the face of economic or political upheaval
(P7) (23).

Functional redundancy and response diver-
sity are also important in enabling adaptation
to slower, ongoing change. For example,
grassland plant communities can maintain
a relatively consistent production of fodder
biomass over long periods despite changes
in environmental conditions and species
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abundances because species more suited to
the new environmental conditions are able to
compensate for the decline of less well-suited
species (30). Similarly, investment in diverse
ES-based activities (e.g., fishing, ecotourism)
can enhance the resilience of associated liveli-
hoods as it enables people to rebalance their
activities when market or environmental con-
ditions change (24). For example, a substantial
number of farmers in the drier parts of South
Africa and Namibia have shifted from cattle
ranching to wildlife-based ecotourism in re-
sponse to changed markets and ES preferences
for cultural over provisioning ES (31).

Diversity among elements contributing
to a particular ES can modify the effects of
disturbance itself. For example, riparian vege-
tation consisting of a range of different height
classes provides more resistance to floodwater,
thereby decreasing the impact of flooding and
maintaining the ES provided by the riparian
ecosystem (32). Similarly, landscape diversity
influences the spread and impact of distur-
bances through impacts on connectivity (P2).
In social systems, the diversity of values and
perspectives in society can guard against fads
(33) that may substantially impact ES, such as
a predilection for hat feathers or pet birds.

At the landscape level, spatial heterogeneity
helps ensure that some landscape patches
remain undisturbed and provide refuges for
the maintenance of particular ES. For instance,
sacred sites, such as pools, forests, or reserve
grazing areas, often function as remnant sources
of critical ES, such as water and fodder, during
severe droughts or after wildfires (34). Remnant
patches of vegetation are also important sources
of propagules for recolonization of bare areas
after disturbances, such as volcanic eruptions
or extreme floods, provided there is sufficient
connectivity to disturbed patches (P2) (35).

Furthermore, engaging user groups with di-
verse perspectives can improve the understand-
ing of SES dynamics (36, 37) and can enhance
resilience of ES under certain conditions (P6).
Likewise, diverse management approaches can
support learning and understanding of the best
ways to manage SES to ensure the sustained

provision of ES and to facilitate adaptation to
changes in ES over time (P5) (38).

Under What Conditions May
Resilience Be Compromised?

Resilience of ES is maintained by a combination
of diversity and redundancy, and low levels of
either can lead to brittleness of the SES and
compromise resilience. Both diversity and re-
dundancy tend to increase with the number of
species or elements in a SES and therefore tend
to be correlated (39). However, in some cases,
highly diverse systems may have low redun-
dancy with only a few species or elements able
to produce a particular ES. Loss of these “key-
stone species” or “key actors” typically leads to
loss of many other entities because the remain-
ing species or actors are unable to compensate
effectively (40, 41). For example, one keystone
species in riparian ecosystems in North Amer-
ica is beaver. Extensive trapping of beaver in
the 1500s to 1800s led to widespread reduc-
tion in wetland habitat and associated ES (42).
In other cases, high redundancy may occur in
combination with low diversity. In such cases,
many elements contribute to particular ES, but
all elements are very similar either by design (if
they are human institutions or activities) or due
to environmental or historical constraints. As
long as disturbances remain within the natural
range of variation experienced by the system,
provision of ES is expected to be resilient, but
the system is likely to be vulnerable to new types
of disturbances (43).

By contrast, very high levels of diversity and
redundancy can undermine ES productivity and
resilience in the longer term (Figure 2). Both
diversity and redundancy are costly in the sense
that they reduce system efficiency and increase
the possibility for system stagnation (44, 45).
For example, high redundancy in management
organizations tends to increase the administra-
tive costs of managing ES, interdepartmental
power struggles, and contradictory regula-
tion, which can compromise the resilience
of ES (46). More generally, as the number
of system elements (and hence diversity and
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redundancy) increases, the number of possible
interactions between entities tends to increase
exponentially, as does the possibility of non-
linear system dynamics (47). This increased
complexity may hinder the establishment of
efficient, directional pathways for the pro-
cessing of matter, energy, or information, and
lead to an inability of the SES to adapt in the
face of change and disturbance (44, 45). For
instance, the diversity of interests, preferences,
expected climate change impacts, and response
capacity among nations has been an important
contributing factor in the stalemate surround-
ing climate negotiations (48). Maintaining
the resilience of ES therefore requires levels
of diversity and redundancy that balance the
danger of system brittleness (associated with
low levels of diversity or redundancy) against
that of system stagnation (associated with high
levels of diversity and redundancy).

Conclusion and Research Needs

Diversity and redundancy provide options for
responding to change and disturbance; these
options can increase both the reliability of ES
and the potential for learning and innovation.
Theoretical and empirical research suggests
that it is particularly response diversity in com-
bination with functional redundancy that is
important for maintaining ES in the face of dis-
turbance. However, both diversity and redun-
dancy are costly in terms of increasing system
complexity and inefficiency, and too much of
either tends to reduce the capacity for adapta-
tion to slower ongoing change. Enhancing the
resilience of ES by investing in diversity and re-
dundancy therefore requires finding an appro-
priate balance between brittleness/efficiency
and stagnation/inefficiency associated with low
and high levels of diversity and redundancy.

The relationships between, and trade-offs
among, diversity, redundancy, and resilience,
and how these vary with context and scale, are
important areas for future research. Although
much research has been carried out on ecolog-
ical diversity and redundancy, the impacts of
social and economic diversity and redundancy

Social-ecological 
diversity or redundancy

Re
si

lie
nc

e 
of

 E
S

Stagna�onBri�leness

Figure 2
Maintaining ecosystem service (ES) production in the face of disturbance and
change over the long term requires managing diversity and redundancy in a
way that balances the risk of system brittleness against system stagnation. Low
levels of diversity or redundancy create greater efficiencies but limit options for
adapting to change. In contrast, high levels of diversity can be too complex to
manage, reducing the nimbleness of the system to adapt to change. The exact
form of this curve is unknown. Modified from Lietaer et al. (44).

Connectivity: the
way and degree to
which resources,
species, or social actors
disperse, migrate, or
interact across
ecological and social
landscapes

on the resilience of ES are less well understood.
Understanding the relationships between di-
versity, redundancy, and resilience requires the
development of practical methods for measur-
ing diversity and redundancy and for identi-
fying critical processes or keystone entities in
different SES. Identifying and managing these
vulnerable points may be the most effective way
to maintain the resilience of ES.

PRINCIPLE 2: MANAGE
CONNECTIVITY

Connectivity is defined as the manner by
which and extent to which resources, species,
or social actors disperse, migrate, or interact
across ecological and social “landscapes” (49).
Landscapes may consist of components, such
as patches, habitats, or social groupings. These
components are referred to as nodes and the
connections between them as links. Examples
of links are species interactions, corridors
across habitats, or communication channels
between human communities. The effect of
connectivity on resilience of ES depends on
the structure and strength of linkages between
nodes. Structure refers to the presence or
absence of links between components and how
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links are distributed within an SES. Strength
refers to the intensity with which components
are connected, determined by factors such as
corridor quality among habitats, preferences of
a predator for specific prey, or the frequency
of interactions between social actors.

How Does Connectivity Enhance the
Resilience of Ecosystem Services?

Connectivity in SES facilitates the exchange
of material or information necessary for the
functioning of ecological and social processes,
and hence often directly affects the production
of ES. Connectivity also affects the resilience of
ES because it affects the spread of disturbances
and facilitates recovery after a disturbance (50).
In social systems, connectivity may affect the
governance of ES, for example, by influencing
the flow of information between actors (51, 52).

Connectivity is particularly important in
enabling recovery of disturbed SES compo-
nents. For instance, coral reef recolonization
following disturbance is related to the degree
of connectivity between remnant patches
(53). Similarly, in a disturbance experiment
of macrobenthic communities, it was found
that recovery was largely determined by the
degree of connectivity across metacommunities
(54). The importance of connectivity to the
resilience of SES and the ES they produce
underlies many conservation initiatives, such as
the design of networks of protected areas, e.g.,
the Great Barrier Reef Marine Protected Area
network (55). Maintaining connections to areas
that serve as refuges can accelerate the restora-
tion of disturbed areas and associated ES (50).

Connectivity between habitats enhances
population viability, especially for large mam-
mals and the ES that depend on those species
(56). Reduced connectivity as a result of infra-
structure, including roads and dams, has a
strong effect on the viability of species’ pop-
ulations (57). The Yellowstone to Yukon is
one example of a regional conservation plan-
ning initiative that focuses on connecting large
habitat patches by establishing or maintain-
ing corridors to reduce the effects of reduced
genetic diversity in isolated large-carnivore

populations (58). Managers can mimic connec-
tivity in fragmented landscapes through addi-
tions of species or individuals to enhance a
subpopulation. More generally, network theory
suggests that conserving keystone patches in the
landscape, creating new patches in the vicinity
of vulnerable ones, and managing highly con-
nected patches can contribute to sustained and
resilient provision of ES (59).

In social systems, it has been argued that
connectivity in social networks can facilitate
resilience of ES through enhanced governance
opportunities. High levels of connectivity
between different social groups increases
information sharing and develops the trust and
reciprocity necessary for collective action (P6)
(52). Certain actors also serve as connectors to
other landscapes, bringing outside perspectives
and new ideas to local issues (P5) (51).

Network theory suggests that it is not only
the presence of links and their strength that de-
termine the resilience of ES to disturbances,
but also that differences in system structure—
specifically modularity and nestedness—are im-
portant (60, 61). Modularity refers to the extent
to which there are subsets of densely connected
nodes that are loosely connected to other sub-
sets of nodes. Nestedness is the degree to which
specialist nodes (nodes with few links) interact
with subsets of generalist nodes (nodes with a
lot of links). Modular ecosystems, e.g., lakes, are
functionally independent locally and can pre-
vent disturbances from spreading across space
or cascading across scales (62). More generally,
increased spatial heterogeneity in landscapes or
between actor groups is associated with greater
diversity in connections between nodes as well
as with increased modularity and nestedness
(51, 63). Although disturbances may still cause
severe impacts in a particular node, they are
less likely to spread widely in such systems
(60).

Under What Conditions May
Resilience Be Compromised?

Even though connectivity facilitates recovery
following a disturbance, strongly connected
systems may be less resilient to disturbances.
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Modeling results show that, in highly con-
nected systems, disturbances can propagate
rapidly, leading to widespread impacts on SES
and associated ES (60, 63). Pest outbreaks, dis-
ease epidemics, invasion of alien species, and
even financial crises, such as the global spread
of the 2008 recession triggered by the collapse
of the US housing market, confirm the high
risk of propagation of disturbances in strongly
connected systems (64, 65). High levels of con-
nectivity among actors can lead to synchronized
behavior and unsustainable resource extraction
or to strong barriers for changing unsustainable
practices (49). For example, in dense social net-
works, information about a change in market
price for timber can spread quickly and result in
deforestation as multiple actors take advantage
of market conditions (66). This risk is lower in
less-connected systems, especially when these
systems are heterogeneous (63).

In highly modular or nested systems,
resilience may be jeopardized if some com-
ponents become overly important compared
to others (41, 67). Removal of important
components, such as keystone species or highly
connected patches, may trigger cascading
waves of extinctions (P1). For example, models
of Madagascar’s dry-forest dynamics suggest
that rapid declines in pollination services could
occur if small forest patches are removed from
the landscape, owing to their impacts on the
spatial configuration of the remaining forest
area (68). In social networks, actors tend to
have strong ties to other actors with similar
characteristics (69). These ties can lead to
modular systems with high connectivity be-
tween resource users with similar perspectives
and knowledge, i.e., the “who you know is what
you know” phenomenon (51). If subgroups
that actively use certain ES are not engaged in
management of those ES, critical knowledge
of systems’ functioning and monitoring can be
missed (P5) (70), and there may be a reduced
potential for collective action (P6).

Conclusion and Research Needs

High levels of connectivity can facilitate
ecological recovery after a disturbance and

the development of the trust necessary for
collective action in social systems. However,
highly connected systems increase the poten-
tial for disturbances to spread and enhance
the risk of homogenization of knowledge,
which can lead to suboptimal management.
Consequently, there is a trade-off in costs and
benefits with increasing levels of connectivity,
so that the resilience of ES appears to be
highest in moderately connected systems,
especially when heterogeneity is high.

Much remains to be understood regarding
the practical applications of managing connec-
tivity to enhance resilience of ES. Although
there is a substantial body of theoretical
work that evaluates how connectivity affects
resilience under different conditions, few
empirical studies explicitly test the relationship
between connectivity and resilience of ES.
One major difficulty lies in identifying and
measuring connectivity. This is due to the
large number of currencies for quantifying
connectivity in SES (e.g., flow of energy,
resources, information, interaction strengths,
species movements), difficulties in defining the
boundaries and agents in network represen-
tations of SES, and the dearth of longitudinal
data illustrating social network dynamics. This
problem is aggravated by the fact that connec-
tivity is not a constant property: The strength
and structure of links may vary over time. An-
other major need is to better understand which
dimensions of connectivity can most effectively
be manipulated to enhance the resilience of ES.

PRINCIPLE 3: MANAGE SLOW
VARIABLES AND FEEDBACKS

SES consist of variables that change and interact
on a range of timescales (10, 71). Slow variables
determine the underlying structure of SES,
whereas the dynamics of the system typically
arise from interactions and feedbacks between
fast variables that respond to the conditions
created by the slow variables. In relation to ES,
such as crop production and drinking water
(which represent fast variables), slow variables
include, for example, soil composition and
phosphorous concentrations in lake sediments
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(62). Slow ecological variables are often linked
to regulating ES, e.g., climate regulation, flood
regulation, and disease control (72). Social
variables, including legal systems, values, and
traditions, can also be important slow variables
in relation to provisioning and cultural ES (73).

Feedbacks occur when a change in a
particular variable, process or signal either
reinforces (positive feedback) or dampens
(negative feedback) subsequent changes of the
same type. For example, introduced grasses in
Hawaii promote fire, which further benefits
the grasses at the expense of native shrub
species, creating a self-reinforcing dynamic
that is very difficult to break (74). The classic
concept of economic equilibrium is based on
negative feedback: Any increase in production
drives down prices, which will, in turn, reduce
production if it is above the optimal level of
profitability (75). Monitoring is a specific form
of feedback, in which information about the
state or responses of the SES feeds back to
actors so that they can change the way they
utilize, affect, or manage a SES.

How Do Slow Variables and
Feedbacks Enhance the Resilience
of Ecosystem Services?

Changes in slow variables and feedbacks can
lead to nonlinear changes or regime shifts in
SES if certain thresholds are exceeded, with
substantial impacts on the set of ES produced
by the SES. Regime shifts are large, persistent,
and often abrupt changes in the structure and
dynamics of SES that occur when there is a
reorganization of the dominant feedbacks in a
system and are a common feature in CAS (76).
An iconic example occurs in lakes, which can
shift from a clear to a turbid water regime with
marked impacts on ES, such as drinking water
and water-based recreation (62). Regime shifts
usually result from a combination of a shock
(e.g., large rainstorm) and gradual changes in
slow variables (e.g., nutrient accumulation) that
erode the strength of the dominant feedbacks.
When a critical threshold is crossed, a differ-
ent set of feedbacks becomes dominant, and the

system reorganizes, often abruptly, into a new
regime with a different characteristic structure,
behavior, and set of ES.

Strengthening the stabilizing feedbacks in
a system can help maintain a particular SES
regime and associated ES in the face of external
stresses, e.g., climate change (77). For example,
coral reefs can shift between regimes dominated
by hard corals that provide ES (e.g., fisheries
and ecotourism) and regimes dominated by sea-
weed. The resilience of the hard-coral regime
can be enhanced by promoting the abundance
of herbivores (e.g., parrot fish that graze on sea-
weed), as it reduces the possibility for seaweed
to become established in the face of shocks such
as coral-bleaching events (53). Feedbacks in the
governance system can also be strengthened to
enhance the resilience of hard corals by, for in-
stance, creating governance structures that sup-
port the empowerment of reef users and provide
incentives to prevent overfishing (78).

In other cases, it may be necessary to dis-
rupt or weaken the feedbacks that keep an SES
in a resilient but undesired regime. This can be
particularly important in ecosystem restoration
projects and to facilitate transformation of an
SES into a new regime that produces a more
desirable set of ES (79, 80). For example, fire
suppression may lead to invasion of grasslands
by trees, but restoring grasslands and associated
grazing ES cannot be achieved simply by rein-
troducing fire (81). This is because once trees
reach a certain critical size, they are not killed
by fire and inhibit fires from burning. Grass-
land restoration often requires the physical re-
moval of the trees to give grasses the oppor-
tunity to re-establish and enable fires to burn.
Provided fires then occur frequently enough,
the grassland will be maintained by fire because
the fires kill small trees. Social feedbacks can
similarly keep a system locked in an undesirable
regime and require weakening to enable trans-
formation. For example, in the Amudarya River
basin in Central Asia, reinforcing feedbacks in
the agricultural system, vested interests, and a
patronage system keep the system locked in an
unsustainable water management regime that
cannot meet the needs of the region (82).
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It has been proposed that critical thresholds
in slow variables can be avoided by conserv-
ing regulating ES (83, 84). A decline in reg-
ulating services, such as erosion control and
nutrient cycling, for example, contributed to
desertification-related regime shifts during the
Dust Bowl years in the United States, and
during the 1980s and 1990s in the Sahel (1).
Similarly, modifications to the water cycle
through agriculture can lead to changes in
the timing and flows of water, contributing to
regime shifts in downstream water bodies, soil
moisture regimes, and microclimates, as well as
potentially reducing the long-term capacity of
agricultural systems to produce food in some
parts of the world (83).

Under What Conditions May
Resilience Be Compromised?

The absence of monitoring information on
changes in slow variables and feedbacks is of-
ten an important contributor to environmental
degradation and loss of resilience (P5). For ex-
ample, in the Goulburn Broken catchment in
southeast Australia, the slow rise in groundwa-
ter tables resulting from vegetation clearing re-
mained unknown until water tables rose above a
critical threshold that led to soil salinization and
significantly impacted agricultural production
(85). Slow variables are often ignored in moni-
toring and management as attention tends to fo-
cus on fast variables that show more variability
and response over short timescales and that are
often easier to observe. Opportunities to learn
about changes in slow variables and feedbacks
are also hampered, in part, because it is difficult
to detect or predict regime shifts (62). However,
emerging work on early warning indicators of
regime shifts based on changes in the statistical
behavior (e.g., rising variance, autocorrelation)
of a system as it approaches a critical threshold
provides some promise of improved monitoring
possibilities in the future (86).

Monitoring information alone is, however,
insufficient to avoid loss of resilience of ES.
Even where slow variables are acknowledged
and monitored, appropriate action may not

occur for a variety of reasons. For instance, al-
though several key slow variables and feedbacks
are known with respect to climate change,
vested and competing interests, and lack of
agreement on the appropriate responses, have
hampered the implementation of a coordinated
international response (48). Establishing gov-
ernance structures that can effectively respond
to information about changes in slow variables
is therefore equally critical to preventing
regime shifts that undermine the provision of
desired ES.

Management interventions that obscure, re-
move, or ignore stabilizing feedbacks that un-
derlie the provision of desired ES can erode the
resilience of ES. For example, it has been argued
that the 2005 flood in New Orleans was partially
caused by human-engineered modifications to
the delta system that did not permit natural sed-
iment and flood dynamics to absorb changes
in water flows (87). In other cases, policies or
markets can send signals to resource users and
change feedbacks; for example, spikes in com-
modity prices can lead to overexploitation of
agricultural ecosystems (88). In such cases, in-
troducing appropriate rules or incentives can
create feedbacks that dampen the effect of such
disturbances.

Conclusion and Research Needs

The theoretical basis for the importance of
managing slow variables and feedbacks to main-
tain SES regimes that produce desired bundles
of ES is widely acknowledged in the resilience
literature. However, practical experience with
identifying and managing key slow variables
and feedbacks to avoid regime shifts, particu-
larly beyond the handful of well-documented
shifts, such as lake eutrophication, is currently
limited. Maintaining regulating ES as a proxy
for managing slow variables might be a practical
way forward.

Critical research gaps relate to better
understanding what regime shifts may occur
in different SES and their impacts on ES.
Identifying the key slow variables, feedbacks,
and thresholds that trigger different regime
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shifts and understanding possible cascading
effects between different regime shifts are
also key gaps. An important emerging area of
research involves improved statistical detec-
tion of regime shifts in situations where the
dynamics of the feedbacks and slow variables
underlying the shifts are poorly understood.
Finally, more research is needed on how to
manage feedbacks to avoid regime shifts in
practical SES management settings.

PRINCIPLE 4: FOSTER AN
UNDERSTANDING OF
SOCIAL-ECOLOGICAL SYSTEMS
AS COMPLEX ADAPTIVE
SYSTEMS

This principle refers to an understanding and
appreciation among scientists and managers of
the properties of CAS and their implications
for the management of SES. Key properties
include the possibility of emergent macroscale
SES behavior that cannot be predicted from
individual system components, the fact that
SES are continually evolving and adapting
in response to internal system feedbacks, and
an acknowledgment of the pervasiveness of
uncertainty in SES (19, 89). Understanding
SES as CAS constitutes a particular mental
model, or cognitive framework, used to inter-
pret and understand the world and decide on
appropriate actions (90).

How Does Understanding
Social-Ecological Systems as Complex
Adaptive Systems Enhance Resilience
of Ecosystem Services?

Fostering an understanding of SES as CAS
among actors involved in SES management is
thought to enhance the resilience of ES by em-
phasizing holistic (rather than reductionist) ap-
proaches, the management of multiple ES and
trade-offs in an integrated way, and the impor-
tance of slow variables, lags, and feedbacks in
SES dynamics (P3) (16, 91). A CAS worldview
also emphasizes the substantial uncertainties

surrounding SES and therefore the need to con-
tinually learn and experiment (P5) and adap-
tively manage uncertainty, disturbance, and
surprise rather than attempt to eliminate it (11,
71). Understanding SES as CAS therefore does
not directly influence the resilience of ES but
affects the choice of management approaches.

Evidence for the importance of understand-
ing SES as CAS is suggested primarily by the
consequences of a lack of such understanding.
Holling & Meffe (91) cite abundant empirical
evidence of conventional resource management
practices that optimize provision of a narrow
set of ES on the basis of linear, reductionist
mental models of ecosystems, which inadver-
tently undermine the ability of these systems
to continue producing ES in the face of dis-
turbance and change. Specific examples include
the Gariep basin in South Africa (92), the West-
ern Australia wheat belt (88), the Everglades
and the Goulburn Broken catchment (12). Sim-
ilarly, widespread mismanagement of fisheries
(93) and forests (94) is partly attributed to forms
of management based on technical, reduction-
ist, and one-size-fits-all approaches.

Examples of transformations in ecosystem
management suggest that changes in underly-
ing mental models that acknowledge the char-
acteristics of SES as CAS can lead to improve-
ments in the resilience of ES. One example
is the large-scale rezoning of Australia’s Great
Barrier Reef, driven by increased recognition
of the importance of connectivity, nonlinear
change, and multiscale interactions in coral reef
systems (95). The aim of the rezoning was to en-
hance the resilience of ecosystem functions to a
range of perturbations including coral bleach-
ing and cyclones. Recent monitoring indicates
that the approach has improved the reef ’s abil-
ity to provide a diversity of ES (55). In South
Africa’s Kruger National Park, increased em-
phasis on the value of variation in maintain-
ing biodiversity has led managers to move away
from objectives that aim to keep ecosystem
conditions, such as elephant populations and
fire frequencies, fixed at optimal levels. Instead,
elephant numbers and fires are now allowed
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to fluctuate between specified boundaries (96).
This shift has reduced the human investment
needed to manage ecosystems and has increased
the variety of ecosystem and habitat types, as
well as the opportunities for specialist species
that support particular ES.

Understanding SES as CAS can be facili-
tated by a number of analytical frameworks and
tools. These include the Millennium Ecosys-
tem Assessment conceptual framework (1) and
the adaptive cycle (71). Methodologies such as
scenario planning (a structured process of ex-
ploring and evaluating future complexity and
uncertainty) have proven particularly powerful
and have been used successfully in a wide range
of SES settings, including tropical forest com-
munities, lakeshore management in the United
States, and political change in South Africa
(97, 98).

Under What Conditions May
Resilience Be Compromised?

Presenting the concept of complexity in ways
that do not create a sense of bewilderment re-
mains a key challenge in practical ecosystem
management settings. Complexity can be un-
derstood in a number of ways, some of which
do not reflect an appreciation of the fundamen-
tal properties of CAS. For example, complex-
ity is sometimes taken to mean all dimensions
of a system that are not yet understood (89).
Viewing complexity simply as the unknown
tends to overwhelm managers and lead to grid-
lock and stagnation. When combined with
more traditional views about the need for re-
ducing uncertainty before taking action, such
interpretations may lead managers to invest
heavily in monitoring and data collection,
rather than encourage the use of adaptive ap-
proaches that allow for uncertainty (38).

Management based on an understanding of
SES as CAS often challenges existing institu-
tional arrangements and worldviews, and may
face substantial opposition (19). It implies a
more integrated approach that is difficult to ad-
dress across governance units that are usually

separate (e.g., water and land). In addition, it of-
ten implies a change in management paradigm
from a focus on causality and control, to a fo-
cus on coping with change and uncertainty,
which may be difficult to operationalize in con-
texts that focus on accountability and meeting
targets (16). At the same time, it remains un-
clear to what extent the motivation for man-
agers to engage in adaptive learning approaches
is founded explicitly on an understanding of
CAS. In practice, an understanding of SES as
CAS is likely to co-emerge and be reinforced by
learning-focused approaches such as adaptive
management (P5).

Conclusion and Research Needs

There is some empirical evidence to suggest
that understanding of SES as CAS can facil-
itate the management of SES in ways that
enhance the resilient provision of ES, mainly
through the choice of management approaches
that allow for uncertainty, variability, and
change. Much of this evidence comes from ex-
amples in which a lack of such understand-
ing has eroded the resilience of ES. However,
it remains unclear to what extent an under-
standing of SES as CAS underlies the adoption
of adaptive management approaches as well as
the importance of such understanding for the
resilience of ES.

There are several key research gaps with
respect to the role of understanding SES as
CAS in enhancing the resilience of ES. First,
there is a need to better define what this
understanding is and a need to understand
the degree to which a greater understanding
of SES as CAS leads to management choices
that enhance the resilience of ES. Second,
there is a need to determine how to best invest
efforts in fostering the understanding of SES
as CAS, and whether there are aspects of this
understanding that are more important than
others in enhancing resilience of ES. A third
key gap is to better understand what tools and
processes (e.g., scenario planning, participatory
approaches, adaptive management) are most
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Learning: the process
of modifying existing
or acquiring new
knowledge, behaviors,
skills, values, or
preferences at
individual, group, or
societal levels

effective in helping to shift mental models
toward a greater understanding of SES as CAS.

PRINCIPLE 5: ENCOURAGE
LEARNING AND
EXPERIMENTATION

The term learning has been used loosely in the
resilience literature, which has been criticized
for conflating the concepts of social learning
and organizational (or loop) learning (99). We
define learning as the process of modifying ex-
isting or acquiring new knowledge, behaviors,
skills, values, or preferences. Learning is inher-
ently located at the individual level, but also
goes beyond the individual to become situated
within wider groups, organizations, or commu-
nities of practice, where it is referred to as social
learning (99). Social learning occurs through
social interactions (e.g., conversations between
actors within social networks) and can take place
through intentional, facilitated processes (100);
or it can be an emergent outcome (101). Partic-
ipation (P6) is therefore a key enabler of social
learning.

How Do Learning and
Experimentation Enhance Resilience
of Ecosystem Services?

Learning has been considered fundamental to
building resilience and dealing with uncertainty
in SES since at least the late 1970s (38, 71). The
need for learning is based on the assumptions
that knowledge is always incomplete and that
uncertainty, change, and surprise are inevitable
in complex SES. Hence, there is a constant need
to revise existing knowledge to enable adapta-
tion to evolution and change in SES, as well as
to maintain ES in the face of disturbance and
change (11, 12).

Various traditional practices underpin the
generation, accumulation, and transmission of
knowledge and institutions for responding to
and managing ecological surprises (102). These
include practices such as multiple-species and
landscape patchiness management, which en-
able comparison and learning about responses

of different species or vegetation communities.
Traditional learning-based approaches also in-
clude mechanisms for cultural internalization of
new practices and the adaptation of worldviews
and cultural values. For example, in the tradi-
tional caribou-hunting Cree society, an event of
extreme overhunting that resulted in the disap-
pearance of caribou in the early 1900s triggered
the development of a more conservationist ap-
proach that became encoded in the ethical and
cultural beliefs of the Cree (102).

In contemporary settings, experimentation
and monitoring are widely used tools for
facilitated learning in natural resource man-
agement. Monitoring provides information
about changes in SES and ES, whereas exper-
imentation involves the active manipulation
of particular SES processes and structures to
observe and compare outcomes (38). Although
monitoring and experimentation have often
been carried out by specialist agencies and
universities, there is growing recognition of
the importance of broader participation in the
learning process by all parties involved in SES
governance and management (P6) (103). Moni-
toring and experimentation are central to adap-
tive management and adaptive comanagement
(38, 104), which typically involve a series of
management experiments that support learning
about SES responses to management actions
or disturbances. The participatory nature of
adaptive management and comanagement
enables sharing and reflecting on experiences,
ideas, and values with others, which builds
trust and relationships and facilitates social
learning as well as collective action (P6) (101).

Learning can occur at different levels (105,
106), which contribute in different ways to
enhancing resilience of ES. Single-loop learn-
ing comprises a change in skills, practices, or
actions to meet existing goals and expectations;
this learning focuses on the question, Are we
doing things right? In contrast, double-loop
learning actively questions the assumptions
that underlie action by asking, Are we doing
the right things? For example, a study of US
community-based forestry organizations found
that collaborative monitoring activities led to
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single-loop learning (recommendations for
optimal treatment of invasive weed species
that threaten forests) and double-loop learning
(realization of the impact of salvaging timber)
(107). Triple-loop learning involves a more
deep-seated questioning of values and norms
that underlie institutions and actions by asking,
How do we know what the right thing to
do is? Triple-loop learning can result in the
restructuring of beliefs and values, underlies
transformations in worldviews, and may
prompt changes in ecosystem governance and
management approaches (16, 108).

More generally, evidence suggests that
learning can contribute to improved gover-
nance processes that affect the resilience of ES.
For example, participatory learning processes
can help actors learn about each other’s men-
tal models (P4), which builds social capital, in
turn supporting institutional change and con-
flict resolution (109, 110). Sendzimir et al. (111)
found that learning processes led to a paradigm
shift in how to manage the Tisza River basin in
Europe—from a conventional command-and-
control paradigm to one based on living with
water. This encompasses integrated solutions
for a multifunctional landscape that combine
flood protection with restoration of ecological
conditions in rivers, which contrasts with ear-
lier engineering-based approaches.

Under What Conditions May
Resilience Be Compromised?

Evidence in support of learning and experimen-
tation does not indicate what type of learning
is most appropriate and under what conditions;
however, it is clear that the design of the learn-
ing process is crucial. Experience suggests that,
to be effective, the process of monitoring and
learning needs to be collaborative and long-
term as well as able to withstand the impact
of short-term politics and objectives (112, 113).
Power dynamics in particular can influence how
learning takes place, including who is learn-
ing, the linkages between learners, what type
of learning takes place, whose knowledge is in-
cluded and integrated or discarded, and what

is monitored (114, 115). Powerful stakehold-
ers can dominate poorly implemented learning
processes and assert the standing and influence
of their own knowledge, thereby co-opting or
misrepresenting other voices within communi-
ties (116). For example, power concentrated in
the national government can stifle the potential
contribution of learning and innovation at the
local scale (117).

Experimentation applied at the wrong scale
(for example, over short timescales or limited
spatial scales) can lead to inappropriate man-
agement decisions or fail to provide an adequate
basis for decision making (101). By its nature,
experimentation in SES is risky and requires
leadership, trust, networks, and resources.
When a community’s social capital is so eroded
that the community cannot afford to make mis-
takes, social capital might have to be built up or
provided from other scales before experimenta-
tion can be considered (118). The learning pro-
cess also needs to guard against maladaptive or
dysfunctional learning, which threatens the sys-
tem’s function or may require processes of un-
learning. Institutional conditions are important
in this respect as they act as barriers as well as
facilitators of learning at different levels (114).

Conclusion and Research Needs

A long-held assumption in SES management is
that learning and experimentation are impor-
tant for understanding SES and provide an im-
portant (though not sufficient) basis for adapt-
ing management to ensure continued provision
of ES in the face of disturbance and change.
However, the evidence in support of learning
and experimentation does not indicate what
type of learning works and under what con-
ditions. We know, however, that learning can
play a key role in changing worldviews (P4)
and that the design of learning processes, par-
ticularly the participatory aspects (P6), is cru-
cial to guard against maladaptive learning and
domination of the learning process by powerful
subgroups.

There are numerous research gaps and chal-
lenges with respect to how learning promotes
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Participation: active
engagement of
relevant stakeholders
in SES management
and governance

resilience of ES. First, there is a need for greater
conceptual clarity on what loop learning and
social learning are, as well as on how each con-
tributes to the resilience of ES. Second, there is
a need to better understand the conditions and
institutions that support learning to inform the
design of learning processes in practice. A third
gap relates to how different types of knowl-
edge can be integrated at the same scale and
across scales to facilitate learning. Other key
challenges include the influence and negotia-
tion of power asymmetries in the learning pro-
cess and developing methods to monitor and
evaluate whether learning has taken place in a
given setting.

PRINCIPLE 6: BROADEN
PARTICIPATION

Participation refers to the active engagement
of relevant stakeholders in the management
and governance process (119). Participation can
range from simply informing stakeholders to
complete devolution of power (120) and can oc-
cur in different stages of a management process:
from identifying problems and goals to imple-
menting policy, monitoring results, and evalu-
ating outcomes. The resilience literature gener-
ally considers participation for pragmatic rather
than ideological (e.g., human rights) reasons,
focusing on stakeholders with an active interest
in the management of ES or with relevant local
or scientific knowledge (101).

How Does Participation Enhance
Resilience of Ecosystem Services?

Participation appears central to facilitating
the collective action required to respond
to disturbance and changes in SES and ES
(121, 122). The participation of a diversity of
stakeholders in SES management is suggested
to improve legitimacy, facilitate monitoring
and enforcement, promote understanding of
system dynamics, and improve a management
system’s capacity to detect and interpret shocks
and disturbances (123, 124). Demonstrated
outcomes of participatory processes include
increased levels of cooperation between ac-

tors, increased transparency through greater
sharing of information, and increased capacity
to feed information directly into management
decisions (103, 125). These factors are often
necessary (but not sufficient) for responding to
changes in SES through adaptation of manage-
ment practices and institutions, and therefore
contribute to maintaining the resilience of ES.

Participation can be particularly important
in strengthening the link between information
gathering and decision making. This link is
considered vital for ongoing learning (P5) and
effective decision making. Evidence from the
Philippines and elsewhere suggests that partici-
patory approaches tend to increase the compre-
hension and perceived validity of information
and its use in decision making (125, 126).
Evidence from China indicates that partici-
pation in monitoring can promote learning
processes that create opportunities for con-
sensus building, collective sense making,
and action (127). In Ecuador and elsewhere,
evidence points to a shift in perceptions and
attitudes as a positive outcome of participatory
monitoring (103). A shift in perceptions and
attitudes can lead to a questioning of existing
institutions and decision making, which may
facilitate a transition to more appropriate
governance arrangements that enhance the
resilience of ES (P4) (16).

Participation of a variety of actors, including
those with nonscientific or experiential knowl-
edge, is thought to promote understanding of
SES dynamics by providing a range of ecolog-
ical, social, and political perspectives that may
not be gleaned through more traditional scien-
tific processes (114, 123). To what extent such
greater understanding is actually achieved, and
if and how it enhances the resilience of ES be-
yond increasing the capacity for collective ac-
tion, is linked to gaps in our understanding of
learning (P5) and difficult to establish from the
existing literature.

Under What Conditions May
Resilience Be Compromised?

Although ample evidence suggests that partic-
ipation can contribute to enhanced resilience
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of ES, this will not occur in all cases but de-
pends on the participants, the process, and the
social environment (119). Participatory strate-
gies that fail to build social capital, or fail to
effectively link to natural systems, can degrade
the resilience of ES. For example, Büscher &
Schoon (128) show how transfrontier conser-
vation areas, promoted as “peace parks,” often
lead to competition and conflict between stake-
holders instead of the envisioned collaboration
and mutual understanding needed for success-
ful conservation efforts. Similarly, participation
of groups focused on short-term gains rather
than long-term resilience can degrade rather
than enhance the resilience of ES (7). Who
participates and what they contribute are con-
text specific and need to be continually revised
throughout the policy process or adaptive man-
agement cycle (119).

The success of participation further depends
on the institutional setting in which it takes
place. For example, weak forms of comanage-
ment that promote the devolution of responsi-
bility to local resource users without the author-
ity to act to protect resources may degrade the
resilience of ES. In Chilean fisheries and else-
where, formalized comanagement agreements
undermined previously strong local resource
management institutions (70). The agreements
added a layer of formal management structure
between resource users and the resource, weak-
ening local capacity to respond to changes in
the resource base. A similar situation has been
reported in Canada where government-driven
participatory strategies, overlaid on unrecog-
nized indigenous rights, hastened resource ex-
traction as a way of asserting government over
indigenous sovereignty (129).

Conclusion and Research Needs

The role of participation in ecosystem manage-
ment is well accepted (104, 122). Participation
appears to function mainly as a facilitating
mechanism that promotes the capacity for
learning (P5) and collective action in response
to SES change. However, evidence highlight-
ing the importance of participation is equally

Polycentricity:
a governance system
with multiple, nested
governing authorities
at different scales

matched with evidence demonstrating situa-
tions in which participation may undermine
the resilience of ES. A nuanced understanding
of who participates, under what conditions par-
ticipation is appropriate, and how participation
takes place is therefore essential. The partici-
pation of stakeholders should not be accepted
as beneficial to resilience of ES in all cases.

A key research challenge is to better un-
derstand how participatory processes support
resilience under different conditions, such as
different institutional settings, resource-poor
versus resource-rich contexts, and urban
versus rural systems. Second, we lack an
understanding of the most effective processes
for participation, including who should be
involved and who decides on this, as well
as of the timing, approaches, and tools for
participative processes in different contexts.
Third, there are very few empirical studies that
demonstrate the outcomes of participatory
processes for resilience of ES. Key gaps relate
to the identification of indicators or other
metrics to evaluate both the outcomes of
participatory tools and processes and also the
implications of these for ES resilience.

PRINCIPLE 7: PROMOTE
POLYCENTRIC GOVERNANCE
SYSTEMS

Polycentricity refers to a governance system
with multiple governing authorities at differ-
ing scales (23). Governance is defined as the
exercise of deliberation and decision making
among groups of people who have various
sources of authority to act and may be practiced
through a variety of organizational forms (e.g.,
bureaucratic department, watershed council,
nonprofit organization). In polycentric systems,
each governance unit has independence within
a specified geographic area and domain of au-
thority, and each unit may link with others hori-
zontally on common issues and be nested within
broader governance units vertically. One of the
key principles of polycentricity is to match gov-
ernance levels to the scale of the problem (130).
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It is thus particularly relevant to resources like
ES that have strong multiscale aspects.

How Does Polycentricity Enhance
Resilience of Ecosystem Services?

Although there is an absence of studies on the
role of polycentric governance in the resilient
provision of ES, there are many examples of
how elements of polycentricity enhance the ca-
pacity of SES to sustain desired ES. Polycentric
structures confer modularity and functional re-
dundancy that can preserve key SES elements in
the face of disturbance and change (P1, P2). For
example, broader levels of governance can step
in when lower levels collapse and fail. The US
federal government’s capacity to protect endan-
gered species in cases where local efforts prove
ineffectual is one example (131). By contrast,
where institutional failure occurs at the national
and international levels, local-level conserva-
tion actions can provide functional redundancy
by protecting species through assisted migra-
tion and other place-based actions (132).

Polycentric systems also provide opportuni-
ties for enhanced learning and experimentation
(P5), as well as broader levels of participation
(P6) in governance. Governance at multiple
smaller scales enhances opportunities for
participation and creates natural experiments
for testing different policies (23, 52). One
example is the collaboration between local and
state governance units in the lobster fisheries
of Maine (133), where local communities have
crafted multiple individualized context-specific
rules, often building on innovations from
neighboring groups. Other examples include
the interplay between local ejidos, the state,
and the national government in Mexican
forest governance (134); the importance of
nested cross-scale linkages with higher levels
of governance in the Seri fisheries of the Gulf
of California (135); and comanagement of
protected areas (136).

Polycentricity helps capitalize on scale-
specific knowledge (e.g., traditional and local
knowledge) to aid learning through sharing of
information, experience, and knowledge across

scales (101). Local levels with more direct link-
age to resource provision and use provide the
basis for experimentation and institutional di-
versity from which successes can be shared with
others. This is particularly evident in local and
regional water governance where polycentric
governance structures facilitate participation by
a broad range of governance actors, experimen-
tation, and the incorporation of local, tradi-
tional, and scientific knowledge (137).

Under What Conditions May
Resilience Be Compromised?

Polycentric governance raises three key chal-
lenges, which, if not resolved, may lead to
degradation of ES at one or more scales. The
first is that of scale mismatch (130). ES are
produced at a wide range of scales, from local
provision of food to global climate regulation.
Matching governance levels to the scales of dif-
ferent ES may call for an impractically large
number of governance arrangements. How-
ever, where a mismatch exists between the scale
of governance and a particular ES, lack of un-
derstanding, enforcement, and resources at the
appropriate scale may lead to failures, as, for
example, in the lack of institutions governing
global marine fisheries (93).

A second challenge is that of negotiating
trade-offs between various ES users (3, 7).
Trade-offs may occur when impacts are in-
curred by those not affecting or benefiting from
an ES, or between conflicting goals and needs
among users of current or potential ES. In such
cases, a polycentric approach may lead to degra-
dation of ES at some scales if powerful elites
can externalize trade-offs from their area of in-
terest (e.g., constituency). An example of this
phenomenon is the trade-off between domestic
energy security and mitigating climate change
when countries determine oil and gas develop-
ment policies at a national level but do not ac-
count for the impacts of these policies beyond
their borders (138).

Trade-offs between and across both scales
and user groups link to a third challenge:
the process of resolving conflict and making
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collective decisions over how to allocate trade-
offs. One of the largest problems in SES gover-
nance arises from who bears the costs and who
benefits from enhancing resilience in favor of
particular ES (7, 121). Polycentric governance
systems enable those dissatisfied with the polit-
ical process at one scale to go “scale shopping”
for a more favorable political venue in which to
frame a specific issue, as when local nongovern-
mental organizations dissatisfied with their
national government’s policies advocate for
international regimes over the same issue (139).

Evidence further suggests that polycentric
governance structures are most effective in se-
curing resilience of ES in cases where groups
have open communication, accountability for
actions, and time to work together to build trust
and social capital (121). An example is the tra-
ditional management of provisioning services
in the Chisasibi First Nation of Cree (101).
Where the conditions of open communication,
accountability, and trust are not met, as in the
management of the Everglades for a variety of
regulating services, polycentric governance is
less, or not, effective (71).

Polycentric approaches are just one tool of
governance. Under some situations, particu-
larly short timescales or crises where coordi-
nation across scales impedes necessary action,
there may be other tools (including top-down
coercion or market approaches) that alone may
accomplish specific goals more effectively than
through a polycentric system (140, 141).

Conclusion and Research Needs

Polycentricity contributes to the resilience of
ES by providing a governance structure that
facilitates other key resilience-enhancing prin-
ciples, especially redundancy (P1), modular-
ity (P2), learning and experimentation (P5),
and participation (P6). However, simply estab-
lishing polycentric institutions is insufficient;
the social processes enabling polycentric gov-
ernance are essential to its success. These so-
cial processes include building trust and social
capital, maintaining or developing strong lead-
ership, and bridging scales through the use of

explicit strategies (52, 123). In addition, coordi-
nation among scales and governance units, and
negotiating trade-offs among ES users at dif-
ferent scales, is critical to effective polycentric
governance.

Key knowledge gaps with respect to poly-
centricity and its role in enhancing resilience of
ES revolve around the implementation of poly-
centric governance and monitoring progress
over time. Specifically, to what extent can poly-
centricity be designed? And what are the key
indicators for measuring polycentricity? There
is also a need to better understand how poly-
centricity functions in different contexts and
whether it is appropriate in all systems. In
cases where polycentricity has failed, there is
a need to better understand the mechanisms of
failure: Is it due to the polycentric structures
themselves, poor implementation of polycen-
tric principles, or some other cause? Compar-
ative analysis of different polycentric systems
could greatly advance our understanding in this
respect.

CONCLUSION

Ensuring an adequate and reliable flow of es-
sential ES to meet the needs of the twenty-
first century is an enormous challenge (1, 4).
In a world undergoing rapid social-ecological
change, enhancing the resilience of key ES to
increasing levels of disturbance and underlying
system change can make an important contri-
bution to meeting this challenge. Although a
definitive set of principles for enhancing the re-
silience of SES and the ES they produce does
not yet exist, our review suggests that there is
sufficient knowledge about a preliminary set of
principles to provide practical guidance for en-
hancing the resilience of ES. At the same time,
this review supports the conclusions of Ostrom
(142) that there are no panaceas for environ-
mental governance. None of the principles are
universally beneficial, and all require a nuanced
understanding of how, when, and where they
apply, as well as how they interact with or de-
pend on other principles. Context matters, and
ensuring the enhanced resilience of ES depends
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as much on how the individual principles are
applied as on achieving an appropriate combi-
nation of principles.

We found evidence for the importance of
all seven principles presented in this review, al-
beit none of the principles are fully established
or understood. The roles of connectivity (P2),
slow variables and feedbacks (P3), and partici-
pation (P6) in enhancing the resilience of ES are
fairly well understood, and there is substantial
evidence for their importance. While there is
also substantial evidence for the importance of
diversity (P1) and polycentricity (P7), the most
important mechanisms by which these princi-
ples act to enhance the resilience of ES are less
well understood, possibly because these princi-
ples are so multifaceted. In the case of under-
standing SES as CAS (P4) and learning (P5),
both the evidence about the importance of these
principles and the mechanisms by which they
enhance the resilience of ES remain somewhat
unclear, partly owing to a lack of conceptual
clarity on what understanding CAS and learn-
ing actually are in the context of ES governance.
Additional research is needed to clarify these
two concepts, as well as to gain a clearer under-
standing of the most important ways in which
diversity and polycentricity contribute to the
resilience of ES.

This review also highlights the interdepen-
dence among different principles: Applying
any one principle in isolation will rarely lead to
enhanced resilience of ES. For instance, poly-
centric governance and effective learning both
depend on the social capital and trust developed
through participation, whereas connectivity
may not enhance resilience in the absence of di-
versity among nodes. A preliminary conclusion
from our review is that effective participation
(P6) is a precondition for the successful
application of learning (P5) and polycentric
governance (P7), while diversity and redun-
dancy (P1) act in combination with connectivity
(P2) to increase resilience of ES. Understand-
ing SES as CAS (P4) may be a precondition for
all the principles, or at least may substantially
enhance their effectiveness, but there is little
clear evidence for this. Managing slow variables

and feedbacks (P3) appears to be a more inde-
pendent principle, although it has clear links
to learning (P5), diversity (P1), connectivity
(P2), and understanding SES as CAS (P4).
Better understanding of the interdependencies
among principles is a critical area for future
research.

Our review emphasizes the paucity of em-
pirical evidence supporting the different prin-
ciples. This can be attributed to conceptual dif-
ficulties regarding many principles; operational
difficulties in measuring the impacts of the prin-
ciples on resilience of ES (6); more generally,
the nature of SES as CAS; and the relatively
recent focus on ES and resilience research. The
complex interactions in SES make it challeng-
ing to isolate a particular system property or
principle (e.g., diversity) and establish its con-
nection to the resilience of ES (71). Even if the
effect of a particular principle is known, the fact
that SES evolve and change over time implies
that causal links may change (89). Furthermore,
the relevant system processes often happen
over long timescales, which make it difficult to
assess the effect of a principle within the time
frame of a typical empirical study or manage-
ment experiment (62). The indicators needed
to monitor long-term, nonlinear, and variable
change are generally not well developed and in
some cases may require nontraditional methods
and ways of thinking in their assessment. Much
of the evidence in support of the principles is
confined to a few well-developed, local-scale
case studies, and this evidence is often drawn
from experience with adaptive governance,
which is a broad approach to managing SES
that encompasses multiple principles. Isolating
the contribution of individual principles is very
difficult, and in fact, the separation between
principles may be more of an analytical con-
struct than a reflection of individual, separable
factors operating within an SES.

There is a pressing need for a better
understanding of how the principles can be op-
erationalized and applied in different contexts.
This is particularly challenging, given that the
principles are interdependent and to some ex-
tent emergent. To what extent can, and should,
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we design for them? And how do we best do so?
Comparative case studies as envisaged by the
new international Programme on Ecosystem
Change and Society (143) could provide a
powerful basis for generating an understanding
of the importance of different principles and
combinations of principles for the resilience
of ES under different conditions, as well as for
piloting different approaches to their applica-
tion. To some extent, the replication of case
studies across space can substitute for the long
time dimensions needed to understand changes
in ES as factors, such as diversity or learning,
are increased or reduced (144). Furthermore, a
multiscale design can help broaden our under-
standing of the principles to larger scales, par-
ticularly the regional scale, and help determine
how the resilience of ES at the regional scale
depends on resilience at local and global scales.

Comprehensive frameworks that provide a basis
for detailed, comparative, multiscale SES stud-
ies have been developed (1, 142) and provide a
useful starting point. A stepped evidence-based
approach in which one gradually builds knowl-
edge of a complex system while learning about
what works under specific circumstances may
also be a useful way forward (92).

We highlight one final challenge: general-
ization. Much resilience science to date has ei-
ther been incredibly general or very specific. To
be useful, especially for addressing the press-
ing social-ecological problems society faces,
we need a better understanding of the mid-
dle ground between these extremes: an under-
standing that enables sensitivity to context but
is not entirely context dependent. This review
has attempted to provide a useful step in that
direction.

SUMMARY POINTS

We reviewed seven generic principles for enhancing the resilience of ES, i.e., the capacity of
SES to sustain a desired set of ES in the face of disturbance and ongoing change. In practice,
these principles are often highly interdependent and co-occur. Although some principles
are better established than others, there is evidence that all are important. More research is
needed to better understand the principles and how they can be operationalized and applied
in different contexts. These principles include
1. Maintain diversity and redundancy: Response diversity in combination with functional

redundancy is particularly important for maintaining ES in the face of disturbance. In
general, ES produced by SES with high levels of diversity and redundancy tend to be more
resilient than ES associated with low-diversity and low-redundancy systems. However,
very high levels of diversity or redundancy come at the cost of increasing complexity and
inefficiency, which tend to reduce the capacity for adaptation to slower, ongoing change.

2. Manage connectivity: Connectivity can enhance resilience by providing links to sources
of ecosystem recovery after a disturbance or providing new information and building
trust in social networks. However, if connectivity is too high, a localized disturbance can
spread throughout the system or knowledge can become overly homogenized.

3. Manage slow variables and feedbacks: Managing slow variables and feedbacks is important
for maintaining SES regimes that underlie the production of desired ES. However,
there are substantial practical difficulties in identifying possible regime shifts and their
consequences for ES, as well as the key slow variables that may trigger such shifts.
Maintaining key regulating services as proxies for important slow variables may be a
practical way forward.
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4. Foster an understanding of complex adaptive systems: Fostering an understanding of SES
as CAS may increase the resilience of ES by emphasizing the need for more integrated
approaches, the importance of continual learning, and the pervasiveness of uncertainty
in the management of SES. However, empirical evidence is limited. In practice, under-
standing SES as CAS co-occurs and co-emerges with approaches that emphasize learning,
experimentation, and participation.

5. Encourage learning and experimentation: Learning about social-ecological dynamics
through experimentation and monitoring is essential for enabling adaptation in response
to changes in SES and ES. Learning at societal levels requires trust and appropriate rela-
tionships and institutions to flourish. The optimal ways in which learning for resilience
might be facilitated are currently unclear and require further research.

6. Broaden participation: Participation is important for building trust and relationships; it
facilitates the learning and collective action needed to respond to change and disturbance
in SES. However, a nuanced understanding is needed of who participates, under which
conditions participation is appropriate, and how participation takes place.

7. Promote polycentric governance systems: Polycentricity provides a governance structure
that enables other key resilience-enhancing principles, especially learning and experi-
mentation, participation, modularity, and redundancy. Coordination among governance
units, negotiation of trade-offs between users, and social capital and trust are essential
for effective polycentric arrangements.

FUTURE ISSUES

Our review suggests the following key areas for future research and application:
1. Improved conceptual clarity and a mechanistic understanding are needed of the individ-

ual principles, the conditions under which they apply, and the interconnections among
principles.

2. Comparative studies and meta-analyses could help to better understand the principles,
their interactions, and the conditions under which they apply. Improved frameworks
that provide a common understanding of the key features of SES would greatly assist in
developing such studies.

3. Traditional evidence-based approaches are difficult to apply in the context of CAS and
need to be complemented by new approaches and tools to study the dynamics of SES.

4. A better understanding of how to operationalize and apply the principles in different
contexts is needed. The most important needs are understanding how the principles can
be applied in collaboration with key stakeholders, and developing better measures to
evaluate success.

5. To operationalize the principles, there is a critical need to understand and develop institu-
tional arrangements and governance systems that facilitate the emergence and application
of the principles, and provide a balance between control and flexibility.
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128. Büscher B, Schoon ML. 2009. Competition over conservation: collective action and negotiating trans-
frontier conservation in southern Africa. J. Int. Wildl. Law Policy 12:1–27

129. Charles AT. 2007. Adaptive co-management for resilient resource systems: some ingredients and the
implications of their absence. See Ref. 104, pp. 83–102

130. Folke C, Pritchard L Jr, Berkes F, Colding J, Svedin U. 2007. The problem of fit between ecosystems
and institutions: ten years later. Ecol. Soc. 12:30

131. Nagle JC, Ruhl JB. 2002. The Law of Biodiversity and Ecosystem Management. New York: Found. Press
132. Rohlf DJ. 1991. Six biological reasons why the Endangered Species Act doesn’t work—and what to do

about it. Conserv. Biol. 5:273–82
133. Acheson JM. 2003. Capturing the Commons: Devising Institutions to Manage the Maine Lobster Industry.

Lebanon, NH: Univ. Press New Engl.
134. Thoms CA, Betters DR. 1998. The potential for ecosystem management in Mexico’s forest ejidos.

For. Ecol. Manag. 103:149–57
135. Cudney-Bueno R, Basurto X. 2009. Lack of cross-scale linkages reduces robustness of community-based

fisheries management. PLoS ONE 4:e6253
136. Reid H, Fig D, Magome H, Leader-Williams N. 2004. Co-management of contractual national parks

in South Africa: lessons from Australia. Conserv. Soc. 2:377–409
137. Neef A. 2009. Transforming rural water governance: towards deliberative and polycentric models?

Water Altern. 2:53–60
138. Chalvatzis KJ, Hooper E. 2009. Energy security versus climate change: theoretical framework develop-

ment and experience in selected EU electricity markets. Renew. Sustain. Energy Rev. 13:2703–9
139. Gupta J. 2008. Global change: analyzing scale and scaling in environmental governance. In Institutions and

Environmental Change: Principal Findings, Applications, and Research Frontiers, ed. OR Young, H Schroeder,
LA King, pp. 225–58. Cambridge, MA: MIT Press

140. Imperial MT, Yandle T. 2005. Taking institutions seriously: using the IAD framework to analyze fisheries
policy. Soc. Nat. Resour. 18:493–509

141. Hilborn R, Arcese P, Borner M, Hando J, Hopcraft G, et al. 2006. Effective enforcement in a conservation
area. Science 314:1266

142. Ostrom E. 2007. A diagnostic approach for going beyond panaceas. Proc. Natl. Acad. Sci. USA 104:15181–
87

143. Carpenter SR, Folke C, Norström A, Olsson O, Schultz L, et al. 2012. Program on Ecosystem Change and
Society: an international research strategy for integrated social-ecological systems. Curr. Opin. Environ.
Sustain. 4:134–38

144. Pickett STA. 1989. Space-for-time substitution as an alternative to long-term studies. In Long-Term
Studies in Ecology: Approaches and Alternatives, ed. GE Likens, pp. 110–35. New York: Springer-Verlag

448 Biggs et al.

A
nn

u.
 R

ev
. E

nv
ir

on
. R

es
ou

rc
. 2

01
2.

37
:4

21
-4

48
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.a
nn

ua
lr

ev
ie

w
s.

or
g

by
 S

w
ed

is
h 

U
ni

ve
rs

ity
 o

f 
A

gr
ic

ul
tu

ra
l S

ci
en

ce
s 

on
 1

0/
04

/1
3.

 F
or

 p
er

so
na

l u
se

 o
nl

y.



EG37-Frontmatter ARI 29 August 2012 16:48

Annual Review of
Environment
and Resources

Volume 37, 2012 Contents

Preface � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �v

Who Should Read This Series? � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �vii

I. Earth’s Life Support Systems

Global Climate Forcing by Criteria Air Pollutants
Nadine Unger � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 1

Global Biodiversity Change: The Bad, the Good, and the Unknown
Henrique Miguel Pereira, Laetitia Marie Navarro, and Inês Santos Martins � � � � � � � � � � �25

Wicked Challenges at Land’s End: Managing Coastal Vulnerability
Under Climate Change
Susanne C. Moser, S. Jeffress Williams, and Donald F. Boesch � � � � � � � � � � � � � � � � � � � � � � � � � � �51

II. Human Use of Environment and Resources

Geologic Disposal of High-Level Radioactive Waste:
Status, Key Issues, and Trends
Jens Birkholzer, James Houseworth, and Chin-Fu Tsang � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �79

Power for Development: A Review of Distributed Generation Projects
in the Developing World
Jennifer N. Brass, Sanya Carley, Lauren M. MacLean, and Elizabeth Baldwin � � � � � � � 107

The Energy Technology Innovation System
Kelly Sims Gallagher, Arnulf Grübler, Laura Kuhl, Gregory Nemet,
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