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Conventional perceptions of the interactions between
people and their environment are rapidly transforming.
Old paradigms that view humans as separate from
nature, natural resources as inexhaustible or endlessly
substitutable, and the world as stable, predictable, and in
balance are no longer tenable. New conceptual frame-
works are rapidly emerging based on an adaptive
approach that focuses on learning and flexible manage-
ment in a dynamic social-ecological landscape. Using two
iconic World Heritage Areas as case studies (the Great
Barrier Reef and the Grand Canyon) we outline how an
improved integration of the scientific and social aspects of
natural resource management can guide the evolution of
multiscale systems of governance that confront and cope
with uncertainty, risk, and change in an increasingly
human-dominated world.

INTRODUCTION

Ecosystems provide crucial natural capital assets that sustain
human societies. However, the global-scale degradation of
terrestrial and marine environments has highlighted the urgent
need to change the way people exploit and manage natural
resources. Land degradation, declining water quality, overhar-
vesting, climate change, and other human-induced drivers have
resulted in major alterations to the species composition and
trophic structure of ecosystems, leading to a severe decline of
many ecosystem services (1). Moreover, based on current
trajectories and model-based projections, virtually all of these
drivers of ecosystem modification are set to get stronger. For
example, the proportion of the world’s population living within
100 km of the coast is predicted to double to 50% by 2030,
leading to markedly increased pressure on maritime resources
during the next 25 years (2). Similar trends are evident for the
projected consumption of energy and freshwater resources, and
even the most conservative climate change predictions imply
major environmental disruptions in coming decades (3). Under
these scenarios, it is clear that new paradigms, policies. and
governance systems will be essential for sustaining the capacity
of the world’s ecosystems and for securing future economic and
societal development (4–8).

All of earth’s major ecosystems are increasingly impacted by
social and economic drivers (9, 10). Conversely, natural and
human-induced environmental shifts such as salination of soils,
the collapse of fisheries, and global warming have profound
effects on human societies. These linkages—between the needs
and activities of people and the condition and dynamics of their
environment—highlight the necessity of an interdisciplinary
focus for effective management of natural resources. To date,
however, the artificial separation between ecology, social
sciences, and economics continues to be a major impediment

to understanding how a sustainable flow of ecological goods
and services can be achieved (5, 11).

In this review, we explore how a better understanding of the
linkages and feedbacks between social and ecological systems
can guide the emergence of improved systems of natural
resource management. We argue that successful management
of complex ecosystems requires governance structures and
institutions that are flexible, with the capacity to respond and
adapt to change (4). By definition, adaptive management can-
not be static, but rather must learn how to adjust appropriately
to a continually shifting world. In some circumstances,
ecological shifts provide the incentives and opportunity to
improve the governance system that makes adaptive ecosystem
management possible (12, 13). We focus here on the concept of
resilience, that is, the ability of linked social-ecological systems
to persist, buffer, and adapt to recurrent shocks without
fundamentally changing, often unpredictably, into highly
altered systems (14). We argue that i) managing uncertainty,
coping with environmental and climate change, and sustaining
ecosystems will require a much greater focus on the integration
of ecosystem ecology with the human dimension across multiple
ecological and social scales (12, 15), and ii) a renewed role for
science will emerge from an adaptive governance framework
that enables and supports collaborations among scientists, other
stakeholders, communities, and government agencies. We
discuss how scientific and technological uncertainties can be
informed and resolved through trials, appropriately-scaled
experiments, and learning from elsewhere. Extending that
testing and learning into social, political, and economic
domains is key to improved stewardship of natural resources.

DIVERSITY AND REGIME SHIFTS IN SOCIAL-
ECOLOGICAL SYSTEMS

In the ecological realm, sudden and unexpected changes are
ubiquitous, including population crashes or explosions, inva-
sion of exotic species, and other biological and physical
disturbances. In the socioeconomic domain, changes in price,
market demands, and operating costs can also result in abrupt
shifts between financial profit or loss, wealth or bankruptcy.
Increasingly, economic outcomes are influenced by global as
well as local markets. Societal and cultural changes include the
swamping of indigenous peoples by colonialism and mass
migration, shifts from hunter-gatherer and agricultural cultures
to industrial and urbanized societies, and the transition to a
global marketplace (5). These complex dynamics in ecological,
social, and economic domains often defy expectation, other
than the logical anticipation that surprises are inevitable.

Many ecological and social systems (or linked social-
ecological systems) exhibit multiple ‘‘alternate’’ regimes, each
with their own set of dynamics and feedbacks (16, 17). A
resilient system by definition continues to absorb disturbances
without undergoing a regime shift. In many social-ecological
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systems, regime shifts are often associated with the loss or gain
of ecological, social, and cultural diversity. For example,
overharvesting of tropical herbivorous fishes can make coral
reefs reliant on grazing by just a few species of sea urchins that
control the biomass of fast-growing fleshy seaweeds (18).
Overfished reefs may harbor large populations of sea urchins,
which can erode calcareous substrates, thereby inhibiting the
replenishment of juvenile corals and locking the system into a
new configuration (19). Similarly, in social cooperative systems,
sudden shifts can be promoted by an increased conformity of
opinions among individuals, analogous to the increased
instability caused by the loss of biological diversity (16, 17,
20). Likewise, centralization of natural resource agencies can
also lead to the erosion of social-ecological resilience as
compared to more diverse and multiscale systems of governance
(21).

SCALE, THRESHOLDS, AND FEEDBACKS

Processes that contribute to unexpected regime shifts operate at
different scales, creating complex interactions and feedbacks
that are a key component of the dynamics of linked social-
ecological systems. These cross-scale links can occur from small
to very large scales, and vice versa. For example, large-scale
migration and transport of propagules such as larvae or seeds
are crucial processes for understanding local trends in the
composition of biological assemblages (22, 23). Conversely,
when local patches of habitat undergo regime shifts, the species
composition of the propagules they export changes, modifying
the larger-scale patterns of connectivity among patches. Cross-
scale interactions can also create abrupt threshold dynamics in
intricate ways (24). For instance, if enough local patches of
habitat collapse, a system-wide threshold may be exceeded that
causes a larger-scale regime shift. In the sea, overfishing of
breeding aggregations at small scales may cause widespread
stock collapse. Similarly, on land fragmentation of forest
habitat from land-clearing can cause regional-scale extinctions
if too few remnants remain. For example, in eastern Amazonia,
where incremental loss of forest fragments continues today,
feedbacks between forest cover and regional climate character-
istics may eventually lead to a long-term, system-wide shift from
tropical forests to savanna (25).

Thresholds are dynamic and difficult to anticipate or
monitor, because they change in response to both local and
larger-scale processes. In general, ecosystem changes and regime
shifts appear more gradually (but are more catastrophic) at
larger scales. Maintaining the social capacity to adapt when
change is slow and incremental is relatively straightforward.
When changes are rapid, recent history and local information
are likely to be less informative for guiding innovation than
lessons learned elsewhere. The defining challenge for adaptive
management is building the capacity to anticipate environmen-
tal, social, and economic change and to steer among alternative
pathways.

ALTERNATE REGIMES, TRAPS, AND ECOSYSTEM
RESTORATION

The growing recognition of regime shifts and threshold (rather
than linear) behavior raises challenging issues of desirability of
alternate outcomes and the feasibility of restoration after
environmental degradation. Alternate ecological regimes can
sometimes be viewed consensually as desirable or undesirable,
or conflict may arise among diverse stakeholders (e.g.,
recreational and commercial fishers or hunters, conservation-
ists, tourists, old and new residents, indigenous groups, etc.) as
to which regime configuration is preferable. Questions of

desirability are contested in many institutional settings, and
across scientific, social, economic, and political domains.

Undesirable states may be extremely resilient, becoming
traps that constrain future options (26). For example, govern-
ments typically respond to declining catch rates in marine
fisheries by subsidizing an increased fishing effort, creating a
feedback that worsens rather than solves the problem (27).
Ironically, widespread attempts to maintain a reliable supply of
fish to the marketplace (e.g., by serial depletion and substitution
of stocks) has increased instability, because longer-lived species
are typically replaced by short-lived recruitment-driven species
further down the food chain (28). Furthermore, the continued
widespread use of simple production models for maximizing
yields of a few targeted species ignores the incidental removal of
bycatch, the broader indirect impacts of overfishing on the
trophic structure of ecosystems, and the physical destruction of
benthic habitats by fishing gear. Aquaculture of finfish and
prawns, viewed erroneously by many governments as a
technological solution to overfishing, further deepens the trap
because the huge global demand for fishmeal places additional
pressure on wildfish stocks (29).

Many powerful players favor restoration efforts, in part
because it gives them license to destroy ecosystems in the first
place—if they can be subsequently recovered. In reality,
reversing environmental degradation at meaningful scales may
no longer be possible in many cases, and the path back is likely
to be very different and slower than the one forward, a
phenomenon known as hysteresis (6, 30). For example,
ecological extinction of long-lived megafauna cannot be
reversed (e.g., by removing hunting pressure or restoring
habitat) either quickly or throughout their former geographic
range. Although this conclusion may seem obvious, there is
nonetheless a persistent but naive expectation that a pristine
wilderness will once more emerge whenever local human
pressures are ameliorated. Some environmental changes such
as salination and desertification are virtually impossible to
reverse. Furthermore, most attempts at restoration are too
small to be self-sustaining or to account for larger-scale
processes. Even large-scale ecosystem restoration (such as the
USD 8 billion restoration plan for the Everglades (31) may or
may not be biologically achievable or cost-effective, depending
on the complexity of the system. No one has ever successfully
rebuilt a coral reef coastline, and intuitively such a task is
inherently more difficult and costly than restoration of a few
hectares of grassland or rebuilding the relatively simple trophic
structure of a lake. Despite the rhetoric, ecologists have not yet
achieved the laudable goal of restoring complex ecosystems at
consequential scales, and pretending they have is both
dangerous and misleading. Nonetheless, some management
agencies are beginning to apply frameworks for understanding
and managing complex resource systems that go beyond belated
small-scale interventions.

Next, we compare two iconic ecosystems, with strong
linkages to social, economic, and political domains, to illustrate
how insights into social-ecological resilience are being applied to
management. One example is the Great Barrier Reef in
Australia (Fig. 1a), the other is the Grand Canyon of the
Colorado River in North America (Fig. 1b). We focus on the
science-management interface, a key component of these two
regional-scale resource systems.

CASE STUDY 1: THE GREAT BARRIER REEF

The Great Barrier Reef (GBR) is the largest coral reef system in
the world, extending for 2000 km along the eastern seaboard of
Queensland, Australia. It encompasses approximately 2900
individual reefs that are separated on average by a few tens of
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kilometers or less (Fig. 1a). The GBR is of enormous economic,
social, cultural, and aesthetic value, a national and international
icon that contributes USD 4 billion to the Queensland economy
each year, primarily through tourism (32). This income is set to
grow strongly, particularly if reefs elsewhere continue to
decline. The GBR provides a valuable exemplar of a system
undergoing rapid changes to its ecology, which has triggered a
transformation of management approaches. Changes have also
been made to support a more flexible and collaborative system
of governance for the GBR, including new interactions among
scientists, environmental managers, tourism and fishing indus-
tries, and the broader community.

The GBR system is showing symptoms of ecological change
and increased vulnerability that warrant concern (33). Earlier
export fisheries that flourished after European colonization
(e.g., for sea cucumbers, pearl shell, Trochus snails, dugongs,
and turtles) have collapsed or are no longer commercially
viable. In the past 40 years, large-scale outbreaks of crown-of-
thorns starfish have occurred three times, reducing coral cover
(Fig. 2). Public concern about the impact of starfish and
proposals for drilling and mining on the GBR led in 1976 to the
establishment of a federally-funded body, the Great Barrier
Reef Marine Park Authority (GBRMPA). Fishing regulations
and land-based activities are primarily the responsibility of the
State of Queensland, which initially challenged the federal
government’s jurisdiction in Australia’s High Court, but lost.
Today, state and federal agencies work closely together along
with a system of locally-based citizen advisory groups. The state

government retains jurisdiction for fishing regulations and for
all land-based activities such as farming and coastal develop-
ment. The principle management approach of GBRMPA for
the past 30 years has been based on a permitting and zoning
system that ranges from total exclusion of people (e.g., on a
handful of islands that are important rookeries for birds or
turtles) to large areas that are open to highly-regulated
commercial fishing. A user-charge system offsets the expense
of reef management and contributes to the cost of applied
environmental and social research.

The major current threats to the GBR are enhanced runoff
of sediment and nutrients from agriculture and urban
development, depletion of megafauna (especially dugongs,
sharks, and turtles), declining fish stocks, and coral bleaching
and mortality caused by global warming (34). Major bleaching
events from climate change struck the GBR in 1998, 2002 and
to a lesser extent in 2006, causing damage to more than 600
individual reefs. Rapid growth in recreational and commercial
fishing has reduced the biomass of targeted fish species,
especially inshore, where fish biomass in no-take reserves is
up to six times higher than adjacent heavily-fished areas (35).
In 1997, a series of ongoing seascape-scale experiments was
initiated to examine the efficacy of fishing reserves or no-take
areas using 24 replicated reefs that were open, closed, or
reopened to fishing. The scope of this innovative experiment
was such that it required extensive public, state, and federal
consultation (and an act of parliament) before and during its
implementation—an interesting example of a multiscale
adaptive governance system that was willing to experiment.
At the same time, new research has highlighted the functional
role of fishes, the top-down effects of harvesting on foodweb
structure and dynamics, and the bottom-up influence of added
nutrients.

In 2003 and 2004, several major initiatives were undertaken
that built on this accumulation of new scientific knowledge.
From 1 July 2004, the proportion of the GBR marine park that
is closed to fishing (i.e., no-take fishing reserves) was increased
by commonwealth legislation from 5% to 33%, encompassing
for the first time at least 20% of each of 70 major habitat types
(36). Simultaneously, a new 10-year multi-institutional and
community-level program, the Reef Water Quality Protection
Plan, was formulated to curb nutrient and sediment runoff.
When the marine park was rezoned, the State of Queensland
sharply reduced recreational bag limits for targeted fishes
outside no-take areas and extended the new federal zones into
inshore state waters. The result of this unprecedented multiscale

Figure 2. Outbreaks of crown-of-thorns starfish, Acanthaster planci,
have damaged many reefs throughout the Indo-Pacific Oceans in the
past 40 years. The white coral skeleton is exposed when the starfish
consumes the overlying soft tissues. Photo: M. Nyström.

Figure 1. The Great Barrier Reef and Colorado River are both
regional-scale natural resources with strong links to social systems.
(a) Eight adjoining offshore reefs on the northern Great Barrier Reef.
Photograph courtesy of the Great Barrier Reef Marine Park
Authority. (b) The confluence of the Colorado and Little Colorado
Rivers, Grant Canyon National Park, US. Photo: M. Lellouch.
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federal-state cooperation is a dramatically enhanced manage-
ment system. The public involvement was intense, including
more than 1000 meetings and briefings and 31 000 written
submissions to GBRMPA that were incorporated into a
radically new zoning scheme.

These bold management changes comprise a rare example of
an ecosystem-based approach that arose from a shift in
perceptions among key individuals within various stakeholder
groups about the growing vulnerability of the ‘‘pristine’’ GBR.
The change in zoning was undertaken to cope proactively with
the risk associated with future bleaching events and other
uncertainties, recognizing that disturbance and change are an
integral component of the GBR social-ecological system. The
Precautionary Principle, adopted by the United Nations
Conference on the Environment and Development (in Rio de
Janeiro, 1992) recommends regulatory action without scientific
certainty where the costs of future environmental and socio-
economic damage are likely to be great or irreversible. The costs
of reducing fishing effort and improving water quality are small
when compared to the much greater risks arising from longer-
term loss of resilience and environmental degradation. Hence,
ecosystem-based management and the Precautionary Principle
are both incorporated in the evolving system of governance of
the GBR.

CASE STUDY 2: GRAND CANYON AND THE
COLORADO RIVER

Whereas the GBR management system is attempting to build
resilience and avoid an undesirable phase-shift to a degraded
system, the corridor of the Grand Canyon has been steered by
human action to an alternative configuration that many
stakeholders now wish to reverse. The Grand Canyon is one
of the largest geomorphic features on the planet, created over
the past 6–10 million years by the Colorado River (Fig. 1b). The
canyon is almost 500 km in length, beginning upstream at the
outfall from the Glen Canyon dam and ending at Lake Meade,
the reservoir for the Hoover Dam. Most of the spectacular
vistas are contained within the Grand Canyon National Park,
which receives some 5 million visitors a year. The river flows
through the Glen Canyon National Recreational Area and
Native American tribal lands. Although the geological features
capture the world’s attention, it is the river itself that dominates
the attention of managers.

The completion of the Glen Canyon dam in 1962 altered the
hydrological regime of the middle Colorado River (Fig. 3). This
and other dams were constructed to control annual variability
in water flow and to generate electricity. The dams provide
water storage (reservoirs), a management action that buffers
variable input into the river while tightly regulating outflow for
use among the neighboring states and Mexico. The river was
historically characterized by extreme floods, large sediment
loads that colored the water red (hence the origin of the name,
Colorado River), and seasonally large fluctuations in temper-
ature. Today, for hundreds of kilometers downstream of the
Glen Canyon Dam the altered system has relatively stable flow,
clearer water, and a near-constant temperature year-round.
These physical changes in turn have led to unforeseen ecosystem
shifts, such as the loss of seven species of native fish, the
endangerment of four others, and a reduction of habitat
diversity (37).

Contemporary ecosystem management in the canyon has
focused on attempting to return the system to more desirable
ecological regimes. Key objectives include better protection for
a suite of native fish that are currently vulnerable to extinction,
restoration of sediment input, and return of a seasonal
temperature regime. These objectives have been pursued

through an ambitious management program (38) that has
conducted two experimental releases of large volumes of water
from the Glen Canyon dam, one in 1996 the other in 2004. In
conducting these experimental releases, scientists developed a
better understanding of sediment dynamics and of how water
temperature and introduced pests (salmonid predators) influ-
ence the recruitment dynamics of an endangered native fish, the
humpback chub.

Institutionally, a new body was developed in 1997, the
Grand Canyon Adaptive Management Work Group, which
uses planned management actions and subsequent monitoring
data to test hypotheses and to build understanding of ecosystem
dynamics. Community leaders in the Grand Canyon understand
the uncertainties and complexities of the system and believe that
resolution of environmental issues can only be discovered, not
determined by predetermined policy. As such, they have
provided vital opportunities and windows for experimentation
and learning (39). This approach has generated a great deal of
trust among stakeholders and provides a more open and flexible
institutional setting for dealing with multiple objectives in the
management of complex and large social-ecological systems.

LEARNING BY EXPERIMENTAL TRIALS:
ADAPTIVE MANAGEMENT

A number of striking parallels exist between the GBR and the
Grand Canyon systems, despite their vast physical and
biological differences. Both social-ecological systems have
increasingly adopted the use of large-scale trials to resolve key
resource uncertainties. Failures to adopt adaptive management
elsewhere are often related to a belief that further modeling and
monitoring alone will resolve uncertainties or that experimen-
tation would be too costly and risky (40). Other impediments
may include opposition from special interest groups or an
inability to resolve value conflicts among scientists and other
stakeholders. In Australia, for example, some conservation
groups opposed the experimental reopening of closed reefs
(which ironically provided evidence for the efficacy of no-take
areas). The subsequent rezoning and new fisheries policies on
the GBR and the water releases and predator control actions in
the Grand Canyon are each examples of active adaptive
management that were informed by very large-scale experiments
(41).

While a complex history preceded the use of adaptive
management in both systems, the emergence of the current

Figure 3. The Glen Canyon dam has altered water flow, sediment,
and temperature regimes of the middle Colorado River for more than
40 years. Experimental releases of water have sought to reverse
some of these environmental changes. For scale, the white grid lines
at the top of the photograph are parking spaces. Photo: D. L. Blank.
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approaches can be traced to ecological crises that promoted a
rapid transformation. We define ecological crisis in this context
as the occurrence of unforeseen events that reveal a failure of
policy (13). The ecological crises on the GBR include recurrent
outbreaks of crown-of-thorns starfish, the slow ongoing decline
of megafauna, degradation of inshore reefs due to runoff, and
the growing threat of coral bleaching events, all leading to a
sense of impending loss of social, cultural, and aesthetic values.
Similarly, in the Grand Canyon, the extirpation and continued
endangerment of aquatic species also required radical policy
changes. In both cases, new federal (i.e., national) and state
legislation was vital to enable large-scale adaptive management.
The Australian and US legislation enabled an adaptive,
learning-based approach that allowed resource managers to
undertake initial sets of experiments through collaborative and
participatory processes involving a wide range of stakeholders
and agencies. The focus on adaptive responses and stakeholder
integration is a different social dynamic from one where
scientists and policymakers typically inform and educate each
other while paying only token attention to stakeholder
engagement. Broadening the social arenas for ecosystem
management builds trust and cooperation, promoting adaptive
governance systems that can better adjust to ecosystem change
and surprise (12, 15).

The critical and evolving role of scientists and the
implementation of scientific approaches in policymaking are
also further hallmarks of the two case studies. Both the GBR
and the Grand Canyon have multidecadal programs of applied
and basic research, with much of the former being directed by
government agencies. As a result, valuable information is
available for the two World Heritage Areas on the structure and
dynamics of ecosystems and on the status and trends of natural
resources. When placed in a framework of adaptive manage-
ment, monitoring key resource indicators can add to learning
and adaptive governance. However, monitoring should not just
supply information on whether current policy is working or
failing (e.g., is biodiversity declining?). Instead, it must focus
more on resolving key uncertainties (e.g., how do we reverse the
decline?). To date, the former question has dominated research
efforts, and much less is known about the latter. Future
monitoring programs urgently need to gain a clearer under-
standing of thresholds, regime shifts and feedbacks, and the
capacity of ecosystems to sustain ecological services, such as
fisheries or tourism, in response to globally- and locally-induced
disturbances. Monitoring that merely describes the current state
or past trajectory of ecosystems has a much more limited value.

In both case studies, scientists, other stakeholders, and
policymakers have engaged in novel ways. For example, the
revised spatial zoning by GBRMPA was informed by integrated
research on seafloor mapping, larval connectivity, and social
and economic data, as well by as by unprecedented consultation
and negotiation with indigenous, recreational, commercial, and
scientific users. Similarly, the Grand Canyon Adaptive Man-
agement Work Group liaises closely with the Glen Canyon
Research and Monitoring Center to direct and modify
programs of research, assessment, and monitoring. Important-
ly, in both the GBR and the Grand Canyon, science and
information are shared, assessed, and integrated into manage-
ment by groups other than scientists. This changing role of
science and scientists is coupled with the adoption and
development of adaptive, experimental management in both
cases.

Both systems appear to be well positioned to build further on
nascent forms of adaptive governance. Adaptive governance of
complex social-ecological systems requires four key compo-
nents: i) a sound understanding of ecosystem dynamics, ii) a
flexible approach to management that considers policies as

testable hypotheses and management actions as experimental
treatments that permit learning, iii) the ability to build
adaptable institutions supported by multilevel social networks,
and iv) a willingness to confront uncertainty by developing the
capacity to deal with change (such as shifts in climate, global
markets, and international policies) (12). Although these
approaches may seem expensive and even cumbersome com-
pared to conventional top-down management approaches, we
argue that they are robust strategies for dealing with the much
larger economic and social costs of environmental degradation
in the long term.

CONCLUSION

Managed resource systems, by definition, have ecological,
social, political, and economic dimensions that are strongly
interlinked. Consequently, simplistic approaches based solely
on conventional natural sciences that ignore social and
economic linkages and the likelihood of unforeseen dynamics
are doomed to failure. Improving ecosystem management will
require large-scale trials that enable learning and adaptive
governance structures that are inclusive and well-supported by
society. We suggest that new roles for science and scientists are
emerging to help make sense of an increasingly complex and
human-dominated world. Scientists will provide crucial input in
posing questions and models for testing and in developing
appropriately-scaled experiments that can test and improve our
understanding and provide alternative views for the future. One
clear signal from both of the examples we consider is that
uncertainties about resource dynamics and the effects of policies
cannot be resolved solely among like-minded peers in the
scientific literature, but must be explored openly through
adaptive management practices that promote pragmatic learn-
ing for improved stewardship of the world’s nature resource
assets.
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