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ABSTRACT. There has been some tendency to view decision science and resilience theory as opposing approaches, or at least
ascontending perspectives, for natural resource management. Resilience proponentshave been especially critical of optimization
in decision science, at least for those cases where it is focused on the aggressive pursuit of efficiency. In general, optimization
of resource systems is held to reduce spatial, temporal, or organizational heterogeneity that would otherwise limit efficiency,
leading to homogenization of a system and making it less able to cope with unexpected changes or disturbances. For their part,
decision analysts have been critical of resilience proponents for not providing much practical advice to decision makers. We
believe akey source of tension between resilience thinking and application of decision scienceisthe pursuit of efficiency in the
latter (i.e., choosing the “best” management action or strategy option to maximize productivity of one or few resource
components), vs. a desire in the former to keep options open (i.e., maintaining and enhancing diversity). It seems obvious,
however, that with managed natural systems, there must be a principle by which to guide decision making, which at aminimum
allows for a comparison of projected outcomes associated with decision alternatives. Thisis true even if the primary concern
of decision making is the preservation of system resilience. We describe how a careful framing of conservation problems,
especialy in terms of management objectives and predictive models, can help reduce the purported tension between resilience
thinking and decision analysis. In particular, objective setting in conservation problems needsto be more attuned to the dynamics
of ecological systemsand tothe possibility of deep uncertaintiesthat underlietherisk of unintended, if not irreversible, outcomes.
Resilience thinking also leads to the suggestion that model development should focus more on process rather than pattern, on
multiple scales of influence, and on phenomena that can create aternative stability regimes. Although we acknowledge the
inherent difficultiesin modeling ecol ogical processes, we stressthat formulation of useful model s need not depend on athorough
mechanistic understanding or precise parameterization, assuming that uncertainty is acknowledged and treated in a systematic
manner.
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INTRODUCTION

Conservationistsare under increasing pressureto demonstrate
that their activities are cost effective and achieving intended
ecological and social benefits (Possingham 2001, Keene and
Pullin 2011). Demonstrating this effectiveness is proving to
be quite challenging, however. Valuing biodiversity benefits
and costs can be exceedingly difficult, success with most
conservation practices is highly uncertain, and threats to
biodiversity are growing faster than the resources needed to
address them. The application of decision science is
increasingly seen as a means of coping with these redlities,
focused asitison explicit recognition of risk and thevaluation
of consequences (Gregory et a. 2012). Described by Keeney
(1982) as “a formalization of common sense for decision
problems which are too complex for informal use of common
sense,” decision analysis provides a logical framework for
systematic thinking about decision making (Clemen 1996).

Decision analysis has long been used in business and
government decision making (Keefer et a. 2004), but its
application to problems in natural resource management
(NRM) has mostly occurred over the last two decades (Huang
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et a. 2011). Approaches vary considerably, but they all
involve: (1) properly formulating the decision problem; (2)
specifying feasible alternative actions and predicting their
consequences; and (3) selecting criteria for evaluating the
(possibly uncertain) outcomes of the decision alternatives
(Tonn et al. 2000). Modern methods, such as multicriteria
decision analysis, emphasize fundamental values and
multiple-objective trade-offs that are inherent in NRM
(Keeney 1992, Arvai et a. 2001). An emphasis on values
reflects the reality that scientific predictions (no matter how
certain) will not necessarily lead to consensus, and decision
makers need to understand the extent of conflicts about
predicted outcomes and how those outcomes are valued (Lee
1993). Decisionanalytic approachesthat account for outcomes
and valuesare now widely used in conservation, with aformal
structuring of decision problems that allows for conflict in
values among stakeholders (Kiker et al. 2005, Mendoza and
Martins 2006, Hajkowicz and Collins 2007, Huang et al.
2011).

Accompanying thebroader application of decision sciencehas
been the growing popularity of adaptiveresource management



(Walters 1986, Williams 2011a). The core principles in
adaptive management of managing to learn and learning to
manage are so self-evident that virtualy all resource
professional s today view adaptive management as a creed of
sensible resource management. Y et, reported success stories
are rare, and field examples often fail to meet one or more
basi c requirements of adaptive management (Moir and Block
2001, Schreiber et al. 2004, Susskind et al. 2010). Thebarriers
to implementation, learning, and adaptation are well
documented, and concerns have been raised about the
applicability of adaptive management to “wicked problems’
in resource conservation (Gunderson et al. 2008). On the
whole, Kai Lee' s observation that “ adaptive management has
been more influential, so far, as an idea than as a practical
means of gaining insight into the behavior of ecosystems
utilized and inhabited by humans’ (Lee 1999) is as relevant
today asit was over a decade ago.

Despite these difficulties, we believe adaptive management
and, more generally, decision science are helping to change
the culture of conservation and thus are having an impact far
broader than any improvements in resource conditions that
may or may not have been achieved in particular applications.
The popularity of these concepts has madeit acceptable (even
fashionable) to acknowl edge uncertainty and its consequences
for resource management. Opportunities to learn through
management are being explored, if not yet routinely exploited,
and a greater focus on uncertainty is producing a revolution
in the application of decision science to inform conservation
planning (Burgman 2005, Conroy and Carroll 2009, M oilanen
et al. 2009).

Having been directly involved in NRM throughout most of
our careers, we are al too familiar with the way in which
conservation decisions are often made—i.e., using intuition
as a substitute for systematic analysis that involves problem
formulation, objective setting, identification of alternative
actions, explicit predictions, and therecognition of key sources
of uncertainty. Although decision analysisisnot apanaceafor
all thedifficult conservation problemsweface, webelievethat
adecision-analytic framework can beuseful for systematically
exploring values and potential outcomes for a great many
problems. Such aframework can help to focusthe compilation
and application of existinginformation, lend transparency and
repeatability to the process, and provide a means to identify
key uncertainties and how they might be reduced through
learning-oriented management. Whatever the particular
details of a decision problem, the complementary processes
of predicting and valuing outcomes seem fundamental to the
practice of conservation.

It is noteworthy that not everyone concerned with the
conservation of natural resources agrees about the utility of
decisionanalysis(Carpenter 2002, Walker et al. 2002, Polasky
et a. 2011a). Conservation problems increasingly have a
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cross-scale nature (both in space and time) that can greatly
complicatetheanalysis, with global changeshaving important
local implicationsand vice versa (Holling 2001). The concept
of asingledecision maker who optimizesafiniteset of utilities
isoften seen asarbitrary and inappropriate (Berkes 2010), and
many believe that top-down control, with its focus on
efficiency at the expense of natural variability, is unlikely to
deliver sustainable ecosystem goodsand services(Hollingand
Meffe 1996). The unrealistic assumption of equilibrium in
natural systems, the challenging problem of specifying
possible system states and associated probabilities, and the
possibility of thresholds and alternative stable states, have led
to serious questions about the utility of classic decision-
analytic approaches (Holling 1973, Ludwig et a. 1997,
Gunderson 1999, Carpenter 2002, Gunderson et a. 2002,
Walker etal. 2002, Peterson et al. 20033, Polasky etal. 2011a).

A growing recognition of these complexities has helped spur
the rise of “resilience thinking” (Walker and Salt 2006) in
NRM (Chapin et al. 2009). Resilience is characterized as the
disturbance that can be absorbed without shifting the system
to an alternative stability regime (or “domain of attraction”)
(Holling 1973), or the magnitude of disturbance a system can
absorb while still retaining essentially the same function,
structure, identity, and feedbacks (Walker et al. 2004). Linked
ecological and social systems are seen as complex adaptive
systems, inwhich emergent behaviorsresult from the presence
of a diverse set of system components (e.g., species,
stakeholders), nonlinear interactions among components (for
example, competition, politics), and autonomous selection
processes (e.g., natural selection, courts) (Levin 1999).
Complex adaptive systems have an evolving nature that is
characterized by ongoing cycles of growth, accumulation,
restructuring, and renewal (Gunderson et al. 1995). The term
“panarchy” is used to describe a nested arrangement of such
adaptive cycles across space and time, such that changes in
the dynamics at one scale can cascade to impact system
dynamics at other scales (Holling 2001). One of the most
relevant concepts in resilience theory for conservation is the
possibility that social—ecological systems can exist in
alternative stability regimes—some of which might be quite
undesirable from a human perspective (e.g., the replacement
of semi-arid grasslands by desert).

There has been some tendency to view decision science and
resilience theory as opposing approaches, or at least as
contending perspectives, for conservation (Walker et al. 2002,
Fischer et al. 2009, McFadden et a. 2011, Polasky et al.
2011a). Some authors have argued that, in light of resilience
theory, optimization-based planning with its focus on
maximizing efficiency is“alarge part of the problem, not the
solution” (Walker and Salt 2006) for NRM (Hollingand Meffe
1996, Linkov et al. 2006). We believe that a difficulty with
such acritiqueisthat it failsto account for systems subjected
to human interventions and the imperative to manage them. It



seems obvious that with managed natural systems there must
be a principle by which to guide decision making, which at a
minimum alows for a comparison among decision
alternatives. If decision making in conservation isto be based
on more than intuition or chance, the decision process must
include some criterion for measuring the relative value of
conservation alternatives and a mechanism for selecting
among them. This is true even if the primary concern of
decision making is the preservation of system resilience.

Our goa here is to explore some of the points of tension
between resilience thinking and a decision-analytic approach,
and to suggest some implications of resilience thinking for a
decision-analytic approach to conservation. We focus on the
conservation of biodiversity, recognizingthat itiswidely seen
as an important contributor to resilience in socia—ecological
systems (Peterson et a. 1998, Tilman 1999, Naeem 2002,
Elmquist et a. 2003, Hooper et a. 2005, Hector and Wilby
2009). We first examine some of the criticisms leveled by
adherents of each perspective that have tended to isolate the
two camps from each other. We then describe how a careful
framing of conservation problems, particularly in terms of
management objectives and predictive models, can help
reduce the purported tension between resilience thinking and
decision analysis.

RESILIENCE-BASED AND DECISION-ANALYTIC
PERSPECTIVES

Here, we focus in more detail on the purported conflict
between resilience-based and decision-analytical approaches
to NRM. By “decision analysis’ or “decision science,” we
mean amethodology for framing a decision problem to make
it amenable to formal analysis, and for identifying the
alternative choice(s) that is (are) most likely to meet the
decision maker's objectives. Therefore, decision anaysis
must integrate what the decision maker values, what the
available options are, and what the consequences of those
options are likely to be (Skinner 2009). Viewed broadly,
however, decision analysis has a number of components and
may make use of various decision-support tools that do not
directly pertain to the process of selecting an action and hence
making a decision. For the purposes of this paper, we do not
consider thisbroad view, instead focusing ondecision-analytic
methods that include the process of optimization, a primary
target of criticism by some proponents of resilience thinking.
Thus, our use of the term decision analysis includes the step
of deciding which member of a set of available actions to
implement.

Although we endeavored to be accurate in the following
descriptions of resilience-based and decision-analytic
perspectives, we acknowledge the biases we hold as
proponents of decision analysis. And to be fair, we note that
resilience thinkers have only rarely criticized the application
of decision scienceper se; moreoften, theissueof real concern
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is “how” decision science is applied. Our objective here is
simply to provide some background and context for thinking
about how to better integrate these two perspectives on
resource management.

A Resilience-Based Critique of Conventional Natural
Resource M anagement

From aresilience-based perspective, much of thecriticism has
focused on historic patterns of resource development,
particularly as influenced by large-scale social and
technological trends (Ludwig 2001). Critics argue that the
prevailing paradigm for resource development has led to the
over-commodification of nature, whereby natural resources
only have value to the extent that they can serve as goods for
human satisfaction or utility (Freese 1998, Berkes 2010).
Utilitarian goods are seen as marketable and largely free for
thetaking. By implication, ecosystem goods and services that
are not marketable are assumed to be valueless. Thus, this
criticism focuses on the narrow objectivesthat have been used
historically in some decision-analytic approaches to
management, and the need to broaden them to include awider
suite of ecosystem goods and services.

In general, proponents of resilience thinking have argued that
that there are no manifest boundaries for understanding and
managing social—ecological systems and addressing their
threats (Levin 1992). Decision analysts are thought to frame
problems too narrowly in an attempt to make them more
andytically tractable (Carpenter et a. 2009). This
simplification often ignores cross-scale effects that can
produce unexpected behaviors as well as occasionally bad,
and sometimes irreversible, outcomes (Ascher 2001). Also,
many important conservation problems are of sufficient scope
and scale that their remediation will have collateral effectson
other cultural, economic, or aesthetic values. Thesevaluesare
likely to conflict to some degree, and various interest groups
tend to jostle for power over the decision-making process. A
large number of conservation challenges do not fit into the
context of a single decision maker optimizing a finite and
unambiguously weighted set of values. Indeed, on al but the
smallest scales, there usualy are multiple decision makers
acting more or less independently in pursuit of their own
agendas.

Resilience proponents have been especialy critical of
optimization, at least for those caseswhereit isfocused onthe
aggressive pursuit of efficiency (Waker and Salt 2006,
Norberg et a. 2008). In general, optimization (and more
generally, modeling) of resource systems is held to reduce
spatia, temporal, or organizational heterogeneity that would
otherwise limit efficiency, leading to homogenization of a
system and reduced capacity to copewith unexpected changes
or disturbances (e.g., crop monocultures or undiversified
investment portfolios) (Meyer 1976, Holling and M effe 1996).
It is further asserted that optimization increases the risk of



regime change by narrowing the basin of attraction of a
desirable domain (i.e., reducing resilience) (Peterson et al.
1998, Levin 1999, Walker and Salt 2006). It seems, then, that
a key source of tension between resilience thinking and
application of decision science is the pursuit of efficiency in
the latter (i.e., choosing the “best” management action or
strategy to maximize productivity of one or few resource
components), vs. adesire in the former to keep options open
(i.e., maintaining and enhancing diversity) (Norberg et al.
2008). Whether this tension can be reconciled is perhaps the
most pressing question facing those who understand and
appreciatethevalue of resiliencethinking, yet also understand
the necessity of helping resource managers make difficult
decisions.

Also at the forefront of resilience thinking has been the
recognition that resources can be exploited beyond their
renewal capacity and that unfettered access can lead to
resource collapse (Hardin 1968, Clark 1971, Clark and Munro
1978). In the course of resource development, the gradual
recognition of resource limitation has fostered the rise of a
managerial classwhose purposeisnot only to regul ate access
to the commons, but also to ensure that natural resources are
used efficiently (e.g., viathe concept of maximum sustainable
yield or someother, lessformal, concept) (Ludwig et al. 1993,
Holling and Meffe 1996, Ludwig 2001). This approach
reinforces the philosophy that nature is to be used for the
betterment of mankind and that humans stand apart from the
systemsthey are attempting to manage. And until recently, the
study of the management of ecological systems was
preoccupied with equilibrium conditions and management
actions that are intended to stabilize resource states at their
most productive level (Holling 1973). The argument is that
the science of resource management has been primarily
reductionist, and generally has failed to recognize the
uncertainties and nonlinear behaviors that undermine
equilibria and lead to dternative stability regimes and
hysteresis(Ludwig 2001). Thesecriticismsgenerally focuson
the inadeguacies of models used to predict system behaviors
and responses to management.

Resilience thinkers seem by implication to question the need
to predict outcomes attendant to alternative decision choices.
Predictions are held to require more data than is likely to be
available for many, if not most, conservation problems
(Polasky et al. 20118). And even if empirical information is
available, decision makers run the risk that the dynamics of
thesystem of interest are changing, so that the pastisno longer
prologue (Carpenter et a. 2009). This can be particularly
problematic given the increasing scale and pace of global and
human-induced change. To make matters worse, resilience
theory postulates that social—ecological systems are complex
adaptive systems that are inherently unpredictable, with
nonlinear and cross-scale interactions producing a level of
uncertainty that is ever present and may be largely
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unknowable. These criticisms are also focused on the
inadequacies of models used to predict system behaviors and
responses to management.

This critique of conventional NRM, which by now is well
developed and widely accepted by resilience analysts (Berkes
2010), hashel ped motivate someimportant changesto theway
resource-management decisions are analyzed and made. For
example, it has led to environmental decision making that is
more focused on the conseguences of uncertainty in system
behaviors and responses to management and the risk of
undesirable outcomes (Hilborn and Walters 1992, Burgman
2005, Gregory et a. 2012). There is a growing emphasis on
theecol ogical mechanismsthat produceand sustain ecosystem
products and services (Carpenter 2009). That ecological and
social systems are linked is now broadly recognized (if not
well understood), and ecologists and social scientists are
working side by side to develop integrative theories for
sustai nableresource development (Lee 1993, Gunderson et al.
1995, Gunderson and Holling 2002, Berkeset al. 2003). Along
with these developments, more pluralism in resource
governance is becoming commonplace (Lebel et al. 2006,
Wilson 2006, Armitage et al. 2009).

A Management-Based Critique of Resilience Thinking
For their part, decision analystshave been critical of resilience
proponentsfor not providing much practical advicetodecision
makers (Berkes 2010, Polasky et al. 20114). To be sure, there
have been many resilience-based principlesrecommended for
sound resource management, particularly in terms of
understanding thelinksbetween social and ecological systems
and how modes of resource governance can enhance or
decreaseresilience (L evin 1999, Gunderson 2000, Gunderson
andHolling 2002, Berkeset al. 2003, Lebel et al. 2006, Walker
and Salt 2006, Chapin et al. 2009, Berkes 2010). Guidance
gets noticeably thinner, however, when it comes to a
resilience-based framing of resource-decision problems, an
assessment and selection of management alternatives, and the
prediction, valuation, and monitoring of decision outcomes.

Although we believe resource management can benefit from
an appreciation of resilience principles, a resilience-based
structuring of decision problems can seem daunting. For
example, a key challenge is problem framing, in which one
must determine the appropriate spatial and tempora
boundaries of the socia—ecologica system that are relevant
tothedecision at hand. Y et the emphasisin resiliencethinking
onmultiple scal eshastended to make problem bounding seem
more difficult, if not intractable (Levin 2000, Walker et al.
2002, Fischer et a. 2009, Polasky et al. 2011a). Moreover,
empirical effortsto predict or forecast management outcomes,
which involve formulating dynamic models of resilience and
accounting for key uncertainties, are still in their infancy
(Carpenter et al. 1999, Scheffer and Carpenter 2003, Scheffer
2009). Monitoring in terms of early warning signsfor critical
regime shiftsis receiving increased attention (Karunanithi et



al. 2008, Biggs 2009, Scheffer et al. 2009), but learning about
regime shifts in time to avert them remains a challenge.
Finally, a resilience-based approach to valuing decision
outcomes has barely been explored (Carpenter et al. 1999,
Peterson et al. 2003a), despite the need to define utility in a
way that avoidsafocuson anarrow range of ecosystem goods
or servicesthat, if optimized, could erode resilience.

Another concern among decision analysts is that proponents
of resilience thinking invariably advocate the use of adaptive
management (Gunderson 1999, Gunderson et al. 2008, Allen
eta. 2011), while providing little guidance on how to actually
plan and implement it (Gregory et a. 2006, Allen and
Gunderson 2011). In particular, it isimportant to know when
adaptive management isappropriate, and that it is not suitable
for al decision problems. For example, aprimary impediment
to decision making is often a conflict of values among
stakeholders. Inthissituation, adaptive management may have
little to offer (although see Norton (2005)), and attempts at
application can seem like displacement behavior that avoids
the difficult challenges of developing effective ingtitutional
and governance structures to resolve disputes over values
(Susskind et al. 2010). Nor is an adaptive approach needed if
the available management choices areinsensitiveto structural
sources of uncertainty (athough even here dynamic
optimization may be useful). Finaly, if management choices
fail to discriminate among competing system model s, adaptive
management will not result in learning, which is an essential
aspect of adaptive decision making. Decision anaysis
provides a systematic framework for exploring these issues,
and it is difficult to imagine how adaptive management could
be planned or implemented in the absence of this structure.

In conclusion, we believe resilience thinkers have not been
very successful at providing practical advice to decision
makers, although we also acknowledge that decision analysts
have not yet done much “resilience thinking.” The lack of
attention to potential links between the groups needsto change
if we are to narrow the gap between the framing of resource
problems and our ability to solve them.

IMPLICATIONS OF RESILIENCE THINKING FOR
ANALYZING CONSERVATION DECISIONS

Despite concerns about exactly how to apply resilience
concepts, we believe these concepts are increasingly relevant
to conservation efforts. Because our background is in a
decision-analytic approach to resource management, and
because this approach is intended to provide specific
recommendations for decision makers, we focus here on
applying resilience concepts in a decision-analytic approach
to conservation.

Problem Framing and the | ssue of Scale
Those concerned with resource conservation routinely face a
wide variety of decision problems, including the assignment
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of prioritiesand allocation of funds, the securement of habitat
throughfeetitleand easements, therestoration or enhancement
of habitat, the management of populations through stocking,
transl ocation or take, and thedesign and conduct of monitoring
programs. Ultimately, all of these decision problems concern
“what to do, where, and when” (Wilson et a. 2007)—
questions that we believe can best be approached through a
careful problem structuring that involves the identification of
decision aternatives, outcomes, and values (Arvai et al. 2001,
Possingham 2001, Wilson et al. 2006, Gregory et a. 2012).
Problem framing is an essentia (and often the most difficult)
part of decision analysis. It is also the aspect of decision
analysis that should be a primary focus of resilience thinking
(Possingham and Biggs 2012).

Of particular concern in problem framing is the notion that
“the decision context and the fundamental objectives that
frame a decision situation must be compatible” (Keeney
1992). Thus, the decision aternatives must be sufficient to
describe the ways in which objectives (values) can be
achieved, and objectives must be sufficient to permit
evaluation of the aternatives under consideration. This
requirement highlights the central role of scale in problem
framing, especially asit concerns the need to ensure that the
perceived scale of the problem is matched with the scale at
which conservationists (or society) can address it (Cumming
et al. 2006, Carpenter 2009). Although a decision problem
may have arelatively narrow focal scale for implementation
of aternatives, a consideration of both smaller and larger
scales may be necessary to adequately predict and value
outcomes. Unfortunately, we believe that many of the
discussions of scale in conservation are unfocused and wide
ranging. More than anything else, decision analysis promotes
contextual thinking—i.e., recognizing the precise nature of
the decision problem, defining thelarger ecological and social
context in which it is embedded, and identifying and
evaluating alternatives.

Nonethel ess, an awareness of scaleissuestendsto make what
is aready a challenging conservation decision problem even
more difficult. System properties observed at any particular
scale reflect both the aggregation of smaller—faster processes
and the constraints imposed by larger—slower processes
(Holling 1992, Levin 1992, Peterson et al. 1998, Cumming
and Norberg 2008). The extent to which scales other than the
focal scale of the decision need to be considered explicitly has
rarely been explored. As to biodiversity, resilience theory
holds that it is not species richness per se that contributes to
system resilience, but rather the presence of speciesthat have
overlapping functions at a particular scale, and the presence
of multiple species within functional groups that operate at
widely different scales (Walker 1992, Peterson et al. 1998,
Levin 2000, Folke et al. 2004, Hector and Wilby 2009). Add
to this complexity the fact that resource governance often
operates at myriad scales (Lebel et al. 2006), and it’s enough



tomakeany decisionanalyst’ shead ache. Indeed, thedifficulty
of accounting for multiple spatial, temporal, and
organizational scales of influence, while maintaining
analytical tractability, isone of the key reasonsthat resilience
thinkers have sometimes questioned the utility of decision
analysis.

So what to do? First, it isimportant to recognize that at small
focal scales the indirect or collateral effects of conservation
actions on society may be inconsequential (e.g., habitat
management on properties with single owners). At these
scales, areasonablefocusmight beonrelatively fast ecol ogical
structuring processes and afew species, with asingle decision
maker acting on a narrowly defined set of objectives.
Certainly, there will be larger-scale constraints (e.g., climate,
budget, etc.), but there also will be greater opportunity (less
risk) for experimenting with novel conservation approaches.
The use of active adaptive management, which treats
management actions as experiments, may be particularly
applicable in these situations (McCarthy and Possingham
2007). The innovations discovered through such
experimentation havethepotential ultimately to effect positive
change in management at larger scales.

Atlargefocal scales(e.g., awatershed or landscape), anaysts
may need to be more conscious of both smaller—faster and
larger—slower scales, functional groups of species, and
conservation actions that sometimes conflict with other
socioeconomicgoals. Inthesecases, amoreopenandinclusive
decision-making process is required, where a broader range
of values and their trade-offs is considered explicitly. To be
successful at these scal es, conservationistsmust betransparent
in how they account for the diverse concerns of stakeholders
(through, e.g., thequantification of opportunity costs) (Naidoo
et a. 2006). At larger scales, it is often impossible to identify
“the” decision maker, even among conservation interests.
However, an analysis that assumes a single decision maker
(for example, a government agency with statutory
management responsibility) can still be helpful for developing
a shared perception of the problem in the eyes of diverse
authorities and stakeholders (Keeney 1982).

Ultimately, what is needed is a cross-scale approach to
biodiversity conservation (Levin 2000, Willis and Whittaker
2002, Whittaker et al. 2005, Sarkar et a. 2006). From an
analytical perspective, a key concern is how conservation
decisions can be linked across scales. For example, the
harvesting (or stocking or transplanting) of organisms is
routinely viewed as a sequential decision problem, in which
decisionsin the present affect system status and thus decisions
in the future (Anderson 1975, Williams 1989). The goal of
such a sequentia decision process is to balance present and
future values so that the conservation strategy performs well
over an extended time frame. There has been some limited
work focusing onthissort of temporal trade-off in biodiversity
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conservation (Wilson et al. 2011). Similarly, conservation
decisions made over space can be linked to promote
biodiversity at avariety of scales(Poiani et al. 2000), and there
have been some attemptsto look at decisionslinked over both
time and space (Meir et al. 2004). The challenge for decision
analystsisto understand when links need to (or can) betreated
explicitly, i.e., those occasions when multiple, linked
decisions are under the control of “the” decision maker. In
other cases, extraneous decisions can be treated implicitly as
either noise (in the case of smaller-scale decisions) or as
congtraints (in the case of larger-scale decisions) relative to
the focal scale of decision making.

Valuing Outcomes and Setting Obj ectives

Theframing of adecision problem ultimately requiresameans
both to project and value decision outcomes. Understanding
how potential decision outcomes are perceived and valued by
stakeholders is key to the development of fundamental
objectives, which in turn influence all other aspects of a
decision analysis (Keeney 1992, Arvai et al. 2001). There are
several implications of aresilience perspective for theway in
which objectives of biodiversity conservation are formulated,
and we turn our attention to them in this section.

Fundamental objectives for a decision problem must be
represented by one or more measurabl e attributes that can be
used to evaluate the consequences of management actions.
Because biodiversity can be acomplex, multivariate attribute,
conservationists routinely resort to the specification of
biodiversity surrogates, such as subsets of species, species
aggregations, or habitat types (Margules and Pressey 2000,
Sarkar and Margules 2002, Sarkar et al. 2006). Species
richness has been the most widely used metric (Westphal et
al. 2003, Wilson et al. 2006, 2007, 2011, Polasky et al. 2008).
Some evidence suggests, however, that it is not species
richness per se that enhances system resilience, but the way
in which species interact with each other and with their
environment (Peterson et al. 1998). Thekey issueisecological
process, not pattern, and pattern can beaninadequate surrogate
for process. Thus, resilience-based conservation might best be
focused on the maintenance of diversefunctional groupswith
redundancy within groups, where redundancy refers to the
presence of specieswith overlapping function but that respond
to environmental variation differently (Walker 1992, 1995).
An important implication is that not all species contribute
equally to resilience. Lacking afull accounting of functional
types, however, conservationists may have little choice but to
focus on overall species diversity, based on the idea that this
objective could help ensure the requisite redundancy. In any
case, the challengeisto tailor the biodiversity metric(s) to the
specified conservation objectives and the values they
represent. As such, there can be no omnibus biodiversity
metric that will be suitable for al decision-making problems
in conservation.



In addition to biodiversity benefits, both direct and indirect
costsmust be considered if conservationisto be cost effective
(Naidoo et al. 2006, Murdoch et al. 2007, Polasky 2008).
Efforts to conduct cost—benefit analyses by assigning dollar
values to conservation benefits are increasing (Farber et al.
2002, Naidoo and Ricketts 2006), but they sometimes have
been criticized because biodiversity values are inevitably
incomplete, markets for some important values do not exist,
cost considerationsareinadequately addressed, and efficiency
doesnot necessarily imply sustainability (Bishop 1993, Nunes
and van den Bergh 2001). As is often the case, benefits and
costs cannot be specified using the same currency (e.g.,
dollars) and other approaches must be used to assessthetrade-
offs. One is to attempt to maximize biodiversity benefits for
afixed conservation budget (Wilson et al. 2006, Murdoch et
al. 2007). Another is to minimize the costs of sustaining
biodiversity at aprescribed level. Y et another isto rely onthe
notion of Pareto optimality (Kennedy et a. 2008). With a
Pareto-efficient solution, the conservation outcome cannot be
improved without a reduction in other socioeconomic values
(Bishop 1993, Polasky et a. 2005, 2008). Pareto-efficient
solutions can thus be used as a basis for negotiation among
stakeholders with irreconcilable values (i.e., objectives and
how they might be weighted).

However the benefits and costs of conservation are measured,
the effectiveness of conservation efforts ultimately depends
on the recognition that decision making and the systemsit is
designed to affect are inherently dynamic and characterized
by multiple sources of uncertainty. To cope with these
challenges, conservation planners are increasingly turning to
thetools of dynamic optimization. Here, we provide ageneral
framework for optimal, dynamic conservation and then
exploreits capacity to cope with various sources and degrees
of uncertainty.

System dynamics

In general, the management of ecosystem change over time
can be framed with time-specific utilities U(a, | x) and
transition probabilities P(x,, | X, &) corresponding to a
particular action a, and resource state x, at time t for atime
horizon that extends to time T, which may be infinite.
Assuming the system is known and fully observed,
management might focus on the aggregation of utilities
through time, asin

Vi4|x)=E {ZT:U(GYI-@)I-E} : 1)

r=f

In this value function A represents a strategy specifying
actions for each state at each time over the remainder of the
timeframe, starting in state x, at time t. However utility (i.e.,
benefits net costs) is defined, the management challengeisto
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choose a strategy A" that maximizes V(A | x,) for any initial
state x;:

V[x]=max V(4 |x)

) %)
= F’("‘j‘_-' | x_-')'
The value function can be written in iterative form as
r
V(4,1x)= Ula,| £)+E{Z Ula, | x.)| xﬁl}
r=t+l (3)

U(a; | xr)+ZJ-HP(xr+1 | Ls a.')V(AHl | xr+1)’

which expresses value in terms of current and future
accumulations of utility, with an optimal value function

4 I:xr ] = me {[’r(ar | xr) + Z X P(xr—l | X- ax) 4 [xr—l ]} . (4)

This characterization of decision making through time
highlights several features that are important for ecosystem
management. For example, it includes an explicit accounting
of random environmental variation and partial controllability
via the probabilities of state transitions. It includes a
specification of trade-offs between immediate utility and
future valuation through the objective function. Importantly,
conservation strategy is seen as state-dependent, in that the
action to be taken at a particular time is conditional on the
system state at that time. Finaly, conservation strategy
developed in this manner need not assume stability in either
system statesor returns. Thelatter property seemsparticularly
relevant in addressing the resilience-based concern that
traditional optimization seeksto hold asystemin equilibrium,
which ultimately can erode system resilience.

Process uncertainty

In many, if not most, conservation problems there is
uncertainty about the processes driving system dynamics,
which can lead to unanticipated outcomes when actions are
taken. Process uncertainty can be captured in the above
formulation by a set of K process models P(x,, | X, &)
incorporating different hypotheses about ecosystem
processes. These models provide the probability of
transitioning to any system state at time t+1, conditioned on
system state and management action at time t. We can then
express a model state g, with elements g (k) that specify the
relative confidence one places in each model. Bayesian
updating provides one way to capture observation-based
changes in the model state.



In the presence of structural uncertainty, a value function can
be expressed for each model

V(4 |x)=

(5)
Ul [x)+2, B(.lx.aW(4.,]x.),

and an overall processfunction averagesthesevaluefunctions
over the model state:

V(A, | x.'!' qj) = Z_;L.qj' [k)VJ\. (A. | xj)

) _ ©)
= U(a,- | X )+ Zx_._] P(x;+1 | X qr‘gr)y(fiﬁl | xr+1=qr+1)'

Optimal decision making under process uncertainty is given
by

7[x.q.]=

mj}iX {D—(ﬂ[ | xr) + z e ’-B(xr—l | Xea s Q'r) EI::‘Cr—lr /PR ]} . (7)

A single utility model U(a, | x,) is used in the above for every
process P (X, | X, &). Alternatively, utility can be model
specific, U,(a, | x,) and expected utility

[?(ax | xx :Q‘1) = Z E Q‘I (k)[’— (ax | xx) (8)

can be used.

Theincorporation of processuncertainty into decision making
transforms the decision framework into a Markov belief
process that is continuous in model state (Williams 2011b).
Thus, decisionmakingisresponsivetoanevolvingmodel state
that itself is given in terms of stochastic system dynamics.
Both the strategy and the resulting system behaviors are
recognized as being influenced by: (1) the value function; (2)
the structure of the system being managed; and (3) the degree
and nature of the structural and environmental uncertainties
towhichit issubjected. With thisframework, one canidentify
an algorithm for adaptive management, with structural
uncertainty an influencing factor for the decision-making
process (Williams 2001).

Robust decision making

Y et another implication of resilience thinking for objectives
in biodiversity conservation concernsthe possibility of “ deep”
uncertainty about system dynamics (Lempert 2002), along
with a risk of highly undesirable outcomes. One such
formulation buildsonwork by Ben-Haim (2006), but involves
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hypotheses about the structures and processes that guide
system dynamics, but lacks even stochastic information about
which hypothesis is most appropriate. An approach in this
situation isto define arange of possible model statesin terms
of a" guesstimate”, 9, of amode! state, and an extent or range
of model states given by an uncertainty horizon a. An action-
specific robustness function G(a V., ¥, X) specifies an
uncertainty horizon for which values exceed some minimum
V:

C

a(a|V,.q.x)=

argmax[ min ){U(a,-lx,-)+2x,_,?(x,-+1lx,-=@s%)f[x,-+1s%+1]}2%] ©
4 4. °

o =R(z,

where R(a, @) consists of model statesin aregion centered at
G, with extent ar. Robust decision making with uncertain model
state is then defined for a given critica value V, and
guesstimate 0, by the selection of the action a, with the largest
uncertainty horizon produced by the robustness function
(Williams and Johnson 2013).

Advantages of such an approach include the fact that
optimization doesnot rely on the specification of amodel state
(which may be unavailable or unreliable). Nor doesit depend
on maximization of expected return; rather, it focuses on
achievingaminimum level of performancefor aswidearange
of model uncertainty aspossible. Finally, the approach can be
extended to handle deep uncertainty about system states as
well asmodel states(Williamsand Johnson 2013). Webelieve
robust objectivefunctionsrepresent animportant contribution
of resilience thinking to decision-analytic approaches, aswell
as an explicit response to the widely leveled criticism about
optimization leading invariably to decreased resilience.
Uncertain objectives Finally, we note that the objective
function and the values it represents may themselves be a
source of uncertainty or ambiguity. In some cases there may
be an association between values and beliefs about system
dynamics, in which case an adaptive approach can
simultaneously reveal ecosystem structure and the values that
influence its management (Williams 2012). A related
framework recognizes a potential for change in values over
time, perhaps in response to system changes (White 1984).
Althoughweknow of no applicationsin conservation decision
problems, this approach would seem to offer potential for
strategy assessment on the assumption that “values are
determined in practice by the decisions taken rather than the
other way around” (Ludwig 2001). Therecognitionthat linked
social and ecological systems are often characterized by two-
way feedbacks motivates an exploration of decision-analytic
approaches that allow for temporal changes in objectives and
how they are weighted.



Predicting and Monitoring Outcomes

Beyond the difficulty of formulating biodiversity costs,
benefits, and objective functions, a challenge in using a
decision-analytic approach is to specify plausible models of
system dynamics. Construction of predictive models is an
essential aspect of any systematic approach to decision
making. A resilience-based perspective, however, emphasizes
thedifficulty of making even probabilistic predictionsbecause
of the need to extrapolate from limited experience, alack of
understanding of mechanisms that can generate extreme
events, and the presence of “deep” uncertainty (Walker et al.
2002, Peterson et al. 2003b, Carpenter et a. 2009). Scenario
planning has sometimes been advocated as an alternative
(Peterson et a. 2003b, Polasky et al. 2011a), even though
plausible scenarios can often arise from a (possibly implicit)
process of model building (although the models need not be
mechanistic nor provide a stochastic structure for scenario
futures). For the purposes of decision analysis, we suggest that
scenarios should be treated the same as any other potential
outcome that might arise from amore traditional approach to
modeling. Thus, we view a “model” in its broadest sense as
any sort of state and action-dependent prediction or as an
algorithm for generating such a prediction.

Bayesian belief networks provide a convenient way in which
guantitativeand qualitativeinformation can becombined from
awide array of sources to help generate plausible outcomes
and explore their consequences (McCann et al. 2006).
Bayesian belief networks are increasingly used as
metamodeling tools for integrating multiple aspects of
ecosystem dynamics (Castelletti and Soncini-Sessa 2007,
Barton et al. 2008) and for participatory modeling, which is
useful for incorporating diverse knowledge (Walker et a.
2002) and facilitating understanding and trust among
stakeholders (Beratan 2007).

One concern in biodiversity conservation is the over-reliance
on statistical associations for prediction, given that these
associations may be poor predictors of how biodiversity is
affected by environmental change. Thereisaneed to focuson
the mechanisms and processes that maintain patterns of
biodiversity, rather than relying solely on pattern recognition
and description (Sarkar et al. 2006, Pressey et al. 2007). These
processesinclude dispersal, local extinction and col onization,
species interactions, and range contraction and expansion
(Sarkar et al. 2006). Focusing on process dynamics also can
be useful in recognizing potential actions for conservation
intervention (Richards et al. 1999, Westphal et al. 2003,
Tenhumberg et a. 2004, Bogich and Shea 2008, Martin et al.
2011).

We acknowledge the inherent difficulties in modeling
ecological processes and recognize that this has been a point
of emphasis in resilience thinking. However, a systematic
approach to formulating useful models need not depend on a
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thorough mechanistic understanding or precise parameterization,
assuming that uncertainty is acknowledged and treated in a
systematic manner (Conroy et a. 2011, Nichols et al. 2011).
Thecritica pointisthat informed decisionsrequirepredictions
about the outcomes of potential actions, and these predictions
must come from some sort of model of system dynamics.
Models are not optional components of decision making, and
the challenges associated with modeling and predictions
simply cannot be used asreasonsto abandon modeling efforts.

As awareness of the need to model ecological processes has
grown, so has the acknowledgment that ecosystem models
should include thresholds at which ecological systems can
undergo abrupt change (Huggett 2005, Lindenmayer and L uck
2005, Groffman 2006, Martin et al. 2009). Such thresholdsare
frequently viewed asboundaries separating alternative system
regimes or basins of attraction (Scheffer et al. 2001, Scheffer
and Carpenter 2003, Folkeet a. 2004). Oneimportant concern
for ecosystem management is the loss of resilience as the
system state approaches a (perhaps unknown) threshold, and
theattendant increasein probability that somedisturbancewill
shift the system to a less desirable stability regime. Another
is the possibility of changes in the parameters governing the
size and shape of the domains of attraction that make system
shiftsmoreor lesslikely (Beisner et al. 2003). Finally, systems
with aternative stable states can exhibit hysteresis, in which
a loss of resilience is followed by a system change and
thereafter by an increase in resilience so that reversing the
changeisdifficult (Ludwig et al. 1997, Scheffer et al. 2001).

Processes that can generate alternative stable states include
overharvesting in the presence of an Allee effect, changesin
trophic structure, fragmentation of landscapes, interspecific
competition (especially asit applies to invasions by exotics),
and transmission of disease (Scheffer 2009). Although a
number of researchers have begun to formulate simple models
to explorethese processes (Ludwig et al. 1997, Scheffer et al.
2001, Carpenter et al. 2002, Scheffer and Carpenter 2003,
Scheffer 2009), more needs to be done to devel op model sthat
provide practical advice for ecosystem management. In
particular, it is sometimes possible to deduce thresholds from
process models, as contrasted with the more typical, but less
useful, approach of trying to identify them a posteriori using
retrospective analyses of time-series data for system state
variables. For example, model s of metapopulationsinhabiting
fragmented habitat have been used to devel op the concept of
“extinction threshold” (Lande 1987, 1988), the fraction of
potential habitat patches composed of suitable habitat below
which metapopulation extinction is assured. Extinction
thresholds are predicted directly from metapopulation vital
rates (local probabilities of extinction and colonization) and
the key relationships (e.g., between patch areaand extinction;
patch isolation and colonization) that define those rates. This
approach to inference about thresholds provides a strong
motivation to develop models of system behavior that



incorporate those features (e.g., thresholds) into the decision
process. Thisemphasison processmodeling isconsistent with
our previous recommendation to focus on less descriptive and
more mechanistic modeling.

It should be noted that not al regime shifts in ecological
systems are catastrophic, and not al systems exhibit
pronounced hysteresis (Scheffer et a. 2001, Beisner et al.
2003). In systems where gradual change is the rule, classic
decision analysis and its variants remain valuable tools for
resource use and conservation. Of course, thetrick isto know
whether the system of interest has the potentia for rapid
regime shifts. Where plausible models incorporating or
generating multiple regimes can be formulated, decision
analysis can a so be useful. For example, simple models have
been used to demonstrate how optimal management differs
under various assumptions about the nature of regime changes
(Polasky et al. 2011b). Interestingly, optimal management
may beprecautionary if apotential regimeshift causeschanges
insystem dynamics, and if management affectsthe probability
of aregime shift. With an exogenous probability of aregime
shift, the optimal management policy may be unaffected
except that it will change in response to the regime shift. The
resultsof Polasky et a. (2011b) provide valuableinsights, and
we suggest that more of these investigations are warranted.

The implications of potential regime shifts for adaptive
management are less clear. Intuition suggests that when
resilience is low and the costs associated with undesirable
statesarehigh, system probing or experimentationto facilitate
learning isunlikely to be prudent (Gunderson 1999, Allen and
Gunderson 2011). Indeed, application of adaptive
optimization (Williams 1996, 2001) would be expected to
produce management strategies that minimize the probability
of moving to system states associated with high costs, unless
expected learning was sufficient (and the system resilient
enough) to recoup the costs over the timeframe of decision
making. A productive line of inquiry thus involves
understanding how various sources and degrees of uncertainty
in the mechanics of regime shifts influence optimal
prescriptions for adaptive management. Methods of decision
analysis that focus on variability in objective returns and on
robust decision making are more likely to berelevant in these
casesthan classic methodsthat focus on maximizing expected
values.

M odelersal so need to become more adept i n describing cross-
scale dynamics, particularly feedbacks between processes
operating at different scales that are important to system
organization and function (Kerkhoff and Enquist 2007,
Cumming and Norberg 2008). In addition, key feedbacksneed
to be explored between socia and natural systems. Indeed, we
still have much to learn about how to takeamoreholistic view
of ecosystems and humans, such that the social—ecological
system becomes the analytical unit (Janssen and Carpenter
1999, Carpenter 2009, Berkes 2010, Schluter et al. 2012).
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Finally, we offer a few comments about monitoring.
Monitoring of system state variablesand associated vital rates
serves four primary roles in decision processes with
uncertainty (Y occoz et al. 2001, Nichols and Williams 2006).
Estimates of system statearerequired: (1) for state-dependent
decisions; and (2) for assessing the degree to which objectives
are being met. Monitoring aso provides (3) a basis for
learning, as estimates of key variables are compared against
model-based predictions in order to update measures of
relativefaith in system models (Williamset al. 2002). Finaly,
monitoring data are used to provide (4) updated or better
estimates of key system vita rates. Predictions of thresholds
based on system modelswill beimproved by better estimates
of the vital rates governing model processes. One response to
the potential for thresholds and regime shiftsisto monitor the
drivers of system change. For example, models producing
extinction thresholds (Lande 1987, 1988) emphasize the need
for monitoring to assess habitat quality in order to inform
models for habitat dynamics (MacKenzie et al. 2011, Miller
et al. 2012). The current era of rapid climate change should
cause managersto devel op modeling and monitoring modules
for the dynamics of key environmental drivers affecting
managed systems. Monitoring programs for these driver
variableswill be required in order to track and model system
dynamics (Milly et al. 2008, Nichols et a. 2011).

CONCLUSIONS

Biodiversity conservation is characteristically both dynamic
and uncertain. It is dynamic because it depends not on the
protection of static biodiversity features or attributes, but on
maintenance of the ecol ogical and evolutionary processesthat
sustain that biodiversity. It is uncertain because ecological
systems are inherently stochastic and because any
understanding of resource conditions and dynamics is
inevitably incomplete. The effectiveness of conservation in
sustaining resilient systems thus depends on how well these
dynamics and their associated uncertainties can be accounted
for intheplanning process. To that end, conservation planners
increasingly rely on the tools of decision analysis. Although
decision-analytic approaches vary considerably, they
typicaly involve (1) properly formulating the decision
problem; (2) specifying feasible dternative actions; (3)
predicting outcomes attendant to the decision choices; and (4)
selecting criteria for evaluating potential outcomes.

Methods of dynamic optimization combine models of system
change with objective functions that value present and future
consequences of alternative actions. The general conservation
problem often involves atempora sequence of decisionsover
along, if not infinite, time horizon, where the optimal action
at each decision point depends on time and/or system state.
The goal of the analyst isto develop adecision rule or policy
that prescribes a management action for each system state at
each decision point that isoptimal with respect to the objective
function. A key advantage of dynamic optimization is its



ability to produce a feedback policy specifying optimal
decisions for “possible” future system states rather than
“expected” future states. In practice, this makes optimization
appropriate for systemsthat behave stochastically, absent any
assumptions about the system remaining in a desired
equilibrium or about the production of a constant stream of
resource returns.

In our experience, it is not optimization per se that has been
the enemy of resilience, but rather alack of critical thinking
about how to characterize the benefits and costs of
conservation to society, how to identify the full suite of
potential actionsthat could be used to enhance the benefits net
of costs, and how to represent ways in which systems can
change as a result of those actions and other uncontrolled
factors. In thisregard, we tend to agree with Possingham and
Biggs (2012), who suggest that “resilience thinking is one
approach to framing a problem—decision science solvesit.”
Thus, we suggest that it is in a careful framing of decision
problems that resilience concepts can be operationalized for
decisionmakers. Inparticul ar, webelievethat obj ectivesetting
in conservation needs to be more attuned to the dynamics of
social—ecological systems and to the possibility of deep
uncertainties that underlie the risk of unintended, if not
irreversible, outcomes. Resilience thinking also leads to the
suggestion that model development should focus more on
process than on pattern, on multiple scales of influence, and
on phenomenathat can create alternative stability regimes.

Finally, we note that a key point of perceived divergence
between resilience thinking and decision analysis is focused
on the dichotomy between optimizing and diversifying. As
Holling (2001) described in his characterization of the
adaptive cycles of socia—ecological systems:

“It is as if two separate objectives are functioning, but in
seguence. The first maximizes production and accumulation;
the second maximizes invention and re-assortment. The two
objectives cannot be maximized simultaneously but only
occur sequentialy. And the success in achieving one
inexorably sets the stage for its opposite. The adaptive cycle
therefore embraces two opposites: growth and stability on the
one hand, change and variety on the other.”

Certainly the statement that these two objectives cannot be
maximized simultaneously is true. However, this does not
preclude the possibility of seeking optimal solutions for an
objective function that includes elements of both classes of
objectives. For example, we might consider an objective to
maximize accumulation of some key ecosystem product or
service, subject to a constraint that system diversity is
maintained above some threshold level, below which system
resilience may be reduced. In other cases, systems may be so
degraded and threats to resilience may be so great that
maximizing diversity and resilience may bethe only objective
of management. However, in both of these situations, it is
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possible to develop decision-analytic approaches that should
lead to wise decisions. It is our belief that this kind of
reconciliation of resilience and decision-analytic approaches
can help define the future of conservation practice.

Responsesto this article can be read online at:
http://www.ecol ogyandsoci ety.org/i SSUes/responses.

php/5544
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