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ABSTRACT. Adaptive capacity is the ability of aliving system, such as a social—ecological system, to
adjust responsesto changinginternal demandsand external drivers. Although adaptive capacity isafrequent
topic of study intheresilience literature, there are few formal models. This paper introduces such a model
and uses it to explore adaptive capacity by contrast with the opposite condition, or traps. In a social—
ecological rigidity trap, strong self-reinforcing controls prevent the flexibility needed for adaptation. Inthe
model, too much control erodes adaptive capacity and thereby increasestherisk of catastrophic breakdown.
In a social—ecological poverty trap, loose connections prevent the mobilization of ideas and resources to
solve problems. In the model, too little control impedes the focus needed for adaptation. Fluctuations of
internal demand or external shocks generate pulses of adaptive capacity, which may gain traction and pull
the system out of the poverty trap. The model suggests some general properties of trapsin social—ecological
systems. It isgeneral and flexible, soit can be used asabuilding block in more specific and detailed models

of adaptive capacity for a particular region.
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INTRODUCTION

How do transformation and persistence coexist in
living systems? This paradox is addressed by the
concept of resilience (Holling 1973, Folke 2006).
Resilience is not about an equilibrium of
transformation and persistence. Instead, it explains
how transformation and persistence work together,
alowing living systems to assimilate disturbance,
innovation, and change, while at the same time
maintaining characteristic structures and processes
(Westley et al. 2006).

Resilience is a broad, multifaceted, and loosely
organized cluster of concepts, each one related to
some aspect of the interplay of transformation and
persistence. Thus, resilience does not come down
to a single testable theory or hypothesis. Instead it
isachanging constellation of ideas, some of which
aretestable through the usual practices of natural or
socia science. Although particular ideas may be
rejected or supported, the program of research on
resilience itself is evaluated in a different way. As
long as resilience thinking produces interesting
research ideas, people arelikely to pursueit. When
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it seems empty of ideas, it will be abandoned or
transformed into something else.

The multifarious character of resilience has led to
many definitions(Walker et a. 2004) and therefore,
to diverse models and empirical analyses. At the
time of writing, the Resilience Alliance (http://www
resdliance.org) states that resilience has three
characteristics: (1) theamount of changethe system
can undergo and still retain the same controls on
function and structure, (2) the degree to which the
system is capable of self-organization, and (3) the
ability to build andincreasethe capacity for learning
and adaptation. Most models of resilience employ
the first definition. For example, resilience of lake
districts can be measured by the distance from the
current state to thresholds of ecological or social
change (Carpenter and Brock 2004). Many other
papers use distance-to-threshold to investigate
social—ecological systems(e.g., Kondolf et al. 2006,
Martin 2004, Peterson 2002, Sandker et al. 2007,
Walker and Meyers 2004). The second and third
definitions are related to the autopoietic, or self-
creating, aspects of living systems. In biological
systems, these ideas are related to the notion of
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allostasisin physiology (seebelow) andevolvability
in population genetics (Wagner 2005). Some
aspects of these definitions have been explored
using models of adaptive learning, control, or
management (Anderies et a. 2007, Brock and
Carpenter 2007, Carpenter et al. 1999, Walters
1986). Agent-based modelshave been used to study
the emergence of alternative approaches for
managing social—ecological systems (Janssen and
Carpenter 1999, Schluter and Pahl-Wostl 2007).
Emergence and transformation seem related to the
functioning of networks within social—ecological
systems, prompting models of various kinds of
networks (Janssen et al. 2006). M odels of threshold
effects, evolutionary game theoretic adaptive
phenomena on networks, and emergence and
transformation also loom large in social science
poverty research (Bowles et a. 2006). In much of
the research on poverty traps discussed by Bowles
et a. (2006), networks are used to model “social
capital” that gives a social community adaptive
capacity.

Adaptive capacity, the ability of a system to adjust
to changing internal demands and external
circumstances, is a central feature of resilience.
Unlike distance-to-threshold models, no genera
and minimalist framework has developed for
modeling dynamics of adaptive capacity in social—
ecological systems. Agent model sperhapscomethe
closest (Janssen and Carpenter 1999, Schlitter and
Pahl-Wostl 2007). Such models have been
insightful, athough they may be too complex to
serve as minimalist heuristics for some situations.
Itisuseful to have modelsfor adaptive capacity that
can easily be applied in awide range of contexts, to
facilitate comparisons across systems. Here, we
propose such a model.

A minimal model for adaptive capacity issuggested
by the physiological concept of allostasis (Sterling
2004). Biologists distinguish adaptation through
evolution and natural selection, including evolved
physiological adaptations, from the physiological
responses of organisms to changes in their
environment. Yet these physiological responses
resemble processes of adaptive control studied in
the literature of engineering and systems science.
Throughout this paper, we use adaptation in the
general sense of system science and not in the
specific sense of evolutionary theory.

Homeostasis and alostasis are different models of
control that are used in biology. The concept of
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homeostasis proposes that organisms maintain
stable internal conditions through systems of
negativefeedbacks. Allostasis, in contrast, proposes
that organisms persist by varying physiological
conditions and matching them appropriately to
fluctuating inputs or internal demands. Underused
physiological systems wither, whereas physiological
systemsthat are chronically used outsidethe normal
operating range become rigid and incapable of
responding appropriately to changing environments.
Allostatic modelsare successful in explaining some
aspects of hypertension, some anxiety-related
mental illnesses, and some aspects of aging (Singer
et al. 2004, Sterling 2004). Pathologies of allostasis
—withering of underused systems and lock-in by
overused systems—resemble the notions of
“poverty trap” and “rigidity trap” in social—
ecological systems (Gunderson and Holling 2002).
Here, we introduce a model based on allostasis to
explore the dynamics of adaptive capacity, and the
loss of adaptive capacity in poverty or rigidity traps.

First we review therigidity and poverty traps. This
literature motivatesthe model. Wethen contrast the
behavior of the model in three situations: arange of
normal adaptation, arigidity trap, and apoverty trap.
We conclude with some specul ations about the use
of models to further explore and understand
adaptive capacity of social—ecological systems.

Rigidity Traps

Rigidity traps occur in social—ecological systems
when institutions become highly connected, self-
reinforcing, and inflexible (Gunderson and Holling
2002). A purely ecological example is old-growth
forest, in which nutrients are locked up in biomass
of afew shade-tolerant species that can reproduce
under thethick canopy. Such aforest cannot change
from endogenous processes, but may be highly
vulnerable to external disturbance by catastrophic
windthrow or wildfire. In the social realm, control
by corrupt political regimes (Holling 2001) and the
Hindu caste system (Berkes and Folke 2002) have
been proposed asexamplesof rigidity traps. Natural
resource management organized around fixed
economic production targets seeks to reduce
variation in resource dynamics because natural
variability is problematic for industries that depend
on the resource. Such management systems are not
necessarily in a rigidity trap. But where
management by command and control severely
reducesdiversity, and forcesof power and profit are
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mutually reinforcing, a rigidity trap exists
(Gunderson and Holling 2002). Allison and Hobbs
(2004) describe a rigidity trap from Western
Australian agriculture “characterized by low
potential for change, high connectedness, and high
resilience.” They succinctly describearigidity trap.

Poverty Traps

Poverty traps, unlike rigidity traps, are frequently
described in popular writing. The most common
meaning is a dituation in which people are
impoverished by circumstances beyond their
control. Bowles et al. (2006) provide precise
definitions, models, and estimation and measurement
techniques used in socia-scientific studies of
poverty traps. We shall focus here on the notion of
“poverty trap” asthat word isused in theresilience
literature: the poverty trap is a situation in which
connectedness and resilience are low, and the
potential for changeis not realized (Gunderson and
Holling 2002, Allison and Hobbs 2004). Ideas and
raw materials may be abundant when systems are
caught in poverty traps, but there is no capacity to
focus resources on a promising idea and move the
systemforward (Westley et al. 2006). An ecological
example is persistent drought due to vegetation—
atmosphere interactionsin drylands (Narismaet al.
2007). If the vegetation becomes scattered and
sparse, albedoincreases, and local weather becomes
warmer and drier. Local drought may persist even
though the larger-scale climate is unchanged and
the diversity of the vegetation is high. The drought
cannot be broken by endogenous processes alone;
relief requires a shift in weather at larger spatial
scales.

Examples can also be found in socia systems.
Manic behavior of individuals is characterized by
rapid generation of ideas, but little capacity to focus
on a primary idea and move it forward. Highly
Creative teams may generate prototype after
prototype, but in the absence of mechanisms to
select one option and move it into production, the
team will be stuck in a poverty trap (Westley et al.
2006). Socia—ecological systems that exist in
situations of chronic, recurring disaster (Erikson
1995) occupy poverty traps. Tainter (1988)
describes poverty trapsin which sources of novelty
are gradually diminished, eventually impairing the
capacity for adaptive response and leading to
massive change of a social—ecological system to a
new and degraded state.
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MINIMAL MODEL

Characteristics of Adaptive Systems Subject to
Traps

Our model is motivated by consideration of an
adaptive system in a variable environment, where
long-term success depends on maintaining the
capacity to adapt through change. The model must
explain normal adaptation to a wide range of
fluctuating conditions, as well as the emergence of
pathologies such as the poverty trap and rigidity
trap. To do this, the model connects adaptive
capacity to stress experienced by the system. Our
use of stress reflects the origins of alostasis in
physiology and connects our model with that
literature (Sterling 2004). In ecosystem management,
stress represents the degree to which resources are
aggregated and focused to solve a collective
problem. Focus of resourcesin any one dimension
would reduce resources available for problem
solving in other dimensions. Levin and Lubchenco
(2008) note the distinction in engineering between
stressand strain, the latter being the impact of stress
on asystem. Stress, as used in our paper, represents
the cumulative effort expended by the system to
adapt its internal conditions to external forces as
well as changing internal demands.

Although adaptive capacity isimpaired in both the
poverty and rigidity traps, the traps have opposite
characteristics in several important dimensions
(Table 1). Heterogeneity of entities is high in the
poverty trap, but network connections are sparse.
There is little capacity to focus on an optimal
solution to a current challenge, yet great scope for
exploration of possible solutions. Stressislow, and
thereishigh capacity to dissipate stress. In contrast,
the rigidity trap is characterized by low
heterogeneity and high connectivity of entities.
There is great capacity to focus on a singular
approach, and low capacity to explore aternatives.
Thereislittle capacity to dissipate stress, and stress
may accumulate to high levels.

In animal physiology, the poverty trap resemblesa
person who is out of shape (Table 1). The muscles
and skeletal system have a latent potential to
develop strength for a wide range of activities, but
this potential is untapped. A program of regular
exercise could build strength. The rigidity trap, in
contrast, resembles a person who has high blood
pressure dueto chronic overuse of a“fight or flight”
response. A documented example is African-
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Table 1. Characteristics of the traps.
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Characteristic Poverty Trap Rigidity Trap
Heterogeneity of entitities High Low

Network connections Low High

Capacity to focus Low High

Capacity to explore High Low

Average stress Low High

Capacity to dissipate stress High Low

Analog in anima physiology Out of shape Hypertense
Analog in simulated annealing High temperature Low temperature

Analog in spin-glass

Underconnected

Frozen by low thresholds

Americans subject to chronic stress from racia
discrimination as well as the anticipation of racial
discrimination (Sterling 2004).

These traps resemble two physical models used in
different areas of science (Table 1). Simulated
annealing (Kirkpatrick et al. 1983) is a computer
algorithmfor finding the deepest point of acomplex
multidimensional topography with many local
valleys and peaks. The algorithm combines a
capacity to move downhill in any locale with a
capacity to explore by jumping long distances to
discover new terrain. A parameter of the algorithm
controls the balance of effort between local
downhill movement and exploration for new
valleys. In the normal course of solving a problem,
this parameter changes gradually. In early stages,
exploration of a wide range of valleys takes
precedence. Later, when a valley that is likely the
deepest has been found, the emphasis switches to
downhill movement. This norma operation
resembles the foreloop of the adaptive cycle
(Holling 1986, Walker and Salt 2006). If simulated
annealing was frozen in the exploration phase, it
could be said to be in a poverty trap. If ssmulated
annealing was frozen in the downhill phase before
the deepest valley was located, it could be said to
bein arigidity trap.

Spin-glassmodel sof memory (Hopfield 1982, Amit
et al. 1985) perhaps come closer than simulated
annealing to the biologica roots of alostasis in
physiology and adaptive capacity in socia—
ecological systems. A spin-glass is a potentially
magnetic material that ishighly disordered, far from
its “ground” or magnetized state, and capable of
resting in any of many intermediate, locally stable
states. Transitions of spin-glass among its many
locally stable states are used as models of dynamic
memory, to understand the neurobiol ogy of problem
solving. The flexibility of the spin-glass to occupy
different locally stable states allows it to represent
different complex patterns. This flexibility can be
lost in ways that resemble poverty or rigidity traps.
In a spin-glass model, pattern emerges from
interactions of an enormous network of switches. A
matrix of parameters represents the strengths of
connections between each possiblepair of switches.
These connection parameters, combined with the
present state of all the switches, determine the
potential that acts on each switch. Another vector
of parameters represents the list of thresholds at
which each switch flips between “off” or “on.”
Problem-solving ability dependson maintaining the
connections of the switches and their flexibility to
flip. Now imagineaspin-glassin which the strength
of interactions between each pair of switchesdecays
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if the switches are not “on” for along time. If this
spin-glass were understimulated, many of the
network connections would decay away and the
system would lose its ability to respond to later
stimuli; that is, it would fall into a poverty trap.
Conversely, consider a spin-glass in which the
thresholds decay with intensive use, so that aswitch
thatischronically “on” losestheability toturn* off.”
If this spin-glass were overstimul ated, many of the
switches would become locked on and the system
wouldloseitscapacity to respond to situationswhen
switches needed to be “off;” that is, it would fall
into arigidity trap.

Dynamics of Adaptive Capacity

A simple model for dynamics of adaptive capacity
has two components: an adaptive controller, and a
dynamic system whose adaptive capacity depends
on the magnitude of effort expended for adaptive
control in the past (Appendix 1). We use asimple
and familiar adaptive controller, a “proportional-
integrated-derivative,” or PID, controller (Anderson
andMoore1971). A familiar exampleof PI D control
is the automated speed regulator, or cruise control,
found in many automobiles. The cruise control
responds to internal demands (target speeds set by
the driver) as well as external conditions (such as
climbing or descending hills). Thismodel isrelated
to models of adaptive control used in previous
studies of social—ecological dynamics (Walters
1986, Carpenter et a. 1999, Brock and Carpenter
2007, Anderies et al. 2007).

We represent the relationship of adaptive capacity
to stress with a hat-shaped function of cumulative
stress (Fig. 1). The x-axis represents cumulative
stress (S), a measure of the effort that the system
has expended to adapt. The y-axis represents
adaptive capacity, A(S). At an intermediate range
of S, adaptive capacity is relatively large. If Sis
chronically low, the system isin a poverty trap. If
Sischronicaly high, thesystemisin arigidity trap.
The spin-glass described above can represent this
relationship. An understimulated spin-glass (left
side of Fig. 1) represents a poverty trap. A socia—
ecological exampleisasystem where networks and
leadership have not coalesced to drive forward
solutionsto problems, eventhough many goodideas
for solving the problems may exist (Westley et al.
2006). An overstimulated spin-glass (right side of
Fig. 1) representsarigidity trap. A social—ecological
example is a rigidly bureaucratic agency that is
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unable to assimilate new information from the
system that it governs (Gunderson et al. 1995).

A simulationwith Sfluctuatingintheadaptiverange
illustratesasystemwith high adaptive capacity (Fig.
2). Thetarget (Fig. 2A, dark blue dash) and external
forcing (Fig. 2B, pink) vary over time. The
magnitude of adaptive control (Fig. 2B, green)
changes to bring the system state (Fig. 2A, light
blue) in the neighborhood of the target (Fig. 2A,
dark blue dash). Cumulative stress (Fig. 2C) and
adaptive capacity (Fig. 2D) fluctuatein the adaptive
range.

If Fig. 2 represented a model of a person’s blood
pressure throughout aday, the changesin the target
would represent changing demands due to, say,
exercise, need to focusintensely on adifficult task,
relaxation during ameal, or sleep. External forcing
would represent unexpected shocks, such asanear-
accident while bicycling to work, an unexpectedly
stressful meeting, or an opportunity for a nap.
Normal blood pressure is not a homeostatic
constant. Rather, it is the capacity to adjust blood
pressure to changing demands and external events,
and to maintain this capacity into the future.

If Fig. 2 represented a model of resource use by a
social—ecological system, the changes in the target
would represent changing demands due to human
decisions, and external forcing would represent
external shocksto socia or ecologica components
of the system. Adaptive resource use is not
extraction at afixed rate. Rather, it consists of the
capacity to adjust resource use appropriately to
changing demands and external events, while
maintaining future capacity to use the resource at
appropriate levels.

Rigidity Trap

Fig. 3 portrays asystem in arigidity trap. Thetime
series for the target and the external forcing are
identical to those used in Fig. 2 to illustrate normal
adaptive dynamics. The differenceisthat in Fig. 3
the system hasbeen chronically overstressed so that
Sdoes not decay back to the adaptiverange. A high
magnitude of control is necessary to drive the state
variable back toward the target (Fig. 3B), but
changesin demand and external forcing lead towild
overshooting and undershooting of the target (Fig.
3A). Note that the magnitudes and fluctuations of
the control in the rigidity trap (Fig. 3B) are large
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Fig. 1. The adaptive capacity function A(S) vs. S.
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compared withthoseseenintheadaptiverange(Fig.
2B). Stressaccumulatesto high levels(Fig. 3C) and
adaptive capacity dropsto near zero (Fig. 3D).

In human physiology, some kinds of hypertension
are characterized by inability to regulate blood
pressure (Sterling 2004). Blood pressure fluctuates
widely with changes in physiological demands or
external stresses. Although hypertension is
associated with high blood pressure, deaths from
hypertension are often associated with episodes of
low blood pressure (Sterling 2004).

In social—ecologica systems, intensive management
of some dimensions of the system may allow wide
excursionsin other dimensions. For example, U.S.
forest policy of the 20" century emphasized
commercial harvest and fire suppression.
Meanwhile stand age structure shifted and fuel
density increased. More people and dwellings
infiltrated the forest, creating a mixed wild—
suburban landscape. Non-commercial uses of the
forests increased. Climate change led to drier
conditions and increased risk of wildfire. Thus, the

nature of the problem has changed completely, in
part asaconsequenceof policiesdesignedto address
the problems of decades ago.

If the cumulative stressis decreased, then adaptive
capacity can grow. In the blood pressure example,
avoidance of anxiety-producing interactions might
decrease stress. In the forest management exampl e,
allowance for diverse fire regimes might decrease
stress. Dynamics during stress reduction are
illustrated by linearly decreasing average
accumulated stress (S*, Appendix 1) from 9 to 5
over 1000 time steps (Fig. 4). Adaptive capacity
rises (Fig. 4A) and integrated deviations from the
target gradually decrease (Fig. 4B). The magnitude
of control, a measure of the effort needed to adjust
toward the target, declines (Fig. 4C).
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Fig. 2. Example of dynamics with stress levelsin the adaptive range (S* = 5). (A) State variable y (light
blue) and target y* (dark blue dash). Standard deviation of the distance of y from the target is 0.24. (B)
Control magnitude u and disturbance n. (C) Stress S. (D) Adaptive capacity A(S).
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Fig. 3. Example of dynamicsin therigidity trap (S* = 8). (A) State variable y (light blue) and target y*
(dark blue dash). Standard deviation of the distance of y from the target is 1.41. (B) Control magnitude u

and disturbance n. (C) Stress S. (D) Adaptive capacity A(S).
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Fig. 4. Emerging from arigidity trap: time series as S* islowered gradually from 9 to 5 over 1000 time
steps. (A) Adaptive capacity A(St]). (B) Integrated deviation from target, q[t]. (C) Squared control, u[t]
n2.
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Poverty Trap

In Fig. 5, we see a potentially adaptive system that
is chronically underused. The time series for the
target and the external forcing are identical to the
ones seen in normal adaptive dynamics (Fig. 2) and
the rigidity trap case (Fig. 3). In Fig. 5, however,
the stress dissipates before it reaches the adaptive
range. Such dynamicsare characteristic of apoverty
trap. Although substantial magnitude of control is
applied (Fig. 5B), the system fluctuates widely
around the target (Fig. 5A). Asin the rigidity trap
(Fig. 3B), the magnitude and fluctuations of control
usedinthepoverty trap (Fig. 5B) arelargecompared
with the adaptive range (Fig. 2B). Stress
occasionally reaches the adaptive range (y-axis

time

peaks larger than 3 in Fig. 5C). Yet stress quickly
dissipates and the system never spends more than a
few time steps with high adaptive capacity (Fig.
5D).

In human physiology, the response to stress of an
out-of-shape individual resembles Fig. 5. Even a
short period of exertion, such as climbing stairs,
results in wide swings in breathing, heart rate, or
blood pressure. Of course a sustained program of
gradually increasing exercisecan movetheperson’'s
physiology into the adaptive range.

In social—ecological systems, Fig. 5 resembles a
situationwith great turbulence of ideas, but nofocus
or leadership to channel the ideas toward solution
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Fig. 5. Example of dynamicsin the poverty trap (S* = 2). (A) State variabley (light blue) and target y*
(dark blue dash). Standard deviation of the distance of y from the target is 0.38. (B) Control magnitude u

and disturbance n. (C) Stress S. (D) Adaptive capacity A(S).
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of an overarching problem. The current situation
with climate changeisan example. A great diversity
of existing technol ogies could be combined to meet
energy needs while decreasing use of fossil fuels
(Pacalaand Socolow 2004). Inthe near future, there
are many ideas for improving energy technology,
such as various forms of biofuel, solar, tida,
geothermal or fusion energy. From a different
perspective, there areideasfor engineering climate,
by adding soot or aerosols to the stratosphere,
fertilizing the ocean, expanding land cover of
grasslands and forests, or other schemes. Through
the 1990s and early 2000s, climate policy seemed
to be in a poverty trap, with many ideas but no
agreement on the path forward. At the time of
writing, it seems possible that this trap could be
breaking down, as governments, corporations, and
individual sbecomemorewillingtoinvestinactions
to address climate change.

If stress accumulates, then adaptive capacity can
grow out of thepoverty trap. Dynamicsduring stress
accumulation are illustrated by linearly increasing
average accumulated stress (S*, Appendix 1) from
1 to 5 over 1000 time steps (Fig. 6). Adaptive
capacity rises (Fig. 6A), integrated deviationsfrom
the target gradually decrease (Fig. 6B), and thereis
adecline in the magnitude of control (Fig. 6C).

DISCUSSION

Just as a whole photographic image emerges from
the contrast of dark and light, understanding of
social—ecological systems can emerge from the
contrast of adaptive dynamics across a range of
scenarios. Traps, or persistent maladaptive
situations, have become an important topic for
social—ecological research (Westley et al. 2006).
Janssen and Scheffer (2004), for example, studied
the sunk-cost effect as a mechanism of traps for
ancient societiesthat later collapsed. Scheffer et al.
(2003) modeled general patterns of trap formation
in slow social responses to intensifying
environmental problems. Here, we present a model
that can be employed with any method of trap
formation to study the contrast between adaptive
and trapped dynamics, and transitions between
these two contrasting dynamics. By analogy to the
physiological process of alostasis, or persistence
through change (Sterling 2004), the model focuses
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on changes in the capacity to adapt. Here, we have
used the model to compare and contrast the poverty
and rigidity traps.

Our analysis has emphasized the changing nature
of traps. Although the word “trap” implies stasisin
some dimension, a trapped system may exhibit
extreme fluctuations in other dimensions. In a
poverty trap, fluctuations are not harnessed for
adaptation, although there are lurches toward the
adaptive range. Most of these fail, and the system
decays back to the region of preadaptive dynamics.
Eventually, however, it is possible that the system
will finditsway intotheadaptiverangeandfluctuate
there for a time. In this sense, a poverty trap is
unrealized potential. By contrast, intherigidity trap,
the expanding fluctuations dueto overuse of control
arelikely to lead to abreakdown in some dimension
of the system, perhaps leading to a more general
collapse. Depending on the nature and magnitude
of the collapse, and the post-collapse drivers and
feedbacks, the system could move into the adaptive
range, or a poverty trap, or disappear altogether.
Understanding the pathways out of traps, and how
complex systems can be guided onto one pathway
or another, is an important topic for ongoing
research.

The model was designed to be ssmple (representing
adaptive capacity with relatively few equations and
parameters, Appendix 1) and general (applicableto
generic features of poverty and rigidity traps) for
synthetic understanding of common features of
broad classes of traps. It was not intended to
represent the specific components or processes of
any particular real-world social—ecological system.
It is a quite general representation of adaptive
control for a system that undergoes changes in
controllability. A model for a specific socia—
ecological system would almost certainly require a
more complicated set of equations in order to
represent the important details of that particular
context. For example, models of regional
eutrophication include equations for ecosystem
dynamics, an equation for observation and
synthesis, a general growth equation for
performance of the regiona economy, a control
system to establish incentives and regulations, and
hundreds of equations for behavior of individual
farmers (Carpenter et a. 1999). Although these
models were not constructed to study poverty or
rigidity traps, behavior resembling these traps
emerges from the model dynamics.
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Fig. 6. Emerging from a poverty trap: time series as S* israised gradually from 1 to 5 over 1000 time
steps. (A) Adaptive capacity A(St]). (B) Integrated deviation from target, q[t]. (C) Squared control, u[t]
n2.
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Many case studies of regional ecosystem
management could be modeled within the general
framework that we propose. Management of the
Great Lakesof North America, for exampl e, showed
time lags of 15 to 30 years between recognition of
a major problem (such as eutrophication, toxic
contaminants, or sealampreys) and devel opment of
intergovernmental institutionsto addressit (Francis
and Regier 1995). In the early stages, there were
many ideas but limited capacity to act (left side of
Fig. 1). As political capacity coalesced, adaptive
capacity increased and effective measures were
taken to mitigate eutrophication, toxic contaminants,
and sealampreys (near the peak of Fig. 1). Asthese
problems were brought under control, socioeconomic
dependencies developed that in some cases led to
rigidities (right side of Fig. 1). Contaminant control

time

can do little about persistent contaminants that are
dready in the system, so agencies focused
intensively on “zero discharge” leading to legal
gridlock. Successin control of sealamprey ledto a
sport-fishing industry worth billions of dollars per
year that is completely dependent on stocking of
salmonids (mostly exotic species) and the chemical
control of lampreys. Thus, there is some evidence
for transitions from low to high adaptive capacity,
and then later decline in adaptive capacity, as
governance systems address environmental
problems (Gunderson et al. 1995).

Much of control theory that focuses on the general
features of integral and proportional controllers (e.
g., Yi et a. 2000) was not designed to display the
features of traps that we explore here. We believe
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our paper is an initial attempt to combine ideas on
nonlinear control problems (Isidori and Byrnes
1990, Byrnes and Isidori 2000) with a set of
dynamicswherecontrollability decaysif the system
isnot used very much, and also decaysif the system
isused too much. These doubl e threshold dynamics
to govern the strength of response of the state to a
unit input of control are not emphasized in the usual
nonlinear control literature, much less the linear
control literature. The effects of adaptive capacity
resemble the effects of algorithmic complexity in
modeling behavior of human agents in economics
(Velupillai 2000): an agent is an effective adaptor
when its algorithmic complexity isrelatively high.

We believe that social—ecological research is best
served by adiversity of models. Insights are likely
to come from studies that carefully contrast the
implications of aternative modeling approaches
with field observations from particular social—
ecological systems. The model introduced here
enrichesthe optionsfor future research by focusing
on adaptive capacity as a dynamic phenomenon.
Changes in capacity to adapt are crucia to the
outcomes. Results presented here show that the
model can represent phases of the adaptive cycle of
Holling (1986), as well as the poverty and rigidity
traps. The approach has flexibility to represent
adaptive dynamics for a wide range of state
dynamics models for social—ecological systems.
Thus, the model can be used as a building block of
more detailed models used to study adaptive
capacity in particular regions. We expect to explore
these aspectsin future work.

Responsesto this article can be read online at:
http: //mmw.ecol ogyandsoci ety.org/vol 13/iss2/art40/responses/
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Appendix 1. Description of the model used in the simulations.

Please click here to download file ‘ appendix1.pdf’.
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