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ABSTRACT. The Ostrom social-ecological system (SES) framework offers an interdisciplinary tool for studies of linked human-natural
systems. However, its origin in the social sciences belies the effectiveness of its interdisciplinary ambitions and undermines its ability
to cope with ecological complexity. To narrow the gap between inherently dynamic ecological systems and the SES framework, we need
to explicitly recognize that SES outcomes are coproduced by social systems in which choices are made, as well as an ecological system
with a diverse assortment of dynamic natural processes that mediate the effect of those choices. We illustrate the need for more explicit
incorporation of ecological attributes into the SES framework by presenting a case study of a community-managed forest in Indiana,
USA. A preliminary set of ecological attributes are also proposed for inclusion in the SES framework with the aim of spurring interest
in further development of a truly interdisciplinary framework for the study of SESs.
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INTRODUCTION

In recent years, trends toward increasing specialization to resolve
environmental problems have abated and even reversed, reflecting
growing evidence that social and ecological systems are
inextricably linked. In recognition of these linkages and the
analytical complexity they entail, the late Nobel Laureate Elinor
Ostrom introduced the social-ecological system (SES) framework
as an interdisciplinary diagnostic tool for the study of complex
SESs (Ostrom 2007a). Based on decades of research on common
property governance, the SES framework suggests that social-
ecological outcomes such as sustainability of a resource system
are a function of the complex interactions among the diverse
social and ecological components of that system (Ostrom 20074,
2009). The SES framework proposes that characteristics of the
Resource System, Resource Units, Actors, and Governance
System interact in an action situation to produce observed social-
ecological outcomes (McGinnis and Ostrom 2014; Fig. 1).
However, although the two main introductions to the SES
framework (Ostrom 20074, 2009) have together been cited more
than 1700 times, few researchers have actually operationalized the
framework for empirical inquiry and even fewer had considered
the effects of ecological attributes and processes (Epstein et al.
2013).

We suggest that the general absence of ecological considerations
within the SES framework stems from the continuing absence of
a meaningful interdisciplinary dialogue and vocabulary. Epstein
et al. (2013) proposed the addition of Ecological Rules as a top-
tier subsystem equally as important as social, economic, and
political systems and related ecosystems for the interactions
between resources, actors, and governance as represented in the
SES framework (Fig. 1). We built on the work of Epstein et al.
(2013) to show how dynamic ecological processes can be
meaningfully incorporated in studies of SESs. We use a two-
pronged approach: First, we describe an illustrative case

Fig. 1. The social-ecological system framework consists of four
core subsystems (RS, RU, GS, A) organized around a central
action situation in which interactions occur and outcomes are
produced. Additional subsystems (S, ECO, ER) impact all core
subsystems. Figure is based on Ostrom (2009) and Epstein et al.
(2013).
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study of forest management in south-central Indiana where,
despite the stability of social processes and governing institutions,
dynamic ecological processes related to forest succession are
transforming the species composition of the forest toward a less
diverse and arguably less ecologically valuable state. This case
study is an example of the type of SES in which a lack of explicit
incorporation of ecological principles yields an incomplete
understanding of observed outcomes. Second, we propose
addition of some previously omitted variables to the SES
framework to enhance its capacity for diagnosis and rule-based
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ecological reasoning. The suggested variables are meant to
stimulate discussion among SES researchers about the formal
inclusion of ecological theories and variables in the SES
framework.

The general absence of ecology in the SES framework and
associated lack of interest from natural scientists are unfortunate
given that both social and ecological processes matter to SES
outcomes. Ecologists can argue that they have other frameworks
and modeling tools that are more useful for understanding the
ecology of a system or ecological processes. Although many
scholars of ecology and geology proclaim a new era characterized
by human influence on land, air, sea, and even global climate (the
“Anthropocene”; e.g., Steffen et al. 2011, Gowdy and Krall 2013),
many models invariably overlook the underlying drivers and
potential policy responses to environmental problems. Social
scientists create similar dilemmas as they call for more integration
and interdisciplinary research while often failing to take heed of
basic ecology (Holling 2000, Redman et al. 2004). Ostrom herself
(2009) adds to this problem by placing the action situation, a
general game theoretic model of institutionally mediated choice,
at the center of her interdisciplinary framework. This implies that
all outcomes in SESs can be understood in terms of social
processes and in aggregations of human decisions, and that
ecological processes matter only insofar as they present a
collective-action problem related to the collection and processing
of information. However, ecological processes do matter and can
yield substantively different results despite similarities in the
outcomes of social processes. For instance Genkai-Cato and
Carpenter (2005) demonstrate how the effects of anthropogenic,
i.e., socially driven, phosphorus inputs on the trophic state of a
lake depend on its size, depth, and temperature, and the presence
of aquatic macrophytes because all these influence dynamic
biological production and phosphorus recycling processes. In
light of the fact that both ecology and society matter for the
sustainability of SESs, we need a systematic approach to evaluate
the effects of ecological and social processes and their
interactions.

We built on nearly a decade of published, i.e., peer reviewed and
white paper, and unpublished, i.e., working group, research and
development on the SES framework. We argue that the SES
framework remains a promising tool that could benefit from more
explicit incorporation of ecological theory, models, and concepts.
A case study of forest dynamics in south-central Indiana clearly
illustrates how social and ecological processes have jointly led to
an ongoing shift in the species composition of a forest. This shift
is driven by dynamic forest succession processes in light of
collective choices that favor fire suppression and passive
conservation, i.e., conservation that precludes active management
of the forest landscape by managers. We seek to narrow the gap
between the language of the SES framework and that used by
ecologists by proposing a preliminary list of third-tier ecological
variables for the framework to demonstrate how important
ecological concepts can be integrated. Greater synthesis is
possible across the social and natural science divide with a revised
framework.

FOREST DYNAMICS IN YELLOWWOOD LAKE
WATERSHED

The SES framework emerged from decades of research on
common-pool resources, with important contributions from the
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study of forest ecosystems (e.g., Gibson et al. 2005, Chhatre and
Agrawal 2009). The International Forestry Resources and
Institutions (IFRI) research program has proved particularly
influential because it seeks to understand how social,
institutional, and biophysical factors interact to impact forest
outcomes (http://sitemaker.umich.edu/ifri/home). Recent IFRI
research has found that local participation, autonomy, and
ownership of forest resources increase the likelihood of more
sustainable patterns of use, i.e., use that enables a persistent, long-
lasting resource management system (e.g., Chhatre and Agrawal
2009, Persha et al. 2011). This observation adds to prior research
that found that the likelihood of sustainability covaries with local
monitoring and sanctioning (e.g., Gibson et al. 2005, Chhatre and
Agrawal 2008, Coleman 2009) and secure tenure (e.g., Pagdee et
al. 2006). Although these factors may inform forest management
and policy, it remains unclear whether they are independent of
the underlying ecological context, or whether the effects of
institutions depend on interactions between choice and ecology
in such a way as to support sustainable exploitation of forest
resources. Although the former seems unlikely, much of the
common-pool resource and SES literature implicitly presumes
that ecology plays a limited role in observed forest commons
outcomes. A case study of Yellowwood Lake Watershed (YLW),
an IFRI training site in south-central Indiana, illustrates the
potentially problematic nature of this presumption by revealing
clear interactions between human decision making and ecology
as it relates to the changing species composition of the forest.

Background

YLW is situated in the temperate northern hardwood forests
region. It is characterized by unglaciated karst topography with
relatively narrow hills and ravines among frequent steep slopes
(Homoya et al. 1985). YLW comprises approximately 4410 acres
(1785 ha), most of which (3500 acres [1416 ha)) is publicly owned
and managed by the Indiana Department of Natural Resources
Division of Forestry as part of Yellowwood State Forest.
Yellowwood Lake, a small reservoir, is located at the southern end
of the watershed. The remainder of YLW consists of 55 privately
owned parcels in the central and northern region of the area
(YLWPG 2006).

Results from a 2008 visit by IFRI researchers detail the ecological
condition of the forest (Arnold et al. 2008). White oak (Quercus
alba) and sugar maple (Acer saccharum) dominate among the
larger trees in the forest canopy (diameter at breast height [dbh]
greater than 10 cm), along with American beech (Fagus
grandifolia), chestnut oak (Quercus prinus), and tulip poplar
(Liriodendron tulipifera). Dominance is indicated by the
importance value for each species based on Husch et al. (2003).
However, oaks are absent from the list of most dominant saplings
in the understory (dbh 2.5-10 cm), which include American beech,
red maple (Acer rubrum), sugar maple, sassafras (Sassafras
albidum), and tulip poplar. Pure species abundance is similar to
importance values, with sugar maple having more than three times
the tree stem density of the next densest tree species and American
beech having more than twice the sapling density of any other
sapling species. This suggests that YLW forests are currently
undergoing the dynamic process of forest succession wherein the
relative dominance of oaks in the forest is declining over time as
mature white and chestnut oak trees are replaced by a mixture of
maple and beech trees (Arnold et al. 2008).
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Long-standing disagreements regarding the best use and
management practices for YLW forests have resulted in the
creation of the YLW Planning Group, which comprises local
stakeholder groups, individual landowners, and the local
Department of Natural Resources forest manager. Although
most of the area is used for recreation, stakeholder disagreements
center on potential timbering of small forest tracts. Historically,
Indiana forests were dominated by early-successional species such
as oak (Quercus) and hickory (Carya), but the forests are currently
transitioning to later-successional beech (Fagus) and maple (A cer;
Homoya et al. 1985, Pierce et al. 2006, Arnold et al. 2008).
Department of Natural Resources forest managers are concerned
about the decline of oak and hickory trees in YLW that are
valuable to the hardwood industry and as mast producers for
wildlife. Therefore, to meet desired future forest conditions for
the watershed, they periodically prescribe forest management
activities that include timber harvesting to create light openings
in the forest, which favors the growth of sun-loving oak and
hickory trees (YLWPG 2006, Arnold et al. 2008, IDNR 2008).
However, local landowners and other interest groups simply
prefer old-growth forests regardless of the species composition of
that forest, and oppose any and all logging activities (YLWPG
2006, Arnold et al. 2008). These tensions have ultimately resulted
in a forest management strategy that is characterized by political
stalemate and inaction, which nonetheless reflects the antilogging
preferences of the majority.

Applying the SES framework to YLW

The SES framework as modified by Epstein et al. (2013) aids
analysis of outcomes in complex SESs such as YLW by
conceptualizing much of the rich detail of a case in terms of a
common set of components, attributes, and processes. In general,
one or more components of a SES such as an actor or actor
groups, a resource, or set of resources interact with one another
in one or more social, ecological, or social-ecological processes,
whose outcome depends on the attributes of those components
and the processes that govern their interactions. The species
composition of YLW forest can largely be understood with
reference to one social and one ecological process.

The social process at play in YLW can be understood as an action
situation consisting of three actors with different rights,
responsibilities, and preferences regarding forest management
decisions. YLW is managed by a forest manager who must consult
with stakeholders regarding decisions on forest use; the forest
manager then reports decisions to and gets approval from the state
forester. In the action situation, the forest manager is faced with
achoice to harvest portions of YLW or conserve. Given that YLW
is part of a Yellowwood State Forest, a complete harvest or clear-
cutting of the forest is not a feasible alternative at this time. Thus,
the two main options are limited harvest or complete protection.
Stakeholders can be defined by their preferences: (1) foresters and
logging interests that would prefer to harvest portions of the forest
and (2) recreational users and local landowners who would prefer
to conserve the forest in its “natural state.” If we assume that the
forest manager finds it useful to maximize the number of happy
stakeholders through symmetric aggregation, i.e., one person, one
vote, the choice to harvest or conserve can be modeled as a
function of the relative distribution of expressed preferences.
Given that the number of recreational users and landowners
vastly exceeds the number of harvesters, e.g., more than 5000
campers annually plus countless day users compared with only a
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few individuals and organizations involved in timber harvesting
(Arnold et al. 2008), we can predict that the collective-choice
process would tend to favor conservation, as was observed by
Arnold et al. (2008). In the language of the SES framework (Table
1), the choice to conserve all forest resources, i.e., to not harvest
(I1), can be understood in terms of the number of relevant actors
in each stakeholder group (A1), their respective preferences drawn
from economic (RU4) and normative (A6) factors, and the
symmetric collective-choice aggregation rule. These components
and attributes can be used to provide a sufficient account
regarding current species compositions in YLW forest, given the
absence of major disturbance events in its recent history. They do
not, however, provide a sufficient account or explanation as to
why the species composition of the forest is changing from oak-
hickory to beech-maple despite the stability of social processes.

The ecological process at play in YLW forest can be understood
by examining the dynamic processes of forest succession. YLW
forest, as mentioned previously, is currently transitioning from an
oak-hickory forest to a beech-maple forest as a result of ecological
mechanisms that affect the germination, growth, and survival of
tree species. First, YLW is located in the central hardwood region,
which imposes biogeographic constraints that limit the species
pool to those that are able to survive in temperate climates.
Second, competition between species with different competitive
abilities drives the forest succession processes taking placeat YLW
in the absence of active management by humans. Oaks are a
moderately shade-intolerant group of species with comparatively
high minimum light requirements (Abrams 2003). As the oaks
and other early-successional species grew and gradually formed
a forest canopy, light availability at the forest floor decreased,
favoring the growth of the shade-tolerant beeches and maples that
are beginning to dominate YLW forest. Finally, a full picture of
the ecology of YLW is incomplete without considering the
important influence of fire dynamics in temperate North
America. Native Americans historically managed fires in much
of the forested central and eastern North American continent,
resulting in species compositions dominated by fire-tolerant,
disturbance-adapted, shade-intolerant white oak species (Pierce
et al. 2006). During the colonial period and into the present day,
fire suppression became the dominant management paradigm
and regeneration of oaks in the understory became less common
in relatively undisturbed, unlogged forests, starting the ongoing
and larger scale transition to non—disturbance-adapted maple and
beech forests (Abrams 2003).

The language of the SES framework as adapted by Epstein et al.
(2013) can be used to characterize the forest transition in terms
of a fairly small set of influential attributes and processes. First,
the geographical location of the forest (RS9; see Table 1) is an
important contextual attribute that determines the set of species
that can successfully germinate, grow, and reproduce in the forest
given the underlying temperature, precipitation, and soil nutrient
profile of the region. Next, two important attributes, light
availability at the forest floor, which can generally be characterized
in terms of system productivity (RS5), and dynamic competitive
interactions (RU3) between shade-tolerant beech and maple and
shade-intolerant oak and hickory have led to the ongoing forest
transition. Whereas forest succession is well studied by ecologists,
the SES framework presented by Ostrom (20074, 2009) is unable
to account for this dynamic ecological process; in characterizing
the ecology of the forest system, we have had to apply additional


http://www.ecologyandsociety.org/vol20/iss1/art55/

Ecology and 8001ety 20(1) 55
ds A% S

Table 1. Attributes of subsystems of the social-ecological system (SES) framework. Table is from Epstein et al. (2013) and is used under

a Creative Commons Attribution 3.0 License.

Social, Economic, and Political Settings (S)
S1- Economic development. S2- Demographic trends. S3- Political stability.
S4- Other governance systems. S5- Markets. S6- Media organizations. S7- Technology.

Resource Systems (RS)
RS1- Sector (e.g., water, forests, pasture)
RS2- Clarity of system boundaries
RS3- Size of resource system
RS4- Human-constructed facilities
RSS5- Productivity of system
RS6- Equilibrium properties
RS7- Predictability of system dynamics
RS8- Storage characteristics
RS9- Location
Ecological Rules
(ER)
ER1- Physical

Resource Units (RU)

RU1- Resource unit mobility

rules. RU2- Growth or replacement rate
ER2- Chemical  RU3- Interaction among resource units
rules. RU4- Economic value

ER3- Biological RUS- Number of units

rules. RUG6- Distinctive characteristics

RU7- Spatial and temporal distribution

Governance Systems (GS)
GS1- Government organizations
GS2- Nongovernment organizations
GS3- Network structure
GS4- Property-rights systems
GS5- Operational-choice rules
GS6- Collective-choice rules
GS7- Constitutional-choice rules
GS8- Monitoring and sanctioning rules

Actors (A)

Al- Number of relevant actors

A2- Socioeconomic attributes

A3- History or past experiences

A4- Location

AS- Leadership/entrepreneurship

A6- Norms (trust-reciprocity)/ social capital
A’7- Knowledge of SES/mental models

AS8- Importance of resource (dependence)
A9- Technologies available

Action Situations: Interactions (I) — Outcomes (O)

Activities and Processes:
11- Harvesting

12- Information sharing
13- Deliberation processes
14- Contflicts

I5- Investment activities
16- Lobbying activities
17- Self-organizing activities
18- Networking activities
19- Monitoring activities
110- Evaluative activities

Outcome Criteria:

Ol- Social performance measures

(e.g., efficiency, equity, accountability, sustainability)

02- Ecological performance measures

(e.g., overharvested, resilience, biodiversity, sustainability)
O3- Externalities to other SESs

Related Ecosystems (ECO)
ECOI- Climate patterns. ECO2- Pollution patterns. ECO3- Flows into and out of focal SES.

ecological knowledge to extrapolate forest succession processes
from the original variables RSS5 (productivity) and RU3
(competitive interactions). We might invoke ecological
interpretations of variable RS7 (predictability of system
dynamics) to aid in explanation of system outcomes.

The application of the SES framework to YLW is improved by
the addition of ecological rules in Epstein et al. (2013) and explicit
recognition that dynamic ecological processes are at least as
relevant as the social processes commonly associated with
commons theory. In the case of YLW forest, the ongoing change
in species composition is driven by rules related to natural
selection (ER3), a biological process that favors species that are
better equipped to survive (RU3) in the presence of a limiting
resource (RSS5), in this case light availability. Therefore, the
dynamic ecological selection process at the present time can and
should be seen as the proximal driver of ongoing forest succession
that has nonetheless been enabled by the choice to prohibit all
harvesting within YLW forest.

We have shown so far that the absence of ecology in the SES
framework (Ostrom 20074, 2009) may lead to an incomplete and

inadequate diagnosis of the processes and attributes that affect
social-ecological outcomes. By adopting the changes presented
in Epstein et al. (2013), we are better equipped to describe and
explain outcomes in SESs. However, the above application is still
perhaps too far removed from the analytical approach and
terminology of the natural sciences, most notably ecology. The
variables we used from the SES framework (RU3, RS4, RS9) are
not explicitly connected to the ecological principles that we have
indicated drive forest dynamics; a nonecologist may not be able
to interpret YLW dynamics using the SES framework. However,
the SES framework can be further enhanced to capture ecological
concepts and processes, and spur interest in interdisciplinary
dialogue and development.

UNPACKING THE ECOLOGY

The SES framework is built on the presumption that knowledge
advances swiftly when scholars are equipped with tools that allow
for systematic comparisons across multiple methods (Poteete et
al. 2010) and across multiple systems (Ostrom and Cox 2010).
The game theoretic model at the core of the SES framework
(Ostrom 2005) can be operationalized with the specification of
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key variables to advance social research in SESs. However, in most
applications of the SES framework, ecological models are
noteworthy only in their absence. This omission is unfortunate
and, as the case of YLW forest exemplifies, leaves a considerable
gap between the decisions that people make, i.e., the social
processes, and the observed ecological SES outcomes. Without a
more complete specification of ecological variables relevant to
the functioning of an SES and the identification of dynamic
ecological processes, diagnosis of cases and accumulation of
knowledge across methods are stifled.

Clear specification of ecological processes opens the door to a
wide range of deductive modes of inquiry. For example, rule-
based reasoning may allow scholars to identify ecological
attributes that facilitate or limit the effectiveness of alternative
environmental policies in individual cases (Cox 2011). For
instance, scientific knowledge concerning interactions between
ozone and a wide range of ozone-depleting substances allowed
for the development of policies to rapidly phase out the most
damaging substances, while allowing for a more gradual
elimination of less-damaging substances (Benedick 1998, Parson
2003). Moreover, rule-based reasoning provides a systematic way
to link insights and knowledge from formal and agent-based
models to experiments and other empirical research, thereby
facilitating the accumulation of knowledge. In fact, recent
advances in experimental methods have begun to draw attention
to the role that variations in ecological dynamics play in the choice
of operational rules (Janssen 2010). We propose addition of some
previously omitted variables to the SES framework to enhance its
capacity for diagnosis and rule-based ecological reasoning.

Onmitted variables

Although we can explain a version of the observed outcomes at
YLW using the existing SES framework attributes, we cannot fully
understand the ecological dynamics influencing outcomes using
the existing framework. A better explanation can be generated by
adding relevant ecological attributes that affect ecological
processes. Most notable in the context of YLW are the effects of
local ecosystem history that set the stage or initial conditions for
the processes and outcomes we observe in the present day. The
addition of an attribute in the Resource System core subsystem,
RS10 (ecosystem history), could be used to enhance the flexibility
and diagnostic capacity of the framework and provide an
ecological analogue for the actor variables that can now
specifically account for the social dimension of historical patterns
of use (A3; Table 1). Understanding the relevant geologic and
disturbance regimes of a resource system may also be used to link
outcomes or portions thereof to historical causes. For instance,
historical fire dynamics explain why the YLW forest only recently
began transitioning from an oak-hickory to a beech-maple forest,
its expected climax state.

To further advance the framework for interdisciplinary and
multimethod diagnostic inquiry, we unpacked the Resource
System (RS) and Resource Unit (RU) core subsystems and
demonstrated how ecological concepts can be integrated within
these subsystems (Table 2). The third-tier variables listed in Table
2 were determined through deliberations among the authors,
informal consultation with ecological experts, and scattered
surveys of topicindices in ecological textbooks and course syllabi.
Our intent was not to derive an exhaustive list of potentially
relevant ecological variables, but rather to provide a list that could
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serve as a starting point for discussions among SES researchers
about the inclusion of specific ecological variables in the
framework. Although space limitations preclude explanation of
every third-tier variable in Table 2, Box 1 provides justification for
our inclusion of four third-tier variables using current ecological
theory as examples of how ecological theory might inform third-
tier variable selection. Overall, explicit incorporation of ecological
attributes into the SES framework will make the framework easier
for social and natural scientists to operationalize, i.e., define and
measure, for research.

Table 2. Proposed ecological attributes (numbered RS2-a, RS2-b,
etc.) in the Resource System (RS) and Resource Unit (RU) core
subsystems, to explicitly incorporate ecological principles into the
social-ecological system (SES) framework.

Resource systems (RS)
RS1 Sector (e.g., water, forests, pasture, fish)
RS2 Clarity of system boundaries
RS2-a Ecologically defined boundaries of the resource system (e.g.,
watershed, ecological zone boundaries, etc.)
RS2-b User-defined boundaries of a resource system
RS2-¢ Contiguity of resource system to adjacent ecosystems of the
same type (e.g., type and quality of matrix ecosystems)
RS3 Size of resource system
RS3-a Extent of resource system in geographic area
RS3-b Resource system shape or configuration (e.g., edge to interior
ratio)
RS3-c Fragmentation dynamics
RS3-d Size of different habitat or ecosystem types within the resource
system (mosaic features)
RS4 Human-constructed facilities
RS4-a Facilitation of ecological movement (e.g., sewage outflows,
species corridors)
RS4-b Impediments to ecological movement (e.g., dams, fences, roads)
RSS Productivity of system
RS5-a Resource dynamics (e.g., water, light, nutrient availability)
RS5-b Community/species composition
RS6 Equilibrium properties
RS6-a Successional stage/trajectory
RS6-b Existence of alternative stable states and thresholds between
states
RS6-c Frequency/timing of disturbance(s)
RS6-d Extent of disturbance(s)
RS6-¢ Magnitude/intensity of disturbance(s)
RS7 Predictability of system dynamic
RS7-a Stochasticity/uncertainty of driving forces (e.g., disturbances,
populations dynamics)
RS7-b Probability of driving forces leading to a given outcome (or
intermediate outcome)
RS7-c Variability (range of) of driving forces
RS7-d Time period that may be predicted
RS8 Storage characteristics
RS8-a Nutrient source-sink dynamics
RS8-b Spatial and temporal patterns in storage
RS9 Location
RS9-a Connectivity of resource system to nearby ecosystems of
similar and different types
RS10 Ecosystem historyf
RS10-a Relevant geologic histor}/
RS10-b Natural disaster history*
RS10-c Human use and disturbance historyi

(con'd)
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Resource units (RU)
RUI Resource unit mobility ‘
RU1-a Mobile resource units’
RU1-ai Outflows
RUI-aii Inflows
RU2-aiii Patch dynamics
RU2-b Stationary resource units
RU2 Growth or replacement rate
RU2-a Length of time to reproductive maturity‘
RU2-b Source-sink population dynamics (incl. migration patterns)‘
RU2-c Effective population size and reproductive rate
RU3 Interaction among resource units
RU3-a Competition within species (intraspecific competition)|
RU3-b Competition between species (interspecific competition)‘
RU3-c Predation (incl. herbivory, parasitism)
RU3-d Mutualism!'
RU3-e Multilevel trophic interactions/cascades
RU4 Economic value
RU4-a Subsistence value'
RU4-b Absolute economic value'
RU4-c Relative economic value
RUS Number of units
RUS5-a Population (and subpopulation) dynamics
RUS5-b Absolute size
RUS-c Relative size (of the population or of individuals in the
population)
RUG6 Distinctive markings )
RU6-a Natural distinctive markings§ ‘
RU6-b Artificial distinctive markings§
RU7 Spatial and temporal distribution
RU7-a Spatial patchiness (heterogeneity of resource or habitat
distribution over space)
RU7-b Temporal patchiness (heterogeneity of resource or habitat
distribution over time, i.e., phenology)

§

A new attribute that we believe is a necessary addition to the
framework in order to understand the ecology of an SES.

* Attributes where the requency, magnitude/intensity, and extent of
activity or disturbance should be considered.

$ Modified from Ostrom (2007a).

I Modified from Ostrom (2007b).
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ecosystem of the same type could have a profound impact on the
ecology of a system. For instance, the location of a collectively
owned patch of forest used for hunting wildlife within a larger
national forest has implications for wildlife movement and
population dynamics within the patch of forest. Island
biogeography theory (MacArthur and Wilson 1967) tells us that
a similar-sized patch of forest located within a matrix of farmland
would have much smaller populations of wildlife within the patch
available for hunting, and would not have the surrounding forest
habitat as a source of wildlife.

Stochasticityluncertainty of driving forces (RS7-a)

The predictability of the ecological dynamics and interactions
within a system are affected by many factors, one of the most
important of which is the stochastic or uncertain nature of driving
forces within the system. For instance, random (or apparently
random) fluctuations in, say, fish population size or growth rate
can dramatically impact the effectiveness of a fixed harvesting
limit set by users on population viability and long-term
sustainability. Additionally, uncertainty or stochasticity in the
linkages between driving forces and resource system properties
or outcomes can belie attempts by users to manage these
properties.

Temporal patchiness (RU7-b)

Temporal patchiness in the distribution of a resource can affect
resource use. For instance, available pasture may vary during the
year as plant production and nutrient cycling rely on fluctuating
rainfall patterns. For resource users relying on pastured livestock,
seasonal rainfall variability can dictate the very well-being of
households. In East Africa, precipitation levels are largely driven
by the movement of the Intertropical Convergence Zone (ITCZ)
causing long and short rainy seasons (Gatebe et al. 1999).
Grazable lands increase during rainy periods, and contract in the
dry season. The result is a bimodal pattern of yearly pasture
availability that can be detrimental to resource users during dry
periods.

Box 1. Justification for incorporation of select third-tier
variables in the Resource System (RS) and Resource Unit (RU)
subsystems.

Resource system shape or configuration (RS3-b)

Island biogeography and other theories from conservation
biology also inform us that the shape of an ecosystem,
particularly as measured by the ratio of edge to interior habitat,
also affects the quality of the ecosystem (Harper et al. 2005).
Edge and interior areas of terrestrial forest ecosystems have
slightly different microclimates, including temperature, sunlight
availability, wind speed and more, resulting in different species
compositions on which human management or harvesting
efforts may have varying impacts (Harper et al. 2005). Edge
habitats are also more susceptible to invasion by non-native
plant or animal species that can negatively impact native species
populations (Brothers and Spingarn 1992) and decrease the
value these native populations may have for users.

Contiguity of resource system to adjacent ecosystems of the same
type (RS2-c)

Because user definitions of a resource system’s boundaries (RS2-
b) may differ from the ecological boundaries of the ecosystem
(RS2-a), the contiguity of a resource system within a larger

Clearly, any single ecological attribute presented in Table 2 cannot
be completely understood in isolation, and it is through the
interaction of variables that we gain insights into the causal
linkages within an SES. Indeed, the study of dynamic interactions
constitutes the foundation of ecology, and the SES framework
core subsystems (Table 1) emphasize the importance of
interactions in social situations as well. Without the inclusion and
consideration of the interaction between these attributes
variables, the SES framework is, at best, incomplete in identifying
the full set of variables that lead to SES outcomes, and at worst,
may lead to policy prescriptions that fail to account for ecological
processes that support or undermine the pursuit of sustainability.

Ecological interactions

The application to our YLW case of a modified SES framework
that explicitly incorporates dynamic ecological processes enabled
simultaneous recognition of the linked nature of social and
ecological processes and disentanglement of the factors that
influence harvesting decisions and species dynamics. Figure 2 tells
the story of the YLW forest through a modified SES framework
that recognizes social and ecological coproduction of outcomes.
The figure incorporates sequential social action situations and
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Fig. 2. Application of a modified social-ecological system framework to Yellowwood Lake Watershed forest.
Interactions and outcomes are part of an iterative process that feeds back into the Core Subsystems (RS, RU,
GS, A) to shape both the social and biophysical environment.
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ecological interactions, and the attributes of the system that affect
those processes. Whereas for many forest ecologists the causes of
changes in the species composition of a forest are straightforward
and tied to natural succession processes, the case demonstrates
the potential usefulness of an approach that combines social and
ecological processes in a single analytical framework and allows
for the consideration of likely social-ecological outcomes as a
result of alternative strategies and policies.

CONCLUSIONS AND IMPLICATIONS

Frameworks, theories, and models enable scholars to organize
inquiry, explain phenomena, make predictions, and test
hypotheses (Schlager 2007). The SES framework as initially
constructed is limited in its ability to understand joint social-
ecological outcomes and human-environment problems because
it excludes ecological models and theory from the study of social
phenomena, or social production of outcomes.

We used the relatively simple case of human-aided forest
succession in YLW forest as an example of a dynamic system that
is difficult to understand in the absence of ecological theory or
explicit incorporation of ecological variables in the SES
framework. In YLW forest, the current transition from an oak-
to maple-dominated forest could be explained solely through the
choice to conserve. However, if we step back in time and perform
the same analysis, we would reach a point where the dominance
of oak and other shade-intolerant species is also explained by the
choice to conserve. The choice to conserve, i.e., to preserve the
forest by excluding active management and timber harvesting,
means that naturally occurring forest succession drives species
composition dynamics, which change over time. Ecological
variables and theories represent the missing link that can explain
how the choice to conserve, i.e., not harvest, and suppress fires

first produced a forest consisting of shade-intolerant species,
followed by a gradual transition to a forest characterized by shade-
tolerant species. The story of YLW is one of social and ecological
coproduction, and would be fundamentally incomplete in the
absence of either. Fortunately, the SES framework is amenable to
the inclusion of ecology, as demonstrated by this case. However,
much work remains before it can provide an interdisciplinary
foundation for the science of sustainability.

An adapted SES framework that meaningfully incorporates
ecological thinking has several important implications for
scholars and practitioners. These implications are constraining in
that they add further complexity to already-complex systems, but
also enabling in that they open the door to a broader set of
potential levers for sustainability in systems that are inexorably
linked. Resource managers like the foresters at YLW are
confronted by a wide range of ecological systems and interested
parties with divergent beliefs and preferences. The SES framework
can aid these resource managers in describing alternative futures
(Ostrom 2008) and unpacking presumed differences to illuminate
potential underlying agreements.

Finally, the SES framework is a work in progress whose boldness
is underscored more by the need for interdisciplinarity than the
framework’s current interdisciplinary diagnostic capacity. Our
purpose is to provide a foundation for greater integration of
ecology into the framework. We hope that other scholars with
advanced ecological training will, through cooperation and
contestation (Ostrom 1990), help to expand and use the SES
framework so it can be claimed by multiple disciplines. Shared
ownership may be costly, difficult, and at times contradictory; but
if the architect of the framework showed us one thing, it is that
the presumption of inevitable failure in these settings is far from
assured (Ostrom 1990).
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