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ABSTRACT. Social-ecological systems (SES) are dynamic systems that continuously change in response to internal or external pressures.
A better understanding of the interactions of the social and ecological systems that drive those dynamics is crucial for the development
of sustainable management strategies. Dynamic models can serve as tools to explore social-ecological interactions; however, the
complexity of the studied systems and the need to integrate knowledge, theories, and approaches from different disciplines pose
considerable challenges for their development. We assess the potential of Ostrom’s general SES framework (SESF) to guide a systematic
and transparent process of model development in light of these difficulties. We develop a stepwise procedure for applying SESF to
identify variables and their relationships relevant for an analysis of the SES. In doing so we demonstrate how the hierarchy of concepts
in SESF and the identification of social-ecological processes using the newly introduced process relationships can help to unpack the
system in a systematic and transparent way. We test the procedure by applying it to develop a dynamic model of decision making in
the management of recreational fisheries. The added value of the common framework lies in the guidance it provides for (1) a structured
approach to identifying major variables and the level of detail needed, and (2) a procedure that enhances model transparency by making
explicit underlying assumptions and choices made when selecting variables and their interactions as well as the theories or empirical
evidence on which they are based. Both aspects are of great relevance when dealing with the complexity of SES and integrating
conceptual backgrounds from different disciplines. We discuss the advantages and difficulties of the application of SESF for model
development, and contribute to its further refinement.
Key Words: dynamic modeling; model development; SES framework; social-ecological modeling; social-ecological processes
INTRODUCTION
Social-ecological systems (SES) are dynamic systems that are
continuously changing (Berkes and Folke 1998, Scheffer et al.
2009). They coevolve through interactions between actors,
institutions, and resources constrained and shaped by a given
social-ecological setting (Holling and Gunderson 2002).
Understanding coevolutionary dynamics and the way they
influence the capacity of the system to cope with and adapt to
global change is important for the development of sustainable
management strategies (Rammel et al. 2007, Fulton et al. 2011).
However, despite the importance of the dynamics of SES for their
sustainability, we still lack basic understanding of them
(Carpenter et al. 2009).
Dynamic models are useful tools to study the change of SES over
time in situations for which time-series data are not available and
experimentation difficult (Carpenter and Brock 2004). A dynamic
model is defined here as a formal, theory- or empirically based,
simplified mechanistic representation of the structure and
processes of a real-world entity considered relevant to answer a
specific question about the development of the system over time.
By mathematical analysis or through simulating interactions
between the social and ecological systems, dynamic models
facilitate the exploration of the consequences of salient socialecological feedbacks for management and sustainability. Such
models of SES can best be understood as thought experiments
for hypothesis generation and testing, particularly for exploring
potential future development paths of a system under a given set
of assumptions and potential pressures. Their usefulness for
understanding the dynamics of SES is highest when they are part
of a larger process of empirical and theoretical SES research
(Baumgärtner et al. 2008).
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The development of SES models, however, poses many challenges.
A model of the coupled dynamics of a particular real or
hypothetical SES has to integrate knowledge on variables and
their relationships from both the social and the ecological
domains. This knowledge is scattered across many disciplines and
thus difficult for a single researcher or a small disciplinary team
to comprehend fully. SES models have therefore often been
developed from the perspective of a single discipline, such as
resource economics, applied ecology, or fisheries science (Schlüter
et al. 2012). Based on the respective disciplinary frameworks and
theories such approaches tend to oversimplify either the
ecological or the social domain, and often fall short in exploring
and explaining the social-ecological feedbacks that drive the
development of the coupled SES (Schlüter et al. 2012). More
recently, emerging interdisciplinary approaches such as resilience
theory, ecological economics, and complex adaptive system
theory have contributed to an integrative study of SES, but these
have often been criticized for their “ad hoc” approach to
representing relevant variables and processes, particularly with
respect to modeling changes in human behavior (Feola and Binder
2010).
There are many ways to describe and model complex SES so there
is always the possibility that another representation might give a
different outcome (Polhill and Gotts 2009). SES models are also
often based on assumptions about human behavior or ecological
dynamics that are uncertain but potentially have a substantial
effect on model outcomes. Sources of uncertainty include, for
instance, lack of knowledge on the decision making process of
human agents, on how future benefits are valued, on how actors
learn, or on the processes that are considered relevant for the
dynamics of a natural resource, such as the reproduction and
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growth of a natural resource. Modeling assumptions about these
processes can be based on theories or empirical observations.
Making explicit the assumptions a model is based on is thus of
particular relevance to understand and evaluate model outcomes.
This is particularly important in an interdisciplinary context
where theories and assumptions that stem from different
disciplinary backgrounds are often not known to researchers from
other disciplines.
Several protocols have recently been proposed as a response to
the difficulty of describing SES models in a way that their
structure and processes are transparent and they can be assessed
and reimplemented. These include the ODD and ODD+D
protocols (Overview, Design concepts, and Details; Grimm et al.
2006, Müller et al. 2013) or the use of Web Ontology Language
(Polhill and Gotts 2009). Others have suggested protocols, e.g.,
TRACE (Schmolke et al. 2010) or steps that define best practice
for model development and evaluation (Jakeman et al. 2006) to
improve modeling practice and disclose the modeling process
itself to scrutiny. All of these protocols and best practices,
however, are primarily about the process of model building, and
less about the process of model conceptualization through
abstraction from the target system.
The various challenges associated with model conceptualization
outlined above, such as the integration of knowledge and theories
from different disciplines, the variety of possible explanations
scattered across disciplines, the uncertainties of social and
ecological processes, and the sensitivity of model outcomes to the
underlying assumptions, are partially due to the lack of a common
analytical framework (Anderies et al. 2006, Jeffrey and McIntosh
2006). Recently, Ostrom (2007, 2009) proposed a general
framework for SES that aims to organize variables involved in
different theories and models of SES and that is commonly
understood across disciplines. It provides a common set of
variables for studying a single SES or for comparing similar SES.
It is one of the most comprehensive frameworks available, and as
such is particularly suited to address the above challenges.
Furthermore, it is theory-neutral to the extent that it can be
applied using a variety of approaches and theories and hence
supports the development of different types of models. Given the
interdisciplinary nature of SES research and the diversity of
approaches to study their dynamics at different levels of
aggregation, this is an important aspect.
Our aim is to assess how the SES framework (SESF; McGinnis
and Ostrom 2014) in a formalized and refined version proposed
by Hinkel et al. (2014) can help to develop and communicate
models to analyze the dynamics of SES. In our application of
SESF for modeling, we are particularly interested in two aspects.
First, we want to test whether it can support model
conceptualization by guiding a structured and rigorous process
of selecting variables and integrating different theories relevant
for the research question under investigation. Second, we want to
investigate whether the proposed procedure can help make explicit
and transparent the decisions and assumptions made during
abstraction and model design. We briefly introduce SESF
(McGinnis and Ostrom 2014) and the formalization and
refinement proposed by Hinkel et al. (2014). We discuss how SESF
can guide a model development process, particularly the first step
of abstraction from the target system. We apply the proposed

procedure to develop a model of fish stocking decision making
in recreational fisheries as a case example. Recreational fisheries
are a well-studied SES (e.g., Carpenter and Brock 2004, Biggs et
al. 2009, Horan et al. 2011) in which social-ecological interactions
between natural resources (fish), harvesters, and their institutions
are strong and intimately coupled. We discuss how SESF
facilitated the operationalization of a research question, and
made the selection of key variables and relationships for modeling
the SES easier and more efficient and transparent.
ANALYZING PROCESSES AND OUTCOMES IN SES
WITH THE HELP OF SEMANTIC AND PROCESS
RELATIONSHIPS
A framework can be defined as a set of core concepts that is likely
to be involved in theories and models (Ostrom 2005). Within a
particular framework, alternative theories are used to make broad
predictions about the outcomes resulting from changes in
variables (Ostrom 1999). Models implement theories using
different formal techniques (Ostrom 2005). For our analysis of
the dynamics of SES we make use of several types of semantic
relationships between variables of SESF proposed by Hinkel et
al. (2014) as well as process relationships that define dynamic
interactions (see Appendix 1 for a representation of the SESF
including semantic and process relationships in the Unified
Modeling Language [UML]). This helps to systematically
organize the many variables that are relevant for explaining
outcomes in SES.
The introduction of process relationships is a further
development of SESF that is particularly helpful to study the
dynamics of SES. Process relationships formalize interactions
between variables, e.g., the influence of an actor on the resource
unit. The development of process relationships makes explicit
which variables influence each other to determine the change of
the coupled system over time. Process relationships thus provide
a structured and transparent way to develop and communicate
the structure of a model at a generic level. At this level we do not
specify the relation itself, but only its type, which is the set of all
possible relations. Specifying one particular relation would mean
relating the variables through a specific statistical or mechanistic
model, whereas SESF should remain theory-neutral, allowing for
different models of the same process relationship. SESF therefore
specifies a process relationship merely by naming the variables
that participate in it. This suffices for making explicit the modeling
decisions that we consider most crucial: which variables to include
at what level of detail.
Process relationships are represented as mathematical (directed)
relation types, with the influencing variables being the domain of
the relation type, and the influenced variables its codomain. To
represent that variable A and B influence variable C we write:
(A, B) → C (1)

(A, B) → C

(1)

For example, the highest level process of a social-ecological
system that consists of a governance system (GS), a resource
system (RS), and an exogenous environment (ENV) can be
represented as:
(GS,
RS, ENV)
→ (GS, RS)
(GS, RS, ENV)
→ (GS,
RS) (2)

(2)

This means that the future state at time t+1 of a SES comprising
a governance system and a resource system is determined by the
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interactions of the governance system, the resource system, and
the external environment at time t. This is the highest level of
many more detailed reformulations that specify the variables that
interact to produce the outcomes of interest. The relation type as
represented in Equation 2 indicates which variables in the domain,
i.e., the independent variables on the left-hand side, influence the
variables in the codomain, i.e., the dependent variables on the
right-hand side. Note that the environment (ENV) does not
appear in the codomain because it is considered as exogenous and
thus not influenced by processes within the system of interest.
We define outcome indicators through indicator relationships that
combine the variables that have to be measured to answer a
specific research question. They are particularly important
because they determine which aspects of the system the analysis
will focus on. Note that a model is always a specific representation
of a system to answer a research question. Outcome indicators
can be normative, e.g., an indicator that defines sustainability, or
non-normative, e.g., an indicator that defines the ecological
condition of a fish population. In a fishery context one might, for
example, define an ecological indicator such as the spawning
potential ratio (SPR; Mace 1994) to assess the ecological
condition of an exploited fish population. In SESF this indicator
is represented through a relation type that defines which variables
determine the indicator:
SpawningPotentialRatio ← (FishPopulation.NumberOfEggsO
SpawningPotentialRatio
← (FishPopulation.NumberOfEggsOfFishedPopulation,
fFishedPopulation,
FishPopulation.NumberOfEggsOfUnfishe
FishPopulation.NumberOfEggsOfUnfishedPopulation)
(3)
dPopulation)
(3)

a conceptual model or case-specific framework that serves as the
basis for data collection, design of the formal model, and its
implementation and analysis. It is this first step of system analysis
and conceptual model development where we see the main
contribution of SESF. It is also the phase where simplifications
and assumptions have to be made that can potentially have
significant effects on model outcomes. Hare and Pahl-Wostl
(2001) for instance show that the way learning of actors is
represented can strongly affect the outcomes of a model.
SESF can support the process of abstraction of the target system
with respect to a given research question in several ways (Fig. 1).
In a forward-reasoning approach (Fig. 1, left-hand side), SESF
can help modelers and domain experts to identify variables that
are considered relevant to answer a given research question. This
provides for a more systematic and comprehensive selection of
relevant variables. The selected variables are then the fundamental
building parts for processes and indicators. When defining
processes and indicators, the often normative decisions on which
the relation types are based can easily be made explicit by
motivating why certain variables are included while others are not.
Fig. 1. The framework-supported modeling process with a
forward and backward reasoning process for the identification
of relevant variables and relationships. SES = social-ecological
systems.

The notation concept.variable, e.g. FishPopulation.NumberOfEggs,
indicates that the variable after the period is attributed to the
concept named before the period, e.g., the fish population has a
number of eggs under unfished and fished conditions.
Finally, aggregation relationships define how variables that are
measured at different levels or scales are aggregated. For example
NumberOfFish:
Number[Ind.]
← Fish*
NumberOfFish:
Number[Ind.]
← Fish*
(4)

(4)

The asterisk indicates that many individual fish are aggregated to
the variable NumberOfFish. Note that to distinguish them from
process relationships, indicator relationships and aggregation
relationships are denoted as (codomain) ← (domain), and not
(domain) → (codomain), and that their codomain typically
comprises a single variable (the indicator or aggregate).
FRAMEWORK-BASED DEVELOPMENT OF A SOCIALECOLOGICAL SYSTEMS MODEL
If we view a model as a representation of a system meant to
conveniently, e.g., quickly, safely, cheaply, answer a specific
question about that system (Rothenberg 1989), then different
questions will lead to different models. As with any empirical
investigation, the challenges in developing a SES model lie in
making the research question operational, particularly in the
selection of variables and relationships that are relevant to explain
observed or hypothesized dynamics. When selecting the variables
of interest for our specific analysis we also need to determine
which variables change over the time scales considered (state
variables), which stay constant (parameters), what structural
elements drive or constrain interactions or processes, and how
they interact with other variables in the system over time. The
result of the process of abstraction from a given target system is

In a backward-reasoning approach (Fig. 1, right-hand side) the
identification of relevant variables and processes is directly driven
by the research question, i.e., the goal of the investigation. The
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operationalization of the research question yields the indicators
used to measure the outcomes. The variables in the indicator
relationships that are not static are determined by processes, which
consequently have to be identified next. Again this procedure can
support making explicit the choices made when determining
indicator and process relationships. Variables that become
relevant when developing the processes and indicators are then
added to the case-specific framework, and their semantic and
aggregation relationships are specified. SESF can help with the
identification of variables that are potentially relevant for the
target system and question of interest and need to be included in
process relationships. It can also assist in clarifying concepts that
are used with different meanings or different names across
disciplines, such as “flow” versus “transaction” in ecology and
economics, respectively.
In practice, a combination of a forward and backward-reasoning
approach is likely to be most helpful. The case-specific framework
that results from this abstraction process serves as the basis for
the design of the formal model. The next steps are the specification
of processes, i.e., choosing specific mathematical or algorithmic
representations of causal relationships, and the determination of
values of variables. The values of parameters and the initial values
of state variables have to be defined based on empirical data or
expert assessment. The model can then be studied using
mathematical analysis or computer simulations to answer the
research question. The results will also help to refine the
framework and provide a test for assumptions about causal
relationships that drive the dynamics of the system.
APPLICATION OF THE FRAMEWORK FOR MODELBASED ANALYSIS OF THE COEVOLUTION OF A
RECREATIONAL FISHERY
Recreational fisheries across much of central Europe are
organized in local angling clubs that have the right to fish but also
the duty to manage their water bodies sustainably and in line with
fisheries and nature conservation legislation (Daedlow et al.
2011). In this context, stocking, defined here as the deliberate
release of fish originating from other water bodies or hatcheries
into a particular water body, is a common management practice
to maintain or enhance fish stocks and angler well-being (Cowx
1994). The ecological impacts and socioeconomic benefits of
stocking are uncertain (Lorenzen et al. 2010), as is the response
of anglers to these measures (Rogers et al. 2010). Ecological
uncertainty arises from environmental variability, e.g.,
interannual water temperature fluctuations that affect fish
population growth or from competition and predation between
the stocked and wild fish or other species of the community. Social
uncertainty arises from the fact that the responses of anglers to
stocking measures, such as a change in future angling behavior
that results from changes in the satisfaction anglers derive from
their angling experience, are usually only poorly known (Fulton
et al. 2011, van Poorten et al. 2011).
Modeling can be a helpful tool to analyze how the most salient
social-ecological interactions in a fishery with stocking play out
over time and determine its sustainability. If, for instance, anglers
demand for more stocking because of angling norms and
dissatisfaction with their current catch rate, and the club manager
decides to respond by stocking, the dynamics of the fish
population will change affecting future catch and anglers’

responses. It is these feedbacks that can lead to unexpected or
undesired developments of the SES with implications for its
sustainability (van Poorten et al. 2011). A model is a helpful tool
to analyze these feedbacks under different assumptions about
adaptive responses of club managers and choices of stocking
measures to enhance understanding of the resulting dynamics
and potential outcomes.
A stocking decision of a club manager involves a choice of the
number, the size, and origin of fish of a particular fish species to
be stocked. The success of a stocking measure is influenced by
the size of the stocked fish, the conditions in the water body, and
the number of fish in the stocked and wild fish population because
all of these factors impact the competition between wild and
stocked fish (Lorenzen 2005). Practical stocking guidelines in
Germany often recommend stocking small-sized fish because it
is believed that they can more easily adapt to the conditions in
the water body and the problem of overstocking is supposed to
be avoided because of natural regulation (Baer et al. 2007).
However, there are alternative perspectives that larger sized fish
might offer better returns because of higher survival in the stocked
water system, but this comes at a higher cost of production
(Lorenzen 2005). We develop a dynamic simulation model to test
the possible implication of deviating from the practical
recommendation of stocking only small-sized fish into a wild
stock in a locally managed SES with tight coupling between the
ecological, the angler, and the manager system, similar to van
Poorten et al. (2011). The aim of the model is to answer the
following research question: How does the size of stocked fish
influence the sustainability of a locally managed recreational
fishery when the stocking decision is driven by the catch
satisfaction of bounded rational anglers?
We illustrate the application of SESF for the development of a
model to answer this question. Note that the example only focuses
on selected aspects of the model for the sake of readability and
space. It is intended to illustrate the use of the framework, not to
provide a complete description of the modeling process and the
model.
Following SESF, a recreational fishery SES at the highest tier
consists of a governance system, actors, some of which are
anglers, as a subconcept of actors; and waterbodies, as a
subconcept of resource systems, which can have one or more
exploited and unexploited fish populations. The target fish
population is an aggregation of individual fish (resource units)
and thus a subconcept of the population of resource units. Note
that the distinction between different levels of aggregation such
as resource unit and population of resource units in the SES
framework has been introduced by Hinkel et al. (2014) because
McGinnis and Ostrom (2014) do not allow making this
distinction. These first tier concepts have various variables
attributed to them. We follow a backward reasoning approach
guided by the research question and SESF to identify those
attributes that are relevant to explain stocking outcomes and
hence should be included in the model. This procedure leads to
the case-specific framework or conceptual model that forms the
basis of a formal model of a stock-enhanced recreational fishery.
Variables that are directly taken from SESF are written in italics.
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Identification of outcome indicators
As indicated by the research question we are interested to
understand how the size of stocked fish influences the
sustainability of a locally managed fishery. The first step in
operationalizing the research question is thus to define “size of
stocked fish” as the control variable, and “sustainability of a
locally managed recreational fishery” as the outcome indicator.
We operationalize “sustainability” with several indicators that
relate to the ecological and social dimensions of the recreational
fishery SES (social and ecological performance measures).
Ecological sustainability is defined as the rate at which wild-origin
fish are replaced by hatchery-origin fish, i.e., the replacement rate.
Replacement of wild fish by stocked fish can affect the genetic
diversity of the fish population, which might negatively influence
its capacity to adapt to changing future conditions (Laikre et al.
2010). Social sustainability is defined as the welfare of all the
anglers in the angling club (angling club welfare) as represented
by user satisfaction or utility (Arlinghaus 2006). We formalize the
outcome indicators in the form of function types. For readability,
we abbreviate GovernanceSystem to GS, AnglingClub to AC,
AnglerGroup to AG, FishPopulation to FP, and Environment to
ENV.
Ecological outcome indicator
Replacement rate (replacement of wild-origin fish by hatcheryorigin fish)
ReplacementRate ← (FP.NumberOfFish, FP.NumberOfHatch
ReplacementRate
← (FP.NumberOfFish,
FP.NumberOfHatcheryOriginFish)
(5)
eryOriginFish)
(5)
Social outcome indicator
Angling club welfare
AnglingClubWelfare
← (AG.Satisfaction)
AnglingClubWelfare
← (AG.Satisfaction)
(6)

(6)

The variables NumberOfFish and NumberOfHatcheryOriginFish
that determine the replacement rate are subconcepts of the
second-tier variable PopulationOfResourceUnits.NumberOfUnits
in SESF. Satisfaction is not a variable in SESF. We introduce it
here as a new variable of the actor group “angler group” because
having satisfied users is a primary goal of fisheries’ management
in angling clubs (Royce 1983), i.e., if a large number of anglers
are satisfied with their angling experiences it is assumed that the
well-being of the club is high.
Specifying the process relationships
The second step in operationalizing the research question is
specifying the variables that codetermine changes in the state of
another variable and organize them in process relationships.
Relevant are those processes that explain changes in state variables
that are in the domain of the outcome indicator function types
given above. Processes can be developed top-down by starting at
the highest level of aggregation and then progressively unpacking
the system until changes in all relevant variables are explained.
Note that for each process relationship a narrative should be
developed first, which helps to identify the variables of the
domain.
In our example, the variables in the domain of the indicator
function type that we need to further explain are: the number of
fish in the fish population and angler satisfaction. The change in
the number of fish over time is influenced by attributes of the fish
population itself, e.g., degree of density-dependent population

regulation (Lorenzen 2005), as well as those of the angling club,
e.g., number of stocked fish, the group of anglers, and the
environment (related ecosystem), which at the highest level can
be expressed by the following relation type:
FPGrowth:
(FP,AC,
AC,AG,
AG,ENV)
ENV)→→FP.NumberOfFish
FP.NumberOfFish (7a) (7a)
FPGrowth:
(FP,
By further unpacking the lower-tier variables of FP, AC, and AG,
we can specify that the number of fish in the next time step is
influenced by the current number of fish, the growth rate of the
fish population, the productivity of the water body, the
exploitation by anglers (catch), the amount of fish stocked into
the population by the angling club, as well as some external
climatic influences as expressed in this relation type:
FPGrowth: (FP.NumberOfFish,
FP.GrowthRate,
FPGrowth:
(FP.NumberOfFish,
FP.GrowthRate, WaterBody.
WaterBody.Productivity,
AC.NumberOfStockedFish,
Productivity,
AG.Catch,AG.Catch,
AC.NumberOfStockedFish,
AC.
AC.SizeOfStockedFish,
ENV)
→ FP.NumberOfFish
(7b)
SizeOfStockedFish,
ENV)
→ FP.NumberOfFish
(7b)
Although the growth rate and productivity of the system are
variables of SESF, the variable catch (or harvesting level) is
currently not represented. It is an outcome from the process of
angling, i.e., the interaction of the anglers with the fish
population. We attribute catch to the concept angler group
because it affects the future actions of anglers. We assume that
the catch of the angler group is influenced by the total effort of
the anglers, i.e., the hours they spend angling, the angling gear
used (Actor.TechnologiesAvailable), and the current number of
fish in the fish population. We introduce effort as another new
variable in SESF attributed to the AnglerGroup because of its
key importance in determining the number of fish that are
extracted from the fish population.
Angling:(AG.Effort,
(AG.Effort, AG.AnglingGear,
AG.AnglingGear, FP.NumberOfFish)
Angling:
FP.NumberOfFish) →
→ AG.Catch
(8)
AG.Catch
(8)
The catch an angler obtains is also an important determinant of
the satisfaction he derives from an angling experience. We need
to measure angler satisfaction to determine the social outcome
indicator. Empirical evidence has shown that angler satisfaction
is strongly influenced by the relation between catch expectations
and the actually realized catch (Arlinghaus 2006). In this model,
we thus assume that past and present catch rates are the dominant,
and for simplicity the only, variables that influence the satisfaction
of anglers. Changes in the satisfaction of anglers are formalized
in the process EvaluateBenefits as follows:
EvaluateBenefits:
(AG.Catch,AG.CatchExpectation)
AG.CatchExpectation) →
EvaluateBenefits:
(AG.Catch,
→ AG.
AG.Satisfaction
(9a)
Satisfaction
(9a)
The relation type of the process EvaluateBenefits makes explicit
our assumptions about the variables that explain the satisfaction
of the angler group. These assumptions vary depending on the
chosen theoretical perspective or empirical evidence. For example,
angler satisfaction might not exclusively depend on the number
of fish in the catch, but also on the experience of crowding and
some other attributes of the catch, such as the size of the fish
caught (Hunt 2005). In this case the relation type would be
formalized as follows.
EvaluateBenefits2: (AG.Catch.Number,
AG.Catch.MaxSize,
EvaluateBenefits2:
(AG.Catch.Number,
AG.Catch.MaxSize,
AC.Crowding,
AG.CatchExpectation)→
→AG.Satisfaction
AG.Satisfaction (9b)
(9b)
AC.Crowding,
AG.CatchExpectation)
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Fig. 2. Concepts, variables, and semantic relationships of the recreational fishery that are included in the model to assess the impact
of the size of stocked fish on the sustainability of the fishery. Grey boxes indicate the specification of the general framework for the
recreational fishery’s social-ecological systems (SES). Downward arrows represent relationships in which a variable is attributed to a
concept, e.g., the recreational fishery has several actor groups. The upward arrows with open arrow represent relationships in which
subconcepts are a type of the more general concept, e.g., an angler group is an actor group.

Note also that the relation type in Equation 9a does not determine
how exactly the catch and catch expectations influence angler
satisfaction. We specify the assumed causal relationships when
we model the processes in the next step.
The growth of the fish population also depends on the number
of stocked fish, which is determined through the process of
stocking decision making. We model this process explicitly
because we want to understand the sustainability of a fishery
where stocking decisions are adaptive, based on the satisfaction
of anglers. There is empirical evidence that stocking decision
making in angling clubs is strongly influenced by anglers’
satisfaction because of anglers’ perceptions and norms about
fishery management (van Poorten et al. 2011). Anglers react to
these norms by pressuring angling club managers to stock. We
follow van Poorten et al. (2011) and assume that changes in angler
satisfaction directly determine the amount of fish stocked by the
angling club each year, which may go up or down incrementally,
and that no other alternative actions are considered by the
manager (Deadlow et al. 2011).
StockingDecisionMaking:
StockingDecisionMaking:
(AC.NumberOfStockedFish, AG.
(AC.NumberOfStockedFish, AG.Satisfaction) →
Satisfaction) → AC.NumberOfStockedFish (10)
AC.NumberOfStockedFish

(10)

Determining the level of aggregation
In the example above we successively unpacked the processes and
variables needed to answer our research question in a transparent
and rigorous way. This procedure also involves choices about the
level of aggregation at which interactions or processes should be

represented. There is need to decide at which level, e.g., at the level
of individuals or populations, we want to relate variability and
heterogeneity of the dependent, e.g., amount of stocking, and
independent, e.g., angler satisfaction, variables. In some cases, for
example, variability at the individual level, of an individual fish
or social actor, will be crucial in determining outcomes (Johnston
et al. 2010), whereas in other cases more aggregate processes play
out. The hierarchy of concepts and variables provided by SESF
can help to explain the choices of the level and method of
aggregation. Both should be justified by underlying key processes
such as age or size-based transitions in the life cycle, variation in
attributes of individual fish, such as their size that affect angler
utility and choices, or the importance of fish size for stocking
outcomes.
For instance, we have to be able to identify whether a fish in the
fish population is a wild fish or originated from a hatchery to
account for size-dependent competition between wild and stocked
fish (Lorenzen 2000) and measure the replacement rate of wild
fish. The fish population growth process can thus not be modeled
at the level of a single population. However, it does not need to
be modeled at the individual level either, as long as we assume
that the fish only differ with respect to characteristics that are
related to their origin, such as their survival rates. In this case we
can model hatchery-origin and wild-origin fish at the level of two
subpopulations of fish similar to Lorenzen (2005) and Rogers et
al. (2010). Consequently, we introduce origin (hatchery or wild)
as a new variable of the FishPopulation. We also need to further
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unpack the FPGrowth process by further decomposing what is
now represented as a growth rate into fish population survival
and reproduction at different sizes. We do so by modeling survival
and reproduction disaggregated into different age classes (as a
proxy for different sizes) so that we can account for different
survival rates of different sized fish (van Poorten et al. 2011).

Fig. 3. Influence diagram based on the relations defined for the
recreational fishery example. The two feedback cycles to the left
of the variable NumberOfFish represent the reproduction and
survival processes.

The conceptual model
The development of indicator and process relationships as
described above has helped to identify concepts and variables and
the level of aggregation needed to analyze the dynamics of the
recreational fishery SES with respect to our research question
(Fig. 2). The development of the processes and the hierarchy of
concepts and variables proceeds in an iterative way, where the
development of processes helps to refine the variables, and the
development of the conceptual relationships between variables
helps in the development of processes.
The variables in the domain and codomain of process
relationships can also be graphed in form of an influence diagram.
Influence diagrams are helpful to highlight the main feedbacks
that are driving the coevolution of the stock-enhanced
recreational fishery system (Fig. 3). On the right-hand side, angler
satisfaction influences the number of stocked fish, which together
with the survival and reproduction (represented as two circles to
the left of the variable NumberOfFish) and angling influence the
number of fish in the fish population. The catch anglers receive
from the fish population and their catch expectation that formed
from past experiences in turn affects their satisfaction, which
drives stocking in the next year. It is important to note that
influence diagrams contain less information than the set of
process relationships derived above. Most critically, influence
diagrams do not display the names of the processes or the
information on how various variables coinfluence each other.
Influence relationships only relate two variables, whereas process
relationships relate all variables that inseparably codetermine
changes in the influenced variables. Understanding processes in
the sense of these codeterminations is a necessary step in
understanding the dynamics of SES that influence diagrams
cannot provide.
Modeling of processes
The next step in operationalizing the research question is the
mathematical modeling of the process relationships that have
been specified above. Mathematical or rule-based functions are
to be defined that determine how given values for the variables in
the domain of the process relationship lead to values for the
variables in the codomain. Mathematically speaking, the
functions must be of the type given by the process relation. The
modeling of process relationships makes explicit the theoretical
or empirical assumptions about causal relationships between the
variables in the domain. In our recreational fisheries model for
instance, ecological theories of population dynamics are used to
model the survival and recruitment of the fish population. The
representation of social dynamics is based on empirical
observations about angler behavior and decision making in
angling clubs (summarized in van Poorten et al. 2011) as well as
the theory of reinforcement learning (Sutton and Barto 1998) and
bounded rationality (Simon 1957).

We illustrate the modeling of processes by the examples of the
population growth of the wild subpopulation and stocking
decision making. We have argued for the need to model the fish
population disaggregated into age classes to be able to take
different survival rates of different sizes of fish into account. Agestructured models are standard approaches in fisheries to assess
changes in the age-structure of exploited fisheries (e.g., Hilborn
and Walters 1992). The fish population growth process consists
of the processes of fish reproduction and fish survival (e.g., Ricker
1954, Beverton and Holt 1957, Wootton 1998). They are
determined by the number of mature fish in the population as
well as the survival rates, fecundity, and vulnerability to fishing
of each fish of a specific size or age class.
Reproduction:
(FP.NumberOfMatureFish,
FP.AgeClass.Fecundity,
Reproduction:
(FP.NumberOfMatureFish,
FP.AgeClass.
FP.AgeClass.DensityDependentSurvivalRate,
ENV) →
Fecundity,
FP.AgeClass.DensityDependentSurvivalRate,
ENV)
(11)
→FP.AgeClass.NumberOfFish
FP.AgeClass.NumberOfFish (11)
Survival: (FP.AgeClass.NumberOfFish,

Survival: (FP.AgeClass.NumberOfFish, FP.AgeClassDensityD
FP.AgeClassDensityDependentSurvivalRate,
ependentSurvivalRate,
FP.AgeClass.SizeDependentSurvivalRate,
FP.AgeClass.SizeDependentSurvivalRate,
AC.TotalCatch) →
AC.TotalCatch)
→ FP.AgeClass.NumberOfFish (12)
FP.AgeClass.NumberOfFish
(12)
Based on the literature we assume that the recruitment into the
first age class, i.e., fish from age 0 to age 1, is strongly densitydependent (Myers and Cadigan 1993) whereas the survival of
larger, so-called recruited fish is primarily size-dependent
(Lorenzen and Enberg 2002). These assumptions are included in
the formulation of the specific functions to represent recruitment
and age specific survival that we adapted from Lorenzen (2005).
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Reproduction:
(13)

Survival:

(14)

Where NW is the wild fish component, a is the age class; s1 the
density-dependent survival of juveniles, ƒ the relative fecundity,
SW the number of mature fish in the wild fish population, La the
length of fish in age class a, L∞(B) the maximum length at biomass
level B, M1 the natural mortality rate at unit length (Lorenzen
2000), K the competition coefficient, q the catchability, E the total
angling effort, and Va the vulnerability of fish in age class a to
angling.
The process StockingDecisionMaking consists of the variables
satisfaction of anglers and the number of stocked fish (Equation
10). In the absence of knowledge of how angler satisfaction
functionally affects stocking decision making, we follow van
Poorten et al. (2011) and assume a very simple linear relationship
where the current stocking density is increased or decreased
proportionally to the angler satisfaction, thus simulating a
manager that immediately responds to changes in angler
satisfaction.
StockingDecisionMaking:
StockingDecisionMaking: (AC.NumberOfStockedFish, AG.
(AC.NumberOfStockedFish,
AG.Satisfaction) → AC.NumberOfStockedFish
Satisfaction) → AC.NumberOfStockedFish

(15)
where Dt is the amount of fish stocked at time t, Ut the angler
satisfaction at time t, and d a scaling factor. The implication of
this functional choice and the choice of the intensity of the
coupling between number of stocked fish and angler satisfaction
is assessed during model analysis through testing alternative
values for the parameter d and different functional relationships
for the number of stocked fish.
The modeling of processes is informed by the theory or approach
that frames the research question. In our case this is the
assumption that recreational fisheries codevelop through
adaptive behavior of actors and resulting ecological dynamics
that influence each other through feedback relationships. If the
research question is based on a different theory, such as control
theory where it is assumed that the manager maximizes some
index of social welfare over a specified time horizon and a given
discount rate, the StockingDecisionMaking process would be
specified using a different function. The amount of stocking
would in that case be determined by maximizing catch or angler
well-being as a function of a stock-enhanced fish population,
where stocking is costly.

Finally, once the mathematical models are specified, they can be
analyzed analytically or implemented in computer code for
simulations. Although this step is not a trivial one it goes beyond
the scope of this paper. Note that when implementing the specified
processes as a computer program, their sequence becomes
important. Likewise the handling of initial conditions can be
challenging, particularly in cases with history and memory as in
our process relationship “EvaluateBenefits” (Equation 9a). Once
implemented, the simulation model can then be used for scenario
analysis to answer the research question: How does the size of
stocked fish influence the sustainability of a locally managed
recreational fishery when the stocking decision is driven by the
catch satisfaction of bounded rational anglers? This means that
the control variable, in our case the size of stocked fish, is varied
and the resulting social-ecological dynamics, management
responses (stocking), and long-term impact on the defined
sustainability outcomes (replacement of wild fish stock, and
social welfare) is assessed. In the Appendix 2 we show some
modeling results that indicate that replacement of wild fish is
highest when stocking juvenile fish of medium size. In this case
wild fish are replaced when the memory of anglers of past angling
experiences is medium or high (Figure A2.2b). When stocking
larvae there is no replacement of wild fish (Figure A2.2a) despite
high stocking densities (Figure A2.1a) because of the low chance
of survival of stocked larvae. Hence local management that is
based solely on angler satisfaction can lead to increases in yield
(Figure A2.1b) but replacement of wild fish.
DISCUSSION
Understanding the dynamics of SESs requires identifying and
analyzing the various social-ecological processes that determine
the outcomes of interest. We have developed a structured stepwise procedure based on SESF, indicator and process
relationships to identify these processes and conceptualize a
simulation model to analyze their interactions. First, a backward
reasoning approach is used to identify the relevant variables and
processes by systematically unpacking the system to the level of
detail needed to answer a specific research question. SESF guides
this process through providing a set of commonly used variables
and a set of semantic and process relationships that help
conceptualize the structure and interactions of the SES in a
consistent and transparent way. The result of the first phase of
the procedure is a conceptual model or case-specific framework
that specifies the variables and relationships of the SES that
determine the outcomes of interest. In the second phase, the
selected processes are modeled, i.e., cause-effect relationships
between variables are defined based on theories or empirical
observations. This results in a dynamic model that can
subsequently be analyzed mathematically or through simulations.
Throughout the whole procedure of model conceptualization and
process modeling the analyst is encouraged to specify and explain
why a certain variable or process is included, and based on which
theory or empirical evidence, thus enhancing the transparency of
the modeling process.
SESF is at the core of this procedure because it provides a set of
general concepts, variables, and relationships that have proven to
be relevant in explaining outcomes in a large number of SES. The
generality of SESF and the fact that processes are represented as
relation types allows one to link variables in any way reflecting
different theories or empirically-based assumptions of the
dynamics of the SES. This allows for a combination and
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comparison of different approaches and theories to study a given
SES and therefore achieve a more multifaceted insight into their
dynamics. In the example given above we use coevolutionary
theory (Norgaard 1994, Jeffrey and McIntosh 2006, Rammel et
al. 2007) to develop a model that explores the consequences of
adaptive behavior of decision makers that stock fish populations
as a response to changes in angler satisfaction. The model provides
insights on possible outcomes of local decision making when
stocking decisions are based solely on angler satisfaction.
Depending on the size of stocked fish and the memory of anglers
of past catch experiences there can be little or very severe
replacement of wild fish with variable effects on angling club
welfare. Likewise SESF can be used to develop a model based on
optimization theory to identify optimal stocking strategies given
budgetary constraints, or an agent-based model to investigate the
implications of diverse angler preferences on stocking outcomes.
The developed process relationships will reveal that the selected
variables and the level of aggregation at which processes are
represented vary significantly between these different
approaches.
The added value of using SESF for model development lies in the
guidance it provides for (a) a comprehensive search for relevant
variables from both the ecological and social domains, and (b) a
systematic and transparent process of abstraction. The former is
crucial for dealing with the complexity of SES and the multitude
of potentially relevant variables and interactions, and for
achieving an integrative analysis that addresses the coupled nature
of SES. A systematic process of abstraction is valuable in that it
ensures that no relevant variables are missed. The iterative process
of developing a concept hierarchy and the process relationships
functions as a cross-check that guides a systematic unpacking of
all variables needed to explain the outcomes. For example, when
developing a process relationship a variable may become relevant
that was not included in the concept hierarchy before, such as,
angler satisfaction or effort in our example. Conducting an
integrative analysis is often challenging because of the bias of a
model developer toward the system view with which she is most
familiar. An ecologist for instance is likely to put more detail into
the representation of the ecological dynamics while an economist
is likely to stick to a rather simple representation of the ecological
processes that produce the resource of interest (Schlüter et al.
2012). Both biases can lead to an incomplete or unrealistic
representation of the dynamics of the coupled SES because of
the neglect of important social or ecological processes.
The SESF-based procedure of model conceptualization also
encourages the analyst to make explicit the reasons why she
decided to include a variable or process at an aggregate level, such
as the level of a population or community, or disaggregate to the
level of individual interactions. The selection of the level of detail
is a very important issue when analyzing complex SES because
of the potential relevance of micro-scale variability for explaining
macro-scale outcomes (see e.g., Smith and Wilen 2003). It is
determined by the research question and our understanding or
hypotheses of the relevant heterogeneity in a system. In our
example of the fishery, knowing the number of fish in the fish
population is not enough because we need to distinguish between
hatchery and wild origin fish to calculate replacement. A
systematic process of defining indicators and identifying variables

following the above mentioned procedure can assist in making
these choices.
By encouraging the modeler to make explicit modeling decisions
and assumptions, the procedure enhances the transparency of the
model. This is important for communication, model analysis, and
interpretation of model results in interdisciplinary studies of SES,
and for facilitating comparisons of models across different cases
and theoretical foundations. Transparency is particularly relevant
in an inter- or transdisciplinary context in which ontologies differ
and underlying assumptions, e.g., on human decision making, are
not common knowledge among participants from different
disciplines or between modelers and model users. For instance in
our example of stock-enhanced recreational fisheries the
procedure makes explicit the assumption that anglers compare
past with current experiences in forming their expectations of a
good catch and do not consider possible future options. As such
modeling decisions, particularly those related to the
representation of human decision making and learning, can have
significant impacts on model outcomes that need to be considered
when analyzing and interpreting model results.
SESF allows any kind of explanation for an observed outcome,
however, the choices made while specifying a concept hierarchy
and process relationships constrain the explanations possible. Our
testing of SESF for model development also shows that it can be
difficult to stay true to the principle of going from higher levels
of aggregation to lower ones, because our knowledge of some
aspects of the SES might be more detailed than of others. When
developing a model of a SES there is generally a temptation to
go into too much detail. The framework-based procedure can help
to avoid this by forcing the analyst to explain the reasoning for
each additional variable when introducing it. There are, however,
other crucial steps of model development or of an empirical
investigation that SESF cannot support. One of them is the
selection of system boundaries or of the focal level of analysis as
well as the relevant spatial and temporal scales. Those decisions
are dependent on the research question and the purpose of the
model and need to be made before one starts to conceptualize the
model. Another minimal aspect for the development of a SES
model is the involvement of an interdisciplinary team with social
and natural scientists. The proposed procedure is aimed to
enhance communication between members of such an
interdisciplinary team.
Aside from the example given in this paper there are several other
possible applications of SESF in the field of SES modeling. It
facilitates, for example, communication between modelers and
experts or between modelers with different backgrounds (own
observations). Another application is its use for model
comparison for which it seems very suitable (see also Parker et al.
2008 for a framework to compare land-use and land-cover change
models). SESF can help to find similarities and differences
between models, e.g., whether different variables are included in
a process relationship, whether authors added other functions to
represent the same observation, etc. Furthermore, the concept
hierarchy and processes developed for one study can be reused to
develop other models. In doing so it will get more and more
detailed. On the other hand if somebody wants to develop a simple
model he can use only parts of it.
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CONCLUSIONS
In this paper we have shown how the SES framework combined
with a structured approach that makes explicit conceptual and
process relationships between variables as proposed by Hinkel et
al. (2014) can support the process of developing a dynamic model
of a SES to study social-ecological interactions and their
outcomes over time. We have illustrated the proposed procedure
of model conceptualization using SESF by applying it to an
example from recreational fisheries. The exercise has shown that
the procedure facilitates a more systematic and rigorous
identification and definition of variables and process
relationships that define the simulation model. The added value
of using the proposed SESF-based procedure for a model-based
analysis of the dynamics of a SES lies in its support of a
systematic, integrative, and transparent process of model
conceptualization. This enhances the communication of
underlying model assumptions and encourages making explicit
the theories and empirical observations that underlie modeling
choices. This transparency is needed to allow for a critical
assessment of model results, particularly in an interdisciplinary
context. A critical reflection on the decisions about which
variables and processes to include, at what level of aggregation,
and based on which assumptions or theories can, in combination
with a good model analysis, help assess the consistency of the
model and the robustness of outcomes. This, in turn, allows for
a quality check and an assessment of the value of a dynamic model
for explaining the outcomes of interest.
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Appendix 1
The formalized Ostrom SES framework (SESF)
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Figure A1: The SES framework (McGinnis and Ostrom 2014) in UML (Unified Modelling Language) including semantic relationships (attribution
and subsumption, see Hinkel et al. (2014)) to make explicit relations between variables. Downward arrows represent attribution relationships
where a variable is attributed to a concept, upward arrows represent subsumption relationships where sub-concepts are a type of the more
general concept, e.g., an actor group is a type of actor.

Stocking of different sizes of fish (larvae, juvenile, recruits) with stocking density dependent on angler
satisfaction.

