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a b s t r a c t

Multiple dilemmas confound social-ecological modelling. This review paper focuses on two: a modeller's
dilemma associated with determining appropriate levels of model simplification, and a dilemma of
decision-making relating to the use of models that were never designed to predict. We analyse ap-
proaches for addressing these dilemmas as they relate to shallow coastal systems and conclude that
wicked problems cannot be adequately addressed using traditional disciplinary or systems engineering
modelling. Simplified inter- and trans-disciplinary models have the potential to identify directions of
system change, challenge thinking in disciplinary silos, and ultimately confront the dilemmas of social-
ecological modelling.
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1. Introduction

This paper examines two dilemmas prevalent in environmental
research: a modeller's dilemma and a dilemma of decision-making.
ce, University of Auckland,

lison).
Modellers' face many dilemmas, but a central issue relates to
tradeoffs between simplifications that are necessary to represent
certain characteristics of a system, and the need also to represent
intricacies within the system in sufficient detail in order to produce
outputs that are useful in some way. This dilemma is particularly
challenging in the case of social-ecological systems, which have
interacting physical, ecological, and social components. How
should these components be treated within models? A related
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dilemma confounds environmental management: models not
intended for decision-support have nevertheless become a crutch
on which decision-making often relies, with insufficient critical
consideration of model limitations in the planning process, and
application of models in ways that modellers may not have inten-
ded (Groeneveld et al., 2017; Kelly et al., 2013). Improved envi-
ronmental planning requires progress in resolving these related
dilemmas.

This paper reviews literature with an aim of identifying ap-
proaches of addressing and minimising these two dilemmas con-
fronting modellers and decision makers. The dilemmas are
recognisable across much environmental research, but we focus on
shallow coastal systems, particularly estuaries, which are highly
valued for providing essential ecosystem services and contributing
to wider marine ecosystem function, but are also vulnerable due to
their physical properties (e.g. shallow water depths) and processes
such as increasing population, urbanisation, and changes in climate
and land use (McNamara and Werner, 2008a; IPCC, 2014).

Box 1 sets out some of the key concepts used in this review
paper. The approach has involved critiquing literature from diverse
fields pertaining to social-ecological modelling, wicked problems,
trans- and interdisciplinary research, ABM, estuarine modelling
and estuarine management. The review is concerned with deter-
mining appropriate methods for approaching uncertainty in com-
plex social-ecological systems and selecting suitable techniques for
modelling feedbacks between, and interactions within these sys-
tems, as set out in Schlüter et al. (2012), but with a specific focus on
how the two dilemmas impact upon model form, function and use.

Systems engineering models differ from the other definitions in
Box 1 as they represent a single-discipline way of approaching a
problem. This type of model represents a traditional approach to
environmental management, as opposed to a holistic post-normal
science approach. Schlüter et al. (2012) set out the main differ-
ences between traditional and social-ecological systems approaches
Box 1

Terminology.

Post-normal science approach e A “systematic, synthetic

and humanist” (Funtowicz and Ravetz, 1993: 739) approach

to science in which human-environmental systems are

viewed and treated holistically. The approach explicitly

recognises human agency in an environmental system, and

stakeholder values and opinions are taken into account.

This is considered an appropriate approach for tackling

wicked problems (Konig et al., 2017).

Social-ecological system - We use the term ‘social-ecolog-

ical’ system to recognise that there is a fundamental

connection between ‘the human’ and ‘the natural’, but that

each functions as an independent system.

Systems engineering models e a ‘socio-technical’

approach to modelling requires as many facets of system

form as possible to be included in a highly complicated

model so as to streamline a system for human benefit

(Baxter and Sommerville, 2011).

Transdisciplinarity - pertains to a research methodology

where stakeholders and researchers from multiple disci-

plines come together during a research project in order to

facilitate highly integrated research (Klein, 2014)

Wicked problem - an issue beset by uncertainty, plurality,

and interdependence and that are unable to be convincingly

defined (Rittel and Webber, 1973).
to the management of human-environment systems, chief among
which is that traditional methods utilise a ‘command and control’
technique whereas social-ecological systems management aim to
enhance system resilience. The three other concepts are funda-
mentally intertwined; the post-normal science approach is a
methodology that often incorporates transdisciplinarity when
attempting to addresswicked problems in complex social-ecological
systems. This review was undertaken using a post-normal science
approach, reviewing literature from the fields of social-ecological
modelling, wicked problems, trans- and interdisciplinary research,
agent-based modelling (ABM), estuarine modelling and estuarine
management. Our review is concerned with determining appro-
priate methods for approaching uncertainty in complex social-
ecological systems and selecting suitable techniques for modelling
feedbacks between and interactions within these systems, as set out
in Schlüter et al. (2012), but with a specific focus on how the two
dilemmas impact upon model form, function and use.

The review paper focuses on shallow coastal areas that occur at
the downstream end of terrestrial drainage systems and are highly
exposed to anthropogenically-derived pollution (Davies, 2015;
Millennium Ecosystem Assessment, 2005a). Worldwide, shallow
coastal ecosystems are undergoing rapid changes creating a
research imperative to understand the complex interrelationships
between ecological, physical and social processes that drive envi-
ronmental change (e.g. McGranahan et al., 2007; Moser et al., 2012;
Nicholls et al., 2011; Small and Nicholls, 2003). Rapid urbanisation
and increasing population in coastal areas can stress the existing
social-ecological systems while climate change is making these
areas increasingly less suitable to sustain human populations
(Crossett et al., 2004; Moser et al., 2012). The consequences of sea-
level rise are already being felt in some of the least developed
countries such as Bangladesh where some 46% of the population
lived within 10 m of mean sea level in 2007 (McGranahan et al.,
2007). However, sea-level rise is a global problem with 10% of
world population concentrated in only 2% of the land area
(McGranahan et al., 2007) and 2.4% of global population at risk of
displacement by sea-level rise by the end of the 21st century
(Nicholls et al., 2011). Anthropogenic alteration of natural systems
makes natural processes (e.g. rainfall, flooding, storm surge) more
complex by introducing runoff channelisation, water treatment and
discharge, interfering with natural flow regulation. In particular,
urbanised systems experience exacerbated impacts of relatively
common events due to a combination of expanded impervious
surfaces and channelised drainage networks (Baird, 2009; Schiff and
Benoit, 2007).

Computational models can help understand these complexities
and should therefore be an important resource for decision-makers
in avoiding or mitigating impacts that reduce environmental,
ecological, social and economic resilience. However, progress has
been limited by the two dilemmas. Modellers are confronted with
the challenge of how to adequately represent the physical,
ecological and social dimensions of shallow coastal systems, and
decision-makers are challenged by how to utilise models that are
designed for social learning or developing system understanding,
when a predictive model is desired for decision-making purposes.

Our aim in this paper is to reconcile the two dilemmas by
identifying optimum modelling approach(es) for fully integrated
consideration of social, ecological and geophysical systems in a
single model. To accomplish this, we review literature so as to
explore the potential for post-normal science, transdisciplinarity
and particularly ABM to understand complex environmental prob-
lems and suggest a way forward. The review paper is structured as
follows: first, the nature of the two dilemmas are elaborated and
environmental problems are categorised as tame, complicated, and
wicked (see Box 2); second; literature relevant to modelling shallow
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coastal social-ecological systems is reviewed, providing a founda-
tion for the third and final section that outlines a path forward for
modelling.

2. A modeller's dilemma

The phrase ‘modeller's dilemma’ was used by Singh and Mishra
(2008) in relation to conflict resolution among various model
averaging techniques used in groundwater modelling. A different
‘modeller's dilemma’ as discussed here concerns the struggle to
determine the appropriate level of simplification and imitation of
reality necessary to produce useful model outcomes, while pre-
serving the necessary particulars of the system to be studied.

In selecting an approach to model complex social-ecological
systems it is necessary to first determine the purpose of the
modelling endeavour as discussed by Kelly et al. (2013), and then
decide upon an appropriate level of model complicatedness
(Murray, 2007; Sun et al., 2016). Following Sun et al. (2016) our use
of the term ‘complicatedness’ pertains to model structure, whereas
‘complexity’ is used to describe model outputs. The choice between
high and low model complicatedness is determined by multiple
factors, but the existing level of system understanding is perhaps
most important. Murray (2007) points out that highly complicated
models offer limited explanatory insight, whereas highly simple
models are unable to make numerically reliable predictions. Sun
et al. (2016) note that increasing the complicatedness of a model
can result in a decrease in the complexity of model outputs.
Reducing model complicatedness can be achieved by omitting (or
approximating) poorly understood components and components
that are believed to have minimal systemic effect; but these types of
simplifications may also reduce the ability of the model to achieve
research goals by altering model complexity. All models are by
definition abstract representations (simplifications) of reality, and
no model can be considered ‘correct’, but the degree of simplifica-
tion employed in differentmodels varies enormously (Murray, 2007,
2013; O'Sullivan et al., 2012; Simandan, 2010; Sun et al., 2016).

Determining the appropriate level of simplification is especially
pertinent for a social-ecological model being developed with the
intention of investigating social-ecological change and the in-
teractions between physical, ecological and social components at
various scales, as these systems are inherently highly complex yet
poorly understood and notoriously difficult to manage using a
traditional command-and-control approach (Voinov et al., 2016). In
such poorly understood social-ecological systems, having a pre-
dictive or forecasting focus is difficult due to the presence of un-
known system variables (Kelly et al., 2013). A more realistic goal is
to improve system understanding by developing a very simple
model that is useful, even if its assumptions and workings are not
strictly correct (O'Sullivan et al., 2012; Murray, 2013). Such simple
models also go someway tomitigate a dilemma that faces decision-
makers.

2.1. A dilemma of decision-making

Computational models have come to occupy a position that they
were never designed for; treated as infallible by those who rely on
them but not by their creators (Meadows and Robinson, 2002). An
increasing reliance on models to guide decision-making (e.g.
Carnavale et al., 2012; Oxley et al., 2004) suggests that decision-
makers prefer a predictive tool. Policy makers have historically
had difficulty in comprehending and counteracting wicked prob-
lems (Davies, 2015; Head, 2014; Stirling, 2010), exemplified by the
detachment between the time of decision-making and the subse-
quent effects being observed (Rammer and Seidl, 2015). In this
context, model results provide a decision-making crutch: models
can make decisions for decision-makers.
Devolution of responsibility from decision-maker to model can

be traced to a number of factors including the search for simple
solutions by decision-makers that thwarts the longer-term
perspective necessary to approach wicked problems (Head, 2014),
as well as ignoring the unintended consequences of wicked prob-
lems. There is frequent miscommunication about the role of both
science (Lave, 2015) and modelling (Schneider, 1997) in decision-
making and policy development. The purpose and practical limita-
tions of a model must always be made clear to end users and
decision-makers (Schneider, 1997). In turn, decision-makers have a
responsibility to understand the practical limitations of a model and
to avoid using it in ways and for reasons that it is incapable. Addi-
tionally, while scientists may openly express the subjective ele-
ments of their work in professional discussions (Morgan and Keith,
1995), they should also do so in relation to decision-making (Wright,
2015). Research suggests that including stakeholders and decision-
makers in the development and testing of models is a valuable
way of improving their understanding of model purpose (Bousquet
and Le Page, 2004; Schneider, 1997; Seidl, 2015; Voinov and
Bousquet, 2010; Yearley, 2006). Seidl (2015) discusses various
methods of participation and potential benefits from participatory
modelling in this regard.

3. Dilemmas in practice: Chesapeake Bay Modelling System

Shallow coastal areas are increasingly becoming the subject of
modelling exercises aimed at deciphering potential impacts and
ways to mitigate or avoid them. Dilemmas facing both modellers
and decision makers are accompanying these efforts (e.g. Lloyd
et al., 2015; Malzone et al., 2009). One notable example of a major
social-ecological coastal modelling project is the Chesapeake Bay
Modelling System (CBMS) developed by the Chesapeake Bay Pro-
gram. It uses an ecosystem-based management approach to simu-
late social-ecological system function and the impacts of change at
the catchment scale using a coupled-component model (Boesch and
Goldman, 2009; Paolisso et al., 2015). Calibrated through direct
comparisonwith observed condition, themodelwas initially used to
assist voluntary restoration projects but is increasingly guiding
official Watershed Implementation Plans that aim to reduce human
impacts on the Chesapeake Bay ecosystem (Paolisso et al., 2015). The
modelling endeavour has expanded since its establishment in 1983
and now encompasses airshed, watershed and a model of the
shallow coastal portions of Chesapeake Bay itself (e.g. Cerco et al.,
2013; Keisman and Shenk, 2013; Linker et al., 2013).

The CBMS program was not successful in achieving some of its
early management goals; however, a more holistic and integrated
management approach was implemented once managers recog-
nised the interrelated nature of the issues facing the bay (Boesch
and Goldman, 2009). Similar management schemes based on the
principles of post-normal science, ecosystem-based management
and transdisciplinary research are increasingly viewed as superior
to traditional command-and-control management at addressing
wicked problems (Biggs et al., 2010; Davies, 2015; Funtowicz and
Ravetz, 1993). Since its inception, the CBMS has become increas-
ingly complicated as the airshed and watershed models have been
linked to the original bay model (Paolisso et al., 2015). The creation
of the present coupled-component model highlights the afore-
mentionedmodeller's dilemma of determining an appropriate level
of model simplicity vs. complicatedness and the dilemma of
decision-making concerning changing use of the model(s) over
time; the increasing complicatedness of the CBMS highlights a
major issue facing modellers (a modeller's dilemma) and impacting
on decision-makers (a decision-maker's dilemma) when attempt-
ing to address wicked problems.
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4. Categorising problems

Rittel and Webber (1973) noted that scientific practices were
failing to address issues characterised by uncertainty, plurality,
interdependence, and a lack of agreement over what the problem
actually was. They coined the term ‘wicked’ problems as a means of
conveying the inherent complexity of the joint system-problem and
showed that conventional methods of addressing comparatively
‘tame’ (relatively simple and solvable) problems were inadequate
when applied to more complex problems. Balint et al. (2011) added
‘complicated’ problems as a middle-ground between tame and
wicked, and suggested that the three major features distinguishing
wicked from tame and complicated problems are values, risk and
uncertainty. We use ‘complicated’ to refer to problems that are not
necessarily simple or solvable (tame), but where research is able to
gain greater traction and deliver more useful prediction and fore-
casting of system attributes than research addressing wicked
problems. Use of the term ‘wicked’ implies difficulty in under-
standing and addressing complex problems. Almost all problems in
social-ecological systems can be considered ‘wicked’, in large part
because human interventions, intended or not, add risk, uncertainty
and multiple values, creating a challenging environment for coping
with this complex reality.

Box 2 illustrates some of the ways in which tame, complicated
Box 2

Tame, Complicated and Wicked Problems

Transdisciplinary research and stakeholder participation facilita

searchers to come to terms with the complexity of wicked proble

multiple dimensions of complexity require that multiple viewpoi

address it. Characterised by bringing together two or more discip

integrated research (Klein, 1990, 2014), transdisciplinarity attempt

multiple interpretations of information simultaneously, rather t

stakeholder involvement from the earliest possible stage (Laniak

disciplinary research into wicked problems is problem oriented, as

we trying to fix?’ approach of traditional systems engineering.

Fig. 1 shows a representation of the relationships between (i) tam

plinarity, and (iii) an increasing intensity of the two dilemmas facin

the matrix to illustrate how different types of problems require

generally be addressed by a single discipline, and the two dilemma

approach, and the two dilemmas are present. The two dilemmas ar

best addressed through transdisciplinary research.

Point 1 is based on the work of McMahon et al. (2017), which ev

tropical Australia. Being a natural physical process, albeit one th

example of a tame problem. It can be addressed within a single d

lemmas described in this paper are weak.

Point 2, based on the work of Qin et al. (2017), positions a mod

complicated problems, interdisciplinarity, and developing dilemm

expertise from different disciplines to shape the research. The prob

is potentially solvable. The modeller's dilemma begins to show

authors note may not be available in all circumstances. Additionall

is intended for an environmental management application where p

the limitations of operating such a model using lower-quality data

end-users.

Point 3 is based on the work of Le Cozzanet et al. (2015) analysing

rise and its impacts are very wicked problems, requiring the efforts

with climate change due to the holistic systems thinking require

wicked, uncertainty in both model inputs and outputs also increase

modeller's knowing what model inputs to use they become increas

likely have trouble using a model such as this one in environmen
and wicked problems can be approached through disciplinary,
interdisciplinary and transdisciplinary research. Tame problems are
generally tackled by a single academic discipline, whereas
complicated problems are best addressed through interdisciplinary
research (Folke, 2006), and transdisciplinarity is emerging as an
important approach for tackling wicked problems (Brown et al.,
2010). Participatory modelling is an important transdisciplinary/
post-normal science method of approaching wicked problems
that has become increasingly important during recent years
(Robson, 2014; Seidl, 2015).

5. Modelling

5.1. Revisiting modelling

According to Kelly et al. (2013), the five potential purposes of
modelling are developing system understanding; facilitating social
learning; predicting the behavior of variables when other variables
are known; forecasting the behavior of variables when other vari-
ables are not known; and management and decision-making under
uncertainty. Sun et al. (2016) set out six similar purposes for
modelling: prediction; theory building; decision-making; case-
specific analysis; to illuminate core dynamics; and education. Social-
ecological models can be developed and subsequently used for any
te the improvement of system understanding allowing re-

ms (Moser et al., 2012; Voinov and Brown-Gaddis, 2008). The

nts are needed to scope out a wicked problem and begin to

lines from the very beginning of the venture to allow for truly

s to remove disciplinary barriers in order to allow for focus on

han solely disciplinary interpretations of it. This allows for

et al., 2013; Tress et al., 2005; Turner II et al., 2016). Trans-

king ‘what is the problem?’ rather than pursuing the ‘what are

e, complicated and wicked problems, (ii) three forms of disci-

g decision makers and modellers. Three models are placed in

different approaches to address them. Tame problems can

s are weak. Complicated problems require an interdisciplinary

e fully developed where wicked problems occur, and these are

aluated the controlling variables on riverbank erosion in sub-

at can be altered by human agency, riverbank erosion is an

isciplinary silo and when modelling such an issue the two di-

el for forecasting coastal pollutant movement in the zone of

as. The researchers come from multiple agencies, allowing

lem is created by human agency, making it complicated, but it

as model accuracy relies on quality input data, which as the

y, the dilemma of decision-making is developing as the model

ersons detached from the model development will operate it;

may not be understood and appropriately accounted for by the

uncertainties of flooding under future sea-level rise. Sea-level

of multiple disciplines. Transdisciplinarity is best suited to deal

d to address the problem. As problems become increasingly

. The two dilemmas are both present in this case as despite the

ingly uncertain into the future, and hence decision-makers will

tal planning applications.



Fig. 1. Tame, complicated and wicked problems, three forms of disciplinarity, and the
development of the two dilemmas in relation to three hypothetical environmental
issues. Points 1, 2 and 3 represent positions within the matrix of three models pub-
lished between 2015 and 2017 in Environmental Modelling and Software.
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of these purposes, or a combination thereof; model developers and
end-users may view and utilise the same model in different ways
(Schneider, 1997), creating the potential for a dilemma of decision-
making to emerge.

Many approaches to integrated inter- and transdisciplinary
social-ecological modelling exist: Bayesian networks; system dy-
namicsmodelling; ABM; knowledge-basedmodelling; and coupled-
component modelling (among others), have diverse strengths and
weaknesses and are subsequently suited to achieving different
modelling aims (Gilbert et al., 2008; Kelly et al., 2013). No approach
to environmental modelling is applicable in all situations. The
principal consideration when selecting a modelling technique and
level of complicatedness is determining the purpose of the research.
(Kelly et al., 2013; Sun et al., 2016). For instance, if the investigation
is focused on developing greater system understanding or facili-
tating social learning or in research with a significant spatial
component then ABM is a suitable approach (Kelly et al., 2013).
However, system dynamics modelling may be a better option in
cases without major spatial constituents (Voinov and Bousquet,
2010). As a way of accommodating the strengths and avoiding the
weaknesses of the available techniques, coupled-component
modelling attempts to bring the best of each system together to
facilitate interdisciplinary modelling, albeit it in a highly complex
manner (Kelly et al., 2013). While coupled-component modelling
increases model complicatedness, it can facilitate understanding of
both individual interactions and their aggregate effects. This is
useful when attempting to improve understanding of the system.
Coupled componentsmodelsmay, however, exacerbate amodeller's
dilemma as the combination of existing models can easily result in
the development of a highly complicated model when a simpler
original model would be better suited to address the issues facing
the system.

While system dynamics and ABMs are both well suited to
developing system understanding and facilitating social learning,
the spatial properties of ABMmeans that it is generally superior for
social-ecological applications (Bousquet and Le Page, 2004; Kelly
et al., 2013; Sun et al., 2016; Voinov and Bousquet, 2010). ABMs
tend to bemore complicated than system dynamics models, but are
more revealing of the interactions between individual variables and
agents (Clifford, 2008; O'Sullivan et al., 2012). The approach
selected should be determined by whether the research project is
more interested in these individual interactions or only aggregate
effects (Kelly et al., 2013).

A typical aim of modelling is to achieve a level of consistency
between model components, particularly scale, as it is simpler to
investigate interactions between the constituent parts when they
are similarly scaled (Murray et al., 2009). Explicit numerical
reductionism involves modelling on the smallest and fastest scales,
whereas top-down exploratory modelling operates on the largest
and slowest scales (Murray et al., 2009). As different components
may act and interact at vastly different scales, utilising only a single
scale risks oversimplification of some components if top-down
modelling is used, or over-complication of model structure if nu-
merical reductionism is applied. Dealing with this requires use of a
scale appropriate for the system under consideration; a scale that
captures the requisite level of complexity needed to address the
problem being investigated (O'Sullivan et al., 2012).

Our literature review suggests that key to social-ecological
modelling endeavours are four actions: coming to know the sys-
tem under consideration; identifying the constituent components
of the system; identifying the connections between these compo-
nents; and reconciling both component scale and disciplinarity.
Attempts at modelling for the purpose of developing system un-
derstanding tend to limit the number of components included in
the model or reduce their scale or other attributes (e.g. Becu et al.,
2003; Huang et al., 2014), whereas attempts at quantifying the
nature of interactions between components tend to have increased
complicatedness. In many situations where some facets of system
form and function are not well understood, the inclusion of poorly
understood components will reduce numerical precision and the
robustness of model outputs. Some of these unknown quantities
can be approximated (Gonzalez et al., 2008), or proxies used
(Drobinski et al., 2012; McGranahan et al., 2007) but when they
cannot, limiting the number of model components can both in-
crease model accuracy and enhance system understanding.

5.2. Modelling shallow coastal systems

When developing a model to investigate changes in shallow
coastal systems the developers should be explicit as to whether it is
designed to investigate the mean values of system change or the
extreme conditions caused by these changes. Mean values drive an
average condition and are widely used in models operating over
decadal or longer time scales (e.g. Holgate, 2007; Nicholls et al.,
2008). Incremental stressors occurring over a longer timeframe
can trigger state changes in shallow coastal social-ecological sys-
tems (Hughes et al., 2017); for example, the impacts of rising water
temperatures on coral reefs or a gradual long-term increase in ni-
trogen in estuarine systems. However, investigating the incremental
changes that produce ‘average’ system conditions do not shed light
on the extreme events that might provide the impetus for sudden
state changes in a system. In local and regional scale investigations
of climate change impacts on coastal areas, the extreme values
constitute the greatest risk to people and property e subsequently,
they are among the best studied facets of climate change (e.g. Chini
and Stansby, 2012; Kirwin et al., 2008; Nicholls et al., 2011).

Modelling the impacts of environmental change on shallow
coastal social-ecological systems occupies a position near point 3 in
Fig. 1. The problem is wicked and multiple disciplines need to
cooperate and contribute toward addressing it (Berkes, 2010;
Learmonth et al., 2011). Utilising simple computational modelling
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for shallow coastal systems research allows for development of
understanding of system form and function, while avoiding un-
necessary complicatedness in model design, testing and operation.
Modelling specific components of the social-ecological aspect of
coastal catchments can allow researchers to develop understanding
of the potential directions of climate change, environmental
change, and changes in collective human behavior on the shallow
coastal areas of the system. Such a model may be intended for use
in forecasting or predicting system responses, but there are sig-
nificant challenges associated with this aim. Local-scale research is
much more likely to achieve success if it has alternate purposes
such as facilitating social learning among stakeholders, or to assist
(but not drive) decision-making under uncertainty in the future. If
such a model is to be used in decision-making, it is vital to explain
to the decision-makers the reasons a model was constructed, what
its limitations are, and that model intent may not be forecasting or
prediction (Schneider, 1997), rather that it can demonstrate the
potential for non-linear and complex responses to the wicked
problem of climate change. Such a model could be used to guide
decision-making by encouraging the fostering of resilience within
the social-ecological system under consideration (Murray et al.,
2009).

5.3. What models suit?

In a recent review of participatory modelling ventures, Seidl
(2015) found participatory ABM to be the most commonly used
participatory modelling approach, and Simon and Etienne (2010)
concluded that ABM is the most appropriate modelling approach
to facilitate stakeholder participation. In the literature, ABM stands
out as the technique most suited to investigating dynamic human-
environmental interactions in a shallow coastal social-ecological
system due to its explicit focus on investigating interactions be-
tween individuals; other techniques are more concerned with
analysis of the aggregated effects of such interactions (Kelly et al.,
2013; Schlüter et al., 2012). However, ABM approaches often pro-
duce more complicated models than other approaches due to the
large numbers of model inputs (Sun et al., 2016), exacerbating the
modeller's dilemma. Of significance to the intricacy of the model
are: simulation of the interactions between inputs; a continually
changing spatial setting; and potentially, changing boundary con-
ditions (Bousquet and Le Page, 2004; Kelly et al., 2013; O'Sullivan
et al., 2012).

ABMs can expand researcher and stakeholder understanding of
complex social-ecological systems by simulating interactions be-
tween autonomous entities within the system, making this
approach particularly appealing for modelling the interaction be-
tween social and ecological agents in coastal systems research (e.g.
Luo et al., 2012; McNamara and Keeler, 2013). However, depending
on the level of model simplification desired, complicated model
structure can be considered a weakness of an ABM approach when
addressing the modeller's dilemma (Kelly et al., 2013; O'Sullivan
et al., 2012; Sun et al., 2016). Hence, there is a trade-off when us-
ing an ABM approach between the strength of simulating agent
interactions and the potential weakness of high model complicat-
edness (Sun et al., 2016). The inability of ABMs to accurately predict
outcomes without making the model overly complicated due to the
inclusion of poorly understood system components is a limitation
(Kelly et al., 2013; Sun et al., 2016). As stated, this can be remedied
by reducing model complicatedness, but in doing so the modeller
runs the risk of also reducing model complexity, which may
adversely impact on research outcomes.While the intricacy of ABM
makes it a complicated and time-consuming approach, its signifi-
cant strength in developing system understanding can often justify
these factors (O'Sullivan et al., 2012). If prediction of system
behavior is the purpose of modelling, more suitable approaches
than ABM are available, such as system dynamics and potentially
coupled component modelling. When developed in conjunction
with stakeholders and/or end-users, an ABM can help mitigate the
dilemma of decision-making by explicitly demonstrating model
limitations to end-users (deReynier et al., 2010; Robson, 2014). This
kind of end-user participation in model development can also
mitigate the modeller's dilemma as all parties collaboratively
decide upon an appropriate level of complicatedness, rather than
just the modeller determining this.

Agent behavior and interactions are fundamental concerns in
developing understanding and modelling coastal social-ecological
system structure (Bousquet and Le Page. 2004). ABMs provide a
well-founded framework aimed at incorporating this integration of
behavior and interactions, as well as stakeholder knowledge and
perspectives, within a numerical model (Berger, 2001; Elsawah
et al., 2015; Fulton et al., 2015; Kelly et al., 2013; Voinov and
Bousquet, 2010; Voinov et al., 2016). Their ability to handle spatial
data and dynamics gives ABMs an advantage over other approaches
to modelling (Kelly et al., 2013; Sun et al., 2016). ABM has been used
to model various social-ecological systems at the catchment-scale
(e.g. Barreteau et al., 2001; Barthel et al., 2009; Becu et al., 2003)
and is particularly useful when investigating human settlement and
other social-ecological systems (O'Sullivan et al., 2012; Sun et al.,
2016). Modelling of shallow coastal environments using an ABM
approach is also becoming increasingly common (e.g. Brush and
Nixon, 2010; Canal-Verg�es et al., 2014; Zhang and Gorelick, 2014).

6. Reintroducing social elements

Wicked problems are ubiquitous within interconnected social-
ecological systems (Balint et al., 2011; Brown et al., 2010;
Turnpenny et al., 2009). Shallow coastal social-ecological systems
are highly interconnected and often produce non-linear emergent
responses to a change in one system component, resulting in
changes across scales and affecting multiple system attributes
(McNamara and Werner, 2008a; Moser et al., 2012; Williams et al.,
2013). Hence, the human element must be meaningfully embraced
in shallow coastal social-ecological modelling, which requires a
multifaceted approach. Historically, when disciplinary research
programmes have attempted to grapple with wicked problems that
transcend disciplinary boundaries, one discipline tends to dominate
the discourse and research agendawith the result that either human
or non-human system attributes are poorly incorporated or over-
simplified to the point of irrelevance (Davies, 2015; Lave et al., 2014;
Turner II et al., 2016). Previouswork on resilience in social-ecological
systems has tended to either disconnect the social components of
systems from the whole (Brown Gaddis et al., 2010), reduce them to
economic factors or simple demographics (Cote and Nightingale,
2012), or represent the connections between the subsystems as
unidirectional (Filatova et al., 2013),while failing to acknowledge the
singular, complex and intertwined entity that is a social-ecological
system (Berkes, 2007). This pitfall can be avoided by investigating
the nature of relevant human variables from the outset of research,
particularly through application of a post-normal science/partici-
patorymodelling approach (Funtowicz andRavetz,1993; Turnpenny
et al., 2009; Voinov et al., 2016).

Stakeholder participation provides the opportunity to learn
about concealed characteristics of the system (Voinov and Brown
Gaddis, 2008), such as how resident and non-residents utilise and
interact with a shallow coastal system. Social-ecological research
can use stakeholder participation to make visible the range of
values held (Davies, 2015; Balint et al., 2011), and to build a shared
understanding of a system and the issues facing it both for social
learning purposes, and to link findings to decision-making
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processes (Fulton et al., 2015; Yearley, 2006), mitigating the
dilemma of decision-making. The knowledge derived from stake-
holders, participants and end-users can be used by modellers to
develop a richer understanding of the system, so that the model
under development can more accurately represent the social
characteristics of the system and assist in developing ways to
address the wicked problems afflicting it. An analysis of integrated
coastal management in New Zealand found that increased collab-
oration across the ‘science-policy interface’ facilitates the produc-
tion of higher-quality science and better management outcomes for
coastal zones (Bremer and Glavovic, 2013).

When studying a wicked problem, separate handling of the
social components could easily result in unrealistic representation
of system functions, subsequent production of imprecise model
outputs and an exacerbation of the modeller's dilemma through
inclusion of unnecessary variables or oversimplification of the so-
cial system. Cote and Nightingale (2012) noted that work on resil-
ience in social-ecological systems has proceeded in ‘remarkable
isolation’ from human geography and other social sciences, despite
the notable commonalities in research foci. A holistic, broad-scale
envisioning of the system using a post-normal science approach
is desirable when researching and modelling social-ecological im-
pacts of climate change on shallow coastal systems. Viewing
shallow coasts as comprised of separate social, geophysical,
ecological, economic, political, etc. subsystems is commonplace in
the Anglophone world as a way of making sense of complexity
(Castree, 2014). In practice, there is considerable difference be-
tween understanding a system as the sum of its parts and dealing
with system complexity in a way that does not recognise artificial
conceptual boundaries between subsystems.

In developing simple models that aim to grow understanding of
an entire shallow coastal social-ecological system, there is little
point in treating perceived subsystems as distinct entities. The
components of any system are not solely responsible for its
behavior; rather, the interactions between components create
system form and function (Castree, 2014; Thrift, 1996 in Simandan,
2010: 393), and those components need not belong to any one
category or subsystem. Simandan (2010:391), writing on contin-
gency and necessity within human belief systems, highlights a
major issue with a non-holistic research approach:

“Binary distinctions yield artificial borders, and as soon as one
faces borders, one faces the quandary of border cases and the
ensuing temptation to fudge them so as to fit neatly into one box
or the other.”

True transdisciplinary environmental research ought to accept
that boundaries between ‘social’, ‘ecological’ and ‘geophysical’
systems are socially constructed and that their use may lead to
potentially inadequate representations of any system as a whole.
Traditional disciplinary understandings and representations of
subsystems are not obsolete: epistemic communities remain vital
to disciplinary and interdisciplinary knowledge production, but the
different disciplinary viewpoints need to be proactively discussed
and blended in the early stages of a research project (Turner II et al.,
2016).

This review paper indicates that the best path is to: (1) identify
those variables in a system whose interactions have the greatest
influence on whatever is of interest; and (2) model their in-
terrelations (Lynam et al., 2007) and effects on overall system form
and function, regardless of which subsystem they are perceived to
occupy. Such a holistic treatment of the overall social-ecological
system can mitigate the modeller's dilemma as the inclusion of
only the necessary variables reduces model complicatedness. In
turn, simpler models can mitigate the dilemma of decision-making
as the model can be easier to comprehend and limitations of the
model will be more obvious.

7. A way forward

Participatory ABM can help to mitigate the dilemma of decision-
making by ensuring that stakeholders and decision-makers are
engaged in the development of model form and function and so
understandwhen it is and is not appropriate to use a model to assist
with the decision-making process. By encouraging end-user partic-
ipation, the modeller's dilemma can be lessened, as the modeller no
longer needs to give as much concern to misuse of the model, and
has more leeway to determine how complicated model structure
should be so as to appropriately model the system in question.

Shallow coastal ecosystems have unknown variables andmyriad
complex interactions across human and biophysical domains.
Hence, social-ecological models are more suited to producing in-
formation on the likely direction of environmental changes through
developing system understanding than to making accurate pre-
dictions of exactlywhat changewill occur. Models may be heuristic,
imperfect representations of reality, but they can serve to achieve
research and environmental management goals (Murray, 2007). In
social-ecological systems not all system components need to be
modeled in order to investigate outcomes of interactions between
other system components.

In a transdisciplinary setting, developing a model allows for
improving researcher and stakeholder understanding of the system
in question, which in turn helps in addressing the problems
affecting the system. High numerical precision of outputs might be
achieved through increasingmodel complicatedness, but this is less
important in this type of work than the robustness of results per-
taining to the directions of change.

The need for balance between model simplification and
complicatedness is mirrored in efforts to achieve parity between the
various disciplines involved. Wicked problems in social-ecological
systems cannot be adequately addressed using traditional disci-
plinary or systems engineering modelling due to the interplay of
social variables (Wu et al., 2015). Instead, use of interdisciplinary and
transdisciplinary modelling enables a holistic systems view: this is a
prerequisite for grappling with wicked problems in shallow coastal
social-ecological systems.

Anthropogenically induced changes to shallow coastal systems
are present worldwide, yet the changes that are occurring are often
poorly understood. These changes do not occur in isolation, but
impact upon other facets of these systems. Understanding how
these changes occur and spread is vital to avoiding or reducing the
impacts of human actions. Simple models developed for the pur-
pose of identifying directions of system change under various
stressors are a valuable tool in achieving this. Inter- or trans-
disciplinary research that considers the relevant factors in system
form, function and change can help challenge the thinking in
disciplinary silos where knowledge has historically been produced
and can help societies confront wicked environmental problems. A
post-normal science approach, particularly participatory modelling
facilitates the development of understanding of complex systems
(Voinov et al., 2016), and provides a valuable tool to help address
the issues faced by social-ecological systems in a holistic, trans-
disciplinary manner.
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