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Abstract
Conservation practice requires an understanding of complex social-ecological processes of a system and the different meanings and values that people attach to them.
Mental models research offers a suite of methods that can be used to reveal these
understandings and how they might affect conservation outcomes. Mental models are

3 School

representations in people's minds of how parts of the world work. We seek to demonstrate their value to conservation and assist practitioners and researchers in navigating the choices of methods available to elicit them. We begin by explaining some
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of the dominant applications of mental models in conservation: revealing individual assumptions about a system, developing a stakeholder-based model of the system,
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and creating a shared pathway to conservation. We then provide a framework to “walk
through” the stepwise decisions in mental models research, with a focus on diagrambased methods. Finally, we discuss some of the limitations of mental models research
and application that are important to consider. This work extends the use of mental models research in improving our ability to understand social-ecological systems,
creating a powerful set of tools to inform and shape conservation initiatives.
KEYWORDS
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pragmatism, qualitative, social science, social-ecological system

I N T RO D U C T I O N

Conservation is an action-oriented field focused on reimagining the future as “a world where people understand, value,
and conserve the diversity of life on Earth” (SCB, 2016).
Yet, conservation takes place in complex social-ecological
systems, thus requiring an understanding of the complex
biophysical and social processes of the system, as well as
the different meanings and values that people attach to them
(e.g., Ban, Mills, & Tam, 2013). Successful conservation
therefore relies on the codesign of policies, strategies, and

programs that meet multiple objectives and diverse needs and
priorities (e.g., Blomkamp, 2018, Nel et al., 2016). Mental
models research offers a useful set of methods to elicit and
share complex knowledge structures and reveal assumptions
that influence support for when, why, and how species and
ecosystems should be conserved (e.g., Game, Meijaard,
Sheil, & McDonald-Madden, 2014).
A mental model exists in someone's mind as a small-scale
model of how (a part of) the world works. When elicited,
they represent how individuals structure and organize concepts cognitively, revealing understandings of dynamic and
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interconnected elements of social-ecological systems (Jones,
Ross, Lynam, Perez, & Leitch, 2011). Mental models are
based on a person's knowledge, experience, values, beliefs,
and aspirations, explaining how they reason, make decisions,
behave, and selectively filter and interpret information
(Easterby-Smith, 1980). Mental models are functional, but
incomplete representations of “reality” that are context
dependent and change over time through learning (Jones
et al., 2011; Pearson & Moon, 2014). Strictly speaking,
mental models are unique to their individual holders because
no two minds are alike, but aspects can be shared (Jones,
Ross, Lynam, & Perez, 2014, Lynam et al., 2012). Examples
of shared mental models include cultural understandings of
the world (Jones et al., 2011) and views about a particular
topic or problem (Eden & Ackerman, 1998).
An ongoing challenge with mental models research is that
it is difficult to decide which method is the most appropriate for a given context and why. Several methods are available to elicit mental models, namely interviews (Morgan,
Fischoff, Bostrom, & Atman, 2002), drawings (Jones et al.,
2014), repertory grids (Kelly, 1955), and a variety of mapping techniques including influence diagrams (Diffenbach,
1982), cognitive maps (Axelrod 1976), fuzzy cognitive maps
(Özesmi & Özesmi, 2004), and Bayesian belief networks
(BBN) (e.g., Pollino, Woodberry, Nicholson, Korb, & Hart,
2007). Depending on the application, some elicitation and
analysis methods will be more suitable than others, yet the
literature provides little guidance in how to navigate among
the choices (see Jones et al., 2014).
Our paper aims to assist researchers and practitioners to
navigate the choices available in mental models research
methods. The paper is structured into three sections. The first
section explores some of the dominant applications, and thus
value of mental models for conservation research and practice.
The second section provides a “walk through” of the stepwise decisions that can be useful when engaging in mental
models research, with a focus on diagram-based methods. We
present a framework to assist in this “walk through,” which
adopts a pragmatist perspective. This perspective focuses on
the most appropriate strategies to understand and resolve
problems, rather than holding to a firm philosophical position (e.g., Sil & Katzenstein, 2010). The third section discusses some of the limitations of mental models research and
application.

2 THE ROLE FO R ME N TA L
M O D E L S I N CO N S E RVAT I O N
Mental models can assist conservation in a number of ways.
They can reveal how people understand the system, in terms of
its content (what exists in the system) and structure (how the
parts of the system are arranged or how they function). They
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can also provide opportunities to create a conceptual model of
a system on the basis of the collective knowledge of a group
of stakeholders (e.g., Colvin, Witt, & Lacey, 2016), which can
underpin mathematical modeling. Models can also be elicited
in a group setting to create a shared vision for how people
would like to experience or change a system. We explore each
of these main applications in turn, with specific reference to
diagram-based methods.
We focus on diagram-based methods because they enable
abstraction, a process that allows the complexity of a system to be reduced to an appropriate level of simplicity by
focusing on only the most relevant aspects, to which layers
of complexity can be added (Anderson, Meyer, & Olivier
2002). One of the most common diagram-based methods used
to capture relationships between variables within a socialecological system is directed graphs, or digraphs. Digraphs
have a foundation in graph theory, which offers theory and
methods for comparison and application of models (see Biggs,
Lloyd, & Wilson, 1976). Digraphs comprise variables connected by lines with arrowheads (directional relationships)
that indicate which variable is perceived to have an effect on
other variable(s) (see Figure 1 for an example). Digraphs can
be used, for example, to show causal relationship among variables described by people to create “cognitive maps” (e.g.,
Axelrod, 1976), or they can be used in conjunction with
systems dynamics modeling to create “influence diagrams”
(e.g., Diffenbach, 1982). One of the main advantages of diagrammatic models is that they can elicit more stable, rather
than situation-dependent, knowledge (Cooke, Salas, CannonBowers, & Stout, 2000).

2.1 Revealing individual assumptions about a
system
Eliciting individual mental models can allow researchers,
research participants, and practitioners to identify how
people construct their own model of a system (Figure 1).
For example, Moon and Adams (2016) engaged a number
of practitioners involved in cross-agency management of
an invasive species. They asked participants to model
the system from their perspective in terms of (1) who
should be responsible for managing invasive species, (2)
how they should manage invasive species, and (3) for
what outcomes. They elicited models from 15 individuals
across five agencies to identify the interrelationships that
defined the system, which revealed the dominant problems that practitioners perceived were limiting effective
action.
Eliciting individual mental models can be particularly useful in making explicit the implicit assumptions individuals
make or hold, and how it affects their understanding of a
system (Moon, Blackman, Adams, & Kool, 2017). Revealing connections between assumptions, preferences, and
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FIGURE 1

Example of a digraph representation of a mental model of invasive species management elicited through influence diagram
method. Arrow heads represent the direction of the influence; numbers (1—weak, 2—moderate, 3—strong) represent the strength of the influence
(adapted from Moon & Adams, 2016)

knowledge makes it possible to understand why individuals
have particular points of view, how they make decisions, and
how conflict might arise (e.g., Axelrod 1976). In these applications, mental models can enable sharing of knowledge, correct misconceptions, permit solutions to be negotiated, and aid
in conflict resolution by providing people with an opportunity
to share their point of view on the basis of their own knowledge and experiences (e.g., Halbrendt et al., 2014; Robertson
& Hull, 2001).
To illustrate the value of mental models in revealing the
role of assumptions, El Sawah, Mclucas, and Mazanov (2013)
interviewed a group of water users to identify how they
understood drivers of water availability and how such drivers
should be managed. The authors found two contrasting ways
in which participants framed water issues: one group viewed
water management as a technical problem, where high investments in infrastructure were perceived as the only solution;
another group viewed excessive water use and population
growth as dominant drivers, where water-efficient technologies were seen as the solution. This research revealed the need
for communication strategies that responded to the conflict
between the two problem framings and dominant misconceptions about the system.
Individual mental models can also be used to identify and
explore potential unintended consequences of conservation
interventions (Larrosa, Carrasco, & Milner-Gulland, 2016).

For example, Guerrero, Jones, Biggs, and Ross (2018) interviewed people involved in the production and trading of soybeans to understand enablers, barriers, and solutions within
their mental models of deforestation-free soy supply chains.
The findings revealed some farmers perceived that policies
would threaten their land use rights, and some who were previously conserving (i.e., putting aside native habitat) were
now considering clearing this land, exercising their rights in
the event they were “taken away” if deforestation-free policies
came into place. In this type of application, mental models
were used to understand the factors that supported or disabled
conservation behavior, and thus identified possible negative
effects of proposed conservation policies before they were
implemented.
Mental models can also be used to design interventions
that provide for the diverse needs of local communities
(Sandbrook, 2017), thereby increasing the suitability
and success of interventions (Biggs et al., 2011; Etienne
2011). Mental models can be used to explore how people
consider evidence should be integrated into conservation
(Newton, Stewart, Diaz, Golicher, & Pullin, 2007), what
factors influence land management decisions (Murray-Prior,
1998), how and why conservation practices are adopted
(Prager & Curfs, 2016), how conservation is influenced
by uncertain and complex social and political processes
(Meliadou et al., 2012), and how people decide who should
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be involved in decision-making processes and why (Moon
et al., 2017).

2.2 Developing a stakeholder-based model of
the system
To succeed, conservation interventions often need to change
certain elements of social-ecological systems, such as managing threats to biodiversity, reducing habitat loss, or changing
individual behaviors such as water and energy consumption
(Ferraro & Pressey, 2015). To achieve such change, a sufficient understanding of a defined system is often necessary,
which can be supported by developing models of that system (e.g., Law et al., 2017). This application of mental models
fits with Rouse and Morris' (1986, p. 351) definition: “Mental models are the mechanisms whereby humans are able to
generate descriptions of system purpose and form, explanations of system functioning and observed system states, and
predictions of future system states.”
At a general level, developing stakeholder-based models of
a system can be useful for coordinating actions in a team setting (e.g., Klimoski & Mohammed, 1994). Returning to the
example outlined above, Moon and Adams (2016) identified
significant positive correlations (i.e., shared aspects of mental
models) between half of the participants, indicating that some
participants had similar models that could be used as a starting
point for developing a team model to clarify roles and responsibilities for ecosystem management. Participants identified
a number of areas for improvement: better use of management tools, namely education and enforcement, better coordination and collaboration between agencies, and targeted
resourcing.
At a more detailed level, stakeholder-based models of a system can be used as the basis for mapping system dynamics (El
Sawah, Guillaume, Filatova, Rook, & Jakeman, 2015; Game
et al., 2017). When mental models capture interpretations of
system dynamics, they can be used in system modeling to test
the likely effects of different policy or management options
(e.g., Gray, Chan, Clark, & Jordan, 2012; Özesmi & Özesmi,
2004). For example, Gray et al. (2012) used fuzzy cognitive
mapping (FCM) to elicit the mental models of different types
of stakeholders, then combined them to create a theoretical
model of a fishery that served to model “what if” scenarios to
test how the fishery might change under different conditions.
In another context, a group of stakeholders used FCM in a
participatory setting to create a model of an ecological system
that identified variables that could be used as monitoring indicators based on the how the variables in the FCM responded
to different policy options (Game et al., 2017). Mental models of system complexity have also been integrated with
quantitative approaches for the development of agent-based
models to test management alternatives (El Sawah et al.,
2015).

Stakeholder mental models can also be used to forecast
future system states under alternative futures. This application relies on having an understanding of the system, including causal relationships between variables. Data, typically
“scientific evidence,” are necessary to develop these relationships but are often missing or incomplete and must, therefore,
be complemented with expert elicitation of mental models
of system relationships (Colvin et al., 2016; Morgan, 2014).
Once a complete system model is constructed, it can be used
to test the effects of different management choices (e.g., Gray
et al., 2012). For example, to support the design of water management allocation policies in the Australian Northern Territory, research was conducted on the relationship between
river flows and fish populations. The first step in this process
was to build a conceptual model of fish abundance to flow
and other physical and biological factors through expert workshops and consultation (Chan et al., 2012). Further quantification of relationships was completed based on other sources of
evidence, such as field studies. The conceptual models were
then developed into BBN to examine how water extraction
scenarios were predicted to influence fish abundance (Chan
et al., 2012). These models were further integrated into a
management scenario evaluation tool to support participatory
modeling and scenario evaluation and complex policy analysis (Pantus, Barton, Bradford, & Stroet, 2011; Stoeckl et al.,
2013).

2.3 Creating a shared pathway
to conservation
Conservation can quickly emerge as conflict, which stems
from different stakeholder perceptions and values about the
need for and approaches to conservation (e.g., Biggs et al.,
2011; Redpath et al., 2013). Mental models research can assist
in the incremental progress toward a shared pathway for conservation. “Focusing on easy-to-reach intermediate targets
may provide a basis for stakeholders to begin to work together.
In working toward this first goal, there will be opportunities
for shared learning. The process will build the confidence and
the trust needed to address further issues” (Sayer, et al., 2013,
p. 8351). Mental models can be elicited and shared among
stakeholders, facilitated through participatory and iterative
processes that enable an understanding of each other's point
of view and the discovery of areas of common ground (e.g.,
Abel, Ross, & Walker, 1998; Lynam et al., 2012; Özesmi &
Özesmi, 2004). The progressive emergence of a shared vision
can lead to a revision of assumptions (double-loop learning)
and exploration of underlying values and beliefs (triple-loop
learning) (e.g., Pahl-Wostl, 2009). Compared to individual
and team elicitation methods, developing a shared mental
model typically requires more money, time and facilitation or
mediation skills, and demands a greater level of stakeholder
participation (Halbe, Pahl-Wostl, & Adamowski, 2018).
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A number of methods are available to support the development of a shared mental model. Examples of methods include
participatory modeling (Voinov & Bousquet, 2010; Voinov,
et al., 2018), role playing games (Pahl-Wostl & Hare, 2004),
ARDI (Etienne, Du Toit, & Pollard, 2011), and group model
building (Halbe et al., 2018). Methods can be used to identify the presence or absence of consensus (Biggs et al., 2008)
or to seek to build consensus over time (Etienne et al., 2011).
Shared vision planning (SVP) is an example of an integrative decision support tool that combines a number of methods to develop a comprehensive shared understanding of a
system (Palmer, Cardwell, Lorie, & Werick, 2013). The tool
includes a method called “circles of influence,” which “organizes stakeholders or subsets of the interested public according to their interests and capability of understanding complex
technical issues,” drawing on specific individuals and groups
as needed, and relying on social networks for the flow of information between “circles” (see Palmer et al., 2013, p. 619).
SVP involves seven steps to develop and implement a plan
and includes a “collaboratively built model” of the system.
A team develops the model on the basis of the problems and
objectives they identify, and then use the model to formulate
and evaluate alternatives to the status quo, providing opportunities to select and implement a preferred alternative. The
method has been used in a number of contexts, namely water
management, but also climate change (see Palmer et al., 2013
for a review). Developing shared mental models as an iterative process provides opportunities for social learning (Biggs
et al., 2011; Pahl-Wostl & Hare, 2004), which must then be
supported by appropriate structures and processes that sustain this learning and enable joint action (Schusler, Decker, &
Pfeffer, 2003).
Any attempt to develop a shared mental model must
consider whether it is appropriate, or even possible, to create
a meaningful shared model. We recognize that “multiple
domains and types of knowledges, with different logics and
epistemologies” exist (Agrawal, 1995, p. 433), creating the
possibility that mental models could be commensurate or
incommensurate with each other, or somewhere in between.
For example, a mental model can only be “true” about its
own specific objects that exist within a defined domain of
knowledge or practice (Agazzi, 1985). Working toward an
understanding of the commensurability of different mental
models is an important part of creating a shared pathway to
conservation.

3 THE T YPE OF ME N TA L MO D EL
NEEDED
The dominant applications of mental modes research discussed above provide a first step for determining what type
of model might be best suited to assist with conservation
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policy and practice (Figure 2). Eliciting individual mental
models reveals the structure and content of each person's individual model of a system. Individual mental models are those
elicited from one person and are unique to them. Eliciting
individual models is important for discovering the diversity
of system understandings within a group of people. Moon
and Adams (2016), for example, sought to elicit individual models to assist in understanding where the participants
saw themselves in the system and why. The research showed
that the centrality of the employing organization of the participant could influence their perceptions of how complex,
(in)efficient, and malleable the system was. In other words,
participants’ mental models revealed how easy or difficult
they perceived it would be to modify the system and how
much power they had to influence the system. The authors
used path length, among other measures, to draw these conclusions (see Moon & Adams, 2016 for further details).
Creating a team mental model can support the development of a stakeholder-based model of the system. Team mental models capture “the overall degree of similarity between
the mental models of individual team members” (Langan-Fox,
Wirth, Code, Langfield-Smith, & Wirth, 2001, p. 100). They
can be generated from compiling the relationships among a
group of elicited individual mental models into one model,
or elicited as collective task and team-relevant knowledge.
This latter application is defined in the organizational literature as “team situation models,” which involves compiling a
team's collective context-specific understanding of a defined
situation or expectations and explanations for tasks (CannonBowers, Salas, & Converse, 1993; Cooke et al., 2000). Team
mental models reveal the dominant relationships and influences within the system as perceived by a set of individuals.
Team mental models are commonly used to understand and
model systems, but can also be helpful in understanding how
sets of individuals make decisions and identify areas of agreement across individual mental models. These models can also
be useful in clarifying whether or not individuals agree on
their roles and responsibilities, and where major points of difference lie between models (Moon & Adams, 2016).
Eliciting shared mental models can assist in creating a
shared pathway to conservation. “A shared mental model is
the mental model constructed and shared when individuals
interact together in a team setting, it represents the shared
cognition among groups of individuals” (Jones et al., 2011,
p. 4; Langan-Fox et al. 2001). They are often elicited over
time, allowing individuals to discuss and agree on a representation of shared aspects of their individual models that can
be used to assist in decision-making. Sharing mental models
(including diverse perspectives and experiences) allows people to “develop a common framework of understanding and
basis for joint action” (Schusler et al., 2003, p. 311), in other
words, to co-create a mental model that is “held in common”
(Biggs et al., 2011).
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FIGURE 2

Framework outlining steps to consider in mental models research design. The process typically starts anywhere between Steps 1
and 3. Step 1 outlines three potential applications of mental models research for conservation. Step 2 shows the relationships between applications
and dominant mental model types. Step 3 outlines the three most common methods for generating or eliciting concepts and objects to be used in
diagrammatic mental model elicitation. Researchers or practitioners need to decide what type of data will be most helpful in eliciting the mental
model (from interview text or from variables that are fully elicited from the participant, or preidentified by the researcher/s) depending on how the
data will be used. Steps 4–6 have been partially adapted from Voinov et al. (2018). Step 4 involves positioning and connecting variables to define the
structure of the model and usually involves drawing lines with arrowheads to connect two or more variables to one another (relationship). This step
can be considered as a qualitative model of the relationships. Step 5 involves quantifying the qualitative relationships of the model. Simple
quantification can involve defining the nature of the relationship (e.g., positive or negative) or the strength as weak, moderate or strong (e.g.,
influence diagrams). More detailed quantification can parameterize the relationship with a number between –1 (i.e., high negative influence) and 1
(i.e., high positive influence) at 0.1 intervals (e.g., fuzzy cognitive mapping). Step 6 involves modeling and testing the quantitative relationships,
which can be done using probabilities of connections and causes (e.g., Bayesian and agent-based models)

4 ELICITING OR DEVELOPING
CONCEPTS AND OBJECTS
Once the type of model needed has been identified, the second
step in eliciting a mental model as a digraph is to develop the
concepts and objects as variables within a system (CannonBowers et al., 1993). For example, in the case of invasive

species management, the concepts and objects might relate
to animal welfare, legislation, landholders, education, and
control methods. The importance of concepts and objects to
conservation policy and practice relates to what it is in the
system that an individual includes in their model. For example, research shows that the brain does not attempt to provide a perfect simulation of the world, but rather an internal
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approximation that is individual, context-dependent, and typically developed on a needs-to-know basis (Yarbus, 1967). As
a result, although people can think they “know” a system, specific questions about variables within that system can reveal
differences or gaps in knowledge when those variables, and
relationships between them, have not been previously relevant, observed, considered, or experienced by the individual.
Thus, the content of a mental model can provide much insight
into the knowledge and nature of experience of individuals.
Diagram-based mental model elicitation methods can
use at least three main sources of information to create
variables: interview or document text, participant-generated
variables, and/or researcher-generated variables (Figure 2).
Mental models can be elicited through open or semistructured
mental models interviews (see Morgan et al., 2002) or laddering interview methods (see Reynolds & Gutman, 1988)
that encourage participants to express mental models in their
own terms. Alternatively, researchers can assist participants
to elicit their mental models by asking them to develop or
describe variables (e.g., words written on pieces of card) and
explore or explain the connections between them. The participant defines their own variables (participant-generated variables) by describing them in their own way using their own
terms with few cues or probes (e.g., Craven, 2017). These
variables, and the links between them, can offer a useful
approach to examine the overall diversity of understandings
of a conservation problem or solution and the different causal
assumptions, language, and meanings assigned to the variables within the system.
Researcher-generated variables are those developed a
priori (e.g., from literature, or interviews) in a scoping phase,
ensuring they are sensitive to context and relevant to the
participants. They are provided to the participant to elicit
their mental model (if any) about a defined topic (e.g., Moon
& Adams, 2016; Pearson & Moon, 2014). This approach is
particularly suited to comparisons and identification of similarities and differences between (sets of) individual mental
models. Where necessary, statistical tests can be performed to
identify significant differences between elicited mental models, including between groups of people (e.g., scientists and
policy makers) (e.g., Moon et al., 2017). To increase the likelihood that participants are interpreting variables in a similar
way, definitions of variables can be developed and provided
to participants (e.g., Adams et al., 2018). Participants are
typically invited to include any additional variables they consider essential to their model. Researcher-generated variables
can also be synthesized from an analysis of participant mental
models, using methods such as thematic or content analysis
(e.g., Craven, 2017). Content analysis, for example, provides
an opportunity to explore commonalities across participants’
mental models. A researcher, could, for instance, examine
a set of mental models and categorize areas of similar
content.
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5 MODELING RELAT IONSHIPS
W I T H I N M E N TA L M O D E L S
The third step in eliciting a mental model as a digraph is to
model the relationships between the concepts and objects.
Modeling relationships within mental models can be performed in a number of complementary ways (e.g., Voinov
et al., 2018). Here, we provide a brief overview of how relationships can be elicited in a way that adds increasing layers
of complexity and understanding of a system. We first look at
mapping qualitative relationships, then methods of quantifying those relationships and finally analyzing them.

5.1

Mapping qualitative relationships

Relationships represent how a person considers that variables (i.e., concepts and objects) within a system relate to
one another. To illustrate, drawing a single-headed or doubleheaded arrow between two or more variables is the first step
in defining a “relationship” within a model. If the arrow
points from variable A to variable B, it indicates that the
individual(s) consider that variable A influences, or has a
relationship with, variable B. Eliciting relationships within a
person's mental model makes interrelationships between
variables “more visible, more explicit, and thus more comprehensible,” thereby improving the extent to which the effectiveness of different decisions can be assessed (Diffenbach, 1982,
p. 133). These relationships can indicate which variables are
highly influential in terms of enabling change or representing
points of failure (Krebs, 2000). Of course, it is unlikely that
mental models will be used alone to inform decisions, but they
can become an important part of the evidence base that is used
to make decisions and analyze options (Diffenbach, 1982).

5.2

Quantifying qualitative relationships

Once a relationship has been defined, its nature can be
recorded, permitting the researcher to integrate data on perceptions about the importance or strength of interactions
influencing a system (e.g., Friedel, Grice, Marshall, & van
Klinken, 2011) (Figure 2). This additional information can be
particularly important in determining which variables are useful indicators of program success, thereby contributing to one
of the “principal, and often most challenging, tasks of applied
conservation science”: monitoring (Game et al., 2017, p. 1).
Relationships can be described in general terms (e.g., influence diagrams) or in a more precise way (e.g., FCM). Qualitative influence diagrams can include simple descriptions of
relationships, such as low (1), moderate (2), and high (3) influence of one variable or another (e.g., Moon & Adams, 2016).
Further definition can be added by providing detail on the
nature of the relationship, as either positive or negative (see
Diffenbach, 1982). For example, if re-vegetation is perceived
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to have a strong positive influence on erosion control, it is
represented as a line drawn with the arrow from the variable “re-vegetation” to the variable “erosion control” with
a +3 symbol. FCM is a more descriptive form of cognitive
map, using fuzzy logic to consider the “fuzzy” values and
associations between two variables in a cognitive map (e.g.,
Christen, Kjeldsen, Dalgaard, & Martin-Ortega, 2015). Qualitative descriptions of causality are described in precise ways
here, parameterized with a number between –1 (i.e., high negative influence) and 1 (i.e., high positive influence) at 0.1
intervals, offering 21 possible options.

5.3 Analyzing systems based on mental
models
Once relationships have been elicited and quantified, the
resulting model can be developed further to run with quantitative data. In other words, the mental model provides us with a
basis to quantitatively model future system states and test how
a system might respond to different changes or interventions.
A range of methods exists to perform these analyses, including
system dynamics, agent-based models, and integrated modeling (see Voinov et al., 2018 for a review). Here, we explore
one method, BBN, based on Bayes’ theorem about subjective
probabilities and their implications for inference. In a BBN,
the links between the model variables, or nodes, are elicited
using probabilities that are typically derived using expert elicitation (Martin et al., 2012), but can also be obtained through
methods such as the four-step Delphi method (see McBride
et al., 2012). The underlying structure of a BBN is usually a
type of influence diagram, in which many variables combine
to affect a selected system variable related to a stated goal. The
term “belief network” expresses the relationship with mental models: these relationships are assumptions—often but
not always expert assumptions (Chan, Ross, Hoverman, &
Powell, 2010)—about how a system works. Thus, probabilities allow different assumptions to be used in predicting the
likelihood of outcomes. The networks are used to calculate
how probable an event is, and can be confirmed or adapted
on the basis of empirical observations or external interventions on particular system variables that can be collected over
time (e.g., Pollino et al., 2007). BBNs are particularly useful
when empirical data are initially unavailable, because qualitative data (e.g., perceptions such as whether a variable is high,
medium, or low) can provide a sufficient basis for a testable
quantitative analysis of a system until better measure can be
sought.

6

COM PA R I NG M E N TA L M O D E L S

A final step in mental models research involves analyzing the
models. Here, we discuss some of the more common analysis

options to demonstrate that a range of choices is available to
researchers and practitioners depending on the application of
the mental models. To examine the diversity across models
with participant-generated variables, for example, descriptive
statistics can be collated on the total number of variables used
in each model, variables within defined categories, and the
number, strength, and nature of relationships between variables. To compare similarities and differences between mental models (e.g., between individual models or within team or
shared mental models), the variables used by the participant in
representing their mental model can be entered into an adjacency matrix: a spreadsheet that contains details of all relationships between all variables for each model (see LangfieldSmith & Wirth, 1992 for details). Analysis can be performed
on two or more models to compare for similarities or differences (e.g., Moon & Adams, 2016).
Network analysis tools can be used on adjacency matrices
of individual or team models to identify similarities between
individuals in the content and structure of diagrams (e.g.,
Jones et al., 2014). Network analysis methods are useful for
examining models, presenting an opportunity for researchers
to identify dominant structural components of the system
across participants to explore the complexity and heterogeneity of individual models. Measures include path length (average distance between variables), centrality and betweenness,
maximum distance between variables, and the total number
of connections (see Pearson & Moon, 2014).
Graph theory, which underpins diagraphs, provides matrix
algebra tools that can be used to analyze the structure of complex maps and diagrams, such as whether a system is hierarchical or more democratic (see Özesmi & Özesmi, 2004).
Analysis options will depend on whether the researcher or the
participant generated the variables (Figure 2).

7 L I M I TAT I O N S OF M E N TA L
MODELS RESEARCH FOR
CONS ERVATIO N P O LICY AND
P R AC T I C E
A number of practical and theoretical limitations of mental models research require consideration. First, it is important that participants involved in mental models research
have clear expectations of the process and outcomes, just
as in any social science approach. Mental models research
can be resource intensive, requiring an initial assessment of
expected costs and benefits. Mental models research can also
reveal new areas of conflict because the elicitation process
can seek to make implicit perceptions explicit, creating a
risk of identifying or prompting new or emerging conflicts
and so engagement processes need to be carefully thought
through and managed. Participants need to be clear about
the intended outcomes of the research process, and research
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designers need to be aware of any aspects of the conservation context that might be beyond the reach of mental models
methods.
Second, researchers need to remember that different mental models can be held about different aspects of the same
system (Cannon-Bowers et al., 1993). Given a particular goal
or focus, the relevant model will be “activated” (see Lindenberg, 2009). To illustrate, a person might have a mental model
of a system of commoditized domesticated animal products
that are acceptable to trade (e.g., cow meat, leather, milk).
When asked about establishing a market for deer meat (venison) for human consumption, an individual might not call
up their “commoditized domesticated animal product” model,
but instead a “wild animal” model in which it is not acceptable to commoditize (and eat) deer. The importance here for
research design and model application is that unless the model
that is most likely to be activated in a given circumstance is
elicited, outcomes anticipated from mental models research
might not be realized. Follow-up interviews can be helpful, or
even necessary, in understanding the structure and content of
the model in more detail.
Third, and relatedly, even when a person activates a particular mental model, Wood, Bostrom, Bridges, and Linkov
(2012) warn that this model will not necessarily describe that
person's behavior. As Wood, Bostrom, Convertino, Kovacs,
and Linkov (2012) describe it, an important distinction
exists between the structure of the model (i.e., knowledge,
attitudes, preferences) and the operations that are performed
on that structure (i.e., reasoning and other operations performed on the mental model). The structure on its own,
however, does not tell us explicitly how people will behave
or necessarily how their model matches with “reality”
but it can provide important context for motivations and
behaviors.

9 of 11

ACK NOW L E D G M E N T
A.M.G. was supported by the Luc Hoffmann Institute and the
Australian Research Council Centre of Excellence for Environmental Decisions (CE11001000104).
REFERENCES
Abel, N., Ross, H., & Walker, P. (1998). Mental models in rangeland
research, communication and management. Rangeland Journal, 20,
77–91.
Adams, V. M., Moon, K., Alvarez Romero, J., Bodin, Ö., Spencer,
M., & Blackman, D. (2018). Using multiple methods to understand
the nature of relationships in social networks. Society & Natural
Resources, 31, 755–772.
Agazzi, E. (1985). Commensurability, incommensurability, and cumulativity in scientific knowledge. Erkenntnis, 22, 51–77.
Agrawal, A. (1995). Dismantling the divide between indigenous and scientific knowledge. Development and Change, 26, 413–439.
Anderson, M., Meyer, B., & Olivier, P. (Eds.). (2002). Diagrammatic
representation and reasoning. London: Springer-Verlag.
Axelrod R. (Ed.). (1976). Structure of decision: The cognitive maps of
political elites. Princeton, NJ: Princeton University Press.
Ban, N. C., Mills, M., Tam, J., Hicks, C. C., Klain, S., Stoeckl, N., …
Chan, K. M. A. (2013). A social–ecological approach to conservation
planning: Embedding social considerations. Frontiers in Ecology and
the Environment, 11, 194–202.
Biggs, D., Abel, N., Knight, A. T., Leitch, A., Langston, A., & Ban, N.
C. (2011). The implementation crisis in conservation planning: Could
‘mental models’ help? Conservation Letters, 4, 169–183.
Biggs, H., du Toit, D., Etienne, M. et al. (2008). A preliminary explanation of two approaches for documenting ‘mental models’ held by
stakeholders in the Crocodile Catchment, South Africa. A report to
the Water Research Commission, Pretoria, South Africa.
Biggs, N. L., Lloyd, E. K., & Wilson, R. J. (1976). Graph theory: 1736–
1936. Oxford: Clarendon Press.
Blomkamp, E. (2018). The promise of co-design for public policy. Australian Journal of Public Administration, 77(4), 729–743.

8 A DVA NC I NG M E N TA L M O D E L S
FOR CON SE RVAT I ON
Mental models research is currently underutilized in the field
of conservation biology, despite having much to offer. Understanding how people construct individual or group mental
models of social-ecological systems provides opportunities to
examine knowledge, assumptions, and expectations of how
systems could or should respond to change. Different methods, as we have outlined, can be used in ways to reveal simple relationships within a model, or more complex dynamics.
The methods can be used to elicit individuals or team models,
or within a group setting to co-create a shared mental model.
We encourage engagement with these methods to increase our
understanding of the relationships within and between socialecological systems for more equitable, sustainable, and effective conservation outcomes.

Cannon-Bowers, J. A., Salas, E., & Converse, S. (1993). Shared mental
models in expert team decision making. In J. J. Castellan (Ed.), Current issues in individual and group decision making (pp. 221–246).
Mahwah, NJ: Erlbaum.
Chan, T. U., Hart, B. T., Kennard, M. J., Pusey, B. J., Shenton, W., Douglas, M. M., … Patel, S. (2012). Bayesian network models for environmental flow decision making in the Daly River, Northern Territory, Australia. River Research and Applications, 28, 283–301.
Chan, T., Ross, H., Hoverman, S., & Powell, B. (2010). Participatory development of a Bayesian network model for catchmentbased water resource management. Water Resources Research, 46.
https://doi.org/10.1029/2009WR008848
Christen, B., Kjeldsen, C., Dalgaard, T., & Martin-Ortega, J. (2015). Can
fuzzy cognitive mapping help in agricultural policy design and communication? Land Use Policy, 45, 64–75.
Colvin, R. M., Witt, G. B., & Lacey, J. (2016). Approaches to identifying
stakeholders in environmental management: Insights from practitioners to go beyond the ‘usual suspects’. Land Use Policy, 52, 266–276.

10 of 11

MOON ET AL.

Cooke, N. J., Salas, E., Cannon-Bowers, J. A., & Stout, R. J. (2000).
Measuring team knowledge. Human Factors, 42, 151–173.

the perceived impacts of conservation agriculture. Global Environmental Change, 28, 50–62.

Craven, L. K. (2017). System Effects: A hybrid methodology for exploring the determinants of food in/security. Annals of the Association of
American Geographers, 107(5), 1011–1027.

Jones, N., Ross, H., Lynam, T., & Perez, P. (2014). Eliciting mental models: A comparison of interview procedures in the context of natural
resource management. Ecology and Society, 19, 13.

Diffenbach, J. (1982). Influence diagrams for complex strategic issues.
Strategic Management Journal, 3, 133–146.

Jones, N. A., Ross, H., Lynam, T., Perez, P., & Leitch, A. (2011). Mental
models: An interdisciplinary synthesis of theory and methods. Ecology and Society, 16, 46.

Easterby-Smith, M. (1980). The design, analysis and interpretation of
repertory grids. International Journal of Man-Machine Studies, 13,
3–24.
Eden, C., & Ackermann, F. (1998). Analysis: Maps and models for
workshops. Making strategy: The journey of strategic management
(pp. 399–423). London: SAGE Publications.
El Sawah, S., Guillaume, J. H. A., Filatova, T., Rook, J., & Jakeman, A. J. (2015). A methodology for eliciting, representing, and
analysing stakeholder knowledge for decision making on complex
socio-ecological systems: From cognitive maps to agent-based models. Journal of Environmental Management, 151, 500–516.
El Sawah, S., Mclucas, A., & Mazanov, J. (2013). Using a cognitive mapping approach to frame the perceptions of water users about managing water resources: A case study in the Australian capital territory.
Water Resources Management, 27, 3441–3456.
Etienne, M., Du Toit, D. R., & Pollard, S. (2011). ARDI: A coconstruction method for participatory modeling in natural resources
management. Ecology & Society, 16. https://doi.org/10.5751/ES03748-160144
Ferraro, P. J., & Pressey, R. L. (2015). Measuring the difference made
by conservation initiatives: Protected areas and their environmental
and social impacts. Philosophical Transactions of the Royal Society
B: Biological Sciences, 370. https://doi.org/10.1098/rstb.2014.0270
Friedel, M. H., Grice, A. C., Marshall, N. A., & van Klinken, R. D.
(2011). Reducing contention amongst organisations dealing with
commercially valuable but invasive plants: The case of buffel grass.
Environmental Science & Policy, 14, 1205–1218.
Game, E. T., Bremer, L. L., Calvache, A. et al. (2017). Fuzzy models to
inform social and environmental indicator selection for conservation
impact monitoring. Conservation Letters, 11, e12338.
Game, E. T., Meijaard, E., Sheil, D., & McDonald-Madden, E. (2014).
Conservation in a wicked complex world; Challenges and solutions.
Conservation Letters, 7, 271–277.
Gray, S., Chan, A., Clark, D., & Jordan, R. (2012). Modeling the integration of stakeholder knowledge in social–ecological decision-making:
Benefits and limitations to knowledge diversity. Ecological Modeling, 229, 88–96.
Guerrero, A. M., Jones, N. A., Biggs, D., & Ross, H. (2018). Identifying barriers and opportunities for reducing biodiversity risk in the
soy supply chain. Centre for biodiversity and conservation science.
Queensland, Australia: The University of Queensland.
Halbe, J., Pahl-Wostl, C., & Adamowski, J. (2018). A methodological
framework to support the initiation, design and institutionalization
of participatory modeling processes in water resources management.
Journal of Hydrology, 556, 701–716.
Halbrendt, J., Gray, S. A., Crow, S., Radovich, T., Kimura, A. H., &
Tamang, B. B. (2014). Differences in farmer and expert beliefs and

Kelly, G. A. (1955). The psychology of personal constructs. London:
Routledge.
Klimoski, R., & Mohammed, S. (1994). Team mental model: Construct
or metaphor? Journal of Managment, 20, 403–437.
Krebs, V. (2000). The social life of routers. Internet Protocol Journal, 3,
14–25.
Langan-Fox, J., Wirth, A., Code, S., Langfield-Smith, K., & Wirth, A.
(2001). Analyzing shared and team mental models. International
Journal of Industrial Ergonomics, 28, 99–112.
Langfield-Smith, K., & Wirth, A. (1992). Measuring differences
between cognitive maps. Journal of the Operational Research Society, 43, 1135–1150.
Larrosa, C., Carrasco, L. R., & Milner-Gulland, E. J. (2016). Unintended
feedbacks: Challenges and opportunities for improving conservation
effectiveness. Conservation Letters, 9, 316–326.
Law, E. A. et al. (2017). Projecting the performance of conservation
interventions. Biological Conservation, 215(Supplement C), 142–
151.
Lindenberg, S. M., Hill, P., Kalter, F., Kroneberg, C., & Schnell, R.
(Eds.). (2009). Why framing should be all about the impact of goals
on cognitions and evaluations. Hartmut Essers Erklärende Soziologie
(pp. 53–77). Groningen, the Netherlands: University of Groningen.
Lynam, T., Mathevet, R., Etienne, M., Stone-Jovicich, S., Leitch, A.,
Jones, N., … Perez, P. (2012). Waypoints on a journey of discovery: Mental models in human-environment interactions. Ecology and
Society, 17, 23.
Martin, T. G., Burgman, M. A., Fidler, F., Kuhnert, P. M., LowChoy, S., McBride, M., & Mengersen, K. (2012). Eliciting expert
knowledge in conservation science. Conservation Biology, 26,
29–38.
McBride, M. F., Garnett, S. T., Szabo, J. K., Burbidge, A. H., Butchart, S.
H., Christidis, L., … Burgman, M. A. (2012). Structured elicitation of
expert judgments for threatened species assessment: A case study on
a continental scale using email. Methods in Ecology and Evolution,
3, 906–920.
Meliadou, A., Santoro, F., Nader, M. R., Dagher, M. A., Al Indary, S., &
Salloum, B. A. (2012). Prioritising coastal zone management issues
through fuzzy cognitive mapping approach. Journal of Environmental Management, 97, 56–68.
Moon, K., & Adams, V. M. (2016). Using quantitative influence diagrams to map natural resource managers’ mental models of invasive
species management. Land Use Policy, 50, 341–351.
Moon, K., Blackman, D. A., Adams, V. M., & Kool, J. (2017). Perception
matrices: An adaptation of repertory grid technique. Land Use Policy,
64, 451–460.

MOON ET AL.

11 of 11

Morgan, M. G. (2014). Use (and abuse) of expert elicitation in support
of decision making for public policy. Proceedings of the National
Academy of Sciences, 111, 7176–7184.

Robertson, D. P., & Hull, R. B. (2001). Beyond biology: Toward a
more public ecology for conservation. Conservation Biology, 15,
970–979.

Morgan, M. G., Fischoff, B., Bostrom, A., & Atman, C. J. (2002). Risk
communication: A mental models approach. Cambridge, London:
Cambridge University Press.

Rouse, W. B., & Morris, N. M. (1986). On looking into the black box:
Prospects and limits in the search for mental models. Psychological
Bulletin, 100, 349–363.

Murray-Prior, R. (1998). Modelling farmer behaviour: A personal construct theory interpretation of hierarchical decision models. Agricultural Systems, 57, 541–556.

Sandbrook, C. (2017). Weak yet strong: The uneven power relations of
conservation. Oryx, 51, 379–380.

Nel, J. L., Roux, D. J., Driver, A., Hill, L., Maherry, A. C., Snaddon,
K., … Reyers, B. (2016). Knowledge co-production and boundary
work to promote implementation of conservation plans. Conservation Biology, 30, 176–188.
Newton, A. C., Stewart, G. B., Diaz, A., Golicher, D., & Pullin, A. S.
(2007). Bayesian belief networks as a tool for evidence-based conservation management. Journal for Nature Conservation, 15, 144–160.
Özesmi, U., & Özesmi, S. L. (2004). Ecological models based on people's knowledge: A multi-step fuzzy cognitive mapping approach.
Ecological Modelling, 176, 43–64.
Pahl-Wostl, C. (2009). A conceptual framework for analysing adaptive
capacity and multi-level learning processes in resource governance
regimes. Global Environmental Change, 19, 354–365.
Pahl-Wostl, C., & Hare, M. (2004). Processes of social learning in integrated resources management. Journal of Community & Applied
Social Psychology, 14, 193–206.
Palmer, R. N., Cardwell, H. E., Lorie, M. A., & Werick, W. (2013).
Disciplined planning, structured participation, and collaborative
modeling—Applying shared vision planning to water resources.
Journal of the American Water Resources Association, 49, 614–628.
Pantus, F. J., Barton, C. L., Bradford, L., & Stroet, M. (2011).
Integrated science support for managing Australia's Tropical
Rivers: A case study in the Daly river catchment. Darwin, NT:
Charles Darwin University. Retrieved from http://www.track.org.au/
publications/registry/track956.

Sayer, J., Sunderland, T., Ghazoul, J. et al. (2013). Ten principles
for a landscape approach to reconciling agriculture, conservation, and other competing land uses. Proceedings of the National
Academy of Sciences of the United States of America, 110, 8349–
8356.
SCB. (2016). The society for conservation biology strategic plan 2016–
2020. Washington, DC: SCB.
Schusler, T. M., Decker, D. J., & Pfeffer, M. J. (2003). Social learning
for collaborative natural resource management. Society & Natural
Resources, 16, 309–326.
Sil, R., & Katzenstein, P. J. (2010). Analytic eclecticism in the study
of world politics: Reconfiguring problems and mechanisms across
research traditions. Perspectives on Politics, 8, 411–431.
Stoeckl, N., Jackson, S., Pantus, F., Finn, M., Kennard, M. J., & Pusey, B.
J. (2013). An integrated assessment of financial, hydrological, ecological and social impacts of ‘development’ on Indigenous and nonIndigenous people in northern Australia. Biological Conservation,
159, 214–221.
Voinov, A., & Bousquet, F. (2010). Modelling with stakeholders. Environmental Modelling & Software, 25, 1268–1281.
Voinov, A., Jenni, K., Gray, S. et al. (2018). Tools and methods in participatory modeling: Selecting the right tool for the job. Environmental
Modelling & Software, 109, 232–255.
Wood, M. D., Bostrom, A., Bridges, T., & Linkov, I. (2012). Cognitive
mapping tools: Review and risk management needs. Risk Analysis,
32, 1333–1348.

Pearson, L. J., & Moon, K. (2014). A novel method for assessing integration activities in landscape management. Landscape and Urban
Planning, 130, 201–205.

Wood, M. D., Bostrom, A., Convertino, M., Kovacs, D., Linkov, I.
(2012). A moment of mental model clarity: Response to Jones et al.
2011. Ecology and Society, 17, 7.

Pollino, C. A., Woodberry, O., Nicholson, A., Korb, K., & Hart, B. T.
(2007). Parameterisation and evaluation of a Bayesian network for
use in an ecological risk assessment. Environmental Modelling &
Software, 22, 1140–1152.

Yarbus, A. L. (1967). Eye movements during perception of complex
objects. Eye movements and vision (pp. 171–211). Boston, MA:
Springer.

Prager, K., & Curfs, M. (2016). Using mental models to understand soil
management. Soil Use and Management, 32, 36–44.
Redpath, S. M., Young, J., Evely, A., Adams, W. M., Sutherland, W. J.,
Whitehouse, A., … Watt, A. (2013). Understanding and managing
conservation conflicts. Trends in Ecology & Evolution, 28, 100–109.
Reynolds, T. J., & Gutman, J. (1988). Laddering theory, method, analysis, and interpretation. J ournal of Advertising Research, 28, 11–31.

How to cite this article: Moon K, Guerrero
AM, Adams VM, et al. Mental models for conservation research and practice. Conservation Letters.
2019;12:e12642. https://doi.org/10.1111/conl.12642

