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A B S T R A C T

The increasingly complex challenges facing agricultural systems require problem-solving processes and systems
analysis (SA) tools that engage multiple actors across disciplines. In this article, we employ the theory of af-
fordances to unravel what tools may furnish users, and how those affordances contribute to a tool's usefulness in
co-design and co-innovation processes. Affordance is defined as a function provided by an object through an
interaction with a user. We first present a conceptual framework to assess the affordances of SA tools. This
framework is then applied in a literature review of three SA tools used in agricultural systems research (fuzzy
cognitive mapping, bio-economic whole-farm models, and role play and serious games). Through this exercise,
we extend the SA tool design and implementation dialogue by illuminating (i) links between lower-level af-
fordances, tool design, and heuristic functioning, and (ii) the central role of use setting and facilitation in mo-
bilizing higher-level, productive affordances. Based on our findings, we make five propositions for how SA tool
design and implementation in participatory problem-solving settings can be improved.

1. Introduction

The challenge of reconciling food security and agricultural pro-
duction issues within changing ecological conditions, political climates,
market structures, and development goals (Foley et al., 2011; Godfray
et al., 2010) requires problem-solving approaches suited for handling
dynamic and entangled system variables and drivers. Incorporation of
the divergent viewpoints of multiple stakeholders is equally crucial (Le
Gal et al., 2011; Meynard et al., 2017; Schut et al., 2015). To identify
practical solutions that are credible, salient, actionable, and legitimate,
direct involvement of stakeholders in research on social–ecological
systems (including agriculture) has been widely advocated (e.g.
Cvitanovic et al., 2016; Fazey et al., 2014; Raymond et al., 2010; Reed
et al., 2013). Stakeholder involvement is also part of current ap-
proaches that strive for what have been called co-design and co-in-
novation processes in agricultural systems (Botha et al., 2017; Dogliotti
et al., 2014; Meynard et al., 2017). Assembling stakeholders, however,

is often not enough to move agriculture towards sustainable redesign
(Berthet et al., 2016). Effective multi-stakeholder involvement in col-
laborative processes requires “mechanisms that promote change in
understanding of the individuals involved and the cogeneration of new
knowledge” (Reed et al., 2013, p. 318). Such mechanisms should fa-
cilitate knowledge exchange, co-learning, reframing of problems and
solutions, and co-innovation (Hermans et al., 2017; Jones et al., 2017;
Schindler et al., 2015; Voinov and Bousquet, 2010). This has implica-
tions for how scientists support stakeholder involvement: if scientific
knowledge is to be “put to use” in the real world, participatory ap-
proaches must be aimed at catalyzing action (Geertsema et al., 2016;
Schut et al., 2014).

In the agricultural sciences, a range of systems analysis (SA) tools
have been applied to support problem solving in the context of co-de-
sign and co-innovation processes. These include, but are not limited to,
computer-based models (e.g. Le Gal et al., 2011), cognitive mapping
(e.g. Christen et al., 2015), serious gaming (e.g. Speelman et al., 2014),
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innovation dynamics diagnostics (e.g. Schut et al., 2015), and decision
support systems (e.g. Rose et al., 2016). SA tools facilitate integrated
analyses of agricultural systems by incorporating environmental, eco-
nomic, social, and political perspectives (van Ittersum et al., 2008). This
enables assessment of the behavior and processes of interacting entities
within a system (e.g. biophysical components, stakeholder concerns,
market dynamics, policies, etc.). SA tools may also provide artifacts,
visualizations, or discourses through which different actors can navi-
gate both congruence and disagreement around key issues and decision
making (Jakku and Thorburn, 2010; Klerkx et al., 2012a). While SA
tools have the capacity to act in such a manner, an enduring challenge
is to understand to what extent SA tools can be designed to function in
this way.

Both long-standing (e.g. McCown, 2001) and more recent (e.g. Cerf
et al., 2012; Jakku and Thorburn, 2010; Sterk et al., 2009) critiques
citing the limited uptake of agricultural SA tools have called for a re-
thinking of how to enhance tool appeal and ease of use. Of key interest
is the often-missing link between a tool's design and its intended use
setting or target audience (Cerf et al., 2012; Prost et al., 2012; Ravier
et al., 2016; Sterk et al., 2011), which may leave research results un-
used by stakeholders due to a tool's complexity and/or institutional,
cultural, and language barriers (Cvitanovic et al., 2016). To this end,
the participatory design and implementation of SA tools in agricultural
systems settings has been widely advocated (e.g. Cerf et al., 2012;
Delmotte et al., 2017; Jakku and Thorburn, 2010; Prost et al., 2012;
Voinov and Bousquet, 2010). Why a participatory approach is needed
has been well elaborated; however, how the design of SA tools con-
tributes to their usefulness in collaborative problem-solving processes
remains largely unexplored (Matthews et al., 2011).

We address this gap in light of current debates on next-generation
SA tools in agriculture, which draw attention to the need for more
collaborative, flexible, accessible, transparent, and interdisciplinary
approaches to solving complex system problems (Duru et al., 2015;
Janssen et al., 2017; Jones et al., 2017; Kragt et al., 2016; Martin,
2015). We consequently employ the concept of affordances, defined
broadly as what an object provides in an interaction with a user
(Gibson, 1979). Affordance theory has been applied in science and
technology, education, and design studies. To our knowledge, however,
it is unused in agricultural systems sciences. We hypothesize that af-
fordance theory can help unravel links between what a tool furnishes
users and how those affordances contribute to a tool's usefulness in
participatory agricultural problem-solving processes. We posit that a
better understanding of the affordances of SA tools, and therefore their
potential and limitations, can inform how SA tools may be designed for
improved affordance. Affordance analysis can also help identify how SA
tools may need to be adapted or used complementarily in portfolios to
meet the objectives of diverse users.

In this article, we present a conceptual framework for identifying
and classifying the affordances furnished by SA tools in participatory
problem-solving settings. Based on literature review, we demonstrate
how this framework can be employed to assess three SA tools widely
applied in agricultural systems: fuzzy cognitive mapping (FCM), bio-
economic whole-farm models (BEFM), and role play and serious games
(RPSG). Next, we discuss key contributions and limitations of the af-
fordance framework to facilitating a better understanding of what SA
tools provide in collaborative design and innovation processes, thereby
exploring how they may enhance such processes. We conclude with five
propositions for how SA tool design and implementation can be im-
proved, with an emphasis on the role of affordances in participatory use
settings.

2. Conceptual framework for affordance analysis of SA tools

2.1. Affordance theory

Gibson (1979) first defined affordances in the context of ecological

psychology: “The affordances of the environment are what it offers the
animal, what it provides or furnishes, either for good or ill” (p. 127,
italics original). Since Gibson's introduction, the concept has been
adopted in other disciplines, notably in product design, science and
technology studies, and educational studies, where it has been used
primarily to understand what objects and technologies afford users and
therefore to drive their design towards more intuitive and effective
operation (Antonenko et al., 2017; Bower and Sturman, 2015;
Srivastava and Shu, 2013). As our focus is on SA tool design and im-
plementation, we draw most from the affordance literature in the de-
sign field to build our conceptual framework.

Central in the literature is the notion that affordances emerge from
an “entangled relationship” (Maier and Fadel, 2009), that is, the in-
teraction between designers, artifacts,1 and users (Bernhard et al.,
2013; Norman, 2013). While a designer can to some extent direct the
way an artifact is used by designing it with specific affordances in mind
(Maier and Fadel, 2009), a user may not necessarily be interested in,
aware of, or able to actualize those affordances (Norman, 2013). As a
relational concept (Gibson, 1979), an affordance must be measured
relative to a user's abilities and needs: particular users have particular
goals and expertise which drive their interaction with the artifact. This
may lead different users to derive different affordances from the same
artifact (Bernhard et al., 2013). A simple example is a chair. For an
adult of a certain height and weight, a chair affords sitting. For a
crawling baby, a chair does not afford sitting, but might afford grasping
or support while attempting to stand. In our analysis of SA tool affor-
dances, we adopt the relational design approach, and consider the tool
designer in addition to the tool and the tool user (Hartson, 2003; Maier
and Fadel, 2009; Norman, 2013).

We conceptualize affordance emergence from SA tools as the result
of interactions between a tool, its designer, the tool use setting, and the
studied system (Fig. 1). We build on the framework for affordance-
based design described by Maier and Fadel (2009). In our con-
ceptualization, the tool designer is directed by information about the
system's characteristics and the user's objective(s). The designed tool is
then equipped with potential affordances which may emerge through
interaction with users, who are driven by their unique abilities and
needs and operate within a unique setting. These affordances may in
turn be activated within the system.

2.2. A layered model of affordance emergence

Unpacking the interaction between tool and user is required to
understand affordance emergence and activation. To untangle this dy-
namic, several authors have proposed methods to classify affordance
perception and actualization as discrete concepts. Drawing from four
theoretical threads in the affordance literature (Bernhard et al., 2013;
Bower, 2008; Burton-Jones and Grange, 2013; Markus and Silver,
2008), we conceptualize affordance emergence as a layered model in
which structural and functional affordances are distinguished.

We define structural affordances as the objective material features,
properties, or capabilities of a tool. These dictate what the tool itself
does (e.g. collate data or produce a system map). Structural affordances
are determined by the tool designer, who delineates tool boundaries in
the development process. Complementarily, we define functional af-
fordances as what the tool enables when a user interacts with structural
affordances, for example an overview of the current system state.

To further untangle the emergence of functional affordances, we
combine Bower's (2008) classification of functional affordance types with
Burton-Jones and Grange's (2013) first- and second-order affordances,
distinguishing first-order instructive (clarifying or deepening system

1 In the affordance design literature, the objects of study are usually tangible (e.g. door
handle, wine bottle opener, light switch), and are often referred to as artifacts to denote
human fabrication.
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understanding), and second-order productive (leading to new action)
functional affordances. First- and second-order functional affordances may
be leveraged to a user's advantage. The result of such leveraging defines
the usefulness of that tool for the given user. Leveraging functional af-
fordances forms a link between tool outputs (e.g. a visual representation of
a farm's structure) and action-oriented outcomes (e.g. enabling informed
action to improve farm sustainability).

Finally, we propose a taxonomy which may be used to classify the
affordances furnished by SA tools in participatory settings (Table 1).
This taxonomy draws upon affordance literature (Antonenko et al.,
2017; Bower, 2008; Hartson, 2003; Kirschner et al., 2004), as well as
the authors' experiences with designing and employing SA tools for
research purposes. Different from the affordance taxonomies proposed
in other papers, the one used here has been developed specifically for
agricultural SA tools and use settings.

3. Methods

To illustrate the affordance approach, we selected three SA tools
widely used for analyzing agricultural systems (Table 2) and applied
the analytical framework outlined in Section 2 via an abridged litera-
ture review. The three tools (FCM, BEFM, and RPSG) were chosen be-
cause they vary substantially in systems analysis approach and the
support they may offer in co-design and co-innovation processes, while
having sufficient case study examples.

We first reviewed the literature on the three selected SA tools. For
each tool, we conducted searches in Scopus and Web of Science using
combinations of the search terms “[tool name]” and “agriculture”,
“farm”, “participatory research”, and “multi-stakeholder” in the article
title, abstract, and keywords. We then selected the ten most relevant
papers applying the tool in agricultural settings. Papers in which tools
were used in multi-stakeholder processes were deemed more relevant
than those where a tool was used strictly by and for researchers. If
applications with examples of direct tool use by stakeholders were
scant, we also selected papers where a tool was used in a stakeholder-
driven research approach, for example in participatory action research
projects, or in iterative analysis and design cycles. We excluded papers
in which a tool was applied but its use was not reflected upon. Where
agricultural context criteria could not be met, we widened the search to
include uncovered papers discussing natural resources and environ-
mental management. To include a wider range of perspectives, we se-
lected only one paper by the same first author. Rather than an ex-
haustive review, our aim was to demonstrate the application of a novel
framework and illustrate the potential for affordance theory to enrich
SA tool design and use in participatory settings.

In our literature review, we looked systematically for indications of
what the authors perceived to be the affordances of the given tool. As
the majority of the reviewed papers did not use the term “affordance”,
we looked for (i) what the authors described as the capabilities of the
tool (i.e. structural affordances), and (ii) what the authors said those
capabilities helped them or other stakeholders to achieve (i.e. func-
tional affordances). For each paper, we annotated the text to collect
supporting evidence of each affordance level. We then classified the
affordances of each tool by type. To do this, we cross-referenced the
collected evidence with the affordance taxonomy from Table 1, seeking
the closest alignment between authors' descriptions of a tool's capacities
and the definitions in our taxonomy. We considered a tool to possess an
affordance if at least two papers referenced what we interpreted as
evidence of said affordance.

4. Results: affordances of three SA tools in agricultural systems
settings

4.1. Fuzzy cognitive mapping

FCM is a semi-quantitative, participatory tool for modelling stake-
holders' perceptions of the components within a system, the strength of
their interrelations, and their influences at multiple scales. It utilizes
cognitive mapping techniques whereby a system is represented as a
diagram composed of boxes symbolizing concepts or variables which
are causally connected by directional arrows (Fig. 2). Connections are
marked with numerical weights signifying the strength of their

Fig. 1. The entangled relationship between a system, tool, designer, and use setting. We
distinguish “use setting” from “user” to acknowledge that a tool may be used by an in-
dividual or group, with or without a facilitator.

Table 1
Taxonomy for classifying the affordances furnished by agricultural systems analysis tools.

Affordance level and definition Affordance type Description

Structural
The essential and objective features, properties or capabilities of a tool,
which dictate what the tool does

Harnessing Place-specific data are harnessed in a structured format
Naming System components are named using common vocabulary
Aggregating Different data types and sources are aggregated in a common platform
Framing A shared space of experience and system representation is created

First-order functional
What the tool enables when a user interacts with structural
affordances; instructive

Integration Data are integrated to describe system functioning
Quantification The values of particular performance indicator(s) are calculated
Visualization System structure is represented visually

Second-order functional
What the tool enables when a user interacts with structural and first-
order functional affordances; productive

Analysis Tool output provides a basis for analyzing the performance of the system and current
problems with system configuration or functioning

Exploration Stakeholders can explore alternative management options and scenarios to solve
system problems

Manipulation System representations can be adapted and manipulated to incorporate new data or
perspectives and simulate management changes

Visioning Stakeholders engage in a process of jointly developing a shared vision of a desired
future system state or direction
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influence in driving the system and/or relationship (Kosko, 1986). The
term “fuzzy” refers to the fact that the approach deals with the un-
certainty of causal knowledge by using fuzzy causal functions (Kosko,
1986). In the reviewed literature, we found FCM to be commonly ap-
plied in two ways: (a) to generate a system representation that in-
tegrates the views of multiple stakeholders, or (b) to generate system
representations for different stakeholders or stakeholder groups for
comparative analysis. Several open-source computer-based programs
exist (e.g. FuzzyDANCES, Mental Modeler, FCM Expert, and FCMapper)

that draw and evaluate FCMs with input from questionnaires, inter-
views, focus groups, or stakeholder workshops.

4.1.1. Structural affordances
Depending on the mode of application, our review indicates that

FCM may afford different suites of structural affordances. In all ten
papers, authors indicated that with FCM, stakeholders' perceptions of a
system's components and causal relationships are identified (structural
affordance naming) and captured in a structured format (structural

Table 2
Systems analysis tools analyzed with the affordance framework and the literature reviewed.

SA tool Tool description Literature reviewed

Fuzzy Cognitive Mapping A semi-quantitative and participatory tool for modelling stakeholders' perceptions of causal relationships between
system components and processes as directional graphs with feedbacks.

Christen et al. (2015)
Dodouras and James (2007)
Gray et al. (2012)
Halbrendt et al. (2014)
Kok (2009)
Murungweni et al. (2011)
Özesmi and Özesmi (2003)
Pacilly et al. (2016)
Soler et al. (2012)
van Vliet et al. (2010)

Bio-Economic Farm Models Models simulating interacting biophysical and economic components of farm inputs and outputs, thereby
quantifying production-related, environmental, and socio-economic performance indicators as affected by farm
management decisions.

Alary et al. (2016)
Andrieu et al. (2012)
Blazy et al. (2010)
Cortez-Arriola et al. (2016)
Delmotte et al. (2016)
Giller et al. (2011)
Groot et al. (2012)
Louhichi et al. (2010)
Sempore et al. (2015)
van Wijk et al. (2009)

Role Play and Serious Games Board- and/or computer-based games designed to simulate realistic resource use and decision making scenarios in
which players act out different roles and management choices.

Castella et al. (2005)
Dolinska (2017)
Dung et al. (2009)
Farrié et al. (2015)
Garcia-Barrios et al. (2008)
Martin et al. (2011)
Salvini et al. (2016)
Souchère et al. (2010)
Speelman et al. (2014)
Van der Wal et al. (2016)

Fig. 2. A fuzzy cognitive map of deforestation in the Brazilian Amazon. Looped arrows indicate system drivers.
Source: Kok (2009)

L. Ditzler et al. Agricultural Systems 164 (2018) 20–30

23



affordance harnessing). Additionally, all reviewed papers described FCM
construction as a process through which knowledge of different system
components (e.g. biophysical and social) are organized and combined
in a complex network structure (structural affordance aggregating). In
settings where multiple stakeholders collaboratively construct a FCM,
for example in an interactive workshop (e.g. Murungweni et al., 2011;
van Vliet et al., 2010), FCM may also afford framing. The literature
indicated that workshop settings afford a shared space of experience, in
which “the interactions involved in developing FCMs present an op-
portunity for knowledge synthesis among stakeholders” as they “ne-
gotiate what is relevant and should be included” in the FCM
(Murungweni et al., 2011, p.12).

4.1.2. First-order functional affordances
After system components and relationships are identified and de-

scribed, all reviewed FCM papers explained that actors' system knowl-
edge and perceptions are integrated (either manually or with FCM
software) into a network visualization. This finding points to three first-
order functional affordances: visualization, integration and quantification.
FCM visualizations can be classified as concept maps (Hyerle, 2009),
which, as Christen et al. (2015) explain, provide “a detailed picture of
perceived factors of importance as well as perceptions of how these
factors interact” (p. 72). The reviewed literature showed integration and
quantification to be closely linked. Authors described the method's
qualitative capacities for “integrating vague data and generating cross-
disciplinary links” (Dodouras and James, 2007, p. 825), which then
allow for calculating state values and network metrics, such as the
centrality of concepts and the density or complexity of the map (Özesmi
and Özesmi, 2004).

4.1.3. Second-order functional affordances
Our analysis of the reviewed literature showed that leveraging

FCM's first-order functional affordances may enable two types of
second-order functional affordances relevant to problem-solving set-
tings. First, by generating a visualization of causal relationships and
feedbacks within a system and quantifying current state values, FCM
can be used to understand how system components and processes effect
one another, and how stakeholders' perceptions of the same system are
similar or different (Halbrendt et al., 2014). These examples illustrate
the affordance analysis. Second, FCM is flexible: maps can be manipu-
lated to reflect evolution of participants' perceptions, to integrate new
data, and explore how a system might change due to disturbances or
interventions (Dodouras and James, 2007; Kok, 2009; van Vliet et al.,
2010). This illustrates the affordance manipulation. In the context of
FCM, manipulation permits “'what if' scenarios to be run to see how the
system might change under a range of conditions” (Gray et al., 2012, p.
92). Scenario analysis via model manipulation is a widely noted asset of
FCM in collaborative redesign processes (Kok, 2009; Murungweni et al.,
2011; Pacilly et al., 2016; Soler et al., 2012; van Vliet et al., 2010).

4.2. Bio-economic whole-farm models

As defined by Janssen and van Ittersum (2007), a BEFM is “a model
that links formulations describing farmers' resource management de-
cisions to formulations that describe current and alternative production
possibilities in terms of required inputs to achieve certain outputs and
associated externalities” (p. 623). BEFM may be further classified as
mechanistic vs. empirical (Janssen and van Ittersum, 2007), or static vs.
dynamic (Flichman and Allen, 2015). BEFM are increasingly paired
with typology construction and may be parameterized to represent
generalized farm types (e.g. Alary et al., 2016; Blazy et al., 2010;
Cortez-Arriola et al., 2016; Delmotte et al., 2016; Louhichi et al., 2010).
Components that may be included in a BEFM are shown in Fig. 3.

4.2.1. Structural affordances
In all the reviewed papers, authors explain that biophysical and

socioeconomic data are combined with farm structural data in BEFM to
make explicit the characteristics and resource flows of a farming
system. Groot et al. (2012), for example, describe in detail how input
and output data for each agricultural activity (e.g. crops, livestock,
manure management) is formalized for different production environ-
ments to represent the structure and functioning of a farming system,
based on real farm case data. The structural affordances of BEFM as
described in the reviewed literature can therefore be classified as har-
nessing and aggregating.

4.2.2. First-order functional affordances
Discussions of how BEFM link land-use and management decisions

with biophysical processes and individual farm sub-systems (e.g. crops
and livestock) to represent farm functioning were common in the re-
viewed literature. This capacity may be seen as evidence of the first-
order affordance integration. Integration allows a model to account for
feedbacks between subsystems (Alary et al., 2016; van Wijk et al.,
2009). Integration may further help users to frame key problems and
production constraints in the current system (Cortez-Arriola et al.,
2014). By establishing reference values to be used in successive ex-
ploration phases of model use (cf. Delmotte et al., 2016) BEFM also
afford quantification. As with FCM, the literature showed integration and
quantification are closely linked: model calculations formalize in-
tegrated reasoning (Andrieu et al., 2012) and thereby provide a “con-
crete translation” of interactions between different farm activities
(Sempore et al., 2015). Finally, all reviewed BEFM papers also indicated
that integrated system data and quantified reference values may be
represented as system diagrams or other graphical outputs (e.g. trade-
off curves or resource flow diagrams, as shown by Groot et al. (2012)),
thus affording visualization.

4.2.3. Second-order functional affordances
The reviewed literature provides evidence that BEFM may furnish

three second-order functional affordances when first-order functional
affordances are leveraged. First, all reviewed papers illustrated how
integrated data, quantified indicators, and system visualizations may
together allow model users to investigate drivers of the functioning of
the studied system, thereby affording analysis. Giller et al. (2011) and
van Wijk et al. (2009) showed how BEFM allowed analysis of the farm-
scale effects of resource allocation choices made at the sub-system
scale. Second, several reviewed papers illustrated how first-order
functional affordances may be leveraged for ex-ante assessment of in-
novations (Blazy et al., 2010) or alternative farm configurations
(Andrieu et al., 2012; Groot et al., 2012), resource allocations (Giller
et al., 2011), or policies (Louhichi et al., 2010) at different scales. These
functions are made possible by the affordance manipulation. Working
from the modeled representation of a studied system, a BEFM can be
used to simulate change scenarios or conduct optimization routines.
Manipulation thus goes hand-in-hand with the third second-order
functional affordance, exploration. Model manipulation results may be
assessed relative to established system thresholds and reference values,
providing a framework to explore “solution spaces” to improve the
current system (Cortez-Arriola et al., 2016; Groot et al., 2012).

4.3. Role play and serious games

Board- and computer-based RPSG are designed to simulate realistic
resource use and decision-making scenarios. Participants play games by
acting out different roles and action trajectories. These games may be
analog in nature (with tangible objects such as game boards and
pieces), or supported by dynamic model-based simulations and calcu-
lations. Opportunities for game development are vast. Interesting ex-
amples relevant to agricultural SA include Forage Rummy, a game in
which farmers and advisors design alternative livestock systems and
evaluate their feasibility (Martin et al., 2011), role playing to explore
climate smart agriculture to combat deforestation (Salvini et al., 2016),
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and RESORTES, a land-use board game in which players evaluate the
financial and ecosystem services benefits of different agricultural
landscape configurations (Speelman and García-Barrios, 2010, Fig. 4).

4.3.1. Structural affordances
Many of the reviewed articles highlight what can be seen as framing

afforded by game play, whereby players meet in a structured environ-
ment with defined rules of conduct which frame the shared experience
of the participants. Garcia-Barrios et al. (2008) describe the gaming
environment as a “joint reality” shared by the players. These authors
imply that framing is afforded by the stylized and simplified version of
reality portrayed in the game. Dung et al. (2009) echo this by high-
lighting the importance of game design principles which create the
“playful atmosphere”. Similarly, Dolinska (2017) refer to the “collective
character” built during the shared play experience. In addition, game
objects (e.g. cards, boards, computer simulations, etc.) contribute to
framing by acting as boundary objects (cf. Star and Griesemer, 1989)
around which players both literally and conceptually congregate (Farrié
et al., 2015; Martin et al., 2011). Multiple authors note that the same
artifacts and rules which frame the game space also afford naming be-
cause they establish a common vocabulary among participants (e.g.
Dolinska, 2017; Farrié et al., 2015).

4.3.2. First-order functional affordances
Several authors describe how the game objects, vocabulary, shared

space of play, participant experiences, and records of play trajectories
together comprise a shared representation of a system, which may be
interpreted as evidence of the first-order functional affordance visuali-
zation. Visualization may be expressed as configurations of game objects
that reflect the course and outcome of game play, or as social expres-
sions of actors' conceptual models, actions, and action impacts (e.g.
players' conversations) which can be recorded by game facilitators (cf.
Speelman et al., 2014). Both Martin et al. (2011) and Farrié et al.
(2015) discuss the importance of visualizations, which they contend act
as a “material expression of the conceptual model underpinning the
game” (Martin et al., 2011, p. 1444). Furthermore, RPSG may be said to
afford integration in two ways. First, as described by Farrié et al. (2015),
games integrate experimental knowledge (data-driven inputs and rules
structuring the game and feeding into its design) with players'

Fig. 3. Components of a farming system that may be included in bio-economic whole-farm models.
Source: Jones et al. (2017).

Fig. 4. The RESORTES game board, developed for players in Chiapas, Mexico (Speelman
and García-Barrios, 2010).
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experiential knowledge. Second, Van der Wal et al. (2016) and Castella
et al. (2005) show that the game setting affords integration between
players' perspectives. This is further demonstrated by Dung et al. (2009)
who describe a case in which players learned from each other by ob-
serving how others solved the same problems.

4.3.3. Second-order functional affordances
The reviewed literature showed evidence which may be interpreted

to support three second-order functional affordances furnished by
leveraging lower-order RPSG affordances. First, as game play allows
participants to (virtually) modify the current situation by manipulating
game objects within scenarios designed to represent real-world pro-
blems, RPSG afford manipulation. Farrié et al. (2015) illustrate manip-
ulation when they describe games as “a material and social platform for
virtual experimentation” (p. 243). Others (Martin et al., 2011; Van der
Wal et al., 2016) use laboratory analogies, showing that games con-
stitute “a kind of laboratory to conduct simulated experiments” (Martin
et al., 2011, p. 1451) where players test choices.

Closely linked with manipulation is the affordance exploration.
Several authors describe how through manipulation, players can explore
real possibilities for system management changes without real-world
consequences. For example, Salvini et al. (2016) observed that
“[players] engaged in the game as an experimental environment in
which round after round they could explore the consequences of their
land-use decisions,” allowing players “to simulate and experience si-
tuations that would be too costly or risky to implement in the real
world” (p. 118). Other authors also attribute manipulation and ex-
ploration affordances to the risk-free nature of the game environment.
Garcia-Barrios et al. (2008) describe how play allowed participants to
view a situation from a new perspective, and to test alternative actions.
Similarly, players studied by Dung et al. (2009) said that “the [RPSG]
provided conditions similar to reality…but playing a game was more
fun and less difficult than making a decision in the real world” (p. 89).

Finally, the reviewed literature showed evidence of the affordance
visioning. Salvini et al. (2016) illustrate visioning by explaining that the
informality of the game setting lowers communication barriers. In a
collaborative game, this can promote a shift away from individual
thinking and towards the development of a collective vision. For in-
stance, Speelman et al. (2014) observed players engaging in strategic
collaboration to achieve collectively preferred outcomes, and Van der
Wal et al. (2016) observed the visioning process as a “joint re-
conceptualization of a specific problem” (p. 120) by a group of players.
According to Souchère et al. (2010), the opportunity to share visions of
a system problem and possible solutions is a key asset of RPSG.

5. Discussion

Solving complex problems through co-design and co-innovation in
agricultural systems requires that relevant stakeholders can integrate

multiple disciplines, perspectives, and interests (Kragt et al., 2016).
However, fostering productive interactions between diverse stake-
holder groups with differing norms, jargon, and interests is a common
challenge (Klerkx et al., 2012b). SA tools are widely used to support
participatory problem solving, co-design, and co-innovation in agri-
cultural systems settings. Here we have adopted the concept of affor-
dances to propose a framework for assessing the contributions of such
tools in these settings. We have illustrated a preliminary application of
the affordance framework using three SA tools, and from this exercise
can begin a discussion around the potential and limitations of the af-
fordance model, providing insights into opportunities for improving SA
tool design and implementation.

5.1. Affordances as evidence that SA tools support participatory processes?

By assessing three SA tools with the affordance framework, we de-
monstrated a new way to identify and classify the contributions of these
tools to participatory problem-solving processes (Table 3). Com-
plementarily, the exercise also provides insight into the limitations of
these tools to support such processes by identifying the affordances they
do not appear to furnish. While our limited review of literature on each
tool does not allow formulaic linking of affordances to the specific
needs of different participatory approaches, theories on what make
these approaches successful can be generally linked to different affor-
dance types. To this end, of particular interest is the work of Sterk et al.
(2009), who identified three roles that land-use models may play in
multi-stakeholder settings: (1) heuristic (using the tool improves sys-
tems understanding), (2) symbolic (tool outputs provide input for dis-
cussions), and (3) relational (tool outcomes mobilize stakeholders to
collectively activate knowledge). Our application of the affordance
framework provides preliminary evidence that affordances may act as
indicators of a tool's performance of different role(s) and thereby its
broader scope of usefulness.

The assessment of three SA tools presented here illustrates that
certain affordances clearly contribute to improved system under-
standing. For instance, multiple authors (e.g. Farrié et al., 2015; Martin
et al., 2011) linked visualization to learning, showing it allowed users to
gain an overview of system structure by making underlying functional
processes explicit. Others also linked integration and quantification to
technical and social learning, for example through the process of
parameterizing a model and discussing its outputs (e.g. Delmotte et al.,
2016; Sempore et al., 2015). Furthermore, by facilitating iterative cy-
cles of integration, analysis, exploration, and visioning, SA tools with these
affordances could be said to support the stages of the experiential
learning cycle (cf. Kolb, 1984). In an extensive review of agronomic
modelling tools, Prost et al. (2012) found improved system under-
standing to be the main objective of model use. Sterk et al. (2009) also
associated heuristic functioning with all the models they examined.
Affordance theory fine-tunes these authors' work by providing a

Table 3
Overview of the affordances found to be furnished by three systems analysis tools.

Tool

Fuzzy cognitive mapping Bio-economic farm models Role play and serious games

Structural affordances Harnessing ✓ ✓
Naming ✓ ✓
Aggregating ✓ ✓
Framing ✓ ✓

First-order functional affordances Integration ✓ ✓ ✓
Quantification ✓ ✓

Visualization ✓ ✓ ✓
Second-order functional affordances Analysis ✓ ✓

Exploration ✓ ✓
Manipulation ✓ ✓ ✓
Visioning ✓
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framework within which to identify the specific capacities of a tool
which may support a heuristic role.

Echoing Prost et al. (2012), evidence from our affordance analysis
suggests that the designers of the SA tools reviewed focused primarily
on heuristic functioning. However, research on participatory problem-
solving approaches shows that simply understanding a situation better
is not enough to support co-design and co-innovation. In multi-stake-
holder settings, there is also a need for tools that inform exploratory
processes and solution-oriented discussions, and for tools that mobilize
collective action, occupying symbolic and relational roles, respectively
(Berthet et al., 2016; Sterk et al., 2011). These needs have already been
addressed by scholars working in agricultural systems sciences (e.g.
Giller et al., 2008, 2011; Rossing et al., 2007) who propose participa-
tory research and redesign cycles oriented around an “evolutionary”
adaptation process, i.e. continual observation, learning, problem sol-
ving, and choosing new options to improve agroecosystem management
(Groot and Rossing, 2011). The affordance framework can contribute
by providing an ex-ante indication of how SA tools might support these
cycles with symbolic or relational functioning, thereby assisting re-
searchers in selecting and designing SA tools or tool portfolios. That
said, our findings indicate that links between specific affordances and
symbolic and relational roles cannot be easily drawn.

In the affordance model, the processes of leveraging and activating
move tool users from instructive to productive affordances. With an
improved understanding of the system and a formalized, shareable re-
presentation of its structure and functioning, actors can theoretically
come together to collaboratively resolve complex challenges and make
informed decisions about taking action to achieve system management
and performance goals (Burton-Jones and Grange, 2013). Logically,
certain affordances appear more likely than others to facilitate such
outcomes. For example, framing and visioning contribute to “reframing”,
a process in which stakeholders learn about the paradigms, problems,
and interests of other actors and thus gain a broadened view of the
context in which they are collectively involved (Aarts and van
Woerkum, 2002). Reframing is relevant in situations where problems
must be collectively owned and addressed for progress to occur (Sterk
et al., 2006), as is often the case in agricultural systems co-design and
co-innovation. It follows that the presence of affordances that catalyze
reframing may be central to a tool's ability to perform a relational role.
It also follows that the lack of such affordances may inhibit a tool from
playing that role. Our analysis provides a clear example of how affor-
dance gaps may align with the limitations of different tools: we found
BEFM to lack framing and visioning affordances, reinforcing critiques
that BEFM do not fully account for socio-cultural norms, rules, and
priorities, nor real-world decision-making and power arrangements
(Antle et al., 2017; Crane, 2010).

However, affordances aside, there are many additional factors at
play in participatory problem-solving settings that may determine
whether a tool performs a symbolic or relational role. As Jakku and
Thorburn (2010) contend, “…understanding the social context of how
multiple parties communicate, share their perspectives, and work to-
gether as a group to solve problems is central to ensuring that this
process reaches its full potential” (Jakku and Thorburn, 2010, p. 676).
In addition to how a tool is designed and therefore which structural
affordances it furnishes, which productive affordances emerge, and
whether they are activated in a given setting, are directly related to
multiple factors. These may include the abilities and needs of the user
(s), the composition, dynamics, and objectives of the use setting,
whether or not tool users are guided by a facilitator, and if and how tool
outputs are interpreted or explained, by whom, and to whom. These
factors highlight the relational nature of affordance emergence referred
to by Gibson (1979), while showing that from an affordance perspec-
tive, a tool's ability to perform symbolic and relational roles is in-
extricably linked to interaction with a particular use setting.

5.2. Affordance-based tool design and implementation

Our conceptual framework proposes that affordance emergence is
the result of interactions between a tool, its designer, the tool use set-
ting, and the studied system (Fig. 1). The focus of our affordance ana-
lysis, however, as driven by the evidence found in the reviewed lit-
erature, is primarily on the one-way transfer of affordances from the
tool to the user. Although moving scientific knowledge into action re-
quires that tool outputs are interpretable and actionable by users, the
reviewed literature generally focused on higher-order tool usefulness.
With few exceptions (e.g. Andrieu et al., 2012), authors did not describe
users' experiences with the operational aspects of tool use. The lack of
attention given to this topic implies that SA tool output is largely still
geared towards researchers' perceptions of users' needs, reinforcing
critiques around the lack of regard for end users in tool design (Cerf
et al., 2012; Prost et al., 2012). This gap can down-play the entangle-
ment between tool design, use setting, and the actualization of affor-
dances, and indicates a clear opportunity for elaborating the dialogue
around SA tool design and implementation. The affordance model of-
fers an entry point for elaboration, particularly in two ways.

First, affordance theory implies that structural and first-order
functional affordances are embedded during the tool design process,
mirroring what a tool developer has deemed relevant for the tool's in-
tended application and directing how a user interacts with the primary
features of the tool (Antonenko et al., 2017; Maier and Fadel, 2009). If
these lower-order affordances do not align with the abilities and needs
of a use setting, the tool may not perform the intended role (Prost et al.,
2012). For example, the system representations produced by BEFM are
prescribed since system components and relationships have been pre-
defined based on measured trends, and information gathered from
stakeholders is limited to those system components and relationships
that are relevant to the research question(s) at hand. Thus, the scope of
a tool's usefulness may be inherently limited by its design as manifested
by its lower-order affordances. A starting point for improved SA tool
design would therefore be to encourage designers to enhance the flex-
ibility of their tools by building in a wider range of structural and first-
order functional affordances. Feedback from tool users with different
cognitive, functional, and operational viewpoints would be essential to
this process (Cerf et al., 2012; Jakku and Thorburn, 2010). In our fra-
mework, we have proposed a short taxonomy of lower-order affor-
dances for SA tools. Further empirical analysis, as well as drawing on
other SA tool studies, could extend the taxonomy and widen its use-
fulness for affordance-based SA tool design.

Second, our application of the affordance framework highlights the
centrality of the use setting in the activation of productive, second-
order functional affordances. More so than structural and first-order
affordances, the activation of second-order functional affordances de-
pends on the capacity, agency, interest, and mandate of the users. In
particular, many of the reviewed articles noted the essential role of the
facilitator in leveraging tool outputs and engaging tool outcomes.
Castella et al. (2005) elaborate: “Third-party facilitation plays a crucial
role in a collective learning process to elicit and contrast the diverging
perceptions and interest of stakeholders and to bring these into the
open as part of facilitating the negotiation of options for improved
[system management]” (p. 23). As discussed earlier, SA tools may en-
hance learning, but they cannot guarantee action (van Wijk et al.,
2014). To this end, the affordance framework suggests that distinct
from good design, the implementation of SA tools can be improved with
the presence of a skilled facilitator who assists in mobilizing learning
outcomes.

The depth with which we were able to address the reciprocal impact
of different use settings on affordance emergence within this study was
constrained by our theoretical approach (i.e. literature review as op-
posed to empirical framework testing), as well as inherent limitations of
the affordance model. To fully unravel the interplay between tool and
use setting, one would need to know not only what a tool affords, but
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also precisely with what abilities, needs, and motivations the user(s)
approach it. This information is not easily gleaned from the literature.
Improving both the affordance model and SA tool design would require
an iterative, two-fold approach in which (i) tools are designed in an
affordance-based, dialogical, participatory process (Cerf et al., 2012)
which takes a relational view on affordance emergence (Maier and
Fadel, 2009), and (ii) tools are empirically assessed using the affor-
dance framework across diverse settings. As suggested by Cerf et al.
(2012), this approach could hone the design and implementation of SA
tools by providing structure to the diagnosis of situations in which a
tool may help in problem solving, in addition to enhancing under-
standing of the (mis)alignment between user needs and the affordances
furnished.

6. Conclusions

SA tools employed to support participatory problem-solving, co-
design, and co-innovation processes must be sophisticated enough to be
relevant, yet simple enough to be applied in diverse settings, and also
sufficiently flexible to respond to evolving system challenges.
Affordance analysis can help achieve this balance by refining the de-
sign, selection, and implementation of SA tools. Our application of an
affordance framework allowed the preliminary identification of func-
tions provided by three different SA tools, and demonstrates a novel
way of assessing what SA tools offer within participatory use settings.
Our analysis showed that SA tools can furnish different and sometimes
overlapping suites of affordances, which emerge through an interplay of
factors related to a tool's design and the setting in which it is used.
Recalling the role of perception in affordance actualization (Bernhard
et al., 2013), and in light of the fact that we did not perform an ex-
haustive literature review for each tool, our findings should not be in-
terpreted as prescriptive. Rather, this preliminary application of the
framework sheds light on how affordance analyses might enrich SA tool
designers' and users' understanding of the scope of usefulness of their
tools. We summarize our findings with five propositions to improve the
design and implementation of SA tools, emphasizing participatory re-
search settings. These are presented ‘backwards’, from implementation
to design:

1) Effective participatory SA tool use processes may require a facil-
itator trained in understanding socio-contextual factors who can act
as an integrator and guide to help participants bridge disciplinary
and practical divides, interpret tool outputs, and mobilize second-
order functional affordances.

2) As the needs of complex social–ecological problem-solving settings
may not be fully addressed by the affordances of a single tool, it may
be necessary to apply multiple complementary tools in a portfolio.
This may be built based on the alignment of tool affordances with
the characteristics and objectives of different use settings.

3) To facilitate affordance-based selection of SA tools, authors who
report on SA tool use in practice should reflect more explicitly on
the interplay between tool design and use setting, thereby helping to
define the scope of usefulness of their tools.

4) An iterative cycle of affordance-based design which takes a rela-
tional view on affordance emergence, incorporates feedback from
tool users, and focuses not only on heuristic functioning but also on
symbolic and relational roles, is likely to be necessary. Such a cycle
can help ensure that SA tools are designed to meet the varied needs
of participatory problem-solving, co-design, and co-innovation set-
tings.

5) SA tool designers should build tools with a wider range of structural
and first-order affordances in order to accommodate users with di-
verse viewpoints.

These propositions provide a foundation for moving the affordances
research agenda forward. By empirically testing the framework we have

presented, the affordance lens can be focused and remaining questions
about how tools furnish affordances during the interplay with users can
be further unraveled. Additional investigation into links between af-
fordances and the role(s) a tool may play in participatory processes
would provide highly relevant and complementary insights to the dis-
cussion initiated here.
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