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Climate change is one of humankind’s grand challenges, and how we think about it influences how we
perceive its risks and act. Understanding people’s mental models of climate change (that is, how they internally
represent it) and potentially challenging and changing them can be a fruitful avenue towards engagement.
However, our understanding of how games can affect climate change mental models is limited, especially in
the lack of control conditions with comparable content. In this experiment, participants created cognitive
maps of climate change before and after experiencing an immersive VR game, a desktop PC game, or a text
with graphs. We show that all conditions improved the quality, focus, and systems orientation of cognitive
maps, but no significant differences were found between groups. The intervention effectively increased the
salience of issues such as health and biodiversity impacts, even though changes were limited in scope. The
game was on average more enjoyable than the text, with the VR version significantly more so than the other
two conditions. The findings suggest that games can be a viable and attractive communication and learning
method where engagement is a struggle. We provide avenues for future research and, especially, game design
in this area.

CCS Concepts: « Applied computing — Interactive learning environments; Computer games; « Human-
centered computing — User studies.

Additional Key Words and Phrases: serious games, game-based learning, gamification, immersive virtual
reality, VR, environmental sustainability, climate change engagement, mental models, cognitive mapping,
concept mapping, enjoyment

ACM Reference Format:

Daniel Fernandez Galeote, Nevena Sicevic, Nikoletta-Zampeta Legaki, and Juho Hamari. 2024. Changing
Climate Change Mental Models Through Game-Based Learning: A Controlled Experiment Involving Cognitive
Mapping. Proc. ACM Hum.-Comput. Interact. 8, CHI PLAY, Article 297 (October 2024), 28 pages. https://doi.org/
10.1145/3677062

1 INTRODUCTION

Curbing greenhouse gas emissions is essential to avoid catastrophic consequences for humans and
other life forms [66]. We may need to radically alter our current ways to meet decarbonization
targets [81], which involve almost every actor and practice. However, our engagement (or lack
thereof) with climate change is mediated by multiple psychological and environmental aspects [29],
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and traditional ways to promote public understanding of science through top-down communication
efforts have failed to consider this complexity [46, 79].

In response, more holistic models of engagement with climate change have been proposed, com-
prising nonlinear interactions between cognitive, affective, and behavioral aspects [86]. Awareness
and understanding are not enough in themselves to drive most of us to action [29] nor they exist
as universal preconditions to feeling and acting [46, 86], but this does not mean that they are not
important. In fact, climate change knowledge can be a strong motivation to persist in climate action
even as incentives are unclear, change, or disappear [52]. Knowledge is, in addition, complex in
itself—from being aware of climate change, or parts of it, to having a systemic understanding and
enough information to know how to act pro-environmentally [41, 46].

Our knowledge of issues such as climate change can be seen as structured in mental models. These
influence how we relate to said issues and, accordingly, our decisions [30]. As factually incorrect
mental models can hinder our understanding of risks and appropriate action [37], promoting
more accurate mental models of climate change (e.g., as a complex system) can support in turn
pro-environmental attitudes and values [30].

Given the complexities involved in engaging people with climate change, interactive methods
such as games have garnered attention for their capacity to present systems that can be learned
through direct experience, incorporate emotional elements through characters and stories, and
motivate players to engage with the game, the world, and others [47, 74]. Digital games and simu-
lations have been shown to promote climate change learning [20, 24, 27]. Yet, learning is typically
measured through questionnaires [27], which rarely capture the respondent’s understanding of
complex systems. Furthermore, games have not always shown clear and immediate learning ad-
vantages over more traditional media [63, 72, 78], which calls for the study of more design types
and comparisons. The experimental research on games’ impact on mental models [63, 83] could
also be improved by offering detailed analyses of mental model change while measuring the role
of enjoyment, comparing immersive VR and desktop PC game versions, and comparing games
with an informational equivalent. Considering these factors would allow a reliable and holistic
assessment of the unique advantages and limitations of game-based learning for climate change
mental model improvement.

Addressing the gaps above, this study engages 107 participants in a controlled experiment using a
single-player narrative climate change game, played over a session of 30 to 60 minutes. Participants
were divided into three groups (immersive VR game, desktop PC game, and text-based control)
and cognitive mapping was used to elicit the participants’ mental models before and after the
intervention. We explore the data descriptively and statistically infer whether the stimuli, and their
enjoyment, affected the maps’ quality, focus on relevant terms, and systems orientation.

This article offers several contributions, which are developed in the discussion. At the theoretical
level, it advances our understanding of game effects on climate change mental models in comparison
with a text-based approach. We also explore the mediating effect of enjoyment. The results, based
on maps generated by participants, are compared with those of a previous questionnaire-based
knowledge assessment of the same game [20], allowing a comparison of learning across methods and
outcomes. In addition, the study and its findings inspire various practical implications regarding the
use of cognitive mapping as a mental model elicitation tool; scoring as a cognitive map evaluation
method; the game design chosen, its virtues and limitations; the research design and its effects on
the experience; as well as further ideas for the empirical exploration of this topic.

1.1 Research Question and Hypotheses

This inquiry involves a research question and several hypotheses. First, we descriptively explore
and report what aspects of climate change were represented in the initial maps, and what changes

Proc. ACM Hum.-Comput. Interact., Vol. 8, No. CHI PLAY, Article 297. Publication date: October 2024.



Changing Climate Change Mental Models Through Game-Based Learning 297:3

occurred after participants played or read (RQ1). Then, we statistically test various aspects of
interest. Based on the results of previous studies on the learning effects of the game and text
used [20], and of games for climate change engagement [27, 63] and learning [87] more broadly, a
significant improvement can be expected after the intervention regardless of medium:

e H;: There is a significant difference between pre- and post- intervention map quality, focus,
and systems involvement.

The study also seeks to elucidate whether the results are different between game players and
text readers. Given the lack of evidence on the effects of this game and similar ones on mental
models directly, as well as a lack of clearly reported immediate learning advantages of gaming over
more traditional media [63, 72, 78], we express our expectations on differences between gaming
and reading as exploratory null hypotheses to be rejected:

e Hy;: There is no significant difference in post-intervention performance between text readers,
PC players, and immersive VR players.

e Hj,: There is no significant difference in post-intervention performance between text readers
and game players.

To understand the role of the player experience in this study, we also test whether the game
was more enjoyable than the text, and whether enjoyment was correlated with changes in the
participants’ cognitive maps. Since delivering positive experiences is at the core of playing [12],
game-based learning also relies on this assumption [47]. Indeed, educational games have been found
to be more engaging than other learning methods [1, 51, 59]. This is especially true of immersive
VR [54, 55, 71, 75], perhaps due to the fact that it is a complex experience and, to many, new, which
tends to arise curiosity [6]. Therefore, we expect that:

e H: Playing the PC game is significantly more enjoyable than reading the text.
e H;,: Playing the VR game is significantly more enjoyable than playing the PC game and
reading the text.

An assumption at the core of game-based learning is that more interest and enjoyment can
increase a person’s motivation to exert effort to understand learning content [57, 74]. Hence, we
expect that the degree of enjoyment experienced by participants, whether they read or play, will
mediate their learning outcomes, that is, the changes in their cognitive maps’ quality, focus, and
involvement of systems.

e H;: Enjoyment will mediate the difference between pre- and post- intervention map quality,
focus, and systems involvement.

However, a higher interest, engagement, and motivation stemming from immersive VR are
not always correlated with learning outcomes [56, 70]; in fact, games and VR can distract from
the learning content [56]. Therefore, we complement our statistical tests with visualizations of
enjoyment in relation to learning outcomes.

The findings indicate that all conditions improved the overall quality, focus on relevant concepts,
and systems orientation of cognitive maps, but no significant differences were found between
groups. Descriptive analyses suggest that the stimuli were effective in increasing the salience of
important issues such as health and biodiversity impacts and the number of maps that included
relevant categories, even if changes remained limited in scope. According to the findings, games can
be as effective as more traditional media in changing mental models while being more enjoyable,
even though enjoyment did not seem to mediate learning outcomes.
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2 BACKGROUND
2.1 Mental Models and Cognitive Maps

This study is primarily concerned with mental models, or our internal representations of the
world [13]. Mental models stem from many experiences and can diverge from person to person,
even among experts on the same topic [43]. Our individual mental models guide our relationships
to concepts, influencing our decisions [30]. Various theoretical paradigms underpin the mental
model concept as a valid representation of how we receive and organize knowledge. Among these
are constructivist approaches, which highlight how we build or own mental structures from our
experiences, and how our models of the world influence, in turn, action [31]. Mental models have
three main concepts associated. First, schemas, or networks of information related to a concept,
actively constructed and mutable over time [23]. Second, narratives, or explanations of how and
why something happens. And third, frames, or different ways to communicate an issue based on
what is included and/or stressed as part of the story [4].

The information contained in mental models ranges from names and functions of system elements
to causal relationships between them [58] and knowledge about how to use the system [88].
Especially if the system represented is complex and/or contains abstract elements, their components
can be memorized and communicated linguistically [17]. While mental models can be expressed
through lists of statements [13], their final representation is typically a network of linked concepts
[17] whose meaning is contingent on their relationships to other concepts [13]. A network of
concepts may be called a concept map, a label that applies to "graphical representations of organized
knowledge that visually illustrate the relationships between elements within a knowledge domain”
[31, p. 30]. When concept maps refer to mental models, they are called cognitive maps [3].

As a type of concept map, cognitive maps typically consist of nodes and associations between
them [43]. The nodes in these maps can be seen as manifestations of the mental objects, whether
concrete or abstract [69], that constitute the basic building blocks of our knowledge [43]. Cognitive
maps can exist at multiple levels of abstraction [42], so one may have, for example, a mental
model of climate change that involves policymaking, which in turn could be represented through a
collection of interrelated objects within.

2.2 Eliciting Mental Models

While cognitive maps are the conventional way of graphically representing mental models, said
models can be elicited, that is, captured, in several ways [34]. These include direct graphical
extraction as a map created by the participant or a computer, but also verbal methods such as
interviews or case study discussions, and hybrid methods such as photoethnography or pretending
to teach someone else [32]. Method selection depends on whether researchers can interact with
the participants, whether the mental models analyzed are individual or collective, and whether
the level of analysis required is a baseline of concepts and relationships or includes additional
structural elements such as the nature or strength of said relationships [34].

When researchers cannot interact with individuals, content analysis or task performance ob-
servation may be used. Conversely, direct contact allows for mental model elicitation via concept
mapping; here, participants can create their own map, alone or with facilitation, or evaluate an
existing one [34]. Studies requiring an additional analytical level can involve methods such as
interviewing techniques, or diverse concept and relationship rating and sorting procedures [34].

Most importantly, mental models may be represented graphically, but this does not mean that
what is on the paper reflects exactly what is in the mind. Rather, the cognitive map may be a
more or less complete representation of the person’s mental model [13]. Various methods have
been proposed to mitigate the effects of bias in mental model elicitation. For example, a 45-minute
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workshop intervention using structured brainstorming was created to reduce the effects of bounded
rationality [11]. Other methods focus on engaging the participant’s associative memory, i.e., invok-
ing experiences associated with the mental model, thus explaining how it was created and why [60].
This requires asking a set of questions and collecting additional information, making the resulting
network significantly more complex [60]. Furthermore, since every individual method presents
limitations, multi-method elicitation techniques have been developed combining, e.g., open-ended
questions, interviewing, and concept mapping [32].

2.3 Analyzing Mental Model Representations

A variety of analysis methods also exist. These tend to presuppose that the mental model has
been represented as a concept map, whether a simple one containing baseline elements or a more
complex one [34]. Content analysis is often used as a first step to descriptive statistical analysis
[13, 83] or inferential statistical testing of the concepts extracted [85]. Concepts for analysis need
not be as reflected in the map, as raw data can also be clustered into categories if needed [63, 69, 85].

Some analytical methods aiming to assess map quality use scoring techniques, based for example
on expert-created rubrics [61] or other key evaluation criteria used to assess different forms of
improvement after an intervention [83]. In addition to scoring, which can then be examined using
statistical tests to detect within-subject or between-group differences, evaluation criteria can also
be the basis for qualitative analysis and map ranking [64].

Another family of methods use network characteristics to quantify complexity in concept maps.
These tend to convert maps or other representations into matrices that specialized software can
examine. In games research, for example, a study converted participant-drawn concept maps into
matrices and used "indices grounded in mathematical graph theory and network statistics (e.g.,
link density, indegree, outdegree)" [63, p. 6] to assess general systems thinking skills; another used
computational methods to generates networks based on matrices of participant data to compare
similarities between different networks [26].

While network-based methods offer the advantage of automatically quantifying map complexity
rather than relying on human coders, they are not free from limitations. An analysis of common
network approaches to analyze cognitive map density and complexity found issues such as dis-
agreements between methods, lack of consideration for feedback loops, and inconsistent scoring
failing to take into account, e.g., notably different map structures [33]. This led the authors to
conclude that "most quantitative, network-based approaches to understanding mental models
via maps, while insightful and complementary, do not fully capture variations in the thinking
and logic of individuals [and] are often unable to differentiate among mental models that are, in
fact, substantially different" [33, p. 165]. Therefore, given that no perfect analysis method exists,
researchers should carefully consider the needs and characteristics of their study when choosing
an approach.

2.4 Mental Models of Climate Change

How do we typically think of climate change? The existing literature [8] details four common
models, only one of which is reasonably accurate: the carbon emissions and deforestation model.
Other common models conflate ozone depletion, air pollution, and weather changes with climate
change. Climate change can be conceptualized as an issue comprising causes (including actors,
processes, structures, physical and chemical explanations...), impacts (to the atmosphere, land,
water, and ice, to ecosystems, to humans and other species...), mitigation (from renewable energy
to afforestation), and adaptation (from flood barriers to cooling infrastructures) [66, 77]. Therefore,
beyond a purely physical understanding, further ways of conceptualizing the issue may stress
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political and ideological aspects; disasters seen, experienced, or imagined; or matters of ethics and
responsibility [30].

Information is perceived through the lens of preexisting mental models (founded on adopted
schemata, narratives, and frames), and any learning is integrated with them. If the learner’s
sensitivities and misconceptions are acknowledged and understood, it will be easier to frame new
information in a connected and salient way so that it will become a stable part of the mental
model [42]. Most importantly, this may allow communicators to dislodge "sticky” myths in favor
of "stickier" facts [36]. Factual accuracy is not only an intellectual exercise, since flawed mental
models can end up minimizing the importance of risks and inhibit or delay necessary action [37].

In the interest of supporting more accurate and complete mental models of climate change, some
authors have proposed interventions aiming to foster systems thinking. Systems thinking can be
seen as a series of skills by which a person better identifies and understands systems, including
what they may do and the effects of modifying them [2]. Systems thinking is particularly relevant
here because the defining characteristic of anthropogenic climate change is that human action
modifies the climate system and, through it, other systems that support life on our planet, while
potential interventions may further it or ameliorate it. Particularly, climate change comprises causes
ranging from the personal to the global, impacts ranging from atmospheric changes to ecosystem
degradation to societal change, and responses ranging from mitigation to adaptation measures [66].

Thus, restructuring mental models of climate change so that they become more systemic has been
highlighted as a promising strategy to support pro-environmental attitudes and values [30], perhaps
because people who can think of the climate as a complex system "have a readily available mental
model for understanding how distant, abstract, small, or seemingly unrelated events can have
cascading effects throughout the rest of the system" [30, p. 318]. Fostering systems thinking as a
general form of cognitively approaching the world may help people confront climate change without
needing to mention it—that is, once one possesses systems thinking skills, they are automatically
applied to specific issues [30]. However, certain narratives and ways of framing climate change
may also be productive for engagement—these include a sense of proximity [30, 77], for example
evincing the health and well-being dimensions of climate change [4, 53, 84]; and morality, or an
understanding of what should be done [30].

2.5 Games and Mental Models of Climate Change

Since the 1970s it has been argued that games are capable of educating about systemic, structural
and long-term phenomena in ways that no other medium can, that is, as "abstract symbolic maps
of various multidimensional phenomena” in which we adopt a new language "to talk to each other
with greater clarity” [18, p. 171]. For decades, games have been consciously used to showcase
and develop ecological systems literacy [67]. Recent reviews have found that digital games and
simulations have succeeded in educating players about climate change (e.g., [24, 27]).

It is hypothesized that learning about systems in games is best done via forming a mental
model of the game system and then applying said model in a similar real-world context [85]. Thus,
experts tend to recommend designs in which players can manipulate variables and explore different
outcomes to improve climate change systems thinking [68]. These games can be effective even if
those simulations are embedded within linear narratives [76]. A controlled intervention using the
commercial climate game Fate of the World to evaluate systems thinking found that after a month,
players of the game were able to produce better maps than those who played a game that featured
systems but no climate change aspects [83].

However, interactions with game systems do not always result in complex maps of said systems,
as occurred in a study involving 90-minute sessions of the analog game Dominion [85]. Playing an
analog game about Arctic social-ecological relations in 40-minute sessions led to similar learning
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as reading an article in areas such as the climate system. However, overall, players learned half
as much as readers [63]. Therefore, it is not always true that games in which players learn by
interacting with game systems lead to better systems thinking than other methods, nor may these
kinds of games be the only option available.

For example, we may increase our familiarity with climate-related concepts in ways that are
memorable but do not involve repeated interaction with a system, for example by perceiving them
in rich, complex ways [43]. This is important because we typically access and apply those mental
objects that we are the most familiar with, that is, those with which we are the most comfortable,
confident, and capable [43].

Digital games, and immersive VR ones in particular, offer affordances that can promote more
complete and memorable learning—that is, multimodal and vivid stimuli and interaction, from
auditory and visual to tactile [50]. As simply changing the location in which information is elicited
can change the mental models expressed by people [40], experiencing rich interactive visualizations
in addition to verbal and other symbolic information may reinforce attention and perception of
distant and abstract issues [50, 77].

Games may also influence learning indirectly by increasing player motivation to engage with
and make sense of their content [57, 74]. Motivation arises, for example, from a sense of enjoyment,
which is a satisfactory, positive feeling [12]. Thus, game-based learning assumes that positive
states associated with enjoyment, such as flow and intrinsic motivation, are a core part of the play
experience [47, 74]. In line with this assumption, educational games have been found to be more
engaging than texts [1] and other learning methods [51, 59]. However, they are not always more
motivating than traditional instruction [87], and given the variety that can be found among play
experiences, including quality differences, the sole use of a game should not be taken as a prima
facie indicator of heightened enjoyment or motivation.

3 METHODS
3.1 Experimental Design and Participants

This study is based on a laboratory experiment conducted at the authors’ institution. Participants
were randomly assigned to three conditions: a digital document comprising a text-based narration
and flowcharts (which acted as a control, given that it represents an established method of delivering
information), a 3D game played on a regular desktop computer screen (PC), and the same game in
its immersive virtual reality version (VR). Given that gender is a potentially relevant variable for
climate change engagement [7, 29] as well as easy to control for, it was purposefully balanced across
conditions. The experiment followed the guidelines of the Finnish National Board on Research
Integrity [22] and received the approval of the university’s data protection officer.

To determine the minimum sample size for the experiment, we consulted existing literature on
immersive media effects. Based on previous observations, medium-to-large effect sizes are to be
expected (see [10]). A G*Power analysis with a desired effect size of f = 0.25, i.e., a medium effect
[14], a significance level of 0.05, a power of 0.80, and three groups and two measurements showed
that an ANOVA with between-subject factors requires a total sample size of 120. This type of test
is the most demanding, in terms of sample size, of the ones used in this study. However, due to
resource constraints, we were able to recruit 107 participants. A sensitivity analysis conducted with
the same software indicates that a sample size of 107 should be able to reliably detect effect sizes
of at least f = 0.26 given these parameters, which is still close to the target effect size. Therefore,
the analyses should be able to reliably detect almost all medium-to-large effect sizes. A sensitivity
analysis showed that the within-subjects part of the test could detect an effect size of f = 0.14,
which is close to small [14].
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Fig. 1. The game’s major events, including the core gameplay loop: finding an item, playing a minigame, and
completing a flowchart.

The 107 participants were assigned to one of three groups (control n = 36, PCn =35, VRn =
36). The average age was similar across groups (30, 28.6, and 30.7, respectively) as was the gender
distribution (21, 20, and 22 women, 14, 14, and 13 men, and one other person in each group). Most
participants had some form of university education (n=93). Most were originally from Finland
(n=35) or elsewhere in Europe (n=28), followed by Asia (n=24), the US or Canada (n=6), other areas
not listed (n=6), Africa (n=3), the Middle East (n=3), and Latin America (n=2).

3.2 Materials

3.2.1 StimuliThe game used in this study, Climate Connected: Outbreak, is a single-player, narrative
experience that all players completed in 30 to 60 minutes. Throughout a linear story in which players
solve riddles, find objects, complete minigames, and answer questions, the game shows how climate
change leads to degraded environmental conditions, which contribute to the spread of infectious
diseases (for the complete causal pathway shown, see Figure 2). Thus, it links environmental,
animal, and human health [81]. A higher-level summary of the gameplay can be seen in Figure 1.
A walkthrough document with screenshots can be found in the supplemental files. Readers can
also find a gameplay video elsewhere [21] and download the two versions of the game and the text
used in the control [19].

Game-based learning principles [28] were considered in the game’s design process. These include
the player’s identity, which is presented as their own future self; interactions with the world
that provide meaningful feedback in terms of the subject matter; a story that unravels as the
player interacts with the world through the gameplay loop; experiences linked to concepts so
that the distant and abstract can be understood in a situated way; promoting lateral thinking
by ascribing new meanings to day-to-day objects and practices; supporting systems thinking
by evincing interconnections between distant concepts; a balanced challenge, which required
extensive playtesting; information offered only when it is relevant; and a quiz towards the end

Proc. ACM Hum.-Comput. Interact., Vol. 8, No. CHI PLAY, Article 297. Publication date: October 2024.



Changing Climate Change Mental Models Through Game-Based Learning 297:9

to help consolidate knowledge, in which players recreate the flowchart that they have previously
discovered. In addition, the game uses characters and story events to support learning [74] and
emotional impact [38].

The game is an interactive 3D space in which embodied and grounded cognition can be developed,
potentially leading to a richer understanding of concepts and relationships [5, 50]. Immersive VR
in particular allows players to interact with the virtual world through hand and head tracking,
including minigames that allow 3D object manipulation (e.g., throwing masks, installing a mosquito
net, throwing items in boxes, destroying a screen) and immersion in a 3D environment representative
of a concept (e.g., a heatwave, a wildfire, sea level rise).

The game’s scientific content is based on current climate change research (e.g., [45, 65, 73])
and validated with three experts on climate science, environmental sustainability, and climate
communication and education. Players interact with the central concepts of the game through
three steps in the gameplay loop. First, players find an object as the answer to a riddle; second,
they play a minigame depicting an associated issue; third, a flowchart grows with the inclusion of
the new concept. In this way, players discover multiple aspects of the climate-health system from
pandemic adaptation measures to human causes (see Figure 2). The concepts, and their minigames,
can be classified as follows:

e Adaptation measures to infectious diseases (hand hygiene, face mask). For these concepts, the
player (a) sprays and spreads sanitizer on their hands, and (b) throws masks at approaching
figures to avoid contagion.

e Impacts of climate change on life (direct contact with infected animals, contact with disease
vectors, habitat and biodiversity loss). For these concepts, the player (a) escapes a cloud of
environmental degradation as a bird and ends up in a city, (b) places a mosquito net over an
open door before nighttime comes, and (c) builds on a forest and river area, which results in
the disappearance of a mammal’s population.

e Physical impacts of climate change (land ice melting + sea level rise, droughts and wildfires,
extreme heat and heatwaves, floods and storms). Here, the player (a) sees how the sea level
has risen and is projected to rise between 1900 and 2100, which results in a coastal city being
partially submerged and fishes dying, (b) extinguishes a forest fire, (c) finds a sheltered place
with air conditioning in the middle of a heatwave, and (d) moves around a flooded area
removing places where mosquitoes breed.

e Human causes of climate change (transport, industry, energy, buildings, and land use [66]).
These are represented by (a) rising numbers of airplane tickets and soft drinks consumed
globally per second, which the player needs to stop by breaking a screen, (b) packaging of
plastic toys being substituted by wood-based materials, (c) changing energy sources from
fossil to renewable for playing a shooting minigame, (d) turning off water heating and an air
conditioning unit, and (e) watering crops as a cow eats the diminishing yields.

In addition to the explicit concepts above, players also see other elements in the game environment
(solar panels, a tram, bicycles, and an urban garden) and are given ideas for climate action at the end,
divided into six categories: learning, individual action, collective action, advocacy and awareness-
raising, low-commitment political action, and art-making.

The narration used as a control includes the textual information that players encounter through-
out the game, as well as the flowchart growing progressively as the story advances. The narration
addresses the reader in the second person and describes the key elements that players see in the
game (e.g., solar panels and wind turbines at the beginning of the game). Thus, players and readers
are exposed to the same content, and the main difference is that players directly see and interact
with elements and situations rather than having them described.
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Fig. 2. The complete flowchart as shown in the text and the game.

3.2.2 Measurement instruments and experimental proc€dukept mapping was deemed the
most suitable data collection method, based on a mental model elicitation method choice framework
[34]. This is because (a) direct interaction with the participants was possible—even though we did
not have enough resources to have 1:1 guidance and control of participants, we were able to assign
and explain a task which they could complete autonomously, which also reduces unwanted errors
from researcher involvement [82]; (b) we were interested in individual mental models, and (c) our
analysis method required only baseline data, that is, concepts and relationships.

Participants were told that, before starting the activity, they would draw a map illustrating their
thinking about climate change. As an example of how concept maps look, they were shown a
simplified model of the water cycle (following a previous example [83]), including concepts and
labelled relationships. Then, they were given a sheet of paper and asked to create a map reflecting
their thinking of climate change. The following instructions were read to them:

Don’t worry if you feel you don’t know enough about climate change to produce such
a map. This is not about being ‘right’ or ‘wrong’. We are interested in what you know
and think. We will give you 15 minutes to write as many concepts as you can think of
related to climate change, and to arrange those concepts and organize them by drawing
and labeling relationships between them. When I mention climate change, including its
causes and consequences, what does it make you think of ? What aspects, issues or concepts
come to mind?

After completing their initial map, participants in the control and PC conditions were brought to
individual sound-proof booths, where they sat and read a PDF document (control) or played the
game (PC) on a 24.5” monitor with 1080p resolution. VR participants were brought to a separate
open space in which they would play the game using an Oculus Quest 2 headset. They were given
two standard controllers, one for each hand, and they could use whichever they chose during
the game. Before starting, PC players were told that they would use the left mouse button for all
interactions. VR players were told that all interactions would be performed with the trigger, and
we used one of the controllers to demonstrate how to select (press), grab (hold), and throw (release
while moving the arm). The control scheme was designed to be as simple and natural as possible
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so that even those without previous experience with VR could use the game. Teleportation was
chosen as the locomotion method to avoid motion sickness. VR players stood up throughout the
game, given the usual need to look around in the virtual environment.

Participants were told that they had 30 to 60 minutes to complete the game. They were told that
if 60 minutes were reached, they would be invited to finish as soon as possible. Participants were
told when 30, 45, 55, and 60 minutes had passed. Text readers were allowed to re-read any part
of the text until the minimum 30 minutes had passed. Control participants took 32 minutes on
average to finish; PC players took 40 minutes; VR players took 43 minutes. All players were able to
finish the game.

After the stimulus, the participants went to the booth computers, if they were not already there,
to answer a questionnaire about their experience and attitudes. Two participants failed attention
checks in this questionnaire, leaving the sample of respondents at 105 for this part of the study (35
per group). Enjoyment was measured using the Intrinsic Motivation Inventory’s Interest/Enjoyment
subscale [25], which includes seven items randomly ordered and rated on a 7-point Likert scale.
The Cronbach’s U for the responses was 0.906.

Next, the researchers returned the maps to the participants with a red pen so that they could
make any changes they wished:

As you can see, I have returned your original map to you. Remember that this map
illustrates your thinking about climate change. Now I am going to ask you to examine
your maps, and based on what you might have learned from [playing the game/the article
you just read], adjust them accordingly. For example: If you wish to delete anything, please
put a neat line through it. We are interested in what you thought before you [played the
game/read the article]. Please adjust your map as you see fit, until you are happy with the
final map. You have 10 minutes. If you have any questions, please ask!

As can be seen from the quotations above, participants had 15 minutes to create the initial map
and 10 minutes to modify it after the stimulus.

3.3 Analysis Procedure

3.3.1 Descriptive analysi®r the descriptive analysis, the first and second author agreed on a
data coding procedure by which they each transcribed half of the cognitive map pairs and assigned
every individual concept to predefined categories based on the four major aspects of climate
change (causes, impacts, mitigation, adaptation) [77]. The goal was to make the data readable and
comparable across conditions, for which aggregating map concepts into categories based on expert
knowledge is typical [63, 69].

We asked participants to label their relationships, but it is also not uncommon that "the researcher
defines the types of relationships that can exist between these concepts” [13]. So, for those cases in
which participants did not label relationships, we determined the meaning. As in other cases [85],
single nodes sometimes contained more than one concept, so we used single words or phrases as
data units when necessary. Clear concepts were directly assigned their corresponding categories,
while doubtful ones were annotated so that the first author would check the original map and assign
them. Concepts whose function was not clear after this process were assigned to the “miscellaneous”
category.

The first author then classified single concepts into intermediate codes for more detailed analysis,
which were then commented on by the second author and revised. Some codes were rather simple to
conceptualize—for example, physical impacts are generally easy to differentiate, as well as impacts
on ecosystems and human societies. However, classifying some physical and human causes, as
well as forms of mitigation and adaptation, proved more challenging. Through an iterative process,
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different overarching concepts were trialled, with most of those with very few occurrences being
joined with larger ones when possible (e.g., food as a cause being subsumed into consumption or
production as appropriate). Codes that referred to analogous ideas (i.e., same processes, sectors, and
actors) were also joined. For example, science and technology, which are sometimes expressed in
ambiguous terms (e.g., "innovation"), and all forms of mitigation involving energy—concepts such
as “wind”, “windpower”, and “renewable energy (wind)” were coded as “wind energy,” which then
integrated "energy” together with other initial codes such as "solar energy" and "hydro energy"” The
most repeated codes were also double-checked in case they could become meaningfully distinct
ones. For example, depending on the participant’s level of precision, a concept could be coded
generally at the practice level ("consumption”), in more detail to consider a sector ("energy"), or in
even more detail to consider a key part of said sector relevant to climate change ("fossil fuels").

Therefore, we combine a confirmatory approach, which is used when the domain is well defined
[13], with an exploratory approach for coding single concepts within each category, since the ways
in which general causes, impacts, mitigation and adaptation may be articulated is much more open
and lack clear preexisting frameworks. All data, from concepts to codes to categories, can be found
in the supplemental files.

3.3.2 Statistical analysiadapting the procedure by [83], the first and second author independently
rated the maps created by the participants before and after on three variables of interest to mental
models of climate change and systems thinking:

e Quality, or a holistic appraisal of whether the map represents "a robust and complex model
of climate change" [83, p. 179].

e Focus on major points, or whether the map includes "major substantive climate change issues"
(e.g., greenhouse gas emissions, fossil fuels, biodiversity loss, mitigation actions) rather than
"less relevant or erroneous points" (e.g., the ozone layer) [83, p. 179].

e Addressing various systems, covering climate change’s interlocking systems, e.g., environ-
mental, economic, and political.

We rated each map’s before and after versions, and calculated change as the mathematical
difference between the two ratings. By rating both maps independently, rather than the pre-post
change as a single value for each pair of maps, as [83] did, we are able to show more precise data,
which can be found in Table 3 and in the supplemental files. The following ratings were assigned
for each individual map:

e 0, if the map does not contain anything relevant to the guiding question (whether about
quality, focus, or systems).

e 1, if it includes a few aspects relevant to the question but remains clearly insufficient.

e 2, if it includes most aspects relevant to the question.

o 3, ifitrepresents the aspects relevant to the question in a way that looks complete (respectively,
if the model represented is robust and complex; the main points reflected are relevant; and it
covers a diversity of systems rather than just focusing on, e.g., physical or political aspects).

After rating every map individually, the two authors met and, following [83], revisited the maps
and agreed on a consensus score for those values that were more than one degree apart. The rest
were averaged.

4 RESULTS
4.1 Descriptive Analysis

The first part of our findings is derived from examining the descriptive data, that is, the codes
and categories given to the maps’ concepts. Our first approximation shows how many times the
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Fig. 3. Number of cognitive maps in which at least one concept from each category appears. For each category,
the upper row represents the initial maps (before) and the lower row, with a stronger color, the modified
maps (after).

different categories appeared in each map, as shown in Figure 3. We can observe that, before the
intervention, a large number of the 107 maps included human causes such as the production and
consumption of goods or burning fossil fuels, physical impacts such as temperature changes or
sea level rise, and/or human impacts such as lack of food and water or health problems. Present in
over half of the maps but less prevalent were ecological impacts such as biodiversity loss, physical
causes (e.g., references to any greenhouse gas), and mitigation measures such as policymaking or
renewable energy. Meanwhile, few featured climate impact adaptation measures, such as foraging
or sanitation.

After the intervention, all categories increased their representation in the maps, except for mis-
cellaneous concepts. The largest growth can be seen in the categories of adaptation and ecological
impacts. The number of maps per treatment group after the intervention is similar in most relevant
categories, with a variability of +/-5 maps except for mitigation and adaptation, in which more
PC players represented this category in their maps than readers and, especially, VR players did.
Although the numbers before the intervention were already imbalanced in the same way, imbal-
ances in other categories were more clearly equalized, indicating that these two categories may
have been less salient in the stimuli or less memorable for participants, even though the numbers
may be too small to draw reliable conclusions.

A complementary way of organizing the data is by total number of concepts per category, even
if multiple belong to the same map (see Figure 4). The largest categories before the intervention
were human causes (24% of the concepts) and physical impacts (21%), mirroring the most present
categories in the maps (Figure 3). Here, mitigation measures were more prevalent, suggesting that
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Fig. 4. Number of concepts per category. For each category, the upper row represents the initial maps (before)
and the lower row, with a stronger color, the modified maps (after). The total number of concepts grew
similarly for all three groups: in the control, from 720 to 1025 (42%); in the PC group, from 727 to 1041 (43%);
in the VR group, from 625 to 891 (43%).

at least some of those who included mitigation in their maps tended to articulate it through multiple
concepts. Conversely, ecological impacts and physical causes tended to be represented in simple
ways (e.g., biodiversity loss, CO, emissions). Once again, adaptation was rare.

After the intervention, 2005 concepts were repeated unchanged from before, 21 were deleted
after the stimulus, 46 were edited to amend or further specify them, and 906 were entirely new.
The number of concepts grew for all categories, except for miscellaneous. The categories that saw
the most growth were ecological impacts, human causes, and human impacts. The distribution
between treatment groups after the intervention is similar in most relevant categories. Again,
adaptation was much more numerous on PC than in the other two groups, while mitigation in
VR was much less prevalent. However, the imbalances already existed before the intervention,
and the pre-post growth for mitigation in VR was the largest among the three. Of the new items
added by participants, only 50% could be found in the flowchart as formulated, either literally or as
synonyms or icons. By groups, this figure was 54% for text, 54% for PC, and 40% for VR. The rest
included specific aspects shown in the game and text such as fossil fuels, electricity consumption,
cows, meat consumption or plastic materials, and also other ideas contributed by the participants.

To provide a more granular understanding of the findings above, we also present the main
codes based on the number of maps featuring them. We cut the list at 31 for readability, but the
supplemental files include all of them. Table 1 shows the top concepts before the intervention. The
largest categories were human causes (9), human impacts (7), and physical impacts (7), which were
also the main categories by map.

These data create a "social map" [64] of climate change that comprises humans burning fossil
fuels for causes attributable both to production (e.g., industrial activity) and consumption, and more
generally to certain paradigms or ways of life (e.g., consumerism) and the ways in which we have
grown and developed so far (e.g., overpopulation, urbanization). Transport, waste disposal, and land
management are some of the main ways in which we contribute to climate change. In turn, climate
change leads to temperature and weather changes such as droughts and storms, and leads to floods,
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Table 1. Top 31 coded concepts per number of cognitive maps featuring them at least once, before the
intervention. In red italics, concepts that abandon the top after the intervention

Coded concept Category Number of maps (pre)
Control PC VR Total
Biodiversity loss Impact (ecological) 24 19 19 62
Temperature changes Impact (physical) 15 22 18 55
Production Cause (human) 13 20 20 53
Climate change Climate change descriptors 18 21 12 51
Emissions Cause (physical) 16 12 22 50
Food and water Impact (human) 20 13 14 47
Land use Cause (human) 13 12 17 42
Sea level rise Impact (physical) 16 11 15 42
Floods Impact (physical) 16 15 10 41
Weather changes Impact (physical) 14 10 17 41
Ice melt Impact (physical) 15 1 13 39
Health Impact (human) 12 9 12 33
Droughts Impact (physical) 9 14 9 32
Transport Cause (human) 10 11 10 31
Consumption Cause (human) 12 8 9 29
Migration Impact (human) 13 8 7 28
Fossil fuels Cause (human) 5 14 7 26
General Impact (human) 12 9 5 26
Policy Mitigation 9 10 7 26
General Cause (human) 6 10 9 25
Waste Cause (human) 7 10 8 25
Habitat loss Impact (human) 5 9 11 25
Way of life Cause (human) 8 8 9 25
Growth and development Cause (human) 6 8 10 24
Energy Mitigation 10 1 3 24
Inequality Impact (human) 8 10 5 23
Consumption Mitigation 8 10 3 21
Confflict Impact (human) 9 5 6 20
Storms Impact (physical) 9 7 4 20
Global warming Climate change descriptors 6 5 8 19
Collective Mitigation 10 7 2 19

ice melt, and sea level rise. Ultimately, these impacts jeopardize our food and water sources and our
health (physical and mental) while leading to habitat loss and migration, inequality, and conflict.
In response, we can implement mitigation policies and act collectively, use renewable forms of
energy, and consume more sustainably. As physical causes and ecological impacts tended to be
represented through few or single concepts, "biodiversity loss" and "emissions" are the only codes
in their respective category. Therefore, the typical model of climate change created by participants
included its correct physical causes [8]. This is because greenhouse gas emissions were mentioned
more often (80 times before, 115 after) than ozone (20 and 21) or pollution (55 and 52). Weather
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changes, which are sometimes conflated with climate change [8], were mentioned 46 and 57 times,
but they were typically expressed as impacts of climate change rather than being confused with it.

After the stimulus, the largest categories by number of top concepts remained unchanged—human
causes (11), physical impacts (8), and human impacts (5) (see Table 2). Thus, the most frequent
changes were rather small, as most top concepts recurred. For example, health impacts, which had
a central space in the game and text, grew 176% in the number of maps that featured them in some
form. Five concepts were new, all of which featured directly in the game and text—buildings (e.g.,
emissions from heating), which rose from 5 to 42 maps, and energy (11 to 40) as distinct human
causes; wildfires (13 to 25 maps); and two biodiversity impacts, habitat loss (14 to 30) and species
migration (6 to 25). Conversely, as shown in Table 1, five concepts abandoned the top list, whether
they remained the same (inequality) or even if they grew slightly (conflict, global warming, growth
and development, collective mitigation).

Regarding the results between conditions, a few concepts appear to be comparatively less
numerous in some groups. Such is the case of VR players and various physical impacts (storms,
floods and droughts) and forms of mitigation (energy, consumption). However, most of these were
already lower for VR players before the intervention. The only one that was not at a particular
disadvantage is drought. Similarly, readers and VR players noted comparatively less fossil fuels than
PC players, but this may also be explained by an initially lower number, combined with the fact
that fossil fuels did not explicitly appear in the flowchart (though they were mentioned multiple
times in the narration). Biodiversity habitat loss was also less common in PC and VR, but once
again the initial maps can partially explain the difference (eight participants who would experience
the control, three PC, and three VR).

4.2 Map Ratings and Inferential Analysis

Besides understanding how the mental models of participants changed, a second goal of this
study is to assess whether the maps improved after the intervention, and whether the change was
significantly different between the three conditions and between text readers and game players.
Table 3 shows the map score means in quality, focus, and systems, before and after the stimulus.
Average scores after stimulus tended to be anchored on the initial scores, as seen for example in
the fact that PC players always showed the highest mean score in both moments, followed by
text readers in all but focus, with VR players having the lowest mean score across moments and
variables of interest (again, in all but focus, where VR scores are higher).

First, we conducted a Kruskal-Wallis test to determine whether the initial differences between
groups were significant. We chose a non-parametric test because none of the three variables of
interest (quality, focus, and systems) seemed to be normally distributed based on Shapiro-Wilk
tests and visual Q-Q plot examination, even though a Levene’s test indicated that the variances
are homogeneous. According to the Kruskal-Wallis test, no significant differences appear to exist
between the groups in terms of quality scores before the treatment, H(2) = 1.46, p = .483, nor focus
scores, H(2) = 1.62, p = .446, nor systems scores, H(2) = 1.81, p = .405.

Next, we conducted two-way mixed analysis of variance (ANOVA) tests, which allow us to
examine differences before-after and between groups. While a Levene’s test indicated that the
variance of all the variables involved is homogeneous, a visual Q-Q plot examination seemed to
indicate that the standardized residuals of the model are not approximately normally distributed. Yet,
parametric analysis of variance tests such as two-way mixed ANOVA can be considered robust for
non-normally distributed data [62]. Therefore, we conducted a two-way mixed ANOVA for each of
the three variables of interest. For each, we report the within-subjects part and the between-subjects
part.
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Table 2. Top 32 coded concepts per number of cognitive maps featuring them at least once, after the interven-
tion. In blue italics, concepts that join the list

Coded concept Category Number of maps (post)
Control PC VR Total
Health Impact (human) 32 31 28 91
Land use Cause (human) 24 30 29 83
Biodiversity loss Impact (ecological) 30 27 26 83
Production Cause (human) 24 25 24 73
Emissions Cause (physical) 22 20 25 67
Sea level rise Impact (physical) 22 22 20 64
Temperature changes Impact (physical) 18 25 19 62
Transport Cause (human) 18 21 20 59
Climate change Climate change descriptors 20 21 13 54
Floods Impact (physical) 19 22 11 52
Droughts Impact (physical) 20 20 12 52
Weather changes Impact (physical) 16 15 19 50
Ice melt Impact (physical) 17 18 15 50
Food and water Impact (human) 20 14 15 49
Consumption Cause (human) 15 12 7 44
Fossil fuels Cause (human) 10 19 13 42
Buildings Cause (human) 15 15 12 42
Energy Cause (human) 11 15 14 40
General Impact (human) 14 1 8 33
Migration Impact (human) 14 8 10 32
Habitat loss Impact (human) 8 12 11 31
Way of life Cause (human) 9 1 11 31
Habitat loss Impact (ecological) 14 9 7 30
Storms Impact (physical) 17 9 4 30
Energy Mitigation 11 12 6 29
Waste Cause (human) 9 10 9 28
Policy Mitigation 10 1 7 28
General Cause (human) 7 10 10 27
Growth and development Cause (human) 7 8 12 27
Consumption Mitigation 10 1 5 26
Wildfires Impact (physical) 10 8 7 25
Migration Impact (ecological) 6 7 12 25

Quality. The treatment significantly increased the quality scores from before (M = 1.64, SE =
.061) to after the treatment (M = 1.94, SE = .063), F(1, 104) = 64.51, p < .001,[ ? = .052 (5.2% of the
total variance attributed to the time factor [48]),[ 2 =.053,[ 2? = .383. There was not a statistically
significant difference in change between treatment groups (F(2, 104) = 1.39, p = 0.255).

Focus. The treatment significantly increased the focus scores from before (M = 1.74, SE = .064)
to after the treatment (M = 2.05, SE = .063), F(1, 104) = 62.74, p < .001, [ 2= 052 (5.2% of the total
variance attributed to the time factor [62]), [ = .054, [ 2? = .376. There was not a statistically
significant difference in change between treatment groups (F(2, 104) = 1.39, p = 0.254).
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Table 3. Participants’ map evaluations per group, before and after, and enjoyment. For each variable evaluated,
the table includes the mean (M)

Group N Quality Focus Systems N Enjoyment
M M M M
Pre Post Pre Post Pre Post
Control 36 1.67 190 1.69 192 1.88 204 35 5
PC 35 173 211 186 2.21 201 221 35 5.59
VR 36 154 1.82 1.67 2.01 181 199 35 6.07
Total 107 1.64 194 174 2.05 190 2.08 105 5.55

Systems. The treatment significantly increased the systems scores from before (M = 1.90, SE =
.066) to after the treatment (M = 2.08, SE = .062), F(1, 104) = 38.257, p < .001,[ 2 = .019 (1.9% of the
total variance attributed to the time factor [62]),[ 2 =.019, [ 2? =.269. There was not a statistically
significant difference in change between treatment groups (F(2, 104) = 1.07, p = 0.346).

In addition, we conducted a between-subjects analysis to determine if the two game groups
together exhibited a significant difference with the text readers. Similarly to the comparison between
the three groups, there was not a statistically significant difference between players and readers in
terms of quality (F(1, 105) = 0.013, p = .908), focus (F(1, 105) = 1.04, p = .310) nor systems scores
(F(1, 105) = 0.116, p = .734).

Therefore, the findings support Hj: There is a significant difference between pre- and post-
intervention map quality, focus, and systems involvement. However, our two exploratory null
hypotheses could not be rejected: There is no significant difference in post-intervention performance
between text readers, PC players, and immersive VR players, nor between readers and players.

4.3 The Role of Enjoyment

We then explored how the three groups compared in terms of enjoyment. Tests of normality
(Shapiro-Wilk) and homogeneity of variance (Levene’s test) indicated that the data does not meet
the required assumptions for parametric testing. Having a suitable non-parametric alternative,
a Kruskal-Wallis test was conducted. When comparing the three groups, significant differences
were found, H(2) = 17.40, p < .001. Post-hoc Dwass-Steel-Crichtlow-Fligner pairwise comparisons
were performed, and we used Cliff’s Delta Calculator for effect sizes. Immersive VR users reported
significantly higher enjoyment than PC users (W = 3.66, p = 0.026, X = 0.359) and text readers (W =
5.60, p < .001, X = 0.549), suggesting a medium and high effect, respectively [39]. The comparison
between PC players and text readers was non-significant, W = 2.72, p = 0.132.

Based on the results above, we can conclude that the immersive VR version of the game was
significantly more enjoyable than the PC game and the text, but the PC game was not significantly
more enjoyable than reading. Therefore, H, ; is not supported, while Hy; is supported.

To understand whether enjoyment was a significant mediator of quality, focus and systems
shifts, we conducted mediation analyses using the PROCESS macro for R (version 4.3). Since the
independent variable involved is multicategorical (Control, PC, VR), we created dummy variables
for two categories (PC and VR, in this case) [35]. The results suggest that enjoyment was not
significantly associated with shifts in quality (b = 0.064, t(101) = 1.649, p = .102), focus (b = 0.057,
£(101) = 1.379, p = .171), nor consideration of systems (b = 0.017, #(101) = 0.536, p = .593). Therefore,
as enjoyment did not seem to mediate the learning outcomes, we reject Hs. A visual examination
of the data does not seem to show consistent correlations either (see Figure 5).
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Fig. 5. Scatterplot showing changes in quality, focus, and systems scores in relation to enjoyment. The graphs
show smooth regression lines for the total sample (black), control (blue), PC (grey), and VR (yellow). X axis is
mean value, Y axis is score change (post-pre).

5 DISCUSSION

In this study, we first examined how participants’ cognitive maps changed after playing a climate
change game or reading an informationally equivalent text with a flowchart (RQ1), which we
discuss in Section 5.1. Then, we statistically tested whether there were significant differences
between moments and treatment groups, which we discuss in Section 5.2. The statistical test results
indicate that the maps’ quality, focus, and systems orientation significantly improved (H;), but there
were no significant differences between conditions, neither between the three groups (Hy ;) nor
comparing game players with text readers (Hy ;). Even though the PC game was not significantly
more enjoyable than the text (H 1), immersive VR was significantly more enjoyable than both (Hj3).
Enjoyment did not seem to mediate the learning outcomes (Hs), and no consistent correlations
between the two were observed.

5.1 Descriptive Analysis Discussion

After the intervention, and as indicated in Figure 3, each category grew in the number of participants
who considered them. The most clear ones were physical causes of climate change, perhaps
countering incorrect models of climate change [8]; ecological impacts, highlighting the interrelation
between climate change and life on Earth; human impacts, which may reflect personal salience;
and adaptation. Since mental models influence risk perception and decision-making [30, 37], these
changes may influence future action if they become a stable part of the participants’ mental
models. Yet, there were no clear differences between conditions, and physical causes (73% of maps),
mitigation (63%), and especially adaptation (18%) were the least commonly included after.

In the case of mitigation and adaptation, initial imbalances between groups were not corrected
after the intervention (see Figure 3), whereas other categories tended to equalize. Mitigation was not
directly present in the game’s and text’s flowchart, while adaptation was only shown as quotidian
measures against infection. Therefore, their presence was small compared to other aspects of climate
change, and they may have been less memorable than other concepts. In addition, when mitigation
and adaptation appeared in the minigames, they also appeared in the text in written form. Thus,
it is likely that the visual and interactive moments afforded by the game did not strengthen the
content’s salience or memorability enough to create an advantage over the text and flowchart-only
condition. However, reading text in VR is generally more tiring and difficult than on a traditional
screen [44], so it could also be that the VR gameplay was able to compensate for these difficulties
by being more vivid and engaging. For example, VR players added the largest proportion of new
items that were not directly in the flowchart.
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Previous literature suggests that frames are relevant for climate change mental models [4, 30],
including closeness between the issue and the audience [30, 77] and health [4, 53, 84]. From the
descriptive data, it can be seen that the health and well-being frame applied was successfully
integrated within the participants’ cognitive maps (and, we assume, mental models), as health
became the top category after the intervention.

Most participants’ understanding of climate change seemed to include relevant and accurate
aspects such as fossil fuels, human practices including production, transportation and consumption,
physical impacts, and especially impacts on human life, with some mitigation options being
mentioned often. However, few concepts appeared in the top list after the intervention (see Table
2). This suggests that the game and text added precise aspects to the preexisting maps (for example,
from general biodiversity loss to include also habitat loss and migration) rather than radically
altering their content. While 906 concepts were added, few were edited or deleted. This need not be
a negative indicator if the maps were typically highly rated, but the ratings indicate that the average
final map was of low to mid quality, with 36 maps having a rating below 2 after the intervention;
focus, with 30 maps below 2; and systems, with 30 maps below 2. The number of miscellaneous
concepts did not decrease, while potentially erroneous concepts such as ozone and pollution stayed
at similar numbers. This all implies that the intervention brought many additions, but limited
alterations, to participants’ mental models, and that the influence of the initial maps was strong.

From the descriptive data, not much can be inferred in terms of differences between conditions.
The only clear difference was the comparative lack of droughts in VR player maps after the
intervention (Table 2). Assuming that the VR game failed to make it memorable (drought may be
a complex concept to remember and visualize, since it refers to an absence of rain rather than a
presence of something visible) to a larger degree than the PC version, it is possible that VR players
had more distractions. This could be because the concept was introduced together with wildfires
in a minigame in which players had to extinguish a forest fire. It could be that VR players, being
surrounded by flames that they were interacting with, remembered wildfires (which did become
much more prevalent in general, see Table 2). However, the numbers are too small to draw definitive
conclusions, and more PC players included droughts initially than VR players (14 vs. 9).

5.2 Inferential Analysis Discussion

The statistical results indicate that the intervention successfully improved the participants’ maps.
However, the total variance that could be attributed to the intervention was small, ranging from 1.9%
to 5.2%, whereas large effect sizes were reported in a questionnaire-based study involving the same
game [20]. This indicates that knowledge gains may appear high and/or easily quantified when
measured through a list of questions that can be correctly or incorrectly answered, but involving
cognitive maps as representations of mental models results in a more nuanced picture. Furthermore,
average scores after the stimulus tended to be anchored on the initial scores; such dependency is to
be expected given that participants edited their cognitive maps rather than creating new ones, and
as previously stated, deletions and edits were uncommon.

This intervention can also be compared to a previous study in which players had one month to
play the game Fate of the World. There, between "some" and "moderate” changes were observed
on average [83]. Here, most maps rated the same after the intervention, and those that improved
tended to do so 0.5 or 1 point (see supplemental files). The month-long study compared the game
to a non-informational control condition; there, the Fate of the World players’ maps changed much
more than the others’ even though they both played systems-oriented games. Here, it was found
that a climate-related text with flowcharts was as effective as the game condition.

In view of the enjoyment findings, which saw the PC game being more engaging than the text
on average but not significantly so, it must be noted that the text used as a control condition was

Proc. ACM Hum.-Comput. Interact., Vol. 8, No. CHI PLAY, Article 297. Publication date: October 2024.



Changing Climate Change Mental Models Through Game-Based Learning 297:21

perceived, on average, as rather engaging (see Table 3). This may be because it directly addressed
the reader, described environments that players could find in the game, and included flowcharts. In
addition to the text being perceived as engaging, the game included significant amounts of text so
that its contained information would be comparable to the control; interacting with a computer may
not entail the novelty and attractiveness of immersive VR gameplay; and the participants, who took
part voluntarily, may have been motivated to engage with the content irrespective of the format,
especially if they were used to reading and generally interested in text-based science dissemination.
This likely interest in the topic may also explain the lack of mediation of enjoyment—if many
participants were willing to exert cognitive effort to begin with, enjoying their experience may have
been a secondary factor. Furthermore, even if participants enjoyed the game and this motivated
them to learn, there may have been other forces at play preventing this from materializing in a
significant way, for example fatigue or too strong an influence of the preexisting mental model.

5.3 Limitations, Implications, and Future Research

At the theoretical level, this study offers a clear implication based on the descriptive and inferential
analyses—that playing games like the one used here, when outcomes are measured through cog-
nitive mapping, can result in similar mental model changes to more traditional media’s. Yet, and
importantly, they tend to be perceived as more enjoyable. Therefore, in climate change commu-
nication and teaching situations in which engagement is a struggle, games can provide a viable,
more attractive alternative with no noticeable downside in terms of learning outcomes. It should
also be noted that the absence of significant differences in our study does not necessarily imply the
absence of an effect. Future studies with larger sample sizes and a more complete accountability of
variance may be able to further elucidate the effects we investigated.

At the practical level, we start with the limitations and implications of the data collection
method used. For this study, we chose cognitive mapping, the preferred method for mental model
representation [17], even though no external representation can perfectly capture a person’s inner
model [13]. More specifically, we employed a quick, iterative and autonomous way of incorporating
cognitive mapping in experimental settings, as opposed to multi-step procedures. This is, partially, a
limitation of the study. Cognitive mapping elicitation can be, indeed, implemented in more complex
ways, comprising for example concept listing and arrangement [63, 83, 85]. These processes require
more time and effort from participants and experiment runners alike, requiring constant guidance
and control [63]. Based on our experiment piloting experience, time available, and interests, we
decided to follow a simple elicitation process—for example, we asked only for baseline indicators,
i.e., directional relationships and labels, rather than more details such as weighted relationships
[69]. We also chose to ask for map edits after the intervention instead of a new map; the alternative
was not only tiring for pilot testers and would have been for those with large maps, but it may
have also prompted participants to reproduce the intervention’s flowchart or content thoughtlessly
and would have prevented them from directly facing any possible preexisting inaccuracies. These
method choices can affect map creation (for example, time limits may affect map exhaustiveness)
although, if they did, they did so for every participant irrespective of treatment group.

Another limitation in data collection comes from lack of compliance with the instructions. While
participants were told to indicate the direction of every relationship as well as label them, not all
did. As a result, some relationships were difficult to determine, e.g., lines connecting the concepts
"people,” "forests" and "animals." Those cases in which it was impossible for us to determine with
a reasonable degree of confidence the category to which a concept belonged were labelled as
"miscellaneous.” Even so, the vast majority of the concepts could be reasonably interpreted by the
researchers: only 5% of them were labelled as "miscellaneous" before the stimulus, and 3.5% after.
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To future researchers aiming to use mental model elicitation methods, we recommend, first
of all, being intentional in their choice. If the study’s conditions (e.g., time and resources) allow,
and the need exists, they may consider methods that allow for more granular data collection [34].
In particular, robust methods can be applied to reduce bias in mental model elicitation [11, 32].
Second, we recommend using a map example that is completely divorced from the relevant topic
and its context, even if this may be difficult for broad phenomena such as climate change. Third,
avoid prompting participants to think of specific components of a system if the aim is to bring
forth a mental model of the whole system. We verbally communicated the expression "causes and
consequences" to prevent participants from focusing on physical causes alone, but this may have
directed them away from solutions, even if the text on the paper they were given did not include this
expression. If the topic is complex, as much time as possible should be given. Finally, experiment
facilitators should not count on participants following the rules exactly as intended, especially if
there is a time limit. If this would represent a severe issue in their case, a closely supervised and
guided step-by-step process should be followed to avoid inconsistencies.

In regard to the data analysis method, we have used a scoring system, involving two independent
coders for reliability, as the basis for our statistical analysis. Because participants were asked to
edit their initial maps, coders knew by necessity which one was the original and which one was
the modification, but they did not know the group to which the creator belonged. The use of clear
guidelines for map rating aimed to alleviate this possible source of bias. Using a method in which
participants create different maps before and after would also eliminate this knowledge and any
possible associated bias, although as said above this would entail its own limitations. Although
every data analysis method is limited [33], other research questions may be more adequate for
different methods, for example those based on software-based network analysis. The combination
of human-led and computerized map analysis may also be an alternative. Qualitative methods could
shed light on how interacting with different media may influence cognitive mapping patterns, for
example by having participants create entirely new maps after a stimulus and interviewing them
while exploring the map together.

In terms of outcome measurements, further research avenues include a need for more longitudinal
data. While we did not examine whether mental models changed in the long term, previous evidence
suggests that games lead to greater retention of information than other media [72]. We also call
for studies that explore the effects of interventions such as this one on systems thinking beyond
climate change, since developing these skills in one area can help people apply it in a different one
[30]. The role of enjoyment in communication and education interventions such as this one should
also be further explored, especially with audiences who may be less willing to engage with the
content or use more traditional media as opposed to games. A limitation of this study is that we did
not formally measure familiarity with immersive VR, so we cannot account for possible novelty
effects. We cannot measure performance differences due to lack of participant familiarity with the
technology either, even though the controls were simple and all players finished the game.

Game design-wise, this intervention has used a stimulus that aimed to represent climate change in-
formation in a clear and memorable way through 3D environments, object-seeking tasks, minigames,
and a quiz. By affording direct observation and interaction, the game aimed to support both learning
and engagement. Yet, to allow for a meaningful comparison, the informational content remained
the same as the text’s. In other words, the game provided rich interactive visualizations which
can reinforce attention and perception of distant and abstract issues [50, 77], but both conditions
featured similar written content and the same flowchart. Thus, both versions made the most rele-
vant concepts obvious in a way that could be added to a map easily, perhaps even without deeper
reflection. Even the quiz that players answered in-game was narrated in the text, to prevent the
game from having more information than the text. Where complex simulations such as Fate of the
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World may fail by not making their underlying model transparent through explicit explanation
[83], our inclusion of written explanations and a flowchart making the model transparent may
have helped players assimilate concepts in both media. Because relationships are explained and
shown in both game and text, there may have been no clear advantages of one over the other.

How can we, then, propose ways forward to design games that support systems thinking and
accurate mental modeling of climate change and other complex issues, based on previous evidence
and the findings of this study? First, designers should consider that games for education should
attempt to maximize the willingness of players to exert effort while minimizing the amount of
extraneous material, or distracting aspects [57, 70]. This was taken into account in this study, and
should not be forgotten. As general guidelines, we propose that designers should reinforce key
messages with visualizations and interactions, more so than what was done here given the lack of
difference with the text; show implications clearly, explicitly, and impactfully to increase memora-
bility and understanding of complexity, and elicit further thought; tie progress to understanding so
that players cannot progress further until they demonstrate that they have incorporated the content,
an advantage of games over other media; and explicitly address common misconceptions, so that
miscellaneous and potentially erroneous concepts such as ozone and pollution can be recognized
and corrected. Beyond content, aspects such as player tiredness after a long time of using technolo-
gies such as VR should also be taken into account. In this intervention, mitigation information was
provided especially at the end, in which case physical, visual or cognitive exhaustion could have
affected some players’ capacity to pay attention.

When designed correctly, linear narrative games such as the one used here can be as capable
as simulations in representing distant, abstract and complex issues in ways that are local, visual,
and connected [77], and future designs may continue to use them. Possibly effective frames such
as the one used in this study or moral orientations may also help make issues more salient and,
therefore, memorable [30]. Narrative games may also be able to focus on debunking incorrect
preconceptions and myths, even if debunking may correct factual errors but have a harder time
shifting attitudes and behaviors [49]. Such games can also implement inoculation mechanisms
[15] to try to preemptively disclose and refute incorrect information. By using these techniques,
games and immersive VR may be able to provide understandable, unexpected, credible, concrete,
and emotional stories capable of being more memorable than myths [36]. Similarly, any kind of
game should also be able to help with unlearning processes, where discarding old knowledge is as
important as acquiring new information [80], without forgetting any of these two components.
Thus, narrative games can have a convergent orientation, by which they aim to transmit knowledge
in a way that is more or less uniform irrespective of the player, and/or a divergent one, by which
they may focus instead on eliciting people’s own experiences and understandings.

Beyond more or less linear narrative games, research can also consider the use of more open-ended
and/or practice-based games when the intervention design does not require a degree of information
equivalence and similarity of delivery method with a control condition. Thus, a future design and
research avenue is the use of simulations, which seem to be the preferred recommendation by
experts [50, 68]. However, simulations may require a substantial amount of trial and error to form a
mental model of the game [9], and thus longer exposure to the system is important [87]. Departing
from interventions such as the one described here, which do not offer many opportunities for
replayability, simulations may offer the kinds of complex and open-ended systems suitable for
extended exploratory gameplay. At the same time, a 3D environment in which players explore
and enact changes that simultaneously involve all the relationships shown in the game affords
very complex effects, so the audience should have an adequate baseline knowledge. Another aspect
to highlight is the importance of appropriate teaching, guidance and facilitation, as many games
may reveal their true pedagogical potential when players have the help of someone capable of
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contextualizing and debriefing them properly [16, 24, 83]. Finally, because games in which players
learn by interacting with game systems do not always lead to better systems thinking than other
methods [63, 85], conscious design and testing processes remain essential for game-based learning
irrespective of game genre.

6 CONCLUSION

This study has used cognitive maps to explore the potential of digital games to change mental
models of climate change. A controlled experiment comparing an immersive VR game, the same
game on PC, and a text with flowcharts containing the same information indicates that all conditions
were able to improve the quality, focus and systems orientation of cognitive maps. However, no
significant differences were found between groups. Meanwhile, descriptive data indicates that the
stimuli were similarly effective in increasing the salience of, e.g., health and biodiversity issues in
connection with climate change. Yet, changes remained limited in scope. The game was on average
more enjoyable than the text, and significantly so in case of the VR version, which indicates that
games can be a viable and attractive communication and learning method where engagement is a
struggle. The findings are compared with previous literature and we provide various avenues to
explore in future research and, especially, design.
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