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root of this understanding is the establishment of what

describe undergraduate biology students’ conceptions of
climate change and their argument practices and associated
cognitive biases in how they think about the topic. We used
qualitative conception interviews to obtain data from 26
American biology undergraduate students who predicted
how climate change would affect a forested ecosystem
after an average of 1° increase in Fahrenheit (0.5°C change)
over 25 years. Through deductive coding, we found the
majority of students’ predictions agreed with expert ideas.
However, the students used various argument strategies
(i.e., Reasoning and Cognitive Biases) in defending their
choices, including Ecological Explanations, Observations,

Anchoring, and Contrast Effects.
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1 | INTRODUCTION

Climate change is a global priority that will have severe, negative impacts on both the natural and human world
(IPCC, 2023). The Paris Agreement demanded that the 192 participating, “Parties shall cooperate in taking
measures, as appropriate, to enhance climate change education, training, public awareness, public participation and
public access to information,” (United Nations, 2015, p. 16). Keller et al. (2019) noted how combining
transdisciplinary and moderate constructivist approaches in the classroom increases climate change understanding

in teenagers. Holt et al. (2021) found that students enrolled in an introductory biology class or ecology class were
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able to identify three biotic outcomes of climate change, changes to an animal's growth and survival, their
reproduction, or their distribution. Unfortunately, despite acceptance of climate change (Fleming et al., 2021) or
climate-focused education, many undergraduate students hold alternative conceptions (Driver & Easley, 1978)
about climate change, such as the hole in ozone being the cause of global warming and climate change (Wachholz
et al., 2014) or conflation of weather and climate (Bostrom, 2017). Additionally, students may also hold the
alternate conception that climate change is primarily a natural variability of climate (Fleming et al., 2021). Huxster
et al. (2015) found undergraduates had some basic understanding of the science behind climate change, but gaps
exist in some students’ ability to discriminate climate change from other environmental issues.

Complicating the push for climate change education, research linking climate change education interventions
with actionable outcomes by students is contradictory. Harring and Jagers (2018) noted after only one semester
that college students are less likely to support policy changes related to climate change, such as regulation and
information. Other research has found that knowledge of climate impacts do not correlate with willingness to act on
climate change (Tolppanen et al., 2021). There seems to be limited findings where education alone leads to action.
As a notable exception, students reported that an intensive 1-year university course affected their daily activities
after taking the course (Cordero et al., 2020). However, some research suggests that even when students are willing
to act, their responsiveness greatly depends on the type of environmental action (Skamp et al., 2013; Tolppanen
et al., 2021). Collectively, these findings suggest that education may be a starting point towards eliciting students’

action to mitigating climate change, but itself is often not enough.

2 | THEORETICAL BACKGROUND
2.1 | Students’ ability to argue in science

Toulmin (1958) developed a model for argumentation, framing claims as assertions of knowledge, which is still
tested and used today across multiple fields (Liu & Wan, 2020). These claims are then backed by a warrant that uses
data as evidence to explain or support the claim (Osborne, 2010). Basel et al. (2013) used Toulmin's foundation to
build a system for argument complexity, where the lowest complexity includes an unjustified claim accompanied by
only unreasoned statements (e.g., observations, definitions) or a single warrant. Meanwhile, the most complex
arguments include a claim justified by multiple evidence (i.e., warrants) or possibly justifies claims with rebuttals of
counterclaims (Basel et al., 2013). A discourse analysis framework devised by Russ et al. (2008) aligns with these
patterns in students’ mechanistic reasoning about physics concepts, where students begin by describing and
identifying entities as part of the context of the problem—representing evidence of their claim—and then progress
to linking this information together by “chaining.”

Analysis and defense of claims using data is a critical part of the field of science (Driver et al., 2000).
Argumentation, as a learned skill set, can help students develop critical thinking skills required in their professional
lives (Gultepe & Kilic, 2021); thus, educational interventions using argumentation are common. Classroom
interventions have shown that students’ argumentation skills can be improved with instruction (Erduran et al., 2004;
Nurinda et al., 2018). Gllen and Yaman (2019) found that when science classes were integrated into Toulmin's
model, students had higher scores. Likewise, frequent argumentation activities have a positive effect on student
biology content knowledge (Dorfner et al., 2018).

In education and research contexts, the literature has debated the synonymy of and discrepancy between
argumentation and explanation (Berland & McNeill, 2012; Osborne & Patterson, 2011). Some define an argument
as a tentative conclusion aimed to persuade, whereas an explanation is a definite conclusion not in doubt that offers
possible causal mechanisms (Osborne & Patterson, 2011). In a classroom, students may construct explanations
using prior knowledge and information teachers provide (Osborne & Patterson, 2011). Ideally, students will attempt

to establish and defend what they believe to be the truth through arguments beyond their education, in their
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everyday life (Osborne, 2010). Another viewpoint describes arguments as trying to convince others but also
specifies how people use reasoning skills to evaluate arguments (Mercier, 2016). As researchers, we can also use
students’ construction of arguments, specifically their reasonings, as a window into their thinking about how and
what data they use to support claims about the world around them.

Gaining this window into student thinking is especially critical when investigating topics, including socioscientific issues
(SSls; e.g., genetically modified organisms, vaccines, evolution, climate change; Zeidler & Sadler, 2023), which can be strife
with alternative conceptions, such as believing vaccines give you the disease or that individuals evolve. Numerous research
studies use open-ended interviews to investigate student thinking and argumentation capacity about SSIs (Jarrett &
Takacs, 2020; Shah et al., 2022; Wu, 2013). Likewise, this research lends insight into how curricula could be constructed to
engage students in productive discourse on complex and controversial topics (Basel et al., 2013). However, preservice
teachers often prefer monologic discourse when it comes to SSI instruction in the classroom (Kilinc et al., 2017). This
preference may explain the limited number of studies where argumentation is used as a central intervention in SSI
instruction. However, Lederman et al. (2023) handbook reports on accounts from Christodolou and Grace (2019), which
detail the importance of argumentation in the context of SSls. Even so, some research has shown the use of discussion and
argumentation can advance student learning on climate change (Mason & Santi, 1998). The ability to reason and argue
with data about SSls is important for students. Zeidler et al. (2005) suggest that in the construction of scientific knowledge,
students need exposure to and the ability to analyze SSls.

The ability for students to discuss scientific issues is an important skill both professionally and personally.
Specifically, argumentation is an important aspect of defending scientific work and criticizing scientific information,
which is done not only in science careers but during public life (Driver et al., 2000). Argumentation is a key skill in
the field of science and thus important to scaffold skill-building through educational efforts (Driver et al., 2000). The
analysis of argumentation and explanations provided by students on scientific subjects, such as SSls, can help

provide deeper understanding of how students are constructing their knowledge in science classrooms.

2.2 | Influence of cognitive biases in SSls

Everyday decision-making involves the use of mental shortcuts or heuristic principles to reduce the complexity of
prediction tasks, but these may also lead to cognitive biases (Tversky & Kahneman, 1974). Although heuristics
ideally narrows potential prediction choices to the best answer, bias may lead individuals to an incorrect or an
incomplete response. Furthermore, cognitive bias can lead to everyday errors in work settings, including diagnostic
medicine and governmental intelligence (O'Sullivan & Schofield, 2018; Tee et al., 2021; Whitesmith, 2020). In
education, cognitive biases can shortcut learning and lead to alternative conceptions about various aspects of
biology (Coley & Tanner, 2012; Heine et al., 2017; Pobiner et al., 2019). Furthermore, cognitive biases are
negatively affecting acceptance and action about important topics including climate change (Mazutis &
Eckardt, 2017). However, there is research into situations in which cognitive biases are used rationally and
productively (Lieder et al., 2017; Todd & Gigerenzer, 2000).

Research describes how cognitive biases influence climate change belief and/or action at the individual and social
levels (Gifford, 2011; Lorenzoni et al., 2007; Mazutis & Eckardt, 2017). Much of this literature focuses on how these biases
affect behavioral decision-making that leads, or fails to lead, individuals into climate action. Some examples of the many
reported cognitive biases linked to climate change are discounting the future (Shu & Bazerman, 2010) where current
concerns are overweighted over future concerns, perception bias (Mazutis & Eckardt, 2017) where psychological distance
(Trope & Liberman, 2010) limits individuals from conceptualizing climate change as a problem, and status quo bias
(Palmucci & Ferraris, 2023) that limits individuals from acting for fear of failure. Gifford (2011) summarized these biases as
“dragons of inaction,” which encompass a multitude of psychological barriers that then block people from action against
climate change. These barriers or biases led to prevention of climate change acceptance as a true issue and/or action
against it (Gifford, 2011; Lorenzoni et al., 2007; Mazutis & Eckardt, 2017). Interestingly, most of these biases are linked to
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behavioral decision-making about climate action and few are investigated in the role they play in an individual's
understanding of climate change itself. As an exception, Mazutis and Eckardt (2017) describe how anchoring bias (see
below) can challenge the public's understanding of climate change dependent upon the presentation of temperature and
time of climate change data.

Anchoring bias occurs when people make estimates by anchoring their ideas on initial information they are
given and adjust accordingly (Tversky & Kahneman, 1974). Frederick and Mochon (2012) describe how an
individual's decision may be anchored by the scale, or unit of measurement, they are given. Anchors can be
numerical (e.g., weight, number of calories) or perceptual (e.g., touch, auditory) information provided to an individual
(Frederick & Mochon, 2012; Jain et al., 2021). These anchors can cause the individual to incorrectly estimate their
prediction due to the initial value influencing their predictions (Givi & Galak, 2019). Anchoring has further been
demonstrated to affect decision-making and establishment of beliefs about climate change (Joireman et al., 2010).
The degree of increase in global temperatures acts as an anchor; the higher the increase values provided by
researchers results in greater beliefs in climate change by participants (Joireman et al., 2010). Anchoring related to
climate change has been studied in a variety of ways, such as anchoring by expert consensus and emotional
anchoring in media reports (Goldberg et al., 2019; Haéijer, 2010). Similar to formatting in the IPCC report (IPCC,
2018), a two-anchor system minimizes the effect of an anchor on climate science beliefs, in addition to verbal
probability expressions (i.e., likely, unlikely) so that less regression occurs in interpretations (Harris et al., 2017).
Although anchoring with concepts such as climate change can lead to errors or alternative conceptions, the
literature is unclear of the effects anchors, as a form of cognitive bias, have on undergraduate student predictions
and understanding of climate change.

Contrast effects are another type of heuristic and can lead to other cognitive biases that may relate to one's
understanding or reasoning about climate change. Contrast effects arise when individuals are provided an array of
choices from which to choose and are swayed to one choice because of the array rather than qualities of the single
option chosen (Simonson & Tversky, 1992). Given the nature of contrast effects, they are critical in behavioral
studies in marketing fields (Neumann et al., 2016). Simonson and Tversky (1992) proposed one specific type of
contrast effect affecting decision-making for consumers in these situations is extremeness aversion. Extremeness
aversion occurs when an individual's choice purposely avoids the most extreme options (Neumann et al., 2016).
Extremeness aversion can manifest in two possible behaviors, polarization where consumers select one extreme
over the opposing end or compromise where the middle option is selected (Simonson & Tversky, 1992). The latter is
a symmetric effect of extremeness aversion (Neumann et al., 2016) and aims to be a compromise of the other
options (Simonson, 1989). Although contrast effects may benefit individuals in consumer settings, these cognitive
biases may interfere with learning and productive argumentation in educational settings.

Climate change is an important social issue with which students will be faced throughout their lives. The ability to
decipher evidence and articulate reasoning is key in interpreting climate change information. Moreover, identifying
potential cognitive biases students may use in their arguments and decision-making on climate change is a first critical step
in climate change education. Future educational materials and interventions could be designed to minimize potential
cognitive biases resulting from anchoring and the contrast effect. Our eventual goal is that students are able to
intentionally evaluate information or choices about climate change rather than merely comparing them or being anchored
by a certain value. We hope that climate literate students who avoid cognitive biases will contribute to a more climate

literate public whose decision-making and understanding of climate change could impact society.

3 | RESEARCH OBJECTIVES

The aim of this research is to describe undergraduate biology students’ conceptions of climate change and their
argument practices and associated cognitive biases in how they think about the topic. Our specific research

objectives were: (1) To determine whether American biology undergraduate students have an accurate conception
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of how climate change will affect forested ecosystems. (2) To describe students’ argumentation about how climate

change will affect a forested ecosystem, including categorizing Reasoning as Ecological Explanations or
explanations based on Observations. (3) To explore types of cognitive biases that occur in student arguments
about climate change effects, including categorizing biases as anchors of numerical information from the prompt, or

contrast effects as they compare possible answers to select their response.

4 | METHODS

Our research was designed to identify trends in students’ argumentation processes about how climate change
might potentially affect organisms. We used qualitative interviews to probe student conceptions about these topics.
The Institutional Review Board of the University of Northern Colorado approved the procedures for this study
(IRB# 1288162-4). Consent was secured for all participants before the interview process via an online survey. To
preserve confidentiality, individual participant names are replaced with pseudonyms, and quotes presented in this
study are anonymized and edited for clarity. We assigned pseudonyms using a random name generator to represent

a diversity of voices, but these names do not necessarily reflect the actual identity of the participants.

4.1 | Sampling

We used purposeful sampling (Merriam & Tisdell, 2015) and recruited students from both introductory biology
classes and more advanced ecology courses at the university level. Through professional contacts, we identified
instructors from 10 different institutions across the United States, who recruited students in their 11 courses.
Thirty-seven students responded to our request for interviews and 26 students in a 4-year undergraduate program
were successfully recruited as participants. Our sample contains 13 first-year undergraduate students, six second-
year undergraduate students, four third-year undergraduate students, and three fourth-year undergraduate
students. There are 19 participants who identify as women and seven who identify as men. There were 13
participants who identified as White, seven as Hispanic, two as Asian, one as African American or Black, one as
Asian/Native Hawaiian/other Pacific Islander, and two students who preferred not to say and/or noted “other.”
Eleven of the participants were in introductory classes for biology majors, seven in introductory biology for

nonmajors, seven in introductory or general ecology, and one in upper-division ecology.

4.2 | Interview methods

We chose to use one-on-one interviews, which are noted as a successful technique to gauge student conceptions
and alternative conceptions in science (Soeharto et al., 2019). Our research team conducted several rounds of
revisions with our interview protocol (see Holt et al., 2021) to narrow student responses about biotic impacts of
climate change. The current study was part of a larger research project aimed at clarifying student conceptions
about the biotic impacts of climate change with the ultimate goal of developing a concept inventory on this topic
(Holt et al., unpublished). The portion of the protocol analyzed in the current study is available in Appendix A.
Interviews for the present study were collected in Fall 2020 using our semistructured protocol. The interviews were
conducted and recorded online via a video conferencing platform.

In the interview, students were presented with a drawing of a forested ecosystem (Original [also Scene W],
Supporting Information: Appendix A). The interviewer then proposed that the original scene underwent climate
change by experiencing an average increase of 1°F over 25 years. Fahrenheit was chosen as the unit of

temperature, as our sample comprised students in the United States, where Fahrenheit is used in everyday
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situations. Then, students were shown variations of what the scene might resemble 25 years in the future under
these conditions, each new scene (we called Scene W, Scene X, Scene Y, or Scene Z; Supporting Information:
Appendix A) was displayed individually, side-by-side with the original scene. A description of the goal and changes
of each scene is enumerated in Table 1 (images of each scene are available in Supporting Information: Appendix A).
In every interview, the scenes were shown in the same order and all were shown before the next prompt. The
students were then prompted to select which scene they thought was most likely to represent what the original
scene would look like after a total of 1° average increase in Fahrenheit over 25 years. They were then prompted to
give their arguments and explanations for why they chose their answer. Most interviewees were prompted to
explain their choice for every scene, including scenes they did not select, before continuing with the interview. At
the conclusion of the interview, a survey collected demographic data and educational backgrounds of participants.
The survey also included a multiple-choice question asking if they accepted that climate change is occurring and
that it is at least partially human-caused (alternative options allowed participants to state that they did not accept
that climate change is occurring or that it is occurring but is only naturally caused). Each interview was audio

recorded and transcribed.

4.3 | Exploratory transcript review

The interview data analyzed in the current study were collected for a larger project aiming to describe student
conceptions about the biotic impacts of climate change. Through iterative revisions based on novice and expert
responses to earlier phases of data collection (Holt et al., unpublished), we revised our interview protocol to focus

student thinking on options of possible outcome scenarios (Supporting Information: Appendix A). These constrained

TABLE 1 Explanation of illustrated scenes used as prompts in interviews.
Scene name Goal of scene Examples of changes from original scene

Original scene  Depicts a temperate deciduous forest NA
ecosystem with an ecotone to grassland in
the midground.

Scene W To represent in absence of any change. None (i.e., it is identical to the original)

Scene X To represent a plausible scenario where slight  Landscape shifts (i.e., more grasslands and less forests
species turnover is evident due to an in the background), species replacements
increase in 1°F over 25 years. (mushroom species, top predators [e.g., bear to

cougar], forb species), increase abundance and
change population structure of some species (e.g.,
more male deer), loss of some species (e.g., quail)

Scene Y To represent the site immediately (i.e., a few  Evidence of fire (e.g., burned trees, log, patchy burned
months or a year) following a medium- grasslands with slight regrowth), species
sized fire, which represents a short-lived replacements (e.g., mushrooms), loss of some
disturbance where recovery is possible. species (e.g., bear, quail), increase abundance of

some species (e.g., fox), addition of new species
(e.g., woodpecker, vultures), change in population
structure of some species (e.g., more male deer)

Scene Z To represent a barren wasteland (similar to Loss of all living species (grass, trees, animals),
2008 Disney movie, WALL-E (Stanton, evidence of dead organisms (charred tree
2008) reflecting catastrophist thinking remains), stream is dry, persistent, anthropogenic
about climate change. trash is present

Abbreviation: NA, not applicable.
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options (i.e., prepared, illustrated scenes) increased comparability across student responses, and allowed for the
interviewer to probe deeply into why students made particular choices. Our goals with the current analysis were to
primarily track student accuracy in their choices and describe their argumentation practices about this
socioscientific topic. We planned to deductively code student reasoning using an adaptation of Russ et al.'s
(2008) coding framework, which itself was adapted from Machamer et al. (2000), on mechanistic reasoning. We
sought to explore whether students were relying on processes and principles to rationalize their choice or if instead
they simply leveraged visual elements of the scene that did not rely on ecological knowledge. However, an
exploratory review of the transcripts suggested that student arguments frequently included instances of cognitive
bias in addition to mechanistic reasoning (Russ et al., 2008).

Although the literature describes many types of cognitive biases associated with climate change, most are
linked to climate action (e.g., Luo & Zhao, 2021). Yet, our interview data captured student explanations of their
understanding of climate change, where some types of bias are not relevant (e.g., attentional bias). Using the
literature, we determined that the most applicable cognitive biases that the students may use to describe their
understanding of climate change were anchoring (Tversky & Kahneman, 1974) and contrast effect (Simonson &
Tversky, 1992). We further believed that the framing in our interview protocol (Supporting Information:
Appendix A), that is, including a predetermined temperature and time that represented climate effects,
provided plausible anchors, which we believed students might use in their reasoning. Previous literature has
demonstrated that similar anchors can affect climate change understanding (Mazutis & Eckardt, 2017).
Additionally, our interview setup provided students with options from which they were asked to select the
choice that most aligned with their thinking. During our exploratory review of transcripts, we noticed that many
students verbally compared the scenes, thus we also identified contrast effect as another relevant cognitive

bias worth exploring.

4.4 | Data analysis

NVivo Release 1.5.1 (QSR International, 2021) was used to deductively code interview transcripts, that is, identify
and organize student arguments, including Reasoning and Cognitive Biases. Each distinct idea within a participants’
argument was coded, which may have included a short phrase, a few sentences, or a section of text. These ideas as
our unit of analysis meant that responses could be double-coded. We used deductive coding with the predefined
codebook, developed to establish coding parameters related to Cognitive Biases and Reasoning (Supporting
Information: Appendix B). In this study, we began with two researchers parallel coding students’ responses. After
initial rounds of coding, coders discussed any discrepancies and revised code assignments and the codebook as
necessary. Responses were coded as to whether or not the student chose a specific scene as a likely outcome of
climate change (Scene W [original scene], X [accurate change], Y [postforest fire], or Z [wasteland]), that is, if they
felt the original scene would most likely look like the chosen scene after an average of 1° increase in temperature
following 25 years. Student arguments in favor or against each specific scene were then coded in two separate
rounds based on the Type of Reasoning (Basel et al., 2013; Russ et al., 2008) and/or a Type of Cognitive Bias
(Tversky & Kahneman, 1974) present. First, each argument was coded by the Reasoning Theme. Responses that
coded into this Theme were further separated into Subthemes of either Ecological Explanations or Observations.
The responses coded as Observations, similar Russ et al.'s (2008) adaptation to Machamer et al. (2000) description
of target phenomena, were further coded into Type (Supporting Information: Appendix B). Second, each individual
argument (i.e., explanation why a scene was selected as their prediction or not) was coded by the Cognitive Bias
Theme (Supporting Information: Appendix B). During this round, we noted any Subthemes of either Anchoring
(sensu Tversky & Kahneman, 1974) or Contrast Effects (sensu Simonson & Tversky, 1992). Within each Subtheme,
responses were coded into each Type (Supporting Information: Appendix B). Student responses could be double

coded into more than one Theme, Subtheme, or Type, or coded into only one Theme, Subtheme, or Type. Student
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quotes included in the codebook and in text are lightly edited for clarity, and all Themes and Subtheme titles are
capitalized throughout. Participant pseudonyms are italicized throughout the text.

We use the language of “accuracy” in our findings to reflect expert and researcher opinion of the optimal
choice, but we recognize the choices we deem as “accurate” may not necessarily represent how climate change will
unfold as these are predictions of the future. We determined that Scene X was the most likely outcome, thus the
most accurate participant response, considering the original scene following 25 years and an average 1°F increase
in temperature. This determination was also supported by six of seven external experts that were interviewed as a

separate data collection effort, but not described here.

5 | RESULTS
5.1 | Accuracy in student conceptions

We found that 19 of the 26 student participants, in the current study, chose Scene X as the most likely response
following warming over a quarter of a century. Of those that chose Scene X (accurate change) as their most likely
response, three participants chose one other scene as a close runner-up or equal potential answer, one of who also
selected Scene W (original scene) and the other two participants selected Scene Y (postforest fire) as their
alternative to Scene X (accurate change).

Through analysis of the interviews, we discovered seven students selected Scene Y (postforest fire) as a
possible outcome. We recognize that Scene Y (postforest fire) could be a secondary viable response following 25
years and an average increase of 1°F, assuming that drier environments will be more flammable (Mansoor
et al., 2022; Van et al., 2021; Varela et al., 2019). As fires are generally more infrequent and patchy across a
landscape, we felt that Scene X (accurate change) was the best response, yet Scene Y (postforest fire) could have
been an accurate depiction, if a student were to articulate their understanding of the scientific link between fire and
climate change. Three of the participants who chose Scene Y (postforest fire) clearly articulated their choice was
due to their accurate understanding of climate change. We deemed all other choices as less accurate outcomes
resulting from an average of 1°F increase in temperature over 25 years. Of all the inaccurate responses, three
participants chose Scene W (original scene) as their most likely response, four chose SceneY (postforest fire) but did
not articulate accurate responses to justify how climate change resulted in this scene, and one participant chose
Scene Z (wasteland). Overall, 80.8% of our participants’ choices reflected accurate understanding of the biotic
impacts of climate change and 30.8% reflected inaccurate conceptions. These percentages do not sum to 100%,
because several participants selected two options as their most likely outcome and two of those students selected

both “accurate” and “inaccurate” responses.

5.2 | Students’ reasoning about their choices

We reviewed the 26 interviews and coded student responses into the Reasoning Theme, if it occurred, and
mentions of ecological processes or patterns (Ecological Explanations) and/or identification of scene elements
(Observations) were coded into respective Subthemes (Supporting Information: Appendix B). Of the 26 participants,
24 used Ecological Explanations (alone or in combination with Observations) to justify their choice for or against at
least one scene, whereas only four participants strictly used Ecological Explanations across all their arguments.
Likewise, 22 participants used Observations (alone or in combination with Ecological Explanation) as an argument
for why they selected for or against at least one scene and only two participants strictly used Observations in their
reasoning across scenes. The majority of participants used a mix of Reasoning Subthemes in their arguments for or

against scenes (i.e., 20 of 26 participants).
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TABLE 2 Frequency of Reasoning used for participants’ chosen scene, tallied by Subtheme (Ecological
Explanation, Observation).

Both ecological Neither ecological
Ecological Observations  explanations and explanations or
Chosen scene explanations only  only observations observations

Accurate X 2 2 14 1
chosen

. Y - accurate 1 0 2 0
choices

Inaccurate Y - inaccurate 2 0 1 1

h

chosen w 2 0 0 1
choices

Z 1 0 0 0

Total® 8 2 17 2

Note: Numbers represent the number of students using each Subtheme in reasoning for that scene as their choice.
2As some participants chose two scenes as equally reasonable for their choice, the below numbers do not sum to 26.

We noted that a majority of students used both Ecological Explanations and Observations to defend their
chosen scene (65%, Table 2). The use of Ecological Explanations alone was the next most frequent Subtheme
of Reasoning with chosen scenes, regardless of whether their choice was accurate or not. Students with
inaccurate choices mostly used Ecological Explanations alone. Student ideas of these Ecological Explanations
were often that “nature is really resilient” as noted by Tau and Lyssa, who also said that there must be “a way
to...rewind time and make it level out”, or that the animals would not be affected, because “one degree
wouldn't make that much of a drastic difference” (Xabier). Several inaccurate choices, notably participants
who preferred Scenes Y and Z, used Ecological Explanations as a central argument, referring to eroding
species interdependence yet rarely clearly articulated what those interactions were and believed those
changes would be more extreme than Scene X. For example, Salomé who chose Scene Y (postforest fire)
described “if one species that...wasn't able to handle that 1° change, then that can, like, lead to, like, that
chain effect-domino effect”.

For participants with accurate choices, their Reasoning primarily used a combination of Ecological
Explanations and Observations. There was not a clear pattern among the correct arguments supporting their
choices, rather they reference several different processes at several levels of ecology. For example, some
participants mentioned processes at the population level (e.g., invasive species, life cycles, migration
patterns), at the community level (e.g., biodiversity, trophic dynamics, succession), and ecosystem level (e.g.,
changing water systems). We noted this diversity in ecological processes used as warrants to support their
claims; however, as deeply exploring these finer-detailed patterns at various ecological scales was not the
research aim of this study, we did not enumerate nor further investigate these trends. For example, Zigor
started with Observation cues about changes in abundance and composition, then they analyzed the scene to
explain these patterns, drawing on several levels of ecosystem responses (Figure 1) This quote illustrates
more complex ideas used by a participant leveraging a mix of Observation and Ecological Explanations to
defend their chosen scene.

We then analyzed the Reasoning participants used to explain why they did not choose other scenes as the best
outcome. Our interviewer failed to prompt 8 participants to explain at least one of their rationales for why they did
not select scenes as their choice; thus, we cannot fully summarize Reasoning for every non-chosen scene for all
participants. For participants who were asked to explain why they did not choose a scene, the majority did not use

Reasoning within their arguments, regardless of the scene (Table 3).
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“I also see a lot of deer, and I don't see the bear anymore. So, Observation ~ ———
I'm thinking that maybe that rising temperature impacted, like,
the bear’s food source, which might be fish, and I know that I Reasoning
some like fish and turtles and stuff have, like,
temperature dependent gender”.
Ecological
Explanation

FIGURE 1 Example student quote describing their chosen scene and the highlights represent the Reasoning
Subthemes of Observation and Ecological Explanations coded in the quote.

TABLE 3 Frequency of Reasoning used for not-chosen Scene(s), tallied by Subtheme (Ecological Explanation,
Observation, Nonrelevant Observation).

Both Ecological Both Ecological
Scenes not Ecological Observations Explanations and Explanation and
chosen Explanations only only Observations Nonrelevant Observations None
X 2 2 2 1 0
Y 0 1 1 1 14
W 9 1 0 0 10
Z 2 1 1 2 14
Total 14 5 4 4 38

Note: Numbers represent the number of students using each Subtheme in reasoning for that Scene(s) as not their choice.

5.3 | Students’ cognitive biases in their choices

The next set of coding was the presence of Cognitive Biases in students’ arguments for their chosen scenes. Of the
19 participants that chose Scene X accurate change) as their most likely outcome following an average of 1°F
increase in temperature over 25 years, 15 used a form of Cognitive Bias either through Anchoring or use of the
Contrast Effect. The Anchoring Subtheme was analyzed to clarify whether students anchored their arguments on
temperature (i.e., 1°F) or time (i.e., 25 years). We noted that a majority of students anchored using temperature for
their chosen Scene (Table 4). Enver noted, ‘I just think...that one degree difference wouldn't drastically change
things on the outside [like in Scene X], but would put things in place that would, later on, change it to those other
scenes [that is, Scenes Y and Z].” Of the three participants that chose Scene Y (postforest fire) for climate change-
related reasons, two were anchored: one by time and the other by temperature. The temperature anchor was used
more often than the time anchor for all chosen scenes (Table 4). Next, we enumerated whether or not participants
compared scenes in their argumentation, using a Contrast Effect. We noted that the Contrast Effect was primarily
used by participants that chose Scene X (accurate change) (Table 4). Overwhelmingly, these participants used the
Middle contrast, illustrated by Zigor's quote (Figure 2).

Students relied heavily on anchors and the contrast to the other scenes when explaining why they did not
choose a scene (Table 5). Overall, temperature was the more frequently used anchor, just as it was for the
chosen Scenes. The majority of students recognized that Scene W (original scene) was not correct, and their
rationale was that “...there has to be change if there's going to be a little shift in degree [temperature], so |
don't think it would be the same [like in Scene W (original scene)].” In addition, most students described that

Scenes Y (postforest fire) and Z (wasteland) were too extreme (i.e., A lot/Too much change). For example,
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TABLE 4 Frequency of Anchoring (Temperature or Time) and Contrast Effects used for participants chosen
scene, tallied by Subtheme.

Anchoring Contrast Effects
No/little

Chosen scene  Temperature Time A lot/Too much change Middle change
Accurate Chosen X 12 7 0 10 0
Choices Y - Accurate 1 1 0 0 0
Inaccurate Chosen Y - Inaccurate 2 1 0 1 0
Choices W 9 1 0 o 9
z 1 0 0 0 0
TOTAL 18 10 0 11 2

(U ——————————— Temperature

“I chose [Scene X] because I think [the temperamre increase]

would have an effect on something_. I didn't pick the latter two_.--~~ Cognitive
choices [Y and Z] because those look more, I guess, des1;r,oy'e'd No change/too Bias

than I would expect. And I also didn't think that the temperature little change

wouldn't do anything [like in W]. So, I thought choice [X] was,

1R balance between those two [scenes I -
iR balance between those two [scenes [N _—_—_—_—_—_—G——_—_ Middle

FIGURE 2 Example student quote describing their chosen scene and the highlights represent the Cognitive Bias
Subthemes and Types coded in the quote.

TABLE 5 Frequency of Anchoring and Contrast Effect, by type, used in arguments for scenes not chosen by
participants, tallied by Type within each Subtheme.

Anchoring Contrast Effects
Not chosen scene Temperature Time A lot/Too much change Middle No/little change
w 8 1 0 0 17
X 1 3 2 0 4
Y 7 3 13 0 0
z 11 5 18 0 0
TOTAL 29 11 27 0 20

Note: Numbers represent the number of students using each Type for that scene as not their choice.

Daniella stated “When | think of [an average of one degree increase in temperature over 25 years], | don't
think, it doesn't seem like a lot. So, | don't think [it's] really, really drastic where everything is dried out, but |
do think that it does have an effect...” Of note, the Middle contrast was never used in an argument for why a
scene was not chosen. As noted above, the interviewer did not prompt for arguments justifying why scenes
were not chosen with all participants.
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5.4 | Overlap of reasoning and cognitive biases

A majority of students, regardless of their scene choice, used both Cognitive Biases and Reasoning in their
arguments for the chosen Scenes (Table 6). Just under half of participants used both Types of Cognitive Biases (i.e.,
Anchoring, Contrast Effect), nine used Anchoring alone, and only two participants used the Contrast Effect alone in
defending their chosen Scene (Figure 3). Just over half of the participants used both Types of Reasoning (i.e.,
Observations, Ecological Explanations), less than a third used Ecological Explanations alone, and only two students
used Observations alone to defend their chosen Scene (Figure 3).

In reviewing the individual participants’ arguments and the intersection of the Types of Cognitive Biases and
Reasoning they used to defend their chosen and other scenes, we identified six unique groups of student argument

patterns. Students with similar argument patterns were grouped together. Different groups used varying

TABLE 6 Frequency of Cognitive Biases compared with Reasoning in student arguments for their chosen
scenes.

Chosen scene Cognitive Bias only Reasoning only Both
w 1 0 2
X 1 4 14
Y-Accurate 0 1 2
Y-Inaccurate 1 0 3
z 0 0 1
Total 3 5 22

Participant Chosen Scene Not Chosen - X | Not Chosen - Y |Not Chosen - Wl Not Chosen-Z| Group
Accuracy of Chosen Scene N " . ~ - -
Bias Reas Bias | Reas | Bias | Reas | Bias | Reas | Bias | Reas | Number
Accurate - Y Karpos - "
Accurate - X Elena
Accurate - X Adela
— Group 1 5
Accurate - X Hari * * Both Biases
Accurate - X/ Inaccurate Y Fergus el Observation
Accurate - X / Inaccurate W |Chimezie Ecological
Both Reas
* * S * Not prompted/ interview
answered for them
a This scene was their chosen.
Accurate - X Tracey seena
Accurate - X Samuel
Accurate - X Gabriela L o
Accurate - X Zigor Group 3
Accurate - X Niketa *
Accurate - X Artemisia * N * * *
Accurate - X Vlastimir
. - . 0
oup
. 0
| -w Xabier
Inaccurate - W Enver e

FIGURE 3 Color-coded chart to represent Cognitive Biases (labeled Bias) and Reasoning (labeled Reas) on a
student-by-student basis to highlight the 6 groups of varying types of explanations. The far left column indicates
the scene chosen by each participant and its accuracy according to experts. Cognitive Biases are coded in blue and
gray colors and Reasoning Themes are coded in yellow and green colors, similar to color-coding in Figure 4. The far
right column indicates the group number for clusters of students who responded using similar strategies and
choices for their most likely scene.
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FIGURE 4 Venn diagram of the two Cognitive Bias Subthemes (Contrast Effects, Anchoring) and two Reasoning
Subthemes (Ecological Explanation, Observation). This diagram shows overlapping Cognitive Bias and Reasoning
strategies students used to explain their choices of scenes following an average of 1° increase in Fahrenheit after
25 years. Each grouping of students (see Figure 3) is indicated by a group number that generally characterizes their
arguments as similar to others in their group. The proportion of participants in each group varied (Group 1: 23%,
Group 2: 15%, Group 3: 27%, Group 4: 12%, Group 5: 8%, Group 6: 15%).

combinations of Cognitive Biases and Reasoning to defend their chosen Scenes (Figures 4 and 3). Although the
argument patterns between the six groups differed more than the patterns within a group, we noticed some
variability among students’ arguments for their chosen Scene and all other scenes within groups (Figure 3).
Group 1 represents students who used both Ecological Explanations and Observations as well as Anchoring in
the defense of their chosen Scene (Figure 4). Group 1 students all chose Scene X (accurate change) for at least one
of the chosen Scenes (i.e., two Group 1 participants chose a second incorrect scene as equally possible). In addition,
Group 1 students used Contrast Effects, and often Anchoring, to justify scenes they did not choose. Group 2
represents students who relied almost entirely on both Subthemes of Reasoning, Observation and Ecological
Explanations, in argument for their accurate chosen Scenes (Figure 4). Group 2 students also used Contrast Effects
as explanation for not selecting other scenes. Group 3 was the largest group of accurate predictors. These students
all used both Cognitive Biases and Ecological Reasoning, most used both Reasonings to justify their choice of Scene
X (accurate change). In addition, Group 3 students all used Contrast Effects in their reasons against the other three
scenes they did not select, and many also used Anchoring (Figure 4). Group 4 was the smallest group of accurate

predictors, who mostly used Observation and both Biases to justify their chosen Scene X (accurate change)

:sdy) SUOMIPUOD) PUE SwIRT Ay 295 “[£707/01/91] U0 AIRIGIT QUIUQ KD[1AN “OPEIO[0D) WIDYLON JO AUISIAUN AQ 978 17-995/700 101 /10P/wi00 Ko ATEIqUIUO//:5d Y WOy POprO[uMOq ‘0 “XLEZ8601

SuwI2) W00 KA

p

25OV SUOWWIOY) dANTRI) A[qEoIIAdE o) AQ PAWIAAOS AIE SAIMIE VO 05N JO S[NI 10 ATBIQYT AUIUQ) ADTIAY UO (SUOE



14 — - CLABAUGH HOWELL and HOLT
® LwiLEy- -

(Figure 4). Group 4 participants used a mix of Reasoning and Biases to justify scenes they did not select, but all
consistently used Contrast Effects to argue against other scenes (Figure 4). Group 5 includes only two students who
incorrectly identified Scene W (original scene) as the most likely scene, and each used both Biases for their chosen
Scene (Figure 4), and Contrast for Scene W (original scene). Finally, Group 6 represents students with a range of
accuracy, but none selected Scene X (accurate change) as their most likely response. These students used Ecological
Reasoning and Anchor Bias in their chosen scenes (Figure 4) and a mix of other justifications for scenes they did not

select.

6 | DISCUSSION
6.1 | Accuracy in student conceptions

The majority of our biology undergraduate participants from US institutions selected scenes identified by the
researchers and experts as the most likely scenes following an average of 1° increase in temperature after 25 years.
Despite reports of climate alternative conceptions in other studies (da Rosa, 2022; Fleming et al., 2021), we found
that biology college students from our sample predicted accurate outcomes of climate change. Other studies
similarly account how students proficiently identify scientific outcomes of climate change in undergraduate science
(Holt et al., 2021) and nonscience students (Huxster et al., 2015).

To further support the sophistication of these participants’ understanding of the biotic impacts of climate
change, we devised the interview protocol such that Scene X (accurate change) was the best response. Although we
realized that Scene Y (postforest fire) was a viable choice, that is, a burnt landscape reflecting increased forest fires
associated with climate change (Mansoor et al., 2022; Van et al., 2021; Varela et al., 2019), the accurate selection
and explanation of Scene Y (post-forest fire), by some participants, showed a deeper understanding of the indirect
effects of climate change than we originally expected.

These findings, reflecting that over three-quarters of our participants accurately identified predicted effects of
climate change, is encouraging, despite climate literacy alternative conceptions (da Rosa, 2022) and catastrophic or
severe thinking (Holt et al., 2021; Wibeck, 2014) reported elsewhere in the literature. Although our sample may be
geographically biased (i.e., 17 of our participants were attending institutions located in states with 33% or less of
the general population identified as conservative [Pew Research Center, 2022]), which could influence the
participants’ background on climate change (Khalidi & Ramsey, 2021), we noted no trend in accuracy by state.
Additionally, potentially contributing to bias, our survey asked participants their beliefs associated with climate
change and all stated that they accept that climate change is occurring and at least partially human-caused.

6.2 | Students’ reasoning about their choices

Overall, the most frequent recurring pattern in student Reasoning was their use of both Ecological Explanations and
Observations, especially participants who selected Scene X (accurate change). Our careful review of their
explanations further determined that these explanations were often accurate, reflecting key biological processes.
Holt et al. (2021) also noted the capacity for undergraduate biology students to recognize and relate major
ecological processes to climate change. Our respondents leveraged the information provided through their
Observations of elements within the scenes, into ecological patterns and processes when providing their arguments
for their choices. This Reasoning pattern indicates that undergraduate biology students, at least from our sample in
the United States, go one step farther than just describing what they see and use low-level argumentation (Barth-
Cohen et al., 2021; Basel et al., 2013). Most of them applied ecological processes and patterns to what they saw

(i.e., applying evidence to their argument), which is a key part of successful argumentation and scientific reasoning
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(Driver et al., 2000). Interestingly, even students who estimated the inaccurate scenes as the best response, still
often use Ecological Explanations and attempt to leverage evidence, even if it is inaccurate. Argumentation can help
students develop critical thinking skills required in their professional lives (Gultepe & Kilig, 2021). The next step
appears to be ensuring students can discriminate accurate from inaccurate evidence and this difference is not
obscured by oversimplification of scientific evidence and problems (Duncan et al., 2018). Further, climate-focused
curricula may benefit from additional focus on the mechanisms of climate change, which may correct inaccurate

application of evidence.

6.3 | Students’ cognitive biases in their choices

Just under half of our student participants used both Cognitive Biases in their chosen Scene reasoning, roughly one-
third used Anchoring alone and only one-seventh used no Cognitive Biases when defending their chosen Scene.
Similarly, all participants used at least one Type of Cognitive Bias when describing at least one of the scenes they
did not select. This heavy reliance on Cognitive Biases in argumentation illuminates the strong effect heuristics can
have on student decision-making, which is similarly observed in other studies (Hoffman et al., 2021). However, this
does not imply students are using information illogically, because cognitive biases can be based on rational
reasonings (Lieder et al., 2017; Todd & Gigerenzer, 2000) that improve efficiency. Further research is needed to
explore the rationality or over-reliance on Anchors and Contrast Effects used by undergraduate biology students
when they discuss climate change and build arguments about how it affects ecosystems.

Our student participants would frequently argue that a scene they did not select, often SceneY (postforest fire)
or Z (wasteland), was incorrect because it was “too extreme.” This Cognitive Bias shows ecological understanding
that the scene held too much change, and these students used this information to quickly exclude options.
Alternatively, this Contrast Effect may also reflect extreme aversion which Neumann et al. (2016) reports for
consumer behavior. It is important for educators and the media to carefully consider the presentation of climate
change-related material to reduce Contrast Effects that perpetuate misinformation (e.g., ecosystem impacts in
response to nonclimate effects such as pollution). Furthermore, extreme negative representations of climate change
can lead to apathy and avoidance of the issue altogether (Agoston et al., 2022). On the contrary, presenting
implausible, overly extreme outcomes as a contrast to actual outcomes from climate change may downplay the
impacts of this pervasive, long-term disturbance. Our study established this contrast, as the most accurate scene
was less extreme, and we acknowledge this presentation may have biased participants to choose the accurate scene
over more extreme options due to contrast effects rather than climate literacy.

Temperature was the most common anchor used by our participants. Increasing temperature is often a proxy or
consequence reported for climate change (IPCC, 2018; NOAA National Centers for Environmental Informa-
tion, 2021), and is publicized in the media. Again, reporting of these data, including both the numerical value and the
unit of measurement, can affect understanding of climate change (Chan, 2018). Previous studies demonstrate that
people may misjudge climate change as they anchor on local, short-term temperatures (Joireman et al., 2010). Our
study is unique in describing how students use anchoring of numerical value to affect their predictions of climate
change effects.

6.4 | Overlap of ecological reasoning and anchoring/contrast effects

Comparing all types of argument patterns in our American biology student sample, we identified six general groups
of response patterns (Figures 1 and 2). The largest group, Group 3, used both Subthemes of Reasoning and both
Subthemes of Cognitive Biases to argue for their selection of the accurate scene, Scene X (accurate change).

Although Cognitive Biases are clearly a useful strategy for our sample of biology undergraduates in thinking about
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how climate change may affect ecosystems, as it was used at least once by every participant, it is unclear whether
these heuristics may be contributing to misunderstandings or alternative conceptions as occurs in evolution
education (Bean et al., 2010; Pobiner et al., 2019). Group 2 used both Subthemes of Reasoning but their use of
Cognitive Bias was almost strictly limited to their justification for scenes they did not select. Future work exploring
strategies used by those in Group 2 may help clarify if their approach is optimal and a better model to guide
instruction. With one exception, Groups 5 and 6 all selected inaccurate scenes as their best choice. Interestingly,
these groups relied heavily on Cognitive Biases and Ecological Explanations for their chosen Scenes and never used
Observations, except when explaining scenes they did not choose. This lack of Observation may be an over-reliance
on faulty Ecological Explanations that were not checked against visual evidence presented in the scene itself. All
other groups used Observations or Observations coupled with Ecological Explanations to support their chosen,

primarily accurate, scenes.

7 | EDUCATIONAL IMPLICATIONS

We found that many biology undergraduate students understand climate change sufficiently to make accurate
predictions of how it will affect ecosystems. Most recognize that climate change is a notable disturbance that will
alter ecosystems, but also do not claim a catastrophic fate noted in other research (Holt et al., 2021). The present
study not only clarifies the accuracy of student conclusions about climate change but describes their thinking about
the processes involved and perception of the degree of change. Our findings highlight that even when biology
undergraduate students selected inaccurate scenes, most understand that climate change affects ecosystems, but it
was their underlying understanding of the biology that was incorrect. However, the overwhelming accuracy and
knowledge of climate change detected within our sample does not guarantee climate action or guard against
development of climate alternative conceptions (Harrod & Rolland, 2021). Although education alone does not shift
students’ perspectives on SSls (Hornsey, 2020), raising educators’ awareness of the factors influencing student
thinking may allow them to construct curricula in mindful ways (Chen & Xiao, 2021).

In our sample, most students that identified the correct scene used both Observations and Ecological
Explanations. This suggests they analyze and assimilate presented information to accommodate into a familiar
schema and determine how what they see is related (Duncan et al., 2018) and connected to climate change.
However, several of our participants did not use Reasoning in their arguments to explain why they selected a scene
(Table 2) and most participants did not use Reasoning when defending Themes they did not select (Table 3).
Educators who focus on ecological processes leading to outcomes from climate change may better help their
students articulate the effects, present and future, of climate change. We also found that most students in our
sample used Cognitive Biases throughout their arguments for scenes they chose and did not choose. This
prevalence provides further evidence of how heuristics influences decision-making (Todd & Gigerenzer, 2000). We
hope educators will become attuned to recognize when their students use heuristics, perhaps even unknowingly, to
explain scientific phenomena and processes. Interventions similar to Schweickart et al. (2021) model how
instruction can support students to recognize cognitive biases and leverage them appropriately.

8 | LIMITATIONS

The qualitative nature of our study and purposeful selection of participants within undergraduate biology classes
limits the generalizability of these results. Further our sample was drawn from universities in the United States and
our findings may not be representative of what other students elsewhere might think or choose. Future research to
investigate the trends in student reasoning about climate change in other undergraduate science disciplines, in K-12

systems, or international contexts would further benefit this field. Further, our coding was guided by our codebook
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and other Themes may have emerged if we had instead used a different approach to coding or a different
codebook.
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