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ABSTRACT ARTICLE HISTORY
Student understanding of climate change is an active and growing area Received 21 September
of research, but little research has documented undergraduate students’ 2023

knowledge about the biotic impacts of climate change. Here, we address éégipted 28 January
this literature gap by presenting the Inventory of Biotic Climate Literacy

(IBCL), a concept inventory developed to assess undergraduate biology
student knowledge of how climate change impacts living things. We
developed the IBCL through literature review, student and expert inter-
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views, student field tests, and expert review. We implemented two large C ¢
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nationwide field tests and conducted multiple psychometric analyses on
these datasets. These analyses resulted in a final tool of 30 items mea-
suring 16 constructs related to the biotic impacts of climate change. We
discovered that the final IBCL does not represent a single, simple con-
struct but rather the complicated and interactive concepts that comprise
this topic. We suggest that sum scores are still a valuable measure, as
certain groups (upperclassmen and politically liberal individuals) scored
significantly higher. We also found value in analyzing individual student
performance on the IBCL by developing student profiles. The IBCL rep-
resents an important tool in assessing student understanding of the
complex and growing problem of climate change and its impact on the
living world.

Introduction

Global climate change is often referred to as a ‘wicked problem’ because it is ill-defined, under-
standing and resolving it are co-dependent, the hunt for its solutions are endless, and those
solutions may cause unforeseen repercussions (Rittel and Webber 1974). More recently, climate
change was elevated to a ‘super-wicked problem’ due to its time sensitivity and lacking central
authority in managing the issue as a global problem (Cross and Congreve 2021). The gravity
and complexity of climate change centers it as a topic for societal concern. However, its bio-
logical implications (Grimm et al. 2013; Walther et al. 2002) and human impacts (McMichael
2013; Patz et al. 2005) are some of its most worrying outcomes.

Climate change affects every continent on earth and every type of ecosystem, aquatic and
terrestrial (IPCC, 2022). Climate effects on species are numerous and wide-ranging, including
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reductions in growth (Huang et al. 2021), consequences for reproduction (Parratt et al. 2021),
and reduced survivability, especially when in combination with other effects (Srinivasan and
Wilcove 2021). More dangerously, species-level effects compound and interact to result in a
multitude of community and ecosystem-level responses. For example, climate change opens
channels for concerns that were only background occurrences in the past (e.g. viral transmission
and spillover, Carlson et al. 2022) and can alter ecosystem function (e.g. wetlands from sinks
to sources, Salimi, Almuktar, and Scholz 2021). Due to the ubiquity and damage from climate
effects on the biota, educators have been and continue to be encouraged to include climate
change in science curricula (e.g. Mahaffy et al. 2017, Cervato et al. 2018, Dunk et al. 2022).

College faculty across disciplines report a responsibility to teach undergraduates about climate
change because of its socio-scientific importance and its contribution to building scientific
literacy (Beck, Sinatra, and Lombardi 2013), with a majority of faculty indicating that climate
change should be taught in life sciences (Wise 2010). Within the field of biology, Vision and
Change (AAAS, 2010) challenged biology undergraduate students and their educators to better
understand and address global climate change. Furthermore, the Four-Dimensional Ecology
Education (4DEE) Framework was established to guide educators in ecology instruction (Klemow
et al. 2019), and notably, climate change is embedded as both a Core Ecological Concept and
Human-Environment Interaction. Dunk et al. (2022) expanded the 4DEE to develop the Biotic
Impacts of Climate Change Core Concepts (BIC* which clarifies how climate change includes
multiple critical concepts that span the ecology curriculum.

These multiple educational frameworks founded in biology signal that inclusion of climate
change education in our undergraduate biology curriculum is important. However, inclusion
alone may be ineffective without means to assess what students are learning and understanding
about climate change. To date, only three published concept inventories related to climate
change exist: the Climate Change Concept Inventory (Jarrett, Ferry, and Takacs 2012), the
Anthropogenic Climate Change Dissenter Inventory (Bentley, Petcovic, and Cassidy 2016), and
the Greenhouse Effect Concept Inventory (Keller 2006). Unfortunately, all of these inventories
stem from the earth and atmospheric sciences and focus on students’ knowledge of the mech-
anisms causing global warming and of the abiotic systems important to climate change. Although
climate change has significant biotic implications (IPCC, 2022; Grimm et al. 2013), no tool exists
to assess or quantify student knowledge of climate science from the biological perspective. While
some previous research includes survey questions related to the biotic impacts of climate change
(e.g. Lambert and Bleicher 2013, McNeal, Walker, and Rutherford 2014, Hermans and Korhonen
2017), none exclusively focus on the biotic impacts of climate change. Here, we describe the
development of the Inventory of Biotic Climate Literacy (IBCL) concept inventory, a tool designed
to examine undergraduate student understanding of the biotic impacts of climate change. We
aligned the content of this instrument with the BIC* (Dunk et al. 2022) to ensure sufficient
coverage across as many of the core concepts of climate change as possible. This concept
inventory is aimed at providing biology educators and researchers in biology, science, environ-
mental, and sustainability education with a tool to measure students’ conceptions of climate
change impacts on biotic systems.

Methods

Our goal was to develop a novel instrument to measure undergraduate biology students’
understanding of the biotic impacts of climate change. To ensure the validity and reliability of
our assessment, we used an iterative process for item development aligned with recommenda-
tions by Libarkin (2008), consisting of four main stages (Figure 1). In Stage 1, we identified
topics and conceptions of the biotic impacts of climate change to determine the topical basis
for the IBCL. In Stage 2, we developed items and responses for the IBCL and revised them using
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Figure 1. Schematic of the development process of the Inventory of biotic climate Literacy (IBCL), with four distinct stages
and resulting outcomes from each stage.

expert review. In Stage 3, we revised the instrument using think-aloud student interviews, and
conducted Field Test 1 for subsequent modification of the instrument. During Stage 4, we
conducted a larger, more diverse Field Test 2 to broadly sample institutions across the United
States and finalize the IBCL. All human participant data collection was approved by the IRB of
the University of Northern Colorado (IRB #1288162), and all participants granted consent prior
to completion of all surveys or interviews.

Stage 1 -- topic development and conceptions interviews

During the first stage of development, our initial goal was to identify a list of topics related to
the domain of the biotic impacts of climate change. The goal of this process was to collect
preliminary validity evidence for our tool based on test content (sensu AERA, APA, & NCME et al.
2014). Through an iterative process of comparison of source data, including interviews with
university faculty and college biology students and review of biology and ecology textbooks
and the primary literature, we narrowed these topics into an educational framework, or the
Biotic Impacts of Climate Change Core Concepts (BIC% Dunk et al. 2022). This framework centers
on the consequences of climate change on the biota and its systems, irrespective of the mech-
anism (e.g. change in temperature, change in moisture, change in chemistry) as we understand
mechanisms are interactive yet yield discrete sets of outcomes. The BIC* framework, with its
three themes and seven core concepts, guided our development of conceptions interview
protocols.

The second goal of Stage 1 was to identify student conceptions about the biotic impacts of
climate change as a direct data source for item construction. To ensure the IBCL distractor
response options and terminology aligned with our target group, we conducted a series of
concept interviews with introductory and upper-division college biology students. Student
interviews followed an iterative process with three rounds, with each round narrowing our focus
into ideas that were directly translated into items. The collection and analysis of the first round
of student interviews are described in Holt et al. (2021). Using round one interviews, we revised
our interview protocol to focus only on temperature as the mechanism of climate change (i.e.
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for simplicity), while also adding questions to probe student understanding of recovery patterns
from climate change compared to other natural disturbances (e.g. fire). Round two student
interviews were conducted with six students from two institutions, which further refined our
interview protocol. The third round of conception interviews included 26 students from 10
institutions. Additionally, we used the same final protocol to interview seven biology experts
(i.e. biology faculty at seven different institutions) to develop a basis for correct response options.

As part of the interview protocol, our team developed a series of illustration prompts (see
Holt et al. 2021). We opted for illustration prompts for this purpose to center student ideas
on the same scenario yet avoid overly taxing and complicated written descriptions. During
round one and two interviews, we used illustrations of three habitats (i.e. Arctic tundra,
tropical reef, and temperate forest) to prompt student ideas about how various environments
would be affected by climate change. Because the greatest number of alternative conceptions
arose associated with the forest scene and we felt this scene may be most familiar to under-
graduates from the continental US, our team developed three additional illustrations based
on this scene. These latter illustrations represented possible outcomes of the forest scene
following climate change, reflecting student ideas expressed in the first sets of interviews,
including minor shifts in species composition, severe fire impacts, and a catastrophic dystopia
(Clabaugh Howell and Holt 2024). The three forest-based scene illustrations were the basis
for the third round of conception interviews, which asked students to explain which scene
represents the most probable outcome after a one degree Fahrenheit increase after 25years.
The responses from these items were primarily intended to provide a basis for items for this
instrument.

Stage 2 - item development and revision

Our goal for Stage 2 was to develop items using student and expert conceptions captured in
our interviews from the previous stage. We adapted interview questions from our protocol to
develop item stems. From our round three interview transcripts, we organized and grouped
student responses thematically. The most succinct and clear of the range of responses were
selected and were lightly edited for flow and clarity to represent item responses. Twelve items
were developed using this process directly from the conceptions interviews, which reflected
the Species and System Outcomes of the BIC* (Dunk et al. 2022). An additional eight items
were drafted based on themes discussed in the interviews but did not reflect interview ques-
tions or direct participant responses. These latter eight items were created to cover the Scale
Outcomes of the BIC* more fully (Dunk et al. 2022).

It is worth noting that construction of items to align with singular elements of the specific
content framework (i.e. BIC* Dunk et al. 2022) proved challenging. Specifically, it was difficult
to write questions about living organisms and their response to climate change without any
reflection about time (the Scale Outcomes). Complete segregation of items was not possible
because items about Species and Systems outcomes may have equally reflected biotic responses
to any disturbance, including many that were not climate change. Likewise, items about Scale
Outcomes required additional context provided by details of Species and Systems Outcomes.
Although we acknowledge that cross-conceptual items are not frequently featured in conceptual
assessments of student understanding, we feel that they are necessary here given the complex
multidimensionality of climate change’s impact on living things.

Aligned with the format of most other science concept inventories, we used a multiple-choice
response format in which each item contains one correct response option and several incorrect
distractor options (Dunk et al. unpublished; Lindell, Peak, and Foster 2007). All items included
3 to 5 response options, avoided absolutes (e.g. ‘All of the above’) and negatively worded
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statements, and ensured that all correct and distractor response options were similar in length
and structure (Libarkin 2008).

We conducted an initial round (n=10) of think-aloud student interviews to explore student
conceptions about our items and confirm that student reasoning on items aligned with our
intended reasoning (Adams and Wieman 2010). Our think-aloud interviews throughout our
development process aimed to gather validity evidence based on student response processes
(sensu AERA et al. 2014). After revising items for student readability and conceptual understand-
ings, we then solicited feedback from our advisory board and 16 climate experts (i.e. biology
researchers active in climate research) on the accuracy, readability, and BIC* alignment of our
twenty items. Subsequently, we conducted an additional ten think-aloud interviews with biology
undergraduate students to clarify that our modifications led to expected student responses.
Throughout the interview and feedback process, we made iterative revisions to bring our ques-
tions in line with student thinking. Revisions in response to feedback included minor changes
to wording of items as well as removal of three items and a few response options. Our instru-
ment administered as Field Test 1 included 17 items and numerous demographic questions.

Stage 3 - Field Test 1

During Stage 3, we coordinated with 21 faculty instructors from 14 different institutions nationwide
for recruitment of the first field test of our 17 items. Faculty were identified through personal
contacts and those who had participated in earlier stages of this project. Data were collected
online via Qualtrics between Nov and Dec 2021 and represent post-responses as they occurred at
the end of biology instruction, either introductory or upper division ecology. A full list of

Table 1. Institution and course demographics. Rough equivalence of samples used in the Field Test 1 and Field Test 2
sampling. Field Test 2 dataset was pruned to include only complete surveys and those in which students took 10-90min
to complete (i.e. Final dataset). Pairwise comparisons of subgroups were conducted on all groups with at least 5% of the
final dataset.

Institution Characteristic Field Test 1 Field Test 2
All Participants Al Participants  Final Dataset Pairwise
(n=1035) (n=1561) (n=859) comparisons
Region
Midwest 107 (10.3%) 119 (7.6%) 89 (10.4%) a
Northeast 50 (4.8%) 15 (1%) 8 (0.9%) a
South 178 (17.2%) 426 (27.3%) 285 (33.2%) a
West 484 (46.6%) 677 (43.4%) 460 (53.5%) a
Missing Data 218 (21.1%) 324 (20.8%) 17 (2.0%) N/A
Carnegie research tier
R1 - Doctoral Universities, Very high research 141 (13.6%) 579 (45.6%) 411 (47.8%) a
activity
R2 - Doctoral Universities, High research activity 439 (42.4%) 348 (27.4%) 230 (26.8%) b
M1 - Master’s Colleges and Universities, Larger 195 (18.8%) 274 (21.6%) 178 (20.7%) ab
programs
M2 - Master’s Colleges and Universities, Medium 0 (0.0%) 8 (0.63%) 3 (0.3%) N/A
programs
M3 - Master’s Colleges and Universities, Smaller 12 (1.2%) 7 (0.6%) 6 (0.7%) N/A
programs
BAS - Baccalaureate Colleges, Arts & Science 30 (2.9%) 7 (0.6%) 5 (0.6%) N/A
Focused
BDF - Baccalaureate Colleges, Diverse Fields 0 (0.0%) 14 (0.9%) 9 (1.1%) N/A
Other 218 (21.1%) 33 (2.1%) 17 (2.0%) N/A
Course Level
Introductory Biology Course 559 (54.0%) 897 (57.5%) 596 (69.4%) a
Advanced Biology Course 279 (27.0%) 364 (23.3%) 260 (30.3%) b
Missing Data 197 (19.0%) 300 (19.2%) 3 (0.3%) N/A

N/A: data was missing or the sample was too small (group represented <5% of the whole sample) to perform these
analyses.
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institutional demographics can be found in Table 1. Students were offered credit, extra credit, or
no compensation, depending on instructor preference. Of the 1035 participants who took the Field
Test 1 survey, 843 were complete student responses (i.e. all items were answered and they received
a final score = 1) and the remainder were not analyzed further. We calculated difficulty, point-biserial
(i.e. item-total correlations), and discrimination on our 17 items and identified three items of con-
cern, while the remaining 14 items demonstrated acceptable performance. We also conducted a
principal components analysis (PCA) using SPSS in an attempt to identify the ways in which indi-
vidual items grouped, but found no clear pattern. Rather, each item appeared to measure a nearly
independent concept. This finding was a central focus of our approach to item modification.
During our item revision following Field Test 1, we created four new items aimed at
increasing items that measure the unique but underrepresented BIC* core concepts of the
spatial and temporal aspects of climate change. In addition, because the structural analysis
of these field test data suggested complex factor structure, we aimed to develop additional
items that closely mirrored existing questions to expand the independent constructs we
detected from Field Test 1. While new items relating to core concepts already represented
in the Field Test 1 version, but with new scenarios, systems, species, and scales, could
further describe the biotic impacts of climate change, we felt creating mirrors would better
focus on the complex, interactive concepts portrayed in the existing IBCL items. For ten
of our original items and two of our new items, we created mirror items (Figure 2). These
mirrors were new items that used nearly identical wording, key concepts, and distractors
as existing items but changed the setting, focal species, or time period. Four of our original
items, which depended on a visual scene illustration provided as part of the prompt, could

Figure 2. Example item from the IBCL showing the similarity between an original item and its mirrors. The item setup
(including the hand-drawn illustration by our colleague, summers scholl) was identical for all versions of this item. The top
wording, in brick-color font, highlights the original stem wording that was used in both Form 1 and 2. The side-by-side
wording, in mustard and blue font, represent the mirrored stems used in each form. The response choices matched each
version with the appropriate wording (i.e. in this case, the varying organisms used for transfer across concepts).
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not be altered as a mirror. Likewise, two of the new items discussed general patterns of
the scale of climate change, for which mirrors could not be created. Our final instrument
contained 41 total items, 6 were unique and unmirrored, and 12 had one or two mirrors.

Stage 4 - Field Test 2

The goal of Stage 4 was to evaluate the efficacy of the IBCL with a broader audience and test
new items from Stage 3. To alleviate over-burdening our participants with all 41 items, some
of which were nearly identical mirrors, we prepared two test forms. Each form contained a
subset of mirrored items, as well as the original item that linked response patterns across forms
and all unmirrored items. This led us to 30 items on each form (Table 2), followed by demo-
graphic questions. We included randomization within our administration protocol, such that all
participants were randomly assigned Form 1 or Form 2 of our instrument.

We identified faculty recruiters for the final field test through instructors who had previously
participated in Field Test 1, our personal contacts, professional society listservs, and an informally
constructed list of ecology instructors from 18 Historically Black Colleges and Universities (to
potentially increase representation from populations largely absent from our Field Test 1 dataset).
We successfully recruited 27 instructors from 20 different institutions across the United States,
including 15 states. Field Test 2 was administered to biology students matriculating in 14 intro-
ductory biology courses and 17 upper division biology courses between February and May of
2022. We intentionally recruited a diversity of institution types with demographically diverse
student representation to have a broader sample from which to infer. Students were offered
course credit, extra credit, or no compensation, depending on instructor preference. Field Test
2 data were collected using online Qualtrics surveys with no response requirements (i.e. ques-
tions could be skipped according to our ethics protocol).

Statistical analysis

All analyses were conducted using the combined sample of all courses together, and indi-
vidual students were coded by course and demographic factors. The final analysis of Field
Test 2 data included descriptive statistics, correlations, Classical Test Theory (CTT) and
dimensional analyses (the latter aimed to collect validity evidence for internal structure,
sensu AERA et al. 2014). First, we conducted a variety of descriptive statistics by item
groups and individual items to characterize student performance across the entire assess-
ment. Each item was scored as 1 for correct responses and 0 for incorrect responses. Overall
or Total scores on the assessment were calculated by summing correct answers for each
student (maximum possible score = 30). In addition to the Total score, we created three
subscale scores: Climate Change; Ecology; and Blended. The Climate Change score, including
two items, reflects student knowledge aligned with BIC* Scale of Outcomes theme (Dunk
et al. 2022) discussing the spatial and temporal effects of climate change (Core Concepts
6, 7; Table 2). The Ecology score includes five item sets (one is mirrored and the other
four are not) and strictly aligns with the BIC* Species and Systems Outcomes (Core Concepts
1-5; Table 2). The remaining nine item sets (8 mirrored and one unmirrored) sum to our
Blended score, because these items aligned with, and intentionally blend, at least one
Scale of Outcomes Core Concept and one Species and Systems Outcomes Core Concept
(Table 2). We explored Pearson correlations among all three subscale scores, and groupings
of Total scores by demographics using ANOVAs and pairwise comparisons using Tukey HSD
and Bonferroni correction for multiple comparisons (alpha = 0.00625).

Second, CTT item analyses were conducted to explore item functioning (Crocker and Algina
2008). The average score of each item was used to determine the item difficulty (Py), with
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Table 2. Content map of final 30 IBCL items (16 item sets or factors). Distribution of IBCL items across the BIC4 core
concepts' (Dunk et al. 2022). Items aligned with CC1-5 were ecology-focused in content (Eco). Items aligned with CC6-7
were climate change-focused (clim). Items aligned with both CC1-5 (ecology-focused concepts) and CC6-7 (climate
change-focused concepts) are noted as ‘Blended’ and span across both elements of biotic climate literacy.

Content Factor Item  Form cal cc2 ca CC4a CC4b  CC5 CCéa CC6b CC7a  (CC7b

Eco 1 1 1,2 X X

Eco 2 2a 2 X X

Eco 2b 1,2 X X

Eco 3 3 1,2 X X X

Eco 4 4 1,2 X X X

Eco 5 5 1,2 X X

Blended 6 6a 1,2 X X

Blended 6b 2 X X

Blended 6C 1 X X

Blended 7 7a 1,2 X X X
Blended 7b 1 X X X
Blended 7c 2 X X X
Blended 8 8a 1,2 X X

Blended 8b 1 X X

Blended 8c 2 X X

Blended 9 9a 1,2 X X X
Blended 9b 1 X X X
Blended 10 10a 1,2 X X X
Blended 10b 1,2 X X X
Blended 1 11a 1,2 X X X
Blended 11b 2 X X X
Blended 11c 1 X X X
Blended 12 12a 1,2 X X X
Blended 12b 2 X X X
Blended 12¢ 1 X X X
Blended 13 13 2 X X X
Blended 14 14a 1,2 X X X
Blended 14b 1 X X X
Clim 15 15 1,2 X X

Clim 16 16 1,2 X X

'CC1: Species’ distributions may be affected in time or space; CC2: Species’ reproduction and life history traits may be
affected; CC3: Species’ growth and survival may be affected; CC4: Species’ relationships can be affected by climate change,
(a) Many types of relationships may be affected, (b) Nature of the change affecting the relationship may be direct or
indirect; CC5: Biological processes can be affected; CC6: Climate change has unique spatial affects, (a) Climate change,
as a disturbance, occurs on a global scale, (b) The effects of climate change are often similar across a landscape; CC7:
Climate change has unique temporal effects: (a) Climate change is a continuous disturbance, (b) The observed effects of
climate change occur over a long period of time (from Dunk et al. 2022).

higher values indicating lower difficulty. We calculated the point biserial correlation coefficient
(PBCC) to determine test item discrimination (ranges —1 to +1). Positive PBCC values indicate
that students who scored higher on the assessment also scored higher on a specific item com-
pared to students who scored lower on the assessment, while a negative PBCC value indicates
that lower scoring students scored higher on a specific item compared to those who scored
higher on the assessment. The accepted threshold for PBCC is 0.3 or higher (Doran 1980).

Third, since item responses were coded as binary data (1=correct; 0=incorrect), we
performed a Principal Components Analysis in SPSS with Varimax rotation to maximize
explained variation and explore instrument cohesion. For the purposes of interpretation,
factor loadings greater than 0.3 were considered viable. Unlike all other analyses conducted
on all participants combined, PCAs were conducted separately on the two sample groups
(Form 1, n=404; Form 2, n=455). We also used non-metric multidimensional scaling (NMS)
in PC-ORD (v. 7.09, McCune and Mefford 2018) to further explore dimensionality and clus-
tering of item sets. The ‘slow and thorough’ autopilot mode of PC-ORD sought the best
solution of Form 1 data using Euclidean distances, with a maximum of 500 iterations of
50 runs of real data and 50 randomized trials.
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Qualitative analysis

Since the instrument was designed to capture conceptual knowledge along the broad spectrum
of the BIC* constructs and also understand how the instrument could be used for pedagogical
and curriculum improvements, we conducted an exploratory qualitative Student Performance
Profile analysis to evaluate within- and between-student performance using data visualization
plots. We randomly selected a set of ten high-performing participants (Total scores: 15-20) and
a set of ten low-performing participants (Total scores: 5-10). The responses of these 20 students
were coded by whether they selected the correct or incorrect response for every item. For
mirrored item sets, responses from each item were averaged. We visualized Student Performance
Profiles as a row in a table, where each item was shaded to denote their performance: unshaded
was incorrect, black-shaded was correct, gray-shaded was an item with its mirror where their
responses disagreed (i.e. they scored correctly on one version and incorrectly on the other
version). Items that are black-shaded across multiple students are less difficult items, while
unshaded items across multiple students are more difficult. Items with gray-shading suggest
that they assess concepts that have low transferability across mirrors.

Results
Initial analysis

Field Test 2 resulted in 1561 participant responses. To provide a high-quality dataset that
reflected our target population, we applied a participant filtering process before data analysis
(Uminski and Couch 2021). We first removed all participant data in which a student did not
answer all items or received a score of zero on the IBCL concept inventory (n=230 and n=69,
respectively). We next removed participants that spent less than 10 or greater than 90 min
completing the survey, in line with Couch et al. (2019), to filter respondents likely dedicating
insufficient effort or overabundant time indicative of the survey being taken over more than
one sitting. In total, our final data set consisted of 859 student responses split between two
forms (Form 1=404 and Form 2=455). Demographic information for students in both the initial
and filtered datasets, the latter of which was used for all subsequent analyses, were comparable
(Table 3). Although our data cleaning approaches aligned with Enders (2022), this comparison
of demographic representation suggests little impact on our sample.

Preliminary analysis

The preliminary analysis of Field Test 2 data included all 41 unique items designed to capture
18 constructs. Following preliminary CTT and dimensional item analysis, we deleted items based
on redundancy (one item), poor PCA loading (factor loadings <0.3; one entire item set of three
items), and because the items were either too difficult and/or had poor discrimination (PBCC
< 0.2; four items and one entire item set of three items). These analyses resulted in the removal
of eleven poor-performing items. Removal of these items did not interfere with the integrity
of our instrument because all remaining items provided adequate coverage of the BIC* constructs.

Final analysis

The final retained dataset included 30 items and 16 constructs with 859 participants. These
items and item sets maintained coverage of the BIC* constructs (Table 2). The mean overall
score did not differ between Form 1 (F1) and Form 2 (F2) (F1:12.8 +/- 4.92 SD; F2:12.8 +/- 4.56
SD, where the possible points on both forms was 23 (Figure 3). Each form differed slightly in
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Table 3. Student demographics. Rough equivalence of samples used in the Field Test 1 and Field Test 2 sampling. Field
Test 2 dataset was pruned to include only complete surveys and those in which students took 10-90 min to complete (i.e.
Final dataset). Pairwise comparisons of subgroups were conducted on all groups with at least 5% of the final dataset.

Student Demographics Field Test 1 Field Test 2
All Participants All Participants Final Dataset
(n=1035) (n=1561) (n=859) Pairwise comparisons

Class Standing

Freshman 0 (6.8%) 269 (17.2%) 163 (19.0%) a

Sophomore 285 (27.5%) 368 (23.6%) 245 (28.5%) ab

Junior 258 (24.9%) 331 (21.2%) 231 (26.9%) ab

Senior 219 (21.2%) 280(17.9%) 207 (24.1%) b

Post Baccalaureate 0 (1.0%) 15 (1.0%) 2 (1.4%) N/A

Missing Data 193 (18.6%) 298 (19.1%) 1 (0.1%) N/A
Gender Identity

Man (Cis or Trans) 255 (24.6%) 368 (23.6%) 261 (30.4%) a

Woman (Cis or Trans) 562 (54.3%) 825 (52.9%) 548 (63.8%) a

Non-binary, Genderqueer, 12 (1.2%) 32 (2.0%) 24 (2.8%) N/A

or Gender

Non-conforming

Prefer not to answer 20 (2.1%) 34 (2.2%) 26 (3.0%) N/A

Missing Data 184 (17.8%) 302 (19.3%) 0 (0.0%) N/A
Race/Ethnicity*

American Indian/Alaska 12 (1.2%) 27 (1.7%) 20 (2.1%) N/A

Native

Asian 126 (12.2%) 158 (10.1%) 105 (11.0%) a

Black or African American 48 (4.6%) 0 (5.1%) 47 (4.9%) N/A

Hispanic or Latino/a/x 334 (32.3%) 341 (21.8%) 234 (24.6%) a

Native Hawaiian or other 3 (0.3%) 7 (1.1%) 8 (0.8%) N/A

Pacific Islander

White 378 (36.5%) 721 (46.2%) 510 (53.5%) b

Prefer not to answer 90 (8.7%) 78 (5.0%) 29 (3.0%) N/A

Missing Data 91 (8.8%) 139 (8.9%) 5 (0.5%) N/A
Political Affiliation

Democrat 297 (28.7%) 413 (26.5%) 279 (32.5%) a

Green Party 5 (0.5%) 7 (1.1%) 3 (1.5%) N/A

Independent 129 (12.5%) 192 (12.3%) 135 (15.7%) a

Libertarian Party 3 (2.2%) 1 (2.0%) 1 (2.4%) N/A

Republican 116 (11.2%) 155 (9.9%) 104 (12.1%) a

Other 2 (3.1%) 9 (3.1%) 5 (4.1%) N/A

Unknown 111 (10.7%) 196 (12.6%) 145 (16.9%) N/A

| prefer not to say 134 (12.9%) 205 (12.1%) 125 (14.6%) N/A

Missing Data 188 (18.2%) 303 (19.4%) 2 (0.2%) N/A
Political Identity

Strongly Conservative 22 (2.1%) 28 (1.8%) 19 (2.2%) a

Moderately Conservative 70 (6.8%) 96 (6.1%) 59 (6.9%)

Slightly Conservative 41 (4.0%) 69 (4.4%) 51 (5.9%)

Middle of the Road 109 (10.5%) 168 (10.8%) 113 (13.2%) a

Slightly Progressive 52 (5.0%) 57 (3.7%) 44 (5.1%) b

Moderately Progressive 147 (14.2%) 213 (13.6%) 162 (18.9%)

Strongly Progressive 111 (10.7%) 210 (13.5%) 138 (16.1%)

| prefer not to say 144 (13.9%) 181 (11.6%) 112 (13.0%) N/A

| don't know 152 (14.7%) 236 (15.1%) 159 (18.5%) N/A

Missing Data 187 (18.1%) 303 (19.4%) 2 (0.2%) N/A

"Some participants may be included in multiple race and ethnicity categories, and those who marked more than one race
were not included in pairwise comparisons.

the number of items comprising subscale scores (Climate Change subscale: same 2 items on
both forms; Ecology subscale: F1=5 items; F2=6 items; Blended subscale: F1=16 items; F2=15
items). Mean subscale scores for each form were Climate Change Score: F1: 1.32 +/- 0.74; F2:
1.35 +/- 0.71, Ecology Score: F1: 2.86 +/- 1.24; F2: 3.40 +/- 1.51, and Blended Scores: F1: 8.60
+/- 3.77; F2: 8.02 +/- 3.21. The subscale scores for the Blended items strongly correlated with
the Climate Change items and Ecology items (r=0.45 and r=0.47, respectively), but these latter
two subscale scores only showed moderate correlation (r=0.34).
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Figure 3. Score distribution from our Field Test 2 showing the similarity between students given Form 1 and Form 2.
Graphs represent smoothed histograms of each sample population in contrasting colors.

The 30 items comprising the final version of the IBCL ranged in difficulty from 0.67 to
0.33 (M=0.55), with four items being more difficult (< 0.4), ten items falling in the medium
difficulty range (values between 0.40 and 0.59), and eleven items that were fairly easy (>
0.6) (Table 4). Our item discrimination values ranged between 0.25 and 0.6 (M=0.42) with
only three items falling below the accepted threshold of 0.3 (Table 4). PCA dimension
reduction analysis indicated each item set was an independent factor and that mirrors
developed to capture the same construct largely aligned with one another. In line with a
multidimensional structure, instead of factors with stronger explanatory value which would
represent underlying common conceptual understandings driving responses, each retained
factor only explained between 3% and 5% of the total variance. As further illustration, the
NMS ordination demonstrates that while mirrored items in the same set generally occupy
the same item space (i.e. connected by a line, Figure 4), and items of the same subscale
cluster to some degree, there is no strong separation of items along the axes shown to
signal clear latent factors. Similar to analyses with Field Test 1 data, our Field Test 2 data
did not exhibit unidimensionality, thus confirming the instrument is capturing 16 unique
constructs. This multidimensionality precluded use of Rasch or other item response theory
(IRT) methods, which are becoming increasingly popular in instrument development
(Hambleton, Zenisky, and Popham 2016). Similarly, measures of internal consistency (e.g.
Cronbach’s alpha, KR20) are not appropriate for a multidimensional scale of this type with
no grouping components (Crocker and Algina 2008).

Demographic comparisons

Comparing Total IBCL scores across institutions and courses, we found no difference by region;
however, students at R1 institutions and in advanced biology courses scored overall higher on
the IBCL (Table 1). Exploring differences by individual demographics across our sample, we
identified no significant differences by gender identity or political party affiliation. We noted
that pairwise differences occurred within class standing, race/ethnicity, and political identity
(Table 3). IBCL scores increased with class standing, being the highest in our sample’s seniors.
Students identifying with a progressive political ideology tended to have higher IBCL scores.
We also found self-identified white students scored higher on the IBCL than students who
self-identified as Asian or Hispanic and/or Latin(a/o/x), while we did not have enough resolution
to make comparisons for any other race/ethnicity recorded.
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Table 4. Difficulty and point Bi-serial calculations for each IBCL item from

all students.
Factor Item Difficulty Point Bi-serial
1 1 0.33 0.3
2 2a 0.63 0.43
2b 0.62 0.43
3 3 0.66 0.31
4 4 0.58 0.38
5 5 0.63 0.41
6 6a 0.58 0.36
6b 0.55 0.3
6C 0.33 0.25
7 7a 0.58 0.43
7b 0.53 0.54
7c 0.45 0.25
8 8a 0.63 0.57
8b 0.64 0.59
8c 0.61 0.6
9 9a 0.55 0.5
9b 0.59 0.47
10 10a 0.63 0.54
10b 0.61 0.56
1 11a 0.57 0.38
11b 0.55 0.31
11c 0.6 0.46
12 12a 0.36 0.34
12b 033 0.35
12¢ 0.42 0.48
13 13 0.42 0.28
14 14a 0.53 0.41
14b 0.51 0.42
15 15 0.67 0.44
16 16 0.68 0.47

Student Performance Profile analysis

To understand the complexity of the topic measured in the IBCL, manifesting as a multidimen-
sional instrument, we qualitatively explored student performance profiles to compare perfor-
mance within and between high and low performing groups of students (Figure 5). Our goal
with this analysis was to identify items that helped discriminate high from low performing
students, items that were generally difficult or easy, and to identify topic transferability. Mirrored
items allowed us to determine the transferability of knowledge across concepts; when both the
original item and its mirror were correctly answered, we assumed the concept was highly
transferable (dark blue outlines, Figure 5), but when students answered one correctly and the
matched item incorrectly we assumed the concept had low transferability (bright blue outlines,
Figure 5). Quantifying transferability is important because ‘detecting students’ knowledge and
misconceptions in one context will not provide evidence of competency in another context’
(Nehm et al., 2012). While comparison of these mirrored items allows us to measure transfer,
we are unable to understand what factors allow them to transfer knowledge or not. Item 8 (i.e.
addressing CC2 - life history), where the mirrors varied only the focal organism, shows high
transferability for both score groups with the majority of high-performing students answering
both questions in an item set correctly, while most low-performing students answered both
questions in the item set incorrectly (Figure 5). Items 6 and 7 (i.e. addressing CC1 - distribution),
whose mirrors also varied the focal organism, showed low transferability across both score
groups, where most students answered one of the mirrors correctly and the other incorrectly,
regardless of group (gray shading, Figure 5). The transferability of items 2, 10, 11, and 12 (i.e.
all addressed CC3 - growth and survival) varied by group; high-performing students tended to
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Figure 4. NMS ordination of Field Test 2 data. Only two of the three axes are shown to best depict the clustering of items.
Circles represent each item in student space (n=404 students who took Form 1). Lines connect items of the same factor
(i.e. mirrors to original), and unconnected circles are items with no mirror. Open circles are ‘Ecology-only’ items, grey-filled
circles are ‘Blended’ items, and black-filled circles are ‘climate-only’ items (see Table 2).

Figure 5. Student profile analysis including 10 low-performing students (Total score: 5-10) and 10 high performing students
(Total scores: 15-20). Black-filled box indicates an item (and its mirror, if applicable) were correctly answered by that
student. Unfilled boxes indicate items (and their mirrors) were incorrectly answered by that student. Gray-filled boxes
indicate items that have a mirror and the student answered one correctly and the other incorrectly. Dark blue outlines
denote items with high transfer and bright blue outlines indicate items with low transfer. Subscales are indicated below
each item (Eco only: Ecology only items, Blended: Blended items including interacting Eco and CC topics, CC only: Climate
change only items, see Table 2).
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get both mirrors correct while most low-performing students answered only one of the two
mirrors in an item set correctly (Figure 5).

Our student profiles also indicate that items 3 and 8-12 discriminate well within our student
population (i.e. high-performing students mostly answered items correctly and low-performing
students answered mostly incorrectly; Figure 5). Item 5 was the only item that did not discrim-
inate well with our population (i.e. low-performing students answered items correctly more
often than high-performing students; Figure 5). This item focused on the concept of a climatic
niche to reflect findings in Holt et al. (2021) that suggested this topic could be challenging to
college students in biology. Finally, our student profiles reflect trends we noted across the entire
dataset, with a range of difficulty; items 1 and 5 were the highest difficulty across both groups,
items 13 and 14 were moderate difficulty, and item 16 (i.e. addressing CC7 - temporal effects
of climate change) was the lowest difficulty item.

The student profiles also allowed us to differentiate within-student performance across our
three subscales (Climate Change, Ecology, and Blended). For example, Student 11 answered
67% of Ecology items correctly but incorrectly answered both Climate Change items, however,
they answered 73% of the Blended items correctly. Alternatively, Student 8 did not answer a
single Ecology item correctly but answered both Climate Change items correctly, consequently,
they answered only 40% of the Blended items correctly. These patterns suggest that foundational
knowledge in ecology may be critical in understanding the biotic impacts of climate change
(i.e. Blended items that include scenarios that include both elements). Yet as a contrast, Student
15 only correctly identified 33% of the Ecology items but answered both Climate Change items
correctly; then, they answered 87% of the Blended items correctly. These mixed results further
suggest that these subscale designations may have been appropriate for development, but
likely are less useful for analysis purposes and inference.

Discussion

Our central goal was to describe the development of the Inventory of Biotic Climate Literacy
(IBCL) concept inventory as a tool to examine undergraduate student understanding of the
biotic impacts of climate change. Through a four-stage process including two field tests, the
IBCL represents a novel instrument measuring a complex topic currently lacking detailed metrics.
We assessed the validity evidence of our instrument by seeking independent feedback from
experts in the field and think-aloud interviews with participants from the population of interest.
We did not assess convergent validity with existing instruments; yet, propose that future work
collecting IBCL data with other measures of climate change knowledge (e.g. Bentley, Petcovic,
and Cassidy 2016; Jarrett, Ferry, and Takacs 2012; Keller 2006) or ecology knowledge (e.g. Hartley
et al. 2011; Wilson et al. 2006) may be fruitful.

Each of our two field tests included large samples of >1000 students. The diversity in
our sample suggests its generalizability across Introductory Biology and Ecology university
student populations. Due to observed differences across student groups (Table 3), and in
keeping with best practices for equitable instrument development, we recommend future
studies continue to evaluate performance of the IBCL across varied student demographic
groupings and sample diverse student populations. We expected IBCL scores to increase
through a students’ educational trajectory as they gain more exposure to the topic, and
suggest our instrument may be useful in detecting the impact of successful interventions
in future work. The mean score on Field Test 2 was 56% accuracy and only 6 individuals
scored 100% accuracy. This level of overall conceptual knowledge of the biotic impacts of
climate change indicates room for growth. We report only post-survey data in this study;
therefore, future work integrating interventions to scaffold and build this conceptual
knowledge may be able to detect changes over time and further confirm instrument
soundness via test-rest reliability.
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The 30 items in our final IBCL instrument align well with the BIC* (Dunk et al. 2022) and
generally overlap with Ecology, Climate Change, or Blended content of both. The Blended items
tended to be more difficult for our participants, likely owing to the interleaving of ecology
concepts and climate literacy into a systems paradigm (Momsen et al. 2022). However, success
on the Ecology only or Climate Change only items did not help predict their performance on
the Blended items.

How to use the IBCL

Our instrument is multidimensional and measures several overlapping constructs; therefore, users
are cautioned about interpreting the Total IBCL score as a single simple construct. This total score
may provide a measure of overall conceptions related to the biotic impacts of climate change
that could aid group testing (e.g. within a classroom or program) to seek trends. We noted
improvements in Total IBCL scores in our sample from introductory to advanced classes and by
class standing (Tables 1 and 3). Therefore, we believe the IBCL will be useful to researchers and
practitioners to measure overall growth in this content. Its complex instrument functioning (i.e.
lacking a single salient factor) reflects the infinitely complex underlying topic; accordingly, the
IBCL development and structure may represent a new type of concept inventory whose interac-
tivity requires careful examination of student response on an item-by-item basis and less reliance
on a Total score. Accordingly, we recommend that seeking patterns for smaller groups of students,
similar to our Student Performance Profiles (e.g. Figure 5) may be an effective way to examine
student performance and potentially to explore changes over time. These fine-scale investigations
with the IBCL on an item-by-item basis may identify weak areas in student understanding of the
biotic impacts of climate change and guide instructional interventions for improvement.

The IBCL will certainly be a critical tool to understand student misconceptions, which can guide
curriculum development and deliberate delivery of climate content in biology contexts. Further,
most of the IBCL items are scenario-based allowing for a more authentic transfer of climate change
knowledge and deeper critical thinking required by students. Climate change is a complex, inter-
disciplinary topic that requires integration of multiple sources of information (IPCC, 2022), translation
from other fields (Reis and Ballinger 2020), and evaluation of competing ideas (Heffron and Valmond
2011). Instruction and assessments that rely strictly on fact-based information do not prepare a
student for the breadth of decisions or scenarios they may face impacted by climate change. We
hope the IBCL can serve as an effective assessment to detect students’ ability to transfer and
combine information. We recommend that practitioners use all 30 items, which includes some
mirrored items, when administering the IBCL. The complexity of the overall construct of the biotic
impacts of climate change and the subsequent multidimensionality of the IBCL reminds practitioners
that its items are measuring interactive concepts. High achievement on the IBCL signals a student
who can combine concepts from several ecological areas to understand impacts from climate
change that are different from other disturbances and transfer these ideas across species and scale.
The full instrument is included in Supplemental/Appendix A and the answer key is available upon
request.

Limitations

Our study, i.e. the development of the IBCL, had limitations. During Stages 1 and 2, our list of
relevant topics and domain of study were limited by those outlined in the BIC* (Dunk et al.
2022). We were further limited by our capacities to develop multiple unique items reflecting
individual concepts from the BIC% both of which were mutually exclusive of other concepts yet
accurately reflected different ideas still aligned with that concept. During Stages 3 and 4, our
process was limited because identifying willing faculty recruiters from a diverse set of institutions
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representing diverse student populations was challenging. Finally, the analysis portion of our
process was limited by the psychometric analyses we could use that were appropriate for the
type and behavior of the data we collected. We further reiterate that our final instrument has
its own limitations. Our items reflect a sampling of species, time frames, and ecosystems and
their responses to climate change, yet additional scenarios are countless and the combinations
therein infinite. Our focal population was American undergraduate biology students, and here
the IBCL was tested on a sample of these types of participants, which limits its generalizability
to other populations. Further, the final IBCL is limited in its utility due to its multidimensionality.
We describe ideal ways to use this tool above, despite these challenges.

Next steps

While we believe the IBCL will greatly contribute to biology education, we recognize there are
many steps ahead. As mentioned above, we encourage additional testing of the IBCL, including
pre-post testing and combining our instrument with other relevant, validated surveys about
climate literacy. While the multidimensional nature of our instrument limits its utility to measure
a single simple concept, we believe it signals that the biotic impacts of climate change are
complicated and themselves multidimensional. Further, other concept inventories have been
developed recently that were not unidimensional (e.g. Wasendorf et al. 2022), suggesting that
multidimensionality of concept inventories may be more common than previously thought.
Finally, this article introduces our new instrument and describes its development process; how-
ever, work lies ahead to more richly describe the student conceptions that underpin their
responses on the IBCL.
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