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Abstract 
The field of evolutionary biology must bridge the gap between its diversity, equity, and inclusion (DEI) commitments and data-driven educational 
actions in the nation’s undergraduate classrooms and degree programs. In this article, we discuss the urgent need for the adoption of equity 
frameworks and why they are centrally important to data-driven DEI efforts in evolutionary biology. We describe why equity indicators (e.g., 
measures) must be anchored in and aligned with equity frameworks. We introduce a specific equity framework for learning (the enhanced edu-
cational debt framework) and illustrate how it may be leveraged to document, interpret, and improve outcomes in evolutionary biology. We apply 
the equity framework and associated indicators to >3,500 students’ first college-level experience with evolutionary biology at a public, 4-year 
institution in the Northeastern United States to demonstrate how these conceptual tools and empirical perspectives may be used by faculty, 
departments, and degree programs to better understand their roles in mitigating or perpetuating inequities. We end by discussing how this 
framework may be applied to a range of evolution concepts and courses in the educational hierarchy and used to help evolutionary biologists 
better understand the extent to which a core aspect of SSE’s diversity statement is being realized.
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Introduction
Members of historically excluded communities (HECs; e.g., 
marginalized racial/ethnic groups, females, first-generation stu-
dents, low-socioeconomic status, etc.) continue to be severely 
underrepresented in the field of evolutionary biology (Graves, 
2019; Mead et al., 2015; NSF & NCSES, 2022; O’Brien et al., 
2020; Rushworth et al., 2021; Tseng et al., 2020). The Society 
for the Study of Evolution (SSE), the world’s largest organiza-
tion of evolutionary biologists,1 has begun to acknowledge, 
document, and outline strategies for addressing the educa-
tional inequities and systemic biases responsible for patterns 
of disciplinary underrepresentation. SSE’s (2017) diversity 
statement instantiates a dedication to broadening participa-
tion of HECs. The diversity, equity, and inclusion (DEI) chal-
lenges facing the community are immense, and many goals, 
topics, and priorities deserve attention. In this article, we focus 
on one foundational but underexplored facet of DEI in evolu-
tionary biology: disciplinary understanding and learning (cf. 
National Research Council [NRC], 2019).

SSE’s diversity statement commits to “foster[ing] a broader 
understanding of evolutionary biology” (SSE, 2017), which 
appropriately identifies disciplinary understanding as a 

relevant diversity topic (SSE, 2017) (see Supplementary 
Section 1). Disciplinary understanding is attained by learn-
ing and is a fundamental component of disciplinary interest, 
degree choice, advancement to upper-division coursework, 
degree attainment, and career participation. Monitoring 
learning tells us whether our efforts are moving students 
forward, whereas more commonly collected static measures 
such as exam scores and course grades (e.g., Denaro et al., 
2022) tell us only where students currently are in their educa-
tional journey but not how far we have helped them advance. 
Monitoring learning is essential for instructors and depart-
ments to determine whether undergraduate coursework is 
helping students achieve the knowledge required for disci-
plinary growth. Therefore, disciplinary learning is a mean-
ingful equity indicator that is core to building both a more 
diverse and prepared workforce.

In the approximately 6 years since SSE drafted its diversity 
statement, little discussion has focused on how to measure, 
interpret, track, and improve evolution learning in a way that 
broadens participation in the field of evolutionary biology. 
For example, empirical work on evolution education has his-
torically understudied HECs (Dunk et al., 2019; however, see 
e.g., Nehm & Schonfeld, 2008), and only a handful of large-
scale studies disaggregate evolution learning by demographic 
variables (i.e., Abraham et al., 2009; Sbeglia & Nehm, 2022). 
Furthermore, empirical work overwhelmingly focuses on 
knowledge measures at static time points (e.g., beginning or 
end-of-course knowledge) instead of adopting a longitudinal 

Received July 12, 2023; revisions received October 19, 2023; accepted February 28, 2024

Associate Editor: Scott Taylor; Handling Editor: Jason Wolf
© The Author(s) 2024. Published by Oxford University Press on behalf of The Society for the Study of Evolution (SSE). All rights reserved. For permissions, 
please e-mail: journals.permissions@oup.com

1 According to SSE’s communications manager, SSE has 3,416 mem-
bers as of September 2023, which amounts to more evolutionary biologists 
than the Society for Integrative and Comparative Biology and the European 
Society for Evolutionary Biology.
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approach. Work is therefore needed to operationalize SSE’s 
learning-related DEI priorities into meaningful, data-driven 
action. In line with this goal, we propose an equity frame-
work for learning that is aligned with theoretically grounded 
indicators of progress toward equitable learning and a corre-
sponding educational action plan.

We begin by discussing what equity frameworks are and 
why they are of central importance to data-driven equity 
efforts in evolution education. We then describe why equity 
indicators (e.g., measures) must be anchored in and aligned 
with equity frameworks. We introduce a specific equity frame-
work—the enhanced educational debt framework for learn-
ing—which incorporates both who is learning and how much 
learning is taking place. Using this two-dimensional frame-
work, we illustrate how it may be leveraged to understand 
and improve equity-related outcomes in evolutionary biology. 
We apply the equity framework and associated indicators to 
>3,500 students’ first college-level classroom exposure to evo-
lutionary biology at a large, public, 4-year institution in the 
northeastern United States. This exercise demonstrates how 
these conceptual tools and empirical perspectives may be 
used by faculty, departments, and degree programs to better 
understand the roles they play in mitigating or perpetuating 
inequities. We end by proposing that this framework could 
be productively applied to a range of evolution concepts, 
courses, and levels in the educational hierarchy in order to 
help faculty better understand the extent to which one com-
ponent of SSE’s diversity statement is being realized.

Evolutionary biologists must adopt equity 
frameworks, equity indicators, and measures
Quantitative data can be interpreted through a variety of 
frameworks. Frameworks are explicit articulations of theory 
and perspective that provide roadmaps for specifying goals, 
planning actions, and tracking and interpreting progress. 
They provide a lens or vantage point from which a system 
(and change in a system) can be understood (Luft et al., 2022; 
Sbeglia et al., 2021). For example, consider the lenses through 

which an exterminator, physician, and evolutionary biologist 
might interpret the detection of a pesticide-resistant mosquito 
in Florida. The exterminator may envision the event through 
the lens of business practices (e.g., ineffective pesticide inven-
tory and customer satisfaction). The physician may envision 
the event through a public health lens (e.g., malaria trans-
mission and patient protection). The evolutionary biologist 
may envision the event through the lens of phylogenetics and 
natural selection (e.g., is the mosquito invasive, or is it the 
result of selection in local populations). The key point is that 
the lens through which we interpret the world impacts what 
we notice and how we make sense of it. Yet such frameworks 
often remain unrecognized as such or implicit components of 
epistemic practice. Efforts to understand, monitor, and reform 
systems therefore benefit from the adoption of explicit equity 
frameworks that articulate and anchor the conceptualization 
of DEI priorities, the design of reform initiatives, and the 
interpretation of impacts and outcomes (NRC, 2019).

An indicator is a measure or statistic used to track prog-
ress toward an objective or monitor the condition of a sys-
tem (Table 1; Supplementary Table S1). Therefore, indicators 
of equity can be used to empirically track progress towards 
equity goals (NRC, 2019). Equity indicators are operation-
alized by specific measures, which generate the actual data 
that are collected and tracked through time. Measures gen-
erate a size, quantity, or degree of something (Table 1; 
Supplementary Table S1), but they only hold meaning when 
they are interpreted through a theoretically grounded equity 
indicator (Figure 1). In other words, the framework is what 
connects the measures to the indicators. See Figure 1 for a 
visualization of the relationships between frameworks, mea-
sures, and indicators.

For example, test scores are an empirical measure that may 
be interpreted through a given framework to be an indicator 
of knowledge disparities among students. The specific lens 
through which these measures are interpreted and evaluated 
(e.g., the system is responsible for the disparity vs. the stu-
dents are responsible for the disparity) can, in turn, motivate 

Table 1. Abbreviated definitions of key terms.

Term Definition

Historically Excluded Community (HEC) Marginalized groups include racial/ethnic groups, females, first-generation students, 
low-socioeconomic status, etc.

Between-group difference An objective description of differences between two or more groups without judgments 
about their magnitude, significance, or impactsa

Disparity A between-group difference that matters in terms of educational outcomesa

Educational inequity The persistent pattern of between-group disparities in education-related domains such as 
learninga

Indicator A measure or statistic used to track progress toward objectives or to monitor the health of 
an economic, environmental, social, or cultural condition over timea

Measure (n) A unit used for stating the size, quantity, or degree of somethingb; a tool, instrument, or 
approach that can generate a size, quantity, or degree of somethingb

Achievement gaps Differences in achievement (e.g., test scores) among students from different demographic 
groupsc

Educational debt Between-group, education-related disparities produced by decades of historical, economic, 
sociopolitical, and moral decisions and policiesd

Note. See Supplementary Table S1 for additional definitions.
aNRC 2019.
bOxford University Press.
cColeman et al. (1966).
dLadson-Billings (2006).
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an action plan that includes either appropriate (e.g., “fix the 
system/classroom”) or inappropriate actions (e.g., “fix the  
students”) (Shukla et al., 2021). While the approach for 
the action plan will almost certainly be specific to the insti-
tutional context, equity indicators that are situated within 
evidence-based equity frameworks need not vary by context 
because they serve to set a stable benchmark from which edu-
cational equity patterns can be interpreted. This is a key point 
in NRC (2019). Unfortunately, DEI work is often focused on 
measures that are not explicitly tied to equity indicators or 
frameworks, resulting in potentially problematic measures 
and interpretations (e.g., knowledge disparities can be inter-
preted as indicating inequities in academic privilege or dif-
ferences in innate intelligence). As a result, it is critical that 
evolutionary biologists adopt equity frameworks that are 
conceptualized by theoretically grounded indicators of equity 
and operationalized by empirical measures. In the next sec-
tion, we introduce a specific equity framework that facilitates 
the interrogation of one specific component of equity that 
evolutionary biologists are well-suited to tackle: evolution 
learning in undergraduate classrooms.

The educational debt framework and associated 
indicators and measures of learning
Learning may be operationalized by measures along multi-
ple dimensions, and we emphasize two categories in need of 
measurement: how much learning is occurring and who is 
successfully doing it. Recent work in other disciplines (e.g., 
chemistry, physics; see Nissen et al., 2021; Van Dusen & 
Nissan, 2019; Van Dusen et al., 2022) has anchored measures 
of who is learning within an educational debt framework 
(Ladson-Billings, 2006). The educational debt framework is a 
powerful, social-justice-aligned approach for conceptualizing 
demographic disparities in educational outcomes (Ladson-
Billings, 2006). Educational debt acknowledges the structural 
and institutional barriers to opportunity and achievement 
that have accrued over time. These barriers have enormous 
and compounding impacts on nearly every aspect of a per-
son’s life, starting from early childhood. In particular, struc-
tural barriers to opportunity and access can produce income 
inequality and residential segregation, leading to disparities 
in access to resources that support learning, development, 
and health (Ladson-Billings, 2006; NRC, 2019). Research 
has shown that students from historically excluded racial, 
ethnic, socioeconomic, and linguistic communities are more 

likely to experience poverty and differential treatment within 
educational systems, as well as insufficient access to health-
care, high-quality schools, books, and experienced teachers 
(NRC, 2019; e.g., Neuman & Moland, 2019; White et al., 
2012; Williams, 1999). The significant and persistent expo-
sure to discrimination influences students’ stress response and 
executive functioning, as well as school readiness, attendance, 
engagement, and performance (Levy et al., 2016; Merolla & 
Jackson, 2019; Myers, 2009; NRC, 2019). By adolescence, 
opportunity differences have accumulated, resulting in stark 
differences in the overall preparedness of college-bound stu-
dents that often translate into disparities in education-related 
outcomes among the nation’s undergraduates and STEM 
workforce (Harris et al., 2020; PCAST, 2012; Salehi et al., 
2020, 2021). These patterns of between-group, education- 
related disparities produced by decades of historical, eco-
nomic, and sociopolitical policies have been theorized as the 
“educational debt” owed by society to students (Ladson-
Billings, 2006; Shukla et al., 2021; Van Dusen et al., 2022).

Within the context of undergraduate education, students 
from centered and marginalized backgrounds enter courses 
with differences in knowledge (and many other variables) due 
to systemic inequities. These disparities reflect the incoming 
educational debt owed to marginalized students. Degree pro-
grams and their constituent courses may impact these incom-
ing knowledge disparities in one of three ways: they may 
(a) mitigate the debt (i.e., HECs groups have higher mean 
learning gains than centered groups), (b) perpetuate/main-
tain the debt (i.e., both groups have equivalent gains), or (c) 
exacerbate the debt (i.e., HECs have lower mean gains than 
centered groups) (van Dusen et al., 2022). This framework 
has great potential for enabling data-driven approaches that 
guide meaningful and effective action within educational sys-
tems. However, there are two limitations that could hinder its 
usability as an empirical framework for courses, departments, 
and degree programs, which we address through the modifi-
cations described below.

First, Van Dusen’s framework conceptualizes the educa-
tional debt of learning as relating to who is learning, but it 
does not consider the magnitude of knowledge change as a 
salient or potentially variable measure. Rather, there is an 
implicit assumption that meaningful learning will occur. 
However, prior work in many STEM fields has shown that 
this assumption is often false, particularly for the topic of 
evolution (Nehm & Reilly, 2007). Therefore, we propose an 

Figure 1. Visualization of the relationship between measures, indicators, and frameworks and the corresponding action plans. The measures and 
indicators of equity listed here are from the NRC (2019).
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extension of the educational debt framework to incorporate 
the amount or magnitude of learning as a critical dimension 
along which patterns of debt repayment can be evaluated. The 
intersection of these two dimensions (i.e., debt and learning 
magnitude) represents the indicator of equity (see Figure 2A). 
Specifically, the box in which a course’s learning patterns land 
may be interpreted as an indicator for evaluating how equita-
ble the course is for this particular educational outcome. We 
argue that a two-dimensional conceptualization of learning—
learning debt repayment and learning magnitude—is critical 
for understanding the experiences of diverse learners as they 
navigate institutional structures.

Second, we propose modifying Van Dusen’s terminology to 
replace the word “perpetuating” with “maintaining.” In Van 

Dusen’s framework, “perpetuating” debt describes learning 
patterns in which all students learn equivalently regardless 
of backgrounds and incoming debt. Although this pattern 
indicates that educational debt has not been reduced, it also 
indicates that it has not increased. The disproportionately 
high loss of HEC students from STEM pathways, especially 
between sophomore and junior years (PCAST, 2012; Thiry et 
al., 2019), raises concerns that many gateway courses may 
frequently exacerbate the debt, whereas courses undergoing 
early stages of reform may frequently maintain the debt at 
precourse levels (although little is known about how equity- 
related progressions occur during institutional reform). Given 
this context, using the term “perpetuating” to refer to con-
ditions in which the debt does not change has limitations. 

Figure 2. Visualization of the two-dimensional educational debt framework for evolution learning (A). The intersection of learning and educational debt 
patterns represents the indicator of equity. (B)–(D) The application of the CINS, CANS, and ACORNS results to this framework for the 11 semesters 
studied. Partial omega squared (ω2

P): Small = 0.01, medium = 0.06, large = 0.14 (Lakens, 2013). Odds ratio (OR): small = 1.68 (0.59), medium = 3.47 
(0.29), large = 6.7 (0.15) (Chen et al., 2010). All effect sizes are significant at p < 0.001.
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For example, fostering meaningful learning outcomes in 
introductory STEM courses is effortful and challenging, but 
often underappreciated work. Labeling this outcome with a 
term that evokes negative and/or judgmental connotations is 
unnecessary. In addition, the term may discourage instructors, 
departments, and institutions from utilizing the framework. 
Therefore, we propose the more neutral and descriptive term 
“maintaining,” which has also been used by these authors in 
other work (e.g., Nissen & Van Dusen, 2021).

It is crucial to contrast educational debt frameworks with 
commonly discussed “achievement gap” frameworks. By 
their very definition, the latter adopt a deficit perspective, 
place the burden of “achievement” on marginalized students, 
and frame the “gap” relative to advantaged demographic 
group “achievement” (vs. centered; Shukla et al., 2021; e.g., 
Cohen et al., 2006; Haak et al., 2011; Harackiewicz et al., 
2014; Harris et al., 2020; Jordt et al., 2017; Salehi et al & 
0.2019; Simmons & Heckler, 2020; Theobald et al., 2020). 
Achievement gap frameworks are considered problematic 
because they are not aligned with evidence demonstrating the 
considerable inequities at play in educational “achievement” 
(Ladson-Billings, 2006; NRC, 2019; Shukla et al., 2021).

The enhanced debt framework can strengthen 
empirical evaluation of progress toward equitable 
outcomes and targets
Four major points have been raised thus far: (a) The SSE has 
highlighted disciplinary understanding—which is achieved 
through learning—as a relevant diversity topic; (b) equity 
frameworks and associated measures are critical for ground-
ing all DEI work within evolutionary biology, (c) refram-
ing outcome disparities away from achievement gaps and 
towards educational debt frameworks minimizes student defi-
cit perspectives, and (d) our enhanced debt framework offers 
advantages for uptake and empirical investigations. Next, we 
illustrate how this enhanced educational debt framework can 
be applied to classrooms and what information relevant to 
DEI efforts can be obtained using it.

Specifically, using the enhanced educational debt frame-
work, we ask: (a) What is the magnitude of educational debt 
among HEC student groups at the start of their undergrad-
uate evolution education? (b) What impact does instruction 
have on students’ educational debt (i.e., is it mitigated, main-
tained, or exacerbated), and what is the overall magnitude 
of learning? After answering these questions, we discuss how 
this framework could be used more broadly by evolution edu-
cators to integrate learning (and other critical variables) into 
DEI plans and monitor educational equity in degree programs 
and departments.

Methods for operationalizing frameworks and 
indicators: a case study
Setting and sample
Pre- and postcourse data were collected from 11 semesters of 
a large (>250 students) gateway biology course at a research 
university in the northeastern United States. This course was 
taught by the same two biologists with minimal formal prepa-
ration in biology education. The classes represented a mid-
dle ground between traditional lecture-based instruction and 
reformed active learning environments (~10%–36% active 
learning as measured by the COPUS instrument [Smith et 
al., 2013]). The amount of class time spent on evolution and 

genetics instruction did not change meaningfully across semes-
ters (range: ~24%–31%). The course serves a diverse student 
population in terms of self-reported socially defined race 
(~18% URM), biological sex (57% female and nonbinary2),  
prior preparation (~33% no prior college biology), socioeco-
nomic status (~39% PELL eligible) (Supplementary Table S2), 
religiosity (Supplementary Figure S1), and evolution accep-
tance (Supplementary Figure S2). Although only a minority 
(37.2%) of the students at the institution are white, like most 
universities in the United States, the institution could be con-
sidered a historically white institution. Student demographic 
and background data were gathered from a combination 
of self-report surveys (i.e., socially defined race, prior biol-
ogy, biological sex) and information from the University’s 
Office of Institutional Research (i.e., PELL eligibility). See 
Supplementary Section 2 for detailed sample information.

Instruments
This study employed robustly validated instruments to mea-
sure evolution understanding in over 3,500 unique students. 
The CINS (Anderson et al., 2002) and CANS (Kalinowski 
et al., 2016) are multiple-choice instruments that measure 
evolution knowledge and are completed by 2691 students 
(seven semesters, 76% participation rate) and 2671 stu-
dents (six semesters, 82% participation rate), respectively. 
The ACORNS (Nehm et al., 2012; Opfer et al., 2012) is a 
constructed-response instrument that measures evolution 
knowledge (i.e., normative ideas: ACORNS CC) and mis-
conceptions (ACORNS MIS) through the scientific practice 
of explanation (see Supplementary Table S3 for the items). 
ACORNS responses were scored using the AI-based tool 
EvoGrader (see Moharreri et al., 2014; Beggrow et al., 2014). 
The ACORNS was completed by 3203 students (11 semesters, 
78% participation rate). Evolution acceptance was treated 
as a control variable and measured using the I-SEA instru-
ment (Nadelson & Southerland, 2012). See Supplementary  
Section 3 for detailed information about the instruments.

Analysis
Four evolution understanding outcome variables (i.e., the 
CINS, CANS, ACORNS CC, ACORNS MIS) were collected 
during the first and last 2 weeks of the semester. Each obser-
vation in the model was characterized by 4 student-level 
variables: prior biology courses, self-reported biological sex, 
self-reported socially defined race, PELL eligibility, and pre-
test I-SEA score. See Supplementary Section 4 for additional 
details about these variables.

To determine how much evolution learning occurred 
throughout the course, multiple hierarchical linear models 
(for CINS, CANS, and ACORNS CC) and logistic models 
(for ACORNS MIS) were run with a measure of evolution 
understanding modeled as an outcome variable; time, socially 
defined race, biological sex, PELL eligibility, and pretest evo-
lution acceptance were modeled as predictors. To determine if 
students of various backgrounds differed in their pretest evo-
lution knowledge and gained similar magnitudes of evolution 
knowledge, time was modeled as having an interaction effect 
with each background variable. An insignificant interaction 
effect would indicate that students of various background 

2 Biological sex was self-reported and some respondents reported it as 
nonbinary.
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variables gained knowledge comparably from pre- to posttest. 
In this model, the coefficients of the main effect of a particular 
background variable (e.g., socially defined race or biological 
sex) could be interpreted as the relationship between that 
background variable and pretest evolution knowledge. The 
magnitude of learning and the magnitude of educational debt 
were quantified using partial omega squared (ω 2

P) and odds 
ratios (OR), as appropriate. See Supplementary Section 4 for 
additional information about the analysis, models, and effect 
size thresholds.

Case study results
Key finding 1: At course entry, students of 
all backgrounds had extremely low levels of 
evolution knowledge and high levels of evolution 
misconceptions
At course entry, the sample (N ~3,500 unique students) had 
a mean evolution knowledge score of 58.7% (SD = 4.19) 
according to the CINS and 46.4% (SD = 5.06) according to 
the CANS (100% maximum). Furthermore, according to the 
ACORNS, half of the sample (49%) did not utilize any evo-
lutionary core concepts (CC, i.e., variation, heredity, differ-
ential survival) in their explanations of evolutionary change, 
and over a third exhibited at least one of the major miscon-
ceptions (MIS) about evolution (e.g., need, use/disuse). See 
Supplementary Table S4 for a summary of pretest evolution 
knowledge scores by student background and Supplementary 
Figures S3–S6 for a visualization of these patterns.

Key finding 2: Multiple HECs were characterized by 
incoming educational debt in evolution knowledge
Students from HECs (e.g., PELL eligible, female + nonbinary, 
underrepresented minority [URM], low prior academic prepa-
ration) had significantly lower evolution understanding at 
course entry than more advantaged students (Supplementary 
Table S5A), which indicates the presence of incoming edu-
cational debt. Because the analysis controlled for all other 
student variables (including evolution acceptance), these 
incoming disparities in evolution understanding can be 
uniquely attributed to each background variable. Specifically, 
Black/African American and Hispanic students, female + non-
binary students, PELL-eligible students, and students with 
lower prior preparation had significantly lower incoming 
evolution knowledge according to at least one of the three 
evolution knowledge measures used in this study (i.e., 
CINS, CANS, ACORNS CC) (p < 0.001 and ω2

P = <0.01–
0.04 for all significant cases, see Supplementary Table S5A 
for details). In real terms, the analyses revealed that Black/
African American students and those with no prior biology 
scored 5%–9% lower on the CINS and CANS at pretest than 
more advantaged groups. Female + nonbinary students and 
PELL-eligible students scored ~3%–4% lower. See panels 
(A)–(C) in Supplementary Figures S3–S6 for a visualization 
of these patterns of incoming evolution knowledge, and see 
Supplementary Table S6 for per-semester statistical results.

Key finding 3: “Misconceptions” at course entry 
were generally comparable across groups
Over 11 semesters, only one group (those with low prior 
preparation in biology) showed evidence of incoming edu-
cational debt for misconceptions (specifically, this group had 
about one and a half times the likelihood of using evolution 

misconceptions as compared to those with prior biology expe-
rience; Supplementary Table S5A). In contrast, URM students, 
PELL-eligible students, and female + nonbinary students had 
statistically similar levels of incoming misconceptions as com-
pared to their more centered peers (see Supplementary Table 
S5A for details). See panel D in Supplementary Figures S3–S6 
for a visualization of this pattern of incoming evolution mis-
conceptions, and see Supplementary Table S7 for per-semester 
statistical results.

Key finding 4: All groups demonstrated high 
magnitudes of evolution learning
Overall, unlike the findings from many prior studies, students 
experienced significant and meaningful gains in evolution 
knowledge during their first major exposure to evolution 
in college, with effect sizes ranging from ω 2

P = 0.37–0.48 
(p < 0.001) for the three knowledge instruments. Students 
also displayed significant and meaningful declines in miscon-
ceptions (ACORNS MIS: p < 0.001, OR = 0.17). Magnitudes 
of learning and misconception loss differed by semester; 
however, some course iterations had a medium effect on 
instruction and others had a large effect (Figure 2B–D; see 
Supplementary Tables S8 and S9 for the per-semester statisti-
cal results for patterns of evolution knowledge and miscon-
ception change for all instruments).

Key finding 5: Students’ first university exposure to 
evolution did not increase educational debt for any 
HEC
Disparities in precourse evolution understanding generally did 
not explain magnitudes of evolution learning either in terms 
of gaining knowledge or losing misconceptions; students of 
all backgrounds learned equivalently (see Supplementary 
Table S5B for details). Put another way, the incoming edu-
cational debt of students in this sample did not hinder evolu-
tion learning. Therefore, educational debt was generally not 
exacerbated by the course but rather was maintained (Figure 
2B–D). The exception to this pattern was for groups differ-
ing in prior biology coursework: in three of six semesters in 
which the CINS was administered, students with no prior 
biology had proportionally higher knowledge gains than stu-
dents with more prior biology (Supplementary Table S6). In 
these semesters, the incoming educational debt for evolution 
knowledge was mitigated by the course and the magnitude of 
the debt reduction ranged from small to medium3 (Figure 2B).

Implications for DEI efforts in evolutionary 
biology
Diversifying the scientific workforce requires the 
integration of learning into DEI efforts
Learning environment reform must be viewed as a core DEI 
priority and should not be eclipsed by other equity indica-
tors (e.g., sense of belonging, microaggressions, implicit bias). 
Persistent misconceptions and low levels of incoming knowl-
edge are common in undergraduate classrooms across many 
STEM disciplines, including evolutionary biology (e.g., Alters 
& Nelson, 2002; Andrews et al., 2011; Coley & Tanner, 
2017; McCloskey, 1983; Nehm & Reilly, 2007; Orgill & 

3 Additionally, in 2 of 11 semesters in which the ACORNS was admin-
istered, the amount of prior biology was significantly positively associated 
with evolution learning, but the effect size was negligible (Figure 2D).
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Sutherland, 2008; Smith, 2010a, b; this study). Because disci-
plinary learning is critical to major declaration, advancement 
to upper division coursework, degree attainment, and career 
participation, DEI efforts that do not monitor and improve 
the amount and equity of learning are unlikely to broaden 
STEM degree and career participation. In other words, a 
continued focus on static student outcomes like exam scores 
and course grades will not be sufficient for reaching the field’s 
stated DEI objectives. Simply put, learning must be one of 
the indicators of evidence-based efforts directed at intentional 
systemic change, and this work benefits from the integration 
of explicit equity frameworks (NRC, 2019). Although depart-
ments and degree programs nationwide have been working 
toward reforming introductory courses to improve educa-
tional outcomes (e.g., Handelsman et al., 2022; Nardo et al., 
2022; Nehm et al., 2022), these efforts typically lack robust 
measures of learning as well as equity frameworks through 
which to interpret and evaluate these outcomes.

In this study, we report that students from HECs had 
lower incoming evolution knowledge than students from 
centered groups, which we interpret within our framework 
to be evidence of educational inequity. Although the effect 
size of these disparities ranged from small to medium accord-
ing to well-accepted statistical thresholds (Chen et al., 2010; 
Lakens, 2013), the functional impact of incoming disparities 
of this size on sustained disciplinary participation must not 
be underestimated. First, the findings reported in this article 
are robust; all analyses controlled for the impact of evolution 
acceptance and all other background variables, so the effect 
size for any given identity variable is associated with only 
that variable. Furthermore, these disparities were replicated 
in each of the 11 semesters studied. Second, the educational 
debt framework posits that disadvantages accumulate to pro-
duce patterns such as disparities in degree completion and 
disciplinary participation. When considering that this article 
addresses just one of the many topics and competencies that 
are relevant to participation in the field of evolutionary biol-
ogy, even so-called “small” disparities for a given topic have an 
enormous potential to negatively impact students. Finally, we 
contend that there is no acceptable reason for any group-level 
disparities in evolution knowledge by demographic variables 
(e.g., socially defined race, biological sex, SES, first-generation 
status). According to policy documents and state education 

standards (e.g., Brewer & Smith, 2011; NGSS; NGSS Lead 
States, 2013), evolution is a central organizing principle for 
the biological sciences, and understanding it is an expected 
outcome of high school education. If students are not meeting 
these required state educational standards and these patterns 
correlate with their identities, we consider this pattern inher-
ently inequitable. There are many documented causes for such 
patterns, including unequal access to and treatment in K-12 
educational institutions (e.g., Graves et al., 2022). Therefore, 
an argument that patterns of knowledge disparities like those 
reported here were produced due to students simply choosing 
not to take a course where evolution was taught is unlikely.

Equity frameworks and indicators facilitate the 
monitoring of DEI objectives
This article is our response to the urgent need for evolution-
ary biologists to adopt indicators of equity situated within 
appropriate equity frameworks in order to understand, mon-
itor, and reform undergraduate classrooms (Shukla et al., 
2021; Tashiro & Talanquer, 2021). This work builds upon 
theoretical and early empirical discussions of educational 
debt in learning outcomes by integrating two empirical 
dimensions—debt of learning and magnitude of learning—
to generate more nuanced indicators of educational equity in 
line with NRC (2019) recommendations. Integrating learning 
magnitude into this framework has the potential to greatly 
impact the interpretation of learning-based assessment data. 
For example, the mitigation of incoming educational debt in 
disciplinary knowledge has been interpreted as an equitable 
learning outcome (van Dusen et al., 2022). However, with 
low levels of student learning, debt mitigation would actu-
ally do little to diversify STEM majors, degree recipients, and 
professionals because disciplinary learning is a critical prereq-
uisite to degree and career participation. Therefore, a goal of 
instructional reform is the mitigation of debt in learning while 
also generating high magnitudes of learning.

Applying this two-dimensional equity framework to class-
rooms is one small step for educators and departments to gen-
erate NRC-aligned measures and indicators to locate courses 
within the institutional change process (i.e., assessment), make 
value judgments regarding how equitable the patterns are 
(i.e., evaluation), and inform next steps (i.e., systemic change 
planning) (Figure 3). In this way, the framework can guide 

Figure 3. Assessment (A), evaluation (B), and action planning (C) application of the framework.
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the measurement, assessment, and evaluation of equity in the 
classroom as well as inform the development of action plans 
for reform. Importantly, not all classroom challenges mandate 
the same solutions. Small pre–post gains in understanding, for 
example, may indicate that the classroom environment is not 
supporting optimal learning, which may motivate prioritizing 
fundamental (as opposed to incremental; Cuban, 1999) reforms 
of pedagogy, assessment, and curriculum (see Supplementary 
Table S1). In such cases, the pattern of learning-related debt 
mitigation/exacerbation may not be particularly informative 
because students are not learning very much in the first place. 
In contrast, large pre–post gains in understanding paired with 
debt exacerbation or maintenance may indicate that optimal 
conditions are present for learning for some students but not 
for all students, which may motivate prioritizing fundamental 
reforms related to diversity, equity, and inclusion. As reform 
efforts are implemented, this framework allows educators to 
track a course’s growth and facilitate a data-driven approach 
to understanding conditions that promote or inhibit equitable 
learning outcomes (Nissen et al., 2021).

In this article, we applied our theoretical framework at a 
research university and studied longitudinal data from 11 
semesters (>3,500 unique students) to generate measures and 
indicators of equity in evolution learning. The results showed 
that in most semesters, the course maintained incoming edu-
cational debt and facilitated large evolution learning gains. 
Taken together, these two measures (debt patterns and learn-
ing patterns) serve as an equity indicator that is capable of cat-
egorizing the degree to which equitable learning is occurring 
in this course. In particular, they show that students learned 
evolution at similarly high magnitudes regardless of back-
ground and that incoming disparities in evolution knowledge 
remained stable throughout the semester.

Research suggests that many gateway college courses are not 
generating large magnitudes of learning and are often deep-
ening disparities among students (i.e., the robust finding that 
HECs are disproportionately “weeded out” of STEM majors; 
e.g., Hatfield et al., 2022; Nissen et al., 2021; Riegle-Crumb 
et al., 2019). Prior to the initiation of reform efforts, these 
problematic patterns were indeed apparent in the gateway 
course that is the subject of this article. Against this backdrop, 
learning patterns that indicate intermediate equity outcomes 
(like those found in this course) should be viewed as meaning-
ful progress toward equitable learning and used to guide the 
development of a roadmap for continued improvement. In the 
case of the gateway course highlighted in this article, maintain-
ing debt with high magnitudes of learning suggests optimal 
learning conditions may be present, but they are not equitably 
experienced by all students, thus motivating an action plan 
geared towards DEI-related reforms of the learning environ-
ment. These are the types of reforms being implemented in 
this course since these data were collected (Supplementary 
Table S10 shows some examples of recent reforms). Ongoing 
assessment and evaluation work will generate and use these 
equity indicators to monitor the progress from intermediate to 
equitable course outcomes. An important point is that without 
frameworks and data it is challenging to gauge whether prog-
ress is being made by courses and departments.

Psychosocial interventions may interact with 
learning and thus debt mitigation
The evolution instruction in the gateway course in this study 
was designed using a traditional “knowledge-only” approach, 

and did not include psychosocial interventions (e.g., values 
affirmation interventions [e.g., Harackiewicz et al., 2014], 
evolution acceptance or conflict-based interventions [e.g.; 
Green & Delgado, 2021]). Our results suggest that this 
knowledge-only approach may have differentially benefited 
students with low prior preparation, the only HEC in this 
study with mitigated debt for evolution knowledge. In fact, 
prior work has shown that students with lower prior prepa-
ration more readily benefit from reform efforts than other 
HECs (e.g., Tashiro & Talanquer, 2021). Given that evolu-
tion knowledge and learning may be intertwined with student 
identity and beliefs (Bailey et al., 2011; Barnes et al., 2020; 
Borgerding et al., 2016), reforms in this course are incor-
porating various psychosocial instructional approaches and 
interventions (e.g., perceptions of conflict with evolution and 
religion, course structure promoting belongingness) that may 
support HEC learning. The present study is foundational to 
these future efforts because it generates a robust baseline to 
assess the added value of these different types of interven-
tions to the evolution education outcomes. Unfortunately, 
most existing intervention work does not have appropriate 
baselines or comparison groups from which to interpret the 
findings.

Not all problematic patterns in a classroom are 
captured by an educational debt approach
The expanded educational debt framework has great poten-
tial to help uncover, quantify, and monitor inequitable learn-
ing outcomes, but it is important to understand its limitations. 
First, although many education-related disparities are likely 
due to systemic inequities, this is not necessarily the case for 
all empirical patterns of debt in educational settings. Rather, 
some topics may be more culturally relevant to some groups 
than others, which could generate knowledge differences that 
are due to interest and exposure but not inequity. For exam-
ple, as a group, dog owners may have more knowledge about 
dog parks than cat owners.

Second, not all problematic patterns are inequitable, mean-
ing that some educational patterns will not show educational 
debt yet still signal an important problem. For example, 
although evolution misconceptions were concerningly com-
mon in our sample, educational debt for misconceptions was 
typically lacking. In other words, evolution misconceptions at 
course entry were equivalent among groups; many students 
had them regardless of socially defined race, biological sex, and 
SES (corroborating prior work; Nehm & Schonfeld, 2008). 
However, this does not mean that this pattern is desirable. 
In fact, when left unchallenged, misconceptions can interfere 
with the building of normative models of biological explana-
tions; explicitly addressing misconceptions about evolution at 
increasingly high doses has been found to improve evolution 
learning (Nehm et al., 2022). It is also possible for students 
to differentially benefit from this and other evidence-based 
approaches. Attention to learning magnitudes disaggregated 
by salient student variables is therefore needed even in cases 
where educational debt at course entry is empirically absent.

The enhanced educational debt framework for 
evolution learning represents a starting point for 
broader empirically informed and equity-aligned 
goals.
We envision the enhanced debt framework as being flexible 
in several critical ways. First, this framework is suitable for 
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a variety of undergraduate settings (not just introductory 
courses) and content areas (not just evolution). Indeed, tack-
ling one disciplinary topic in one course will not be sufficient 
to broaden participation in STEM fields. This entire frame-
work needs to be applied in degree programs.

Second, the large/medium/small categories of learning mag-
nitude were determined based on standard effect size cutoffs, 
but this axis need not be limited to three categories or be 
categorical at all. Alternate scales and cutoffs along the learn-
ing magnitude axis are possible as long as they are based on 
evidence. In fact, our results show that the magnitudes of evo-
lution learning in the “large” category discussed above varied 
substantially (see Supplementary Figure S7).

Third, this framework is suitable for intersectional 
approaches to identity classification. Research has demon-
strated that the intersectionality of student identities is crit-
ical for understanding and mitigating inequitable outcomes 
(Hatfield et al., 2022; Keller et al., 2023; Nissen et al., 2021; 
Young et al., 2022). For example, Nissen et al. (2021) showed 
that the largest educational debts in a physics course were 
owed to Black and Hispanic women, and Young et al. (2022) 
showed that the greater number of marginalized identities a 
person holds, the worse their grades were in a course (Young 
et al., 2022). However, the field lacks consensus on how to 
integrate intersectional identities into analytical frameworks 
(Keller et al., 2023). Two main approaches have emerged: (a) 
categorizing participants by the intersection of multiple spe-
cific identities (e.g., biological sex and socially defined race) 
and (b) generating an index that represents the number of 
advantaged or marginalized identities a person holds. Both 
approaches have strengths and limitations.

In the first approach, specific identity dimensions are pre-
served and may be modeled as interaction effects in statistical 
models, but modeling the intersection of more than two iden-
tity dimensions is computationally unwieldy and often has 
substantial sample size limitations (Evans et al., 2018; Keller 
et al., 2023). Furthermore, modeling intersectionality in this 
way may make the inclusion of other variables whose intersec-
tions might be of interest (e.g., the dosage of active learning) 
to be untenable. In the second approach, an index represents 
a person’s total number of marginalized or advantaged iden-
tities (e.g., Barrier index, Young et al., 2022). It assigns one 
point for each of three binary identities that are considered to 
be historically marginalized in higher education: URM status, 
first-generation status, and low-socioeconomic status. The 
barrier index ranged from 0 (non-URM, continuing genera-
tion, high SES) to 3 (URM, FG, low SES) and was found to 
correlate with metrics of performance in courses (Young et 
al., 2022). A limitation is that this approach treats various 
marginalized identity dimensions as equivalent. Recently, a 
third approach (called the MAIHDA approach) has been pro-
posed and has attempted to address the limitations of current 
methodologies (Keller et al., 2023). In this approach, individ-
uals are modeled at the first level of a multilevel regression 
analysis, and combinations of multiple social identities are 
modeled at the second level. Although more work is needed 
regarding how to model intersectional identities, any of these 
approaches could be integrated into the expanded educa-
tional debt framework.

It is important to approach quantitative data from a vari-
ety of lenses. Further work examining these findings through 
alternative lenses could also add crucial insights and would 
be useful next steps. For example, our study uses numerical 

scores for the constructs we measured, but the field may 
want to adopt criterion-based quantitative perspectives (e.g., 
all students explain evolution without misconceptions). 
Furthermore, studies using a quantitative critical race theory 
lens (e.g., Nissen et al., 2021) have increasingly raised ques-
tions about statistical approaches and language in education 
studies (e.g., the practice of setting reference points during 
statistical analyses, collapsing racial groups, analyzing HEC 
as discrete instead of intersectional groups, fetishization 
of gaps). These alternative theoretical lenses could further 
enhance the educational debt framework highlighted in this 
article, but they may also provide entirely new and better 
frameworks. Thus, although the educational debt framework 
is, in our view, the best theoretical framework that currently 
exists for bridging the divide between SSE’s DEI statement 
and educational practice, the critical takeaways from this arti-
cle are that evidence-based frameworks are critical to broad-
ening participation in evolutionary biology and they must 
include learning.

Conclusion
Over the past few decades, SSE has increased its atten-
tion to evolution education (Alters & Nelson, 2002) and, 
more recently, to equity in the field of evolutionary biology 
(e.g., Rushworth et al., 2021). Accordingly, SSE’s diversity 
statement explicitly links its DEI objectives with commit-
ments to “foster a broader understanding of evolutionary 
biology” (SSE, 2017). Although many components of SSE’s 
diversity statement remain in urgent need of operational-
ization and application in educational settings, this article 
serves to bridge this one aspect of SSE’s diversity statement 
(i.e., disciplinary learning) with educational actions in 
classrooms and degree programs. The equity frameworks 
and equity indicators for evolution learning introduced in 
this article (a) align with existing theoretical frameworks to 
improve learning outcomes in science education, (b) pro-
vide a conceptual and empirical bridge between DEI state-
ments and DEI outcomes, and (c) outline an approach that 
faculty, departments, and degree programs can use to better 
understand their roles in mitigating or perpetuating inequi-
ties in evolution understanding and learning. Applying our 
extended educational debt framework to >3,500 students’ 
first college-level experience with evolutionary biology pro-
vided a practical illustration of how the framework may be 
used to evaluate course outcomes and develop action plans 
for improvement. This framework, coupled with additional 
equity indicators, offers potential application to a diverse 
array of evolution concepts, courses, and levels in the edu-
cational hierarchy. It also facilitates an evidence-based 
understanding of the extent to which SSE member’s courses, 
departments, and institutions are effectively addressing 
inequities in our field.

Supplementary material
Supplementary material is available online at Evolution.

Data availability
The data underlying the article were granted an exemption 
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