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ABSTRACT

The ability to navigate scientific obstacles is widely recognized as a hallmark of a scientif-
ic disposition and is one predictor of science, technology, engineering, and mathematics
persistence for early-career scientists. However, the development of this competency in
undergraduate research has been largely underexplored. This study addresses this gap by
examining introductory students’ emotional and behavioral responses to research-related
challenges and failures that occur in two sequential research-based courses. We describe
commonly reported emotions, coping responses, and perceived outcomes and examine
relationships between these themes, student demographics, and course enrollment. Stu-
dents commonly experience frustration, confusion, and disappointment when coping with
challenges and failures. Yet the predominance of students report coping responses likely
to be adaptive in academic contexts despite experiencing negative emotions. Being en-
rolled in the second course of a research-based course sequence was related to several
shifts in response to challenges during data collection, including less reporting of confu-
sion and fewer reports of learning to be cautious from students. Overall, students in both
the first and second courses reported many positive outcomes indicating improvements
in their ability to cope with challenge and failure. We assert that educators can improve
research-based educational courses by scaffolding students’ research trials, failures, and
iterations to support students’ perseverance.

INTRODUCTION

More than ever before, given the complex scientific problems facing society in the 21st
century, tomorrow’s scientists need to be risk-taking, resilient individuals able to nav-
igate challenges and deal with failures quickly and efficiently. However, while this
ability to persevere through challenges and cope with scientific failures is widely rec-
ognized as a hallmark of proficient scientists and may be a key predictor of persistence
for early-career scientists (Hunter et al., 2007; Laursen et al., 2010; Harsh et al., 2011;
Thiry et al., 2012; Simpson and Maltese, 2017; Henry et al. 2019), relatively little is
known about how undergraduate students develop these skills as part of their scien-
tific disposition (Henry et al., 2019). Further, instruction on how to productively cope
with failure is rarely emphasized in science classrooms (Traphagen, 2015; Simpson
and Maltese, 2017). This may be especially true in confirmation-oriented laboratory
courses that engage students in activities known to yield given scientific results (Buck
et al., 2008) with little opportunity for iterative refinement like troubleshooting and
collecting additional data to address uncertainty (Auchincloss et al., 2014; Corwin
et al., 2018). Taken together, this knowledge gap leads to practical questions about
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how students learn to navigate obstacles and how we, as
instructors, can “best” support them in doing so.

Undergraduate research experiences (UREs) and course-
based undergraduate research experiences (CUREs) have
potential to provide an environment in which students can
learn to engage productively with challenges and cope with fail-
ure. These research-based approaches engage students in the
exploration of original questions where the answer is unknown
both to students and their instructors or mentors (Buck et al.,
2008; Auchincloss et al., 2014; National Academies of Sciences,
Engineering, and Medicine [NASEM], 2017). Such opportuni-
ties for discovery have the potential to expose students to situ-
ations in which they may encounter unintelligible results and
must engage in iteration and refinement to make sense of their
data (Laursen et al., 2010; Auchincloss et al. 2014; Dolan,
2016; NASEM, 2017; Corwin et al., 2018; Gin et al. 2018;
Lopatto et al., 2020). This, in turn, affords students practice in
coping with scientific challenge and failure and can contribute
to the development of this skill. Extensive qualitative investiga-
tions by Hunter, Laursen, Thiry and colleagues (Hunter et al.,
2007; Laursen et al., 2010; Thiry et al., 2012) highlighted stu-
dents’ development of perseverance and coping with setbacks
and failures as a key outcome of UREs. Students in summer and
course-based UREs frequently report gains in the CURE and
SURE survey item: “Developing tolerance for obstacles faced in
the research process” (Lopatto, 2007; Jordan et al., 2014). Sim-
ilarly, retrospective accounts of graduate students and practic-
ing scientists highlight exposure to frustration and failure in
“doing science” as a valued long-term benefit of URE participa-
tion (Harsh et al., 2011). Recent work described the iterative
processes in CURESs as frustrating yet formative, ultimately con-
tributing to learning (Lopatto et al., 2020; Goodwin et al.,
2021). Finally, the ability to navigate scientific obstacles was
seen as an important outcome of a CURE in which students
experienced many scientific failures and had the opportunity to
address their failures with additional experimentation, trouble-
shooting (i.e., iteration), and psychosocial support from their
instructors/mentors (Gin et al., 2018). It is clear from these
studies that research-based experiences have potential to
improve students’ ability to cope with challenge and failure
(e.g., Laursen et al.,, 2010; Hernandez et al., 2013; Corwin
et al., 2015; NASEM, 2017; Gin et al., 2018; Lopatto et al.,
2020).

Despite the encouraging results of the research described,
this line of inquiry is still in its nascent stage (Henry et al.,
2019) and has certain limits to its utility. Most existing evidence
is inferred from studies investigating the outcomes and pro-
cesses of STEM undergraduate research broadly (Laursen et al.,
2010; Harsh et al., 2011; Lopatto et al., 2020) rather than stud-
ies with clear, specific intentions to examine how students cope
with research challenges and failure. Thus, prior claims regard-
ing this outcome and its link to apprenticeship-like and course-
based undergraduate research (UR) models are difficult to sub-
stantiate, particularly as past research included very limited
measures focused on students’ ability to navigate obstacles. For
instance, the aforementioned SURE and CURE surveys (Lopatto,
2005), include only a single Likert-type item to describe the
outcome “tolerance for obstacles.” This design limits measure-
ment validity, as multiple items are typically used to best assess
a complex latent construct such as “tolerance” (Knekta et al.,
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2019), and validity evidence for these instruments have not
been established in general. In their respective qualitative stud-
ies examining science, technology, engineering, and mathemat-
ics (STEM) UREs, Harsh and colleagues (2011) and Laursen
and colleagues (2010) found that the theme of scientific resil-
ience emerged from participants and faculty mentors in inter-
view prompts on student gains. They did not, however, specifi-
cally ask about resilience or coping. More recently, Gin and
colleagues (2018) conducted a qualitative study to explicitly
describe the links between students’ encounters with scientific
obstacles, opportunities for iteration, and outcomes within a
CURE. However, this work represents only a single classroom
context with relatively few students, which may limit general-
izations to other research experiences. It could also be argued
that student access to caring instructors in this course was more
powerful than the course design in determining their outcomes.
Other studies have further suggested that coping responses to
academic challenges may be influenced by race, ethnicity, and
gender identities (e.g., Cheong et al., 2004; Hawley et al., 2007;
Acheampong et al., 2019) as well as their mental health (Cooper
et al., 2020a); however, little work has explored the interplay of
demographic characteristics on how one copes with failure in
STEM UR. It is with this in mind that we conducted the present
study, in which we aimed to explore students’ responses to sci-
ence research challenges and failures in two large, sequential,
research-based courses.

Our investigation of how students respond to research-based
challenges and failures is particularly salient for several reasons.
First, and foremost, the characterization of the types of chal-
lenges and failures encountered in the research setting and how
students respond to them is essential to informing our under-
standing of how failure might contribute to attrition and what
behaviors and coping mechanisms may contribute to scientific
resilience and the ability to navigate obstacles. Second, insight
into how specific teaching contexts and strategies support stu-
dent resilience, adaptive coping, and—ultimately—persistence
can benefit classroom practices. CUREs, with their focus on
research and introduction of unexpected results, provide an
ideal context in which to do this. CUREs are rapidly gaining
traction in undergraduate biology, as they offer an alternative
scalable way to engage students in UR (Wei and Woodin, 2011;
Auchincloss et al., 2014). Many positive outcomes have been
characterized that students may experience as a result of CURE
participation, such as gains in content knowledge (e.g., Shaffer
et al., 2010; Caruso et al., 2016), learning to think like a scien-
tist (e.g., Brownell et al., 2015; Olimpo et al., 2016; Killpack
et al., 2020), publishing scientific work (e.g., Shaffer et al.,
2010; Lin et al., 2020), project ownership (e.g., Hanauer et al.,
2017; Cooper et al., 2019; Corwin et al., 2018), increased posi-
tive affect and motivation toward science (e.g., Olimpo et al.,
2016; Hanauer et al., 2017; Greenman et al., 2021), and per-
sisting in the sciences (e.g., Rodenbusch et al., 2016; Corwin
et al., 2018). Furthermore, because these courses scale research
and lack the barriers to entry typical of most UREs, they are
more accessible to all students and have the potential to increase
diversity within STEM fields (Bangera and Brownell, 2014;
Rodenbusch et al., 2016). It comes as no surprise, therefore,
that national reports championing involvement in UR frequently
highlight the role of research-based courses in achieving this
goal (American Association for the Advancement of Science
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[AAAS], 2011; President’s Council of Advisors on Science and
Technology [PCAST], 2012; NASEM, 2015, 2017). These bene-
fits, in addition to the potential of research-based courses to
expose students to scientific failures and offer opportunities for
iteration, make CURESs excellent contexts in which to study how
students cope with challenge and failure. Finally, and impor-
tantly, recent work has highlighted that CUREs may be espe-
cially suited to support underserved students’ success
(Rodenbusch et al., 2016). Yet, if and how coping in CUREs
differs as a result of student demographics have not been inves-
tigated. Thus, we set out to investigate this topic, and we detail
in the following section the frameworks relevant to this work
and subsequently describe the current study context and
questions.

Conceptual Frameworks and Definitions

For all constructs of importance, we strive to provide clear defi-
nitions so that our readers may gauge the relevance of our work
to their own (Rowland et al., 2019). In addition, we briefly out-
line established frameworks that have informed us to guide
readers in considering the implications of this study.

The recent proliferation of research-based courses has
brought with it many attempts to describe and distinguish
between different types of learning experiences. Here, we use
the framework proposed by Auchincloss and colleagues (2014),
and later tested by others (e.g., Brownell and Klosser 2015;
Corwin et al., 2018; Esparza et al., 2020), to describe CUREs.
For the purposes of this work, we define a “CURE” as a course
in which students participate in research with the intention of
making discoveries that are novel and relevant to a community
beyond the classroom. We consider the pursuit of making “rele-
vant discoveries” as the hallmark of a CURE. CURESs also involve
students in science practices and often involve students in iter-
ation and collaboration to varying degrees (Auchincloss et al.,
2014; Corwin et al., 2018; Cooper and Brownell, 2018).

As is often the case with terms used in common language,
definitions of the word “failure” abound and range from the
more extreme—one “fails” when one eventually disengages
completely from attempting the task at hand (Thomas, 2014)—
to the milder—one “fails” when anything in the process one is
attempting does not align with a desired result (Cannon and
Edmondson, 2005). For this paper, our definition of “failure” is
decidedly mild. We consider a “failure” to be any instance when
a student is unable to meet the demands of a task involving a
set expectation that defines success and requiring competencies
to be executed (i.e., an achievement context; see Cacciotti,
2015; Henry et al., 2019). Therefore, a failure might constitute
not successfully extracting DNA from a sample when the expec-
tation is that the actions performed will lead to a DNA
extraction. While this type of failure is often “fixable” with rep-
etition and troubleshooting, it is still a “failure to achieve the
expected outcome of the task” and therefore falls within our
definition. Importantly, we define failures as different from
errors, which are perceived as they happen, can be rectified
quickly in the moment, and do not preclude accomplishment of
a specific goal (Tulis et al., 2016). For example, in the context of
DNA barcoding, an error may be mis-pipetting DNA into the
wrong lane in a gel or forgetting to add a reagent during DNA
extraction and then realizing these missteps shortly after they
occur. These missteps, once noted, can be rectified and would
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not lead to a failure to extract DNA, because actions can imme-
diately be undertaken to correct them.

In accordance with our definition of failure and similar to
the work of Henry and colleagues (2019), we define a “chal-
lenge” as an achievement context that carries the risk of failure.
Our theoretical conceptualization of how students interact with
STEM challenges is also informed by Henry and colleagues’
work (2019). They present a model that draws on theory and
studies in educational psychology investigating mindset
(Dweck, 2000, 2006), goal orientation (Pintrich, 2000a,b), and
fear of failure (Conroy, 2001; Martin and Marsh, 2003; Nogu-
eraet al., 2013) to explore how STEM students might approach
challenges. The model goes on to describe how attributions
(Weiner, 1979) and coping responses (Skinner et al., 2003)
influence both how students respond when failure occurs and
the outcomes (positive or negative) of those responses. Our
work in this study draws from this model and is most strongly
informed by the work done by Lazarus (1993) and Skinner and
colleagues (2003) to explain coping with stressors.

We broadly define coping as an individual’s behavioral
response to a stressor. In our case, the stressors of interest are
research challenges and failures. While this broad definition is
agreed upon by most coping theorists, other aspects of coping
vary. In a 1993 review, Lazarus makes a case for coping as con-
text dependent and dynamic as opposed to stable and unchang-
ing, meaning that coping responses may vary with the context
in which a challenge or failure occurs and can change over time.
This view aligns with our own, as we anticipate that undergrad-
uates’ coping responses will be specific to their STEM learning
contexts and are malleable. However, our views also align with
those expressed by Spencer and colleagues (1997) that coping
responses in a given context will become more stable over time.
We therefore feel it is particularly important to establish adap-
tive coping responses early in undergraduates’ careers when
they may first encounter research failures. Coping responses
range from avoiding the stressor, coping indirectly with the
emotions caused by the stressor, or engaging directly in trying
to solve a stressor (see our codebook in Supplemental Materials
for descriptors of coping responses). Notably, “emotions” in this
context refer to the conscious mental reactions experienced as
feelings that result from experiencing a stressor. Many coping
responses have been characterized in the literature and are
comprehensively reviewed by Skinner and colleagues (2003).
In this review, the authors argue that coping can either be adap-
tive, when it helps to maintain well-being, or maladaptive,
when it prevents well-being or extends the effects of the stressor.
Importantly, they argue that any kind of coping can play both
roles; for example, avoidance may be adaptive when the stressor
is unchangeable but maladaptive when it could be easily allevi-
ated with a different approach. For the purpose of this work, we
define “adaptive research coping” as coping that both maintains
a students’ well-being and allows advancement toward research
goals. “Maladaptive research coping” is damaging to well-being
and/or precludes the research agenda. Certain types of coping
are more likely to be adaptive or maladaptive using these defi-
nitions (Henry et al,, 2019; Supplemental Table 2). Finally,
because Skinner et al.’s (2003) work constitutes the most com-
prehensive review of coping that we were able to find, we used
their work to generate our a priori codes, adding only one
inductive code of our own. Definitions of the coping categories
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stem directly from the definitions included in Skinner and
colleagues’ review.

The Current Study

The study presented here strives to expand knowledge of the
landscape of student coping in research-based courses by
addressing the following research questions within the context
of two sequential introductory biology CUREs:

RQ1. What are biology undergraduates’ emotional responses
to research-based challenges and failures in two sequential
CUREs?

RQ2. What are biology undergraduates’ perceived coping
mechanisms in response to research-based challenges and
failures?

RQ3. What outcomes do students perceive as a result of
encountering research-based challenges and failures within
the CURE context?

RQ4. Do emotional responses, perceptions of coping, and
outcomes students experience differ across demographic
groups and sequential CURE courses?

We investigated these questions using a qualitative to
quantitative approach in which we qualitatively character-
ized emotions, coping mechanisms, and outcomes; con-
verted these codes to binary variables; and analyzed these
data for trends using mixed models. Our qualitative analyses
aimed to explore and characterize how students cope with
research challenges (RQs 1-3). Our quantitative analysis
aimed to identify trends in how students in different courses
and across different demographic groups responded to a par-
ticular type of technical research challenge: challenges in
data collection (RQ4). With our quantitative analyses, we
aimed to elucidate relationships unlikely to have arisen
solely by chance between our variables in order to inform
and guide future questions and research in the field. We
included investigations of demographic variables for race/
ethnicity and gender identity, because we predicted, based
on prior work, that these may affect coping responses. We
included year in college, anticipating that coping responses
may be subject to a developmental trajectory that could be
influenced by academic experience, in line with suggestions
that coping is malleable (Lazarus, 1993; Spencer et al.,
1997). We included biology majors, given the context-depen-
dent nature of coping and that this academic identity was
likely to interact with the context (Lazarus, 1993). This
approach provides a preliminary glimpse into biology under-
graduates’ perceptions of how they respond to challenge and
failure in a research-based course. Emotional responses to
research-based challenge and failure (i.e., the conscious
mental reactions experienced as feelings that result from
experiencing a challenge or failure) and students’ percep-
tions of their coping responses (i.e., conscious behavioral
responses precipitated by experiencing a challenge or fail-
ure) are of interest, because they reflect the relative adaptiv-
ity of coping practices and predict students’ coping-self-effi-
cacy (Saklofske et al., 2012; Watson and Watson, 2016).
Coping self-efficacy is one’s perceived ability to cope effec-
tively with challenges and has potential to influence a per-
son’s future engagement within a subject or career trajectory
and subsequent success (Li and Nishikawa, 2012; Saklofske
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et al., 2012; Barrows et al., 2013). Therefore, this work will
help to inform efforts to retain students in career tracks
involving STEM research.

METHODS AND RESULTS

This work was conducted in accordance with methods reviewed
by the University of Colorado, Boulder’s Institutional Review
Board and found exempt (no. 17-0540).

Course Descriptions

In line with national calls to engage all students in authentic
research practices early in their academic careers, the Biology
Department at James Madison University (JMU; a large mas-
ter’s-granting institution) redesigned its introductory majors
laboratory courses as a two-semester research experience focus-
ing on the common theme of DNA barcoding.! In the JMU cur-
riculum, the sequential introductory biology courses (BIO140
Foundations of Biology I and BIO150 Foundations of Biology II)
serve as a program trailhead for students pursuing majors in the
field (biology and biotechnology) and the health sciences. As
well, the first semester (BIO140) fulfills requirements for other
select science programs (e.g., biochemistry, geology) and gen-
eral education science course work for non-STEM students.
Students typically take these courses in the first or second year
of their academic careers, but it is not uncommon for non-
STEM students to take BIO140 in the third or fourth year to
complete their general education requirements. These large-
scale courses (n = ~600-800 total students per semester)
include lecture and laboratory components—each meeting 3
hours per week—that are independent in content from each
other. Moving from a more traditional lab course curriculum,
the BIO140 and 150 lab courses were redesigned using Auchin-
closs and others’ (2014) essential dimensions of CUREs
(authentic community practices, discovery, relevance, collabo-
ration, and iteration) as well as an emphasis on scientific com-
munication and time-on-task/duration, which are identified in
apprentice-like UREs as key activities in students’ progression as
scientists (Laursen et al., 2010).

Students in the first-semester laboratory course (BIO140L)
are engaged in the research question of how habitat type and
degradation can influence biodiversity. In a series of collabora-
tive and inquiry-oriented labs, BIO140L students learn concepts
and practices from ecology as well as general research skills
(e.g., transect sampling, data analysis, graphing) to quantita-
tively compare biodiversity at the forest edge and interior habi-
tats in the campus arboretum. During this sampling, students
collect an unknown organism that they use DNA barcoding to
identify, engaging them over multiple weeks in the learning and
application of ideas and techniques from molecular biology,
phylogeny, evolutionary biology, and bioinformatics. Student
findings are presented as posters, and their species diversity
data are combined and compiled in a publicly available data-
base that can be accessed for research or conservation purposes
as well as to assist arboretum goers with species identification
(for a detailed account of the BIO140L course design, see
Hyman et al., 2019). In the second-semester laboratory course
(BIO150L), students use the skills and knowledge acquired in

For more information on DNA barcoding, please see Cold Spring Harbor Labora-
tory DNA Learning Center (n.d.).
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TABLE 1. Open-ended reflection prompts

Coping in Research-Based Intro Courses

Please describe any research-related challenges or failures that you have encountered over the past 2 to 3 weeks. These can include things such as
challenges or failures during data collection and analysis, difficulty in interpreting data, or any other challenges associated with the research
practices you engaged in. Please do not discuss experiences associated with taking quizzes, exams, or non-research lab assignments.

Please reflect on how you felt when these challenges or failures occurred. What was your emotional reaction?

Please describe how you acted in response to these challenges or failures.

If you feel that dealing with these challenges or failures helped you learn or provided an opportunity for growth, describe what you learned or

how you grew as a result of dealing with these challenges or failures.

BIO140L to design and carry out their own research projects
using DNA barcoding. Students are coached in framing their
research around questions they anticipate will be of broad
relevance to a community outside the classroom. Examples of
collaborative student-driven research projects include: the iden-
tification of mold species present in housing, identifying the
composition of pollen species in making local honey, and evalu-
ating the appropriateness of sushi labeling. In addition to tech-
nical practices, scientific writing is strongly emphasized as a
course component, as students compose a group research pro-
posal as well as individual abstracts and discussions to commu-
nicate their project findings. Given that both courses engage
students in the pursuit of making scientific discoveries that are
intended to be relevant and informative for communities
beyond the classroom, we consider that both constitute CUREs.
Importantly, both courses involve students in collaboration,
iteration, and science practices as defined by Auchincloss and
colleagues (2014).

Early findings from longitudinal studies on the impact and
effectiveness of these lab courses have documented a range of
conferred cognitive, affective, and behavioral outcomes
self-identified by students upon exiting the experience and then
as they progress through their academic programs (Harsh et al.,
2018; Hyman et al., 2019). Students commonly reported the
positive short- and intermediate-term contributions of the lab
courses to their science self-efficacy, sense of belonging, ability
to navigate scientific obstacles, and a variety of technical and
research-related skills (e.g., scientific writing). Retrospectively,
former participants majoring in biology indicated the lab
courses influenced their choices in advanced course work and
pursuit of independent research. Consistent with prior UR liter-
ature (Corwin et al., 2018; Gin et al., 2018; Cooper et al., 2019,
2020b), student feedback highlighted design features such as
project ownership, collaboration, iteration, and extended time
on task as being valuable to their learning.

Another upside to the BI0O140/150L course sequence is that
students have the opportunity to “fumble around” in the
research process and gain exposure to scientific challenges,
aspects regularly identified by former participants as being
among the greatest outcomes of the experience (Hyman et al.,
2019). By its nature, DNA barcoding is rife with potential pit-
falls for students, especially during DNA extraction and PCR
amplification, which in part, may be attributed to the selection
of challenging specimens and common novice missteps in per-
forming molecular techniques (Hyman et al., 2019).2 Observed
results of student gels suggest that ~50% of students in both

2Brief descriptions of the molecular techniques referenced in the article can be
found in Supplemental Table 5.
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courses are successful in producing a usable PCR product for
sequencing on the first attempt and then ~30% more (or ~80%
in total) are successful after a second attempt, as 2 weeks of
devoted lab time are set aside in the case initial efforts fail.

Data Collection

Data collection in both classes consisted of asking students to
anonymously complete a set of open-ended prompts (Table 1)
delivered via Qualtrics in Spring 2018 during laboratory class
time. These questions asked students to describe their
research-related challenges and failures, to comment on how
they felt when these occurred, to describe their actions in
response to these events, and to describe any opportunities for
learning or growth that might result from these experiences.
Earlier iterations of these prompts were pilot tested with
BIO140 students in Fall 2017. Questions were adjusted based
on Fall 2017 BIO140 responses and with guidance and feed-
back on question wording provided primarily by undergraduate
authors E.W., S.M., and N.G. and three additional undergradu-
ate researchers (all of whom had participated in biology
research and could critique the questions). Question wording
was adjusted iteratively over several rounds of revision. This
pilot testing resulted in two important edits. 1) We changed the
term “failures” in an earlier iteration first to “challenges, diffi-
culties, or failures” and then to “challenges or failures” in the
final version. This change was made because the term “failures”
was too narrowly defined by some students and did not elicit
information about the “mild” research-based failures we wished
to study. The second edit was to adjust the language on the last
question from “How did encountering and dealing with these
challenges influence your interest in and motivation to do sci-
entific research in general?” to the current version found in
Table 1. Our edit was designed to be less leading by beginning
with the “If” clause that more explicitly implies that the answer
may be “no gains” and also to broaden the possible positive
outcomes students might discuss.

In both classes, the students were asked to complete the
open-ended prompts at a point in the semester when they were
most likely to have recently experienced a research challenge or
failure. For students in BIO140L, this point fell approximately
11 weeks into the semester after all students had the opportu-
nity to first analyze their PCR products via gel electrophoresis
(in week 9) to ensure successful DNA extraction and amplifica-
tion from their specimens. Those students unable to initially
successfully extract and amplify their DNA were provided a sec-
ond opportunity to do so in week 10 (as described in Hyman
et al., 2019). For students in BIO150L, this point fell approxi-
mately 9 weeks into the semester, again after students had
analyzed their first attempts at extraction and amplification
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(in week 7) with an opportunity for iteration as needed (week
8). This timing for data collection allowed us to capitalize on
students’ recent experiences with challenge and failure in order
to better capture their emotions post-challenge/failure and
their perceived coping responses and outcomes. Students’
prompt responses ranged from one word (e.g., “yes” in response
to the last prompt) to nearly 300 words describing a challenge,
but most were approximately two sentences (between 40 and
80 words) in length. From an instructional perspective, these
reactive prompts also acted as a light-touch intervention to
engage students in reflective practices about their research
challenges; metacognitive exercises, in general, have been
found to contribute to one’s learning and growth (Tanner,
2012). Demographic data used in this study were gathered
from pre surveys administered at the onset of the term to stu-
dents as part of a larger ongoing project assessing how the lab
courses impact participants.

Study Participants

A total of 668 students agreed to participate and generated
usable data (339 from BIO140L and 329 from BIO150L) out of
842 recruited between the two courses. Ninety-seven percent of
the students enrolled in BIOL150 had taken BIOL140 previously.
Demographics for this group are presented in Supplemental
Table 1. Half of all BIO140L and BIO150L students (n = 334)
were asked to complete all of the prompts in Table 1, and half
were asked to complete only the first two prompts. This design
was intentional so as to investigate the encountered research
challenges and respective responses from all students, while also
permitting data to be collected from half of the students for a
separate research project (results of that investigation are
beyond the scope of this study). Out of the 334 students who
were asked to respond to all prompts, 226 (68%) had complete
data (including complete demographic information) and
reported specifically on technical research-related challenges
during data collection or analysis. Because we were specifically
interested in investigating students’ responses to technical
research-related challenges (and not to academic, logistical, or
other challenges per se), the qualitative results we report repre-
sent data from just this subset of 226 students. Our quantitative
data further narrowed our sample to students who reported only
technical research challenges related to data collection (180 stu-
dents) for reasons described in the Qualitative Analyses below.
Overall, these students were generally in their first or second
year of college (>73% across all samples), white (>62%), female
(>63%), and biology majors (>63%; see Supplemental Table 1
for a complete breakdown of demographics).

Qualitative Analyses

We report first on the methods and results for the qualitative
analysis of our data, which addresses RQs 1-3, and then follow
with a description of the quantitative analyses and results. Our
discussion and conclusions section addresses the overall find-
ings and implications of this work.

Open Coding and Thematic Analysis. We used an exploratory
phenomenological approach in our qualitative data analysis.
Specifically, such an approach explores transcribed text for pat-
terns related to specific phenomena (Sloan and Bowe, 2014).
We (the coders: L.A.C., S.M., N.G., and E.W.) aimed to set aside
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prior knowledge of the phenomena under study—students’
experiences with challenge and failure in research-based
courses—and explore the phenomena while allowing interpre-
tations to emerge. We explored codes in four broad categories:
Types of Challenges Encountered, Emotions, Coping Responses,
and Outcomes of Challenges. These code categories were chosen
to roughly match each of the open-ended questions asked on
the midsemester survey (Table 1). However, all codes were con-
sidered when coding all responses, enabling us to capture infor-
mation on outcomes or emotions from students’ responses to
any question.

We used both a priori codes and inductive emergent coding
to generate a codebook for the data. The categories Types of
Challenges Encountered and Emotions were established entirely
through inductive processes, while Coping Responses and Out-
comes of Challenges were primarily derived from reviews by
Skinner and colleagues (2003, Table 6) and Corwin and col-
leagues (2015), respectively. To establish the initial codebook,
all coders independently read 30% of the data (225 randomly
selected student responses) to get a sense of participants’ expe-
riences and thoughts. As these members read, they considered
whether the a priori codes from the aforementioned reviews
(Skinner et al., 2003; Corwin et al., 2015) were appropriate,
and they recorded potential inductive codes for Emotions and
Types of Challenges Encountered. The coders then came together
to combine, discuss, and resolve definitions for codes in order
to build the initial codebook (Supplemental Tables 2-5). This
codebook was then presented for feedback to author J.A.H.,
who leads the assessment of the BIO140L/BIO150L courses
and contributed to their development, as well as one instructor
and two former students of the classes as a check for code
validity. This check had a similar purpose to member-checking,
in that it was designed to ascertain whether the codes and
definitions were credible, accurate, and resonated with indi-
viduals who were actually involved with the course in ques-
tion. For example, during this check, the coders confirmed the
meaning of acronyms and discussed the uses of tools men-
tioned in student quotes. The coders confirmed which part of
the research process tools like BLAST and DNA Subway
affected. With this information, they were assured that their
codes captured the full spectrum of what students were dis-
cussing and that they were accurately capturing the student
experience. After this check, the codebook was then edited
and reapplied to the 30% subset of student responses to evalu-
ate its utility. This was repeated twice until all coders were
satisfied with the initial codebook and felt that they could
independently code using any of the four categories.

Coding the entirety of the data was achieved using a two-
team approach. Authors L.A.C. and E.W. coded the data set for
the type of challenge reported by students and for outcomes of
challenges. S.M. and N.G. coded the entire data set for emotions
and coping responses reported by students. In both cases, coders
examined students’ responses to all questions for each code cat-
egory; however, it was rare to find codes pertaining to a cate-
gory outside the question designed to address it (e.g., it was
rare to find emotions described in prompt 4). Within each team,
authors first coded students’ responses independently and then
met with their partners to discuss any discrepancies and deter-
mine a final code applied to each unit of meaning (i.e., a com-
plete discrete thought). Throughout the coding process, the
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entire four-person group met weekly to discuss coding difficul-
ties and clarify coding definitions. In this way, all team mem-
bers became experts on the codebook, even though the codes
were split among teams.

After each team coded all student responses for their respec-
tive categories, 30% of the coded quotes for each code category
were randomly selected to be coded by the other team to test
for interrater reliability (e.g., L.A.C. and E.W. coded 30% of the
emotion and coping response code instances). The two coders in
each team first coded independently and then came to consen-
sus. Consensus codes were then compared between teams to
generate interrater reliability. Because coding for different cate-
gories was independent (i.e., categories did not affect the cod-
ing in other categories), it was appropriate to calculate inter-
rater reliability separately for each category. Cohen’s kappa was
0.87 for Types of Challenges Encountered, 0.89 for Emotions,
0.85 for Coping Responses, 0.79 for Outcomes of Challenges. All
discrepancies between the two coding groups were resolved
with discussion.

Frequency Calculations. We quantified the total number of
participants reporting each code (Supplemental Tables 1-4) for
the entire data set. Because our research questions pertain only
to those students experiencing technical research challenges/
failures, we also calculated frequencies for emotions, coping
responses, and outcomes within the subset of 226 students
reporting that type of challenge/failure. Using theory and prior
knowledge, we combined codes within categories into several
“master code themes” that more broadly described the trends in
the data. A student was recorded as reporting a master code
when they reported any one of the codes that made up the mas-
ter code. The two emotions master codes were positive aggregate
and negative aggregate emotions; the two coping responses mas-
ter codes were adaptive aggregate and maladaptive aggregate;
and the three outcomes of challenges master codes were increases
in an understanding of the culture of science, increase in research
skills, and increase in coping skills. The subcodes that were com-
bined to make each of these master codes are reported in the
codebook (Supplemental Tables 1-4).

Qualitative Results

Here, we report the results from our open coding of types of
challenges, emotions, coping responses, and outcomes of chal-
lenges. Our discussed results are limited to broader trends and
specific description of codes that were reported by at least 15%
of students (cutoff chosen based on a natural break point in the
data).

Challenges. The codebook (Supplemental Table 5) describes
reports of research challenges (technical and non-technical),
social challenges, personal challenges, academic challenges, and
no challenges. For the purpose of this paper, to investigate stu-
dents’ responses to unanticipated research challenges, we only
explore one challenge category in-depth: technical research
challenges—challenges associated with executing technical
research tasks. Such challenges are common in research, and for
the students in this study, usually led to failure in successfully
interpreting their data from the first iteration of extraction,
amplification, and barcoding. Sixty-five percent (n = 435) of all
students surveyed reported technical research challenges.
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Most observed technical research challenges were associated
with data collection (80% of technical research challenge
responses). For example, problems related to gel electrophore-
sis, DNA extraction, DNA amplification, and PCR (Supplemen-
tal Table 3) led to uninterpretable data: “The first time our
group conducted gel electrophoresis, the positive control
showed no amplification. So, our PCR could not be trusted”
(Student [S] 3, BIO140, white, male, first-year, biology major).
Students attributed these minor failures to “contamination,”
“low primer quality,” and the DNA “not amplifying.” Others had
success during DNA extraction and amplification but expressed
that their data were unintelligible during data analysis (21% of
technical research challenge responses). These were most fre-
quently related to BLAST hits and DNA Subway: “My DNA
extraction worked and there was a successful amplification but
when I did the DNA Subway it told me my sample was some-
thing that it clearly wasn’t” (S16, BIO140, white, male, fourth-
year, non-biology major). Students grappled with how to pro-
ceed when they encountered this issue, explaining that the
results “messed up my project and [phylogenetic] trees in a big
way” (S83, BIO140, white, female, first-year, biology major).
Nearly all students responded with a description of only one
technical challenge, either a challenge with data collection or a
challenge with analysis, with only two students describing more
than one technical challenge.

Emotions. Not surprisingly, negative emotions arose most fre-
quently in response to technical research challenges (85% of
respondents; Supplemental Table 2). These ranged from mild
annoyance, “I felt a little annoyed” (S297, BIO140, white, male,
first-year, biology major), to anger and defeat: “I felt angry as
this is the third time I've done an experiment like this and it still
failed. At this point, I feel somewhat defeated when it comes to
completing this lab” (S157, BIO150, white, female, first-year,
biology major). Most often, however, negative emotions were
moderate, neither strong nor weak.

The emotion of disappointment, or feelings of sadness at a
loss or inability to get results, was the most frequently expressed
by those experiencing technical challenges (36%). Students
often used the word “disappointed” or used colloquialisms with
similar meaning: “I was bummed out that it did not work the
first time but became focused on the second time” (S168,
BIO150, white, male, first-year, biology major). Frustration was
also quite common (30%). Frequently, an origin of the frustra-
tion was that students felt they had worked hard or “spent so
much time” only to see their work fail. Occasionally, frustration
came from comparisons of themselves to other classmates: “I
felt frustrated when I messed up because everyone was still on
track, and I was somewhat behind” (S58, BIO140, white,
female, first-year, biology major). The only other single emo-
tion to be reported by 15% of students was confusion, which
included expressions of not understanding or having uncer-
tainty surrounding what had occurred. Students became con-
fused when they perceived that they had done things similarly
to group others but obtained different results: “I was confused
as to why mine didn’t work like my group members” (S87,
BIO140, white, female, fourth-year, biology major).

Positive emotions were reported less frequently (24% of
respondents; Supplemental Table 2), though not infrequently,
and ranged from relief and determination to satisfaction and

21:ar23,7



L. A. Corwin et al.

enjoyment. Generally, these emotions arose after students had
worked through a problem and were often mentioned in con-
junction with the negative emotions described earlier: “When
the challenges occurred, I was stressed, but when I was able to
overcome and do it well, I felt relief and a sense of accomplish-
ment” (S46, BIO140, white, female, first-year, non-biology
major). However, less often, students experienced excitement
or enjoyment despite challenges: “I was upset that it did not
work because I wanted to better explore my organism, but I
enjoy conducting the experiments, so I didn’t mind much”
(S129, BIO140, multiethnic, female, second-year, biology
major). Though they experienced many negative emotions, the
majority of students subsequently responded with adaptive cop-
ing mechanisms, some of which were related to emotion
management.

Coping Responses. Overall, students reported what we pro-
pose are adaptive research coping responses (69%) far more
than maladaptive research coping responses (7% of students
reporting technical challenges, categorizations of adaptive and
maladaptive are consistent with Henry et al., 2019). As
described in the Introduction, adaptive research coping is much
more likely than maladaptive research coping to lead to mental
well-being and advancement of the research agenda. Supple-
mental Table 3 lists all types of both adaptive and maladaptive
coping for which we coded.

The most frequently reported type of coping was taking
direct action to solve a problem. Direct action was generally
considered adaptive, and students’ descriptions of their actions
were either relatively vague, “I pressed on” or “I tried again,” or
more specific, “I continued on with my DNA Subway with just
my forward sequence and everything appeared to work fine”
(S135, BIO140, no demographics available, 135). Such state-
ments about direct action or action in the moment were reported
by 23% of students. However, many more (52%) reported tak-
ing direct action by repeating the experiment. There were two
distinct ways in which students discussed repetition. They
either stated, simply, that they repeated the experiment, “I did
the experiment again and it was successful” (S152, BIO140,
multiethnic, female, third-year, biology major) (29%) or they
reflected (23%) on what might have gone wrong and repeated
the experiment while describing changes made to pursue suc-
cess in the second round: “I thought through what I had done in
the first DNA extraction and tried to find areas where I might
have fallen short. Using that information, I did the experiment
again” (S184, BIO140, white, female, fourth-year, non-biology
major). While there is evidence that those who reflected learned
from their first attempt because they used that information to
inform subsequent iterations, we cannot deduce whether those
who simply tried again without expressing reflection learned
from their mistakes. In addition, instructors told students to
repeat their experiment if they did not get intelligible results the
first time. Thus, while we chose to include direct action and
repitition with reflection in the list of codes contributing to
adaptive coping, we did not include the reports of only repeti-
tion without evidence of reflection (Supplemental Table 3).

Emotional regulation, which involves taking actions to alle-
viate or mollify one’s emotional distress and to appropriately
express emotions, was the second most frequently reported
adaptive coping code (17%; Supplemental Table 3). When
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engaging in emotional regulation, students worked to maintain
their “calm” or develop an optimistic, positive attitude while
proceeding with their work: “I kept an open mind and didn’t let
it bother me too much or get me off focus. So, I found it to be
helpful to stay lighthearted and just try again” (S248, BIO140,
Asian, male, fourth-year, biology major). Others described
efforts to directly regulate negative emotions resulting from the
work: “I got really frustrated when my DNA Subway was not
working out like I wanted it to. I felt pretty mad, and anxious,
but I was able to calm myself down and finish working on it”
(S258, BI0140, white, female, first-year, biology major).

Finally, support seeking, or using available social resources
to either help solve a problem or obtain emotional comfort, was
frequently reported (15%). Although we coded support seeking
to encompass both seeking of technical help or knowledge and
the seeking of emotional support, the vast majority of students
asked for technical help: “I sought out help from someone who
had completed it correctly, the teacher or teacher’s assistant
[TA]” (S95, BIO140, white, male, first-year, non-biology major).
As illustrated here, help could come from a variety of sources,
including their peers, TAs, or the instructor in charge.

Only 6% of students reported maladaptive coping. These
codes included such coping responses as rumination or dwell-
ing on negative outcomes and destructive thoughts: “It was dif-
ficult to interpret the data at some points of the experiment and
there were so many steps that I often kept thinking to myself
that I was going to mess something up” (S121, BIO140, white,
female, second-year, non-biology major). Several students
expressed opposition, by displaying anger, aggression, or throw-
ing “tantrums.” A few experienced helplessness or seeing the
situation as out of one’s control and thus acting as if one cannot
change the situation: “I just kinda left the picture as is and said
I was done with it ... I got a lower grade, but it helped my stress
out by giving up” (5290, BIO140, white, female, third-year
non-biology major).

Outcomes. Outcomes expressed the student-reported positive
results of encountering and coping with the challenge/failure.
We identified the broad theme increases in coping skills based
on codes that aligned with adaptive coping responses described
by Skinner and colleagues (2003) and Henry and colleagues
(2019). Many students experiencing technical challenges (73%;
Supplemental Table 4) reported that their ability to cope with
challenges had improved as a result of their experiences (Sup-
plemental Table 4). Within this broad theme, they either dis-
cussed increased ability to navigate obstacles (59%) or increased
ability to regulate their emotions in response to obstacles
(28%). Among students who expressed an increased ability to
navigate obstacles, statements indicating that they had learned
how to persevere and persist when obstacles arise were com-
mon: “I learned that you have to be persistent and patient
because not everything works out the first time, especially in
biology” (S87, BIO150, Hispanic, female, first-year, biology
major). Students also accepted that failure is a part of science or
life in general and were determined to view failures as opportu-
nities for learning in the future: “I learned that not everything
goes as planned when doing science, and one should not treat
a challenge as a failure, but as a way to learn” (S96, BIO150,
white, female, first-year, biology major). Increases in ability to
regulate their emotions in response to failure were commonly
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reported as direct statements about the ability to control emo-
tions: “I learned that nothing good comes from being upset or
dwelling on the problem and it is much more productive to
focus your energy into finding a solution that works” (S9,
BIO150, white, female, first-year, biology major).

A second broad theme was a greater understanding of the
culture of science (23%; Supplemental Table 4). Students who
made gains within this theme came to understand that science
involves failure and often described the myth of a universal sci-
entific method?: “I think I just reinforced my belief that research
is a growing process in which it does not always happen in a
straight line. Sometimes you need to go back and redo things”
(S28, BIO150, white, female, fourth-year, non-biology major).
They sometimes described that science involves unexpected
results: “I learned that just because you don’t get the results you
want, does not mean your research wasn’t valid and that getting
no answer is an answer” (S94, BIO150, white, female, first-
year, unknown major). Those who made broader statements
about their understanding of science culture were also included
in this theme: “I learned that science isn’t perfect, and it doesn’t
always prove to be successful” (S116, BIO140, white, female,
third-year, non-biology major).

Finally, a single code, learning to take more care and be cau-
tious, accounted for its own broad theme and was reported by
27% of students (Supplemental Table 4). Students who reported
learning to be cautious during research recognized the value of
being careful and paying close attention when doing experi-
mental procedures: “In the future, I will know that every little
thing matters, and you have to be extremely careful in the lab
because one little mistake can ruin the whole thing” (S169,
BIO140, white, female, second-year, non-biology major). They
used the words and phrases “meticulous,” “precise,” “careful,”
“not careless,” and “not make mistakes” when describing this
outcome.

Seventeen percent of students reported that they had expe-
rienced no outcomes as a result of challenges and failures
encountered in the class. In these instances, there was rarely a
reason given for experiencing no outcomes. However, in some
cases, this was because they did not view these experiences as
valuable: “It was not [useful] because I was not able to find out
what I did wrong” (S316, BIO140, white, female, first-year,
biology major). Others expressed that they felt they already
knew how to deal with challenges: “I don't really think I learned
this semester how to deal with failure. I was mostly able to deal
with that in high school” (S245, BIO140, white, female, first-
year, non-biology major).

” «

Mixed-Model Analyses

To provide further insight into data trends and themes and
address RQ4, we choose to perform mixed-model regression
analysis on emotions, coping responses, and outcomes that arose
from students’ experience of technical challenges arising spe-
cifically from data collection. We specifically chose this subset
of technical challenges to analyze, because students in both
courses frequently experienced this type of challenge and had
equivalent time and opportunities to cope, iterate, and poten-
tially solve this type of technical challenge. We selected a subset
of response codes on which to perform regression analyses. This

3As described in McComas (1996).
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subset was selected based on two criteria: 1) We predicted that
differences in response submission across demographic vari-
ables would be interesting and meaningful. 2) A response rate
of at least 15% was obtained for each response code. Specifi-
cally, we performed quantitative analyses to examine patterns
related to students’ reporting of the following codes and master
codes:

e Emotions: frustration, confusion, disappointment, positive
aggregate

e Coping Responses: repetition, repetition with reflection,
emotional regulation

e Outcomes: increased coping skills aggregate, increased
understanding of the culture of science, increased caution

Mixed-effect logistic regression using the Ime4 package in R
(Bates et al., 2014; R Core Team, 2021) was used to analyze
the effect that demographics and course participation
(BIO140L or BIO150L) had on students’ reporting of each of
the codes. Assumptions of logistic models (i.e., linearity of the
logit, lack of influential outliers, no multicollinearity) were
graphically examined and confirmed. Demographic variables
considered in this analysis included: course (BIO140L vs.
BIO150L), gender identity (male vs. female; we had no stu-
dents fall into different categories and therefore could not ana-
lyze for additional gender identities), major (biology vs.
non-biology), ethnicity (white v. non-white), and year in col-
lege (first-year student vs. non—first year student). Here, eth-
nicity and year in college were converted to binary categories
for simplicity of analysis and interpretation and to ensure a
sufficient sample size in each category to perform reliable
analyses. For all models, a random intercept for “section” was
included to account for the potential variability that course
section and instructor have on the reported response. In partic-
ular, based on prior work (Cotner et al., 2011; Cavanagh et al.,
2018) and observed variation in BIO140/150L instructor
backgrounds (e.g., graduate students, full-time faculty), it was
anticipated that the instructor effect may introduce variability
in how students view and deal with scientific challenges—
which would be accounted for by the random intercept. Our
initial analyses included all possible interaction effects among
course and demographic variables. These analyses did not
show any significant interactions among variables. Compari-
son of Akaike information criterion (AIC) values among mod-
els with and without interactions also indicated that models
without interactions were of higher quality (i.e., they had
lower AIC values), and so the final analyses reported here are
based only on models without interaction terms included.
Equation 1 represents the general form for all mixed-effect
logistic regressions analyzed in this work, with curly brackets
indicating the inclusion of the random effect:

[Emotion/CopingStrategy/Outcome|
= Course + Ethnicity + Gender Identity + Biology Major

+ Class Standing + {Section} €3]

Mixed-Model Results

Of the original 668 students who participated, we performed
quantitative analysis for only those students who reported
technical research challenges associated with data collection
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TABLE 2. Model coefficients in odds ratios (and p values)?

Race/ethnicity Gender identity Class standing
Major (biology) Course (BIO150) (white) (female) (first-year)
Emotions
Frustration 1.41 (0.51) 0.63 (0.21) 1.92 (0.12) 2.20 (0.07) 0.54 (0.17)
Confusion 1.49 (0.52) 0.26 (0.02) 1.01 (0.97) 0.35 (0.04) 0.68 (0.47)
Disappointment 1.34 (0.49) 1.78(0.14) 1.10 (0.78) 0.89(0.75 1.02 (0.96)
Positive Aggregate 2.34 (0.11) 0.72 (0.49) 1.56 (0.16) 0.55 (0.16) 1.17 (0.72)
Coping Mechanisms
Repetition 1.71 (0.18) 2.48 (0.007) 1.12 (0.76) 1.18 (0.64) 0.98 (0.96)
Repetition with Reflection 1.54 (0.37) 1.70 (0.20) 1.18 (0.68) 0.59 (0.18) 1.65 (0.25)
Emotional Regulation 0.94 (0.91) 1.72 (0.20) 0.76 (0.52) 1.14 (0.77) 1.02 (0.97)
Outcomes
Coping Skills 0.48 (0.15) 1.13 (0.75) 0.35 (0.03) 1.09 (0.84) 0.76 (0.23)
Culture of Science 0.81 (0.66) 0.81 (0.67) 0.93 (0.87) 1.59 (0.29) 1.36 (0.47)
Increased Caution 2.07 (0.11) 0.40 (0.02) 0.81 (0.58) 1.03 (0.93) 1.12 (0.78)

aCoefficients are displayed in odds ratios (p values are displayed in parentheses). Response variables are listed in the first column. Predictor variables are listed in the top
row. Values in parentheses beside or below predictor variables indicate the direction of the reported effect when comparing groups. For example, the values in the first
column of data show how being a biology major would affect a student’s odds of reporting an emotion compared with a student who is not a biology major, all else being
equal (all predictors are binary, not categorical). An odds ratio of 1 means that the two groups are equally likely to report the outcome; <1 means being a biology major
makes one less likely to report the outcome, and >1 more likely to report the outcome.

and completed the entire question set, leaving 180 subjects in
37 different sections. Model coefficients (odds ratios) and cor-
responding p values are presented in Table 2. Odds ratios indi-
cate the odds that a given group will report an outcome in com-
parison to the other group. For example, a value of 2 would
indicate that the given group was twice as likely as the other
group to report the outcome.

Emotions. Our analyses include the most frequently reported
negative emotions associated with technical challenges in addi-
tion to analysis of the master code positive aggregate. We did
not analyze trends for the master code negative aggregate,
because almost every student reported at least one negative
emotion in connection with a technical challenge, and thus the
analyses would not have provided insight into trends.

The two variables related to students’ reports of emotions
were enrolled course and gender identity. Students in BIOL140
had a 20.5% probability of reporting confusion and those in
BIOL150 had only a 7.1% probability of reporting confusion
(p = 0.02). Male-identifying students had a 19.6% probability
of reporting confusion and female-identifying students only
had a 9.9% probability of reporting confusion (p = 0.04).
However, the observed trend with regard to gender identity
was different for frustration; female-identifying students had
a 32.2% probability of reporting frustration, whereas male
students only had a 17.6% probability of reporting frustration
(p = 0.07). However, this did not make our 0.05 cutoff for
significance. Neither disappointment nor positive emotions
could be predicted based on course or demographic variables
(allp>0.11).

Coping Responses. Our analyses include the three most fre-
quently reported coping responses: repetition, repetition with
reflection, and emotional regulation. Course had an effect on
the probability of repetition, but no other significant effects
were observed. Specifically, students in BIOL150 had a 65.7%
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probability of repeating their experiments when encountering a
technical data-collection challenge, whereas students in BIO140
only had a 41.1% probability of reporting that they had repeated
their experiments.

Outcomes. Our analyses of outcomes include mainly analyses
of main codes that are aggregates of codes for more specific
outcomes. We analyzed increases in coping skills, increases in
understanding of the culture of science, and the single code,
which was highly reported by many students, increased caution
when doing science. Non-white students had a higher probabil-
ity of reporting increases in coping skills compared with white
students (85.7 vs. 69.4% respectively, p = 0.03). Students in
BIO140 were much more likely to report increases in the cau-
tion with which they conducted experiments compared with
those in BIO150 (43.8% vs. 24.2%, p = 0.02).

DISCUSSION

When Asked to Report on Research-Related Challenges, a Major-
ity of Students Reported on Technical Challenges. As DNA
manipulations are technical and invisible to the naked eye, nov-
ice researchers will often experience common failures in mole-
cular techniques such as the extraction and amplification of
DNA from samples. Thus, CUREs that authentically expose stu-
dents to work with DNA are highly likely to afford in situ oppor-
tunities to introduce technical challenges and the navigation of
failure (e.g., Gin et al., 2018; Hyman et al., 2019). Here, we
specifically hoped to study the types of unplanned technical
challenges encountered by introductory students in two DNA
barcoding CUREs as well as their respective perceptions of and
responses to the challenges. Thus, we used targeted, intentional
prompt language and timing that would allow us to do so. Given
this, it is not surprising that a high proportion of technical chal-
lenges were reported, but it is nonetheless important, because it
indicates that these experiences were salient enough to warrant
inclusion and exploration within student reflections.
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It is also likely that students’ standing as early-career
researchers—likely the first time for many—influenced their
responses. This is in line with work on apprenticeship-like UREs
that describes a developmental trajectory in which students
first master basic skills (e.g., data collection and analysis) before
progressing on to higher-order skills, such as data interpretation
(Feldman et al., 2009; Thiry et al., 2012; Adedokun et al.,
2014). This finding, which reflects data across multiple courses
and course sections, further supports that molecular and
genomics-based investigations can be a useful way to incorpo-
rate predictable technical challenges and failures into CURES,
which is notable, considering how many CUREs make use of
similar techniques (e.g., Hanauer et al., 2017; Gin et al., 2018;
Greenman et al., 2021; Lopatto et al., 2020; Zelaya et al., 2020).
We can use this information to think more deeply about what
type of challenges and failures we should anticipate—or inten-
tionally plan for—when considering how to help novice stu-
dents navigate scientific obstacles and when designing courses
for this outcome.

Almost All Students Experienced Negative Emotions when
Encountering Technical Research Challenges, yet They
Engaged in Adaptive Coping

The students in our study frequently reported disappointment
and frustration as well as confusion to a lesser degree when
experiencing technical research challenges and failures. All in
all, while 85% of students reported negative emotions, which is
typical of post-failure emotions in academic achievement con-
texts (Pekrun, 2006), most reported the use of at least one
adaptive coping mechanism. Furthermore, when students
reported positive emotions, they usually referenced them after
overcoming negative emotions and re-engaging with a chal-
lenge. Pekrun’s (2006) work states that, if a student perceives
that they have control over the future, they are more likely to
experience positive emotions and overcome negative ones in
response to failure. Our results support this, as we found evi-
dence that providing the opportunity for iteration, which sup-
ports students’ autonomy (Gin et al., 2018; Goodwin et al.,
2021), allowed students to overcome failure and alleviate their
negative emotions. These findings imply that negative emotions
are not always a barrier to student success or detrimental to
student well-being if students are allowed time to productively
cope.

Building upon this, it can be argued that we should move
beyond the idea of negative emotions as something to “over-
come.” Frustration, confusion, and disappointment are
described by some researchers as emotions “inherent to” and
“characteristic of” doing science; they are part of scientific
“epistemic affect” (Jaber and Hammer, 2016). In the process
of scientific discovery, these negative emotions can arise from
or give rise to more positive emotions. For example, the plea-
sure of discovering something new can be enhanced by prior
feelings of confusion and the struggle to solve a difficult ques-
tion (i.e., frustration; Jaber and Hammer, 2016), and these
emotions become more intense when the work is valued
(Pekrun, 2006). Thus, far from being a detriment, experiences
of frustration, disappointment, and confusion and subsequent
opportunities to iterate in order to alleviate these emotions
may actually be beneficial for many undergraduate research-
ers. These feelings may have the potential to increase students’
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sense of scientific identity and their sense of the authenticity
of their work (Jaber and Hammer, 2016; Goodwin et al.,
2021).

Taken together, these points suggest that we should not limit
students’ exposure to research-related challenges and failures.
Yet, as instructors, we are far more likely to target positive affect
as an experiential outcome during classroom activities (Pekrun,
2006; Rowland et al., 2019). This is not surprising, given that
positive affect contributes to many constructs (e.g., interest and
emotional project ownership) that predict persistence in STEM
(Hanauer and Dolan, 2014; Rowland et al., 2019; Knekta et al.,
2020). However, our results, in addition to other recent work
(Gin et al., 2018; Goodwin et al., 2021), highlight the role of
technical research failures that require CURE participants to
navigate negative emotions in the development of coping skills.
Thus, as educators, allowing students to experience these neg-
ative emotions and to overcome them could be seen as an
important step in helping them develop resilience as scientists
(Gin et al., 2018; Henry et al., 2019). Importantly, however, we
must consider closely how we structure and scaffold challenge
and failure experiences so that they do benefit students. In this
work, differences exist in the types of negative emotions
reported by students who identify with different genders
(male-identifying students were more likely to report confu-
sion, female-identifying, frustration). As this finding highlights
how the emotional experience may differ across groups, strate-
gies that support students in coping with emotions arising
during research-based challenges may need to consider gender
identity. Also, recent exploratory work has highlighted that
some undergraduates, particularly those who suffer from
depression, emotional stress, and/or other mental health ail-
ments, may experience negative outcomes from research-based
failures in UREs at research-intensive institutions (Cooper et al.,
2020a). This research suggests that specific instructional
actions, such as providing undergraduates praise, working to
develop positive relationships with students, and normalizing
failure may alleviate students’ depressive feelings (Cooper
et al., 2020a). Considering that CUREs are recognized as a more
inclusive model than UREs and may reduce the social barriers
that exist between students and faculty (Bangera and Brownell,
2014; Elgin et al., 2016), it would be interesting to investigate
whether similar patterns exist in research courses. These find-
ings, and careful attention to scaffolding around failure experi-
ences as, should be carefully considered when exposing stu-
dents to research-based challenges in which they may encounter
failures.

Almost All Students Report Coping Responses Associated
with Problem Solving

Students in this study largely coped with challenges by taking
direct action, repeating the experiment while reflecting on one’s
results, regulating emotions, and seeking instrumental support.
Such coping responses are predicted to be adaptive in academic
STEM contexts based on prior literature (Struthers et al., 2000;
Brdar et al., 2006; Alimoglu et al., 2010; Sevinc and Gizir, 2014;
Henry et al., 2019). They typically support students’ well-being
as well as their progress on a project or degree program (e.g.,
Struthers et al., 2000) and persistence in a field of study or
career track (e.g., Shin et al., 2014). A majority of the reported
coping responses fall under the broader coping umbrella of
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“problem solving,” in which an individual actively tries to solve
the problem causing the stressor (Skinner et al., 2003).

We hypothesize that problem solving was frequently reported
because the course design allowed time and course materials for
iteration, without which students would not have been able to
engage in much of the problem solving reported. In alignment
with prior research by Gin and colleagues (2018) and Hunter,
Laursen, and Thiry, and colleagues (Hunter et al., 2007; Laursen
et al., 2010; Thiry et al., 2012), allowing students time to grap-
ple with failure and uncertainty likely also afforded students
opportunities to develop coping responses beyond problem solv-
ing, including emotional regulation, support seeking, planning,
instrumental action, collaboration, and cognitive restructuring
(Skinner et al., 2003). Students often described these coping
mechanisms as necessary to support problem solving (e.g., a
student who engaged in emotional regulation expressed the
need to “calm myself down and finish working on it”). These
results align with Pekrun’s control-value theory of achievement
emotions (Pekrun, 2006), which describes how emotional expe-
riences and regulation are directly linked to problem-solving
actions when students encounter challenges.

These results expand prior work in this area by highlighting
that students in large CUREs, consisting of multiple sections
with multiple instructors, engage in adaptive problem solving
when encountering technical research challenges. Prior work
has not examined this question at this scale or with the inten-
tion to look at coping responses specifically. This work also fur-
ther highlights the importance of offering opportunities to iter-
ate, which may vary widely among CURE courses (Auchincloss
et al., 2014; Corwin et al., 2018). It would be interesting for
future work to examine CUREs which do and do not afford stu-
dents the opportunity to iterate in order to compare students’
coping behaviors.

We anticipate that the findings presented here—that a
majority of students did engage in adaptive coping—are likely
to be true (i.e., we anticipate that students’ perceptions of what
they did are reasonably accurate with respect to adaptive cop-
ing). However, we recognize that students might underreport
maladaptive coping mechanisms. As explained in our Limita-
tions, this may be because it is not socially desirable to report on
one’s own “bad” behaviors (Krumpal, 2013) or simply because
we tend to remember our positive and productive actions better
than our unproductive negative ones (Walker et al., 2003).
Thus, although it is likely that most students used adaptive cop-
ing, we cannot say that they did not also engage in maladaptive
coping based on our results. A future study that engaged in
behavioral observations and “in the moment” assessments (e.g.,
using ecological momentary assessment as in Shiffman et al.,
2008) might be more appropriate to uncover instances of mal-
adaptive coping.

Students Report Gains in Coping Skills, Understanding

the Culture of Science, and Learning to Take More Care
and Caution during Research

We specifically asked students to report on the gains, if any,
they perceived as a result of challenges and failures encoun-
tered during their lab class. The three central themes
described—coping, culture of science, and care and caution—
align with prior work by Gin and colleagues (2018) and Good-
win and colleagues (2021). Both of these former studies, in
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addition to ours, support the idea that students develop a more
complete and comprehensive understanding of the culture of
science via the practice of coping with challenges and failures.
Thus, our findings lend further support to prior work seeking to
understand the basis of research “authenticity” and what ele-
ments of a research-based course help students to perceive the
work as “authentic” (Rowland et al., 2016; Goodwin et al.,
2021).

One pattern related to students’ racial/ethnic identities
emerged from reported outcomes. Non-white students, consist-
ing mainly of Black, Hispanic, and Asian students, were more
likely to report gains in coping skills than their white peers.
While prior work has found differences in coping behaviors
across racial identities (e.g., Davis-Bowman, 2021), past stud-
ies are not particularly helpful in interpreting our results. More
detailed work, ideally incorporating qualitative data wherein
students might describe the rationale for their responses, would
help us to understand whether these results arose due to non-
white students valuing coping skills to a greater degree, experi-
encing greater improvements in coping skills, or some other
explanation. Further disaggregation by race would be necessary
to understand this result with nuance.

Differences Exist with Respect to What Students in the
Two Sequential Courses Emphasize with Regard to
Emotions, Coping Responses, and Outcomes
As compared with students in BIO140L, students in BIO150L
are less likely to report confusion in response to technical
research challenges associated with data collection and are
more likely to report repeating an experiment (i.e., they report
readily engaging in iteration). Students in BIO150L are also less
likely to emphasize learning to be cautious when reflecting on
engaging in DNA barcoding methodology than students
enrolled in BIO140. We interpret these results from our statisti-
cal analyses with caution, given that they are drawn from qual-
itative data, and thus we cannot say for certain that students
did not feel other emotions or use other coping mechanisms in
addition to those reported. However, we can use these as a
starting point from which to posit potential explanations.
Nearly all students who enroll in BIO150 have taken BIO140
previously (~97% of the BIO150 students in this study took
BIO140 as the prerequisite) and therefore have the benefit of
being previously trained in the techniques of DNA barcoding
and having experience troubleshooting. Similar to prior work
on how participants experience different outcomes over differ-
ent stages of a URE (Sadler et al., 2010; Adedokun et al., 2014),
our results point to a potential shift in what students perceive as
the most salient outcomes of research as they develop expertise
and have the time to grasp the nature of scientific research. We
posit that the lower levels of confusion reported in BIO150L
could result from a greater understanding of the data-collection
processes and therefore less confusion as to why collection
methods did not work. Similarly lower reports of learning to be
cautious from students in BIO150L may reflect that this out-
come was not as salient to students in this course, because they
already may have developed the ability to be cautious during
DNA barcoding processes in a previous semester. In addition,
our results may describe the emotional results that parallel stu-
dents’ development of expertise. Namely, that more expert stu-
dents experience less confusion as a result of challenges.
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Finally, we are unsure why students in BIO150L reported
that they repeated their experiments in response to challenges
more than students in BIO140L. Both courses had equal oppor-
tunities to iterate, and the challenges examined in our statisti-
cal analysis were the same across courses (we only examined
technical challenges related to data collection). There is no
apparent explanation related to course design or experimental
methodology that can explain these results. One possible expla-
nation is that, as students develop expertise as researchers, they
also adopt the research culture of iteration (Elliott, 2012) and
thus more readily report on and engage in repetition. However,
this is only speculation and would require a more in-depth qual-
itative investigation to elucidate.

It is largely an open question how multi-term research-based
course experiences impact students. Recent work suggests that
engaging in a second term of CURE participation supports con-
tinued development of students’ self-efficacy, but not in all areas
(Martin et al., 2021). Our results provide preliminary evidence
demonstrating potential shifts in how students describe their
emotions and behaviors in response to common technical chal-
lenges in two sequential CUREs. While these data are self-re-
ports and represent a single temporal snapshot instead of a lon-
gitudinal perspective, they indicate that students’ emotions may
shift away from confusion, and they may be more likely to
respond with iterations aimed at solving the issue at hand. Both
of these may be positive outcomes of longer-term participation
in research. More targeted work in this area will be needed to
definitively investigate whether participation in multiple
sequential CUREs is beneficial and is the cause of the outcomes
we observe here. Longitudinal mixed-method investigations of
multi-term CURE:s or research-focused programs (e.g., Hanauer
et al., 2017; Martin et al., 2021) would be suited to investigate
how outcomes of CUREs change for students over time.

Limitations

First, these data are the result of students opting-in to partici-
pate in the research and are students’ own reports of their cop-
ing mechanisms. Because 80% of all students who were asked
to participate in this study chose to participate, and those stu-
dents represent a population that is demographically similar to
the class overall, we are less concerned about biases arising due
to students choosing to participate. With regard to self-reported
data, student perceptions of their own coping mechanisms (i.e.,
their self-reports) may not be entirely accurate or present a
complete picture of students’ behaviors. Students might under-
report maladaptive coping mechanisms, because it is not
socially desirable to report on one’s own “bad” behaviors
(Krumpal, 2013) or simply because we tend to remember our
positive and productive actions better than our unproductive
negative ones (Walker et al., 2003). Thus, we avoid making
inferences that maladaptive behaviors did not occur simply
because they were not stated. Nonetheless, these reports yield
important information, as they provide access as to how stu-
dents view their own coping practices. These perceptions are
important, because they inform us about students’ coping
self-efficacy (Saklofske et al., 2012; Watson and Watson, 2016)
and, given students’ self-awareness of these behaviors, they
may serve as tractable targets for change. We frame our discus-
sion with the recognition that these are students’ perceptions of
their coping.
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Second, and related to the previously made points, a com-
mon limitation of this type of qualitative work is that the results
are predicated on subjects’ ability and willingness to communi-
cate information in response to a writing prompt. While the
written prompts provide rich insight as to how introductory stu-
dents perceive that they deal with research-related challenges,
our findings may have been influenced by how descriptive par-
ticipants were in their responses and their ability to provide
descriptions in the time allotted in class. As this was anticipated,
students were encouraged “take their time” in the activity with
reference to the documented benefits of such reflective prac-
tices (Papadimos, 2009; Tanner, 2012), though it is likely that
this extrinsic motivator alone may not have compelled all par-
ticipants to be complete and thoughtful in their writing. Thus,
as intended, future work will use mixed methods (both qualita-
tive and quantitative measures; i.e., surveys) to ascertain
whether the trends we observe here are repeatable and, if pos-
sible, to infer cause.

Third, the findings reported here are based on data repre-
senting students in one set of introductory laboratory courses at
a single comprehensive institution, which may limit study gen-
eralizability. As described earlier, the BIO140/150L research
courses have a relatively unique design (i.e., scale, length, com-
mon-themed research practices that expose the majority of par-
ticipants to scientific challenges, and sequential nature)—and
we therefore recommend caution translating the findings across
all CURE contexts. With that said, our results are consistent
with a prior exploratory qualitative study conducted by one of
our authors (L.A.C.) with principally second- and third-year
biology students engaged in a CURE at a large public research
institution (Gin et al., 2018). Beyond context, while participa-
tion in the CURE studied is required for biology and other
majors (e.g., health sciences), which has been identified as an
inclusive means to engage members of underserved groups in
research (Bangera and Brownell, 2014), the sample—compara-
ble to institutional demography—is largely composed of tradi-
tional-aged, white students. This limits the implications of our
work for persons excluded due to ethnicity or race (PEER) stu-
dents and for other underserved groups, such as first-genera-
tion students. To expand on this work, future research should
deliberately sample a variety of CUREs that enroll more diverse
students of different academic maturities in order to better
understand how all students navigate challenges in these
research experiences.

An additional contextual limitation is that the collected data
represent a single temporal snapshot of students in two sequen-
tial courses (i.e., data were collected in only one semester with
students who took either BIO140 or 150), which constrains the
inferences that can be drawn with regard to how completing
both courses sequentially would affect students’ ability to navi-
gate obstacles in the research setting. While former students
regularly self-identify the ability to deal with scientific chal-
lenges and failures as being one of the most valuable participa-
tory outcomes of participating in both classes (Harsh et al.,
2018), future longitudinal studies are needed to observe trans-
fer between challenge episodes and contexts to better under-
stand the learning of research-related coping responses and the
development of coping self-efficacy.

Fourth, although the current findings lend unique insight as
to how students navigate technical challenges and failures in
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the research, we do not have information on many other factors
that could affect resilience in the research setting. For example,
we did not investigate students’ experiences dealing with chal-
lenges and failures in other contexts (e.g., personal issues, ear-
lier course work) or the influence of social interactions within
the classroom space (e.g., Hojat et al., 2003; Hurst et al., 2013;
Cavanagh et al., 2018), or the influence of mental health status
on coping (e.g., Cooper et al., 2020). Additional work will be
needed to elucidate these relationships.

CONCLUSION

The greatest teacher, failure is.—Yoda (The Last Jedi,
George Lucas)

In response to national calls for engaging all students in UR
given the documented benefits, CUREs have become an increas-
ingly popular means to broadly provide participants a window
to authentic scientific practices. With this opportunity to “do”
real research also comes the potential for students to encounter
scientific challenges and failure—the first exposure for many
students. Yet, while one’s ability to cope with failure is both a
hallmark of a scientific disposition and predictor of STEM per-
sistence (e.g., Simpson and Maltese, 2017; Henry et al., 2019),
few studies have explored how students learn to navigate obsta-
cles in the research setting.

A major contribution of this study is that it provides one of
the first accounts directly addressing students’ perceived
responses to challenges and failures in research-based courses.
Collectively, our analyses of the two semesters of DNA barcod-
ing CUREs indicate that: 1) Students encounter a variety of
research challenges; 2) students regularly experience negative
emotions when facing research challenges; 3) students typically
report using coping responses predicted to be adaptive in STEM
contexts; 4) students’ ability to cope with scientific obstacles
can likely be instructionally scaffolded; and 5) students report
developing a deeper understanding of the culture of science
and an appreciation for caution via the practice of coping with
authentic challenges and failures. As well, the in-depth qualita-
tive approach used in this study produced a literature-based
coding framework characterizing CURE students’ challenges
faced, emotions, coping mechanisms, and outcomes that may
be of interest to researchers (see Supplemental Tables 1-4).

This work also provides additional empirical support for the
incorporation of moderately challenging tasks, in which stu-
dents are likely to experience both challenge and failure, into
research-based courses with intentional time included for itera-
tion and structured instructional support. Like other studies
emphasizing the value of challenge, struggle, and failure in UR
(Hunter et al., 2007; Laursen et al., 2010; Thiry et al., 2012;
Harsh et al., 2011; Gin et al, 2018; Lopatto et al., 2020;
Goodwin et al., 2021), this study demonstrates that these expe-
riences do, indeed, add to the potential for student learning and
development during research experiences. However, this work
goes beyond former work by characterizing how the incorpora-
tion of time for iteration ultimately influences student responses
to challenge and their perceived outcomes. We find that struc-
tured, instructor-supported opportunities for iteration are
essential in allowing students the time to enact adaptive coping
processes that enable research progress. Given these results,
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instructors of CUREs may be able to improve adaptive coping
outcomes by 1) actively planning activities that expose students
to appropriate levels of challenge (and failure); 2) including
planned time for students to iterate within course schedules;
and 3) enacting specific scaffolding and pedagogical approaches
that support adaptive coping across gender, ethnic, and racial
identities. These are not small or easy tasks for instructors. In
implementing these instructional changes and innovations, we
expect that some failures may occur, and iteration will be nec-
essary! However, we urge instructors to embrace this challenge.
Together, through trial, failure, and iteration, we can gradually
improve research-based educational experiences. A first step
may simply be asking our students, “If you had to do it again,
what would you change?”
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