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ABSTRACT

I conducted a set of four studies to catalogue and examine course elements, including active
learning strategies and evidence-based teaching practices, and their influence on student
experiences and performance in college biology classes. In the first study, I defined the term
“active learning” and catalogued the 300+ strategies used and researched in the context of
biology education research, as it was previously amorphous. Second, I conducted a meta-analysis
of the effect of group work on student performance in post-secondary biology courses, showing
group work has the potential to increase student performance by approximately one letter grade.
Third, I investigated student perceptions of and their preparation habits for online open-note
exams in an undergraduate biology class, as compared to their previous experiences with closed-
note exams in other classes. Results demonstrated (1) students perceived increased exam scores,
decreased exam-anxiety, decreased study time spent personally, and decreased study time spent
by their peers for open-note exams, and (2) students adapted their study habits for open-note
exams and students who focused on understanding, note preparation and using external resources
outperformed students who did not report those study habits. Finally, I documented how the
emergency transition to online classes, due to the Coronavirus disease (COVID-19) outbreak,
impacted undergraduate student study habits in an introductory organismal biology class over
time. We identified several consistent similarities - as well as dramatic differences - in their
responses as the time away from campus increased. Together, I highlight how course elements

impact student experiences and performance in post-secondary biology courses.
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PREFACE
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Sciences at Auburn University, chapters within this dissertation are presented as stand-alone
manuscripts that are either already published in or in revision with peer-review journals.
Consequently, there may be some repetition in the methods of chapters and slight differences in
formatting among chapters. All data chapters were conducted as collaborative research projects,
primarily with my advisor, Cissy Ballen. Additional collaborators with expertise in disciplinary
biology and/or biology education are included as co-authors. In all four chapters, I am the
primary author and spearheaded planning and designing experiments, collecting data, analyzing

data, and writing the manuscripts.

This work was conducted with the approval of the Institutional Review Board (approval
numbers: Cornell IRB protocol no. 1810008360; Auburn University’s IRB protocol #20-603 EX

2012; Auburn University’s IRB Protocol #20-189 EX 2004.).
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INTRODUCTION

Discipline-based education research investigates teaching and learning within STEM
disciplines from a perspective that reflects the discipline’s priorities, worldview, knowledge, and
practices (National Research Council [NRC], 2012). The goals of discipline-based education
research are to: (1) understand how people learn science and engineering concepts, practices, and
ways of thinking; (2) understand the expertise of a discipline and how that expertise is
developed; (3) identify and measure pertinent learning objectives and instructional approaches
that lead students toward those objectives; (4) contribute to the knowledge base in a way that
translates to classroom practice; and (5) make science and engineering education more broad and
inclusive (NRC, 2012, p. 2). While there is much to learn and apply across the discipline-based
education research fields, (e.g., biology, chemistry, physics), each subdiscipline has its own
culture and is in a unique stage of development. In this dissertation, I present discipline-based
education research in the field of biology: biology education research.

Biology education research is a sub-field of discipline-based education research focused
on understanding biology (NRC, 2012). This subdiscipline has flourished nationally with
opportunities to occupy tenure-track faculty positions, pursue PhD programs, and attend national
conferences (NRC, 2012). Compared with chemistry education research and physics education
research, biology education research is in a more nascent stage, only recently developing from a
combination of two larger fields: (1) discipline-based education research (DBER) and (2) science
education research (Dirks, 2011; Gul and Sozbilir, 2016).

A content analysis of biology education research documented trends among the research
published and presented in the field. Specifically, Lo et al. (2019) analyzed the research

published in CBE — Life Sciences Education, a key journal for biology education research
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submissions, and the research presented
at the Society for the Advancement of
Biology Education Research (SABER)
annual conference, a key annual
conference for biology education
research, examining the research

questions, study contexts, and methods

used by biology education researchers
from 2002 to 2015. The analysis showed
that research published in CBE — Life
Sciences Education (n = 339 articles
from 2002 - 2015) and presented at

SABER (n = 652 abstracts from 2011 —

2015) focused on quantitative methods in the context of undergraduate classrooms (Lo et al.,
2019).

Examples of previous biology education research focused on quantitative methods in the
context of undergraduate classrooms include measuring the effect of course elements on student
performance. These investigations of course elements include active learning strategies including
group work (Carmichael, 2009; Chaplin, 2009; Daniel, 2016; Donovan et al., 2018; Gaudet et al.,
2010; Johnson et al., 1998; Knight & Wood, 2005; Marbach-Ad et al., 2016; Springer et al.,
1999; Weir et al., 2019; Yapici, 2016), clicker questions (Anderson, Schoenleber, & Korshavn,
2023; Shea et al., 2020; Smith & Knight, 2020), and flipped classrooms (Barral, Ardi-Pastores,

& Simmons, 2018; Gross et al., 2015; Rai et al., 2020; Rodriguez et al., 2019). Research on

13



course elements also examines the effect of alternative exam types such as two-stage
exams/collaborative testing (Guo & Li, 2016; Meaders & Vega, 2022; Rao, Collins, & DiCarlo,
2002) or open-note exams on student performance and affect (Ambrose et al., 2010; Block 2012;
Gharib, Phillips & Mathew, 2012; King, Guyette, & Piotrowski, 2009; Krasne et al., 2006;
Theophilides & Koutselini, 2000; Watson & Sottile, 2010; Williams & Wong, 2007). Usually,
biology education researchers conduct these experiments to meet the objectives of increasing
national science literacy (Brainard, 2007; Hénard, 2009; Holm et al., 2011; Organisation for
Economic Co-operation and Development [OECD], 2007; President’s Council of Advisors on
Science and Technology [PCAST], 2012).

The course elements investigated by biology education researchers, and by other
discipline-based education researchers and education researchers, have been referred to as
student-centered (American Association for the Advancement of Science, 2011), evidence-based
(Moon et al., 2021; President’s Council of Advisors on Science and Technology, 2012, p.iv), or
active learning (Freeman et al., 2014, Theobald et al., 2020) and have been shown to increase
student performance (Andrews et al., 2011; Ballen et al., 2017; Barral et al., 2018; Casper et al.,
2019; Freeman et al., 2011, 2014; Haak et al., 2011; Moon et al., 2021; Theobald et al., 2020)
and improve student affect (Ballen et al., 2017; Bauer et al., 2020), with some exceptions
(Cooper, Downing, & Brownell, 2018). However, these investigations often (1) aren’t clear
about how they define active learning, (2) use small-scale investigations to evaluate active
learning, student-centered, or evidence-based course elements, and (3) produce mixed-results
lacking nuance. Together, these points may be used as arguments against implementing new

course elements, especially for those instructors who are resistant to change (Stains et al., 2018).

14



In alignment with the goals and gaps of discipline-based education research, and biology
education research specifically, I focus my first chapter on cataloguing definitions of active
learning as well as active learning strategies used in both the biology education research
literature and the biology education research community. This chapter increases clarity
concerning the definition of active learning for the biology education research community.
Second, I conduct a meta-analysis on the effect of group work, a commonly used active learning
strategy in biology education research, on student performance in post-secondary biology
classes. This chapter takes small-scale investigations and combines them to make a large-scale
convincing argument that active learning strategies such as group work increase student
performance in a variety of undergraduate biology classroom settings. Third, I take an evidence-
based strategy, open-note exams, and investigate how performance on this type of exam is
impacted by the study habits used by each student. This chapter considers the nuance of study
habits used to prepare for open-note exams and finds that this nuance explains why some
students may do better on these exams than others. Finally, I collect evidence on the impact of
the COVID-19 pandemic on student study habits for their introductory biology exams. The
overarching goal of my research is to improve post-secondary biology education through
the investigation of course elements. Specifically, my research focuses on the relationships

between course elements, student performance, and student affective profiles (Figure 0.1).

15



Figure 0.1 Heuristic model representing my research focus: the relationships between course

elements, student performance, and student affect.
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SUMMARY OF CHAPTERS

Chapter 1: Demystifying the Meaning of Active Learning in Postsecondary Biology
Education

Active learning is frequently used to describe teaching practices, but the term is not well-defined
in the context of undergraduate biology education. To clarify this term, we explored how active
learning is defined in the biology education literature (n = 148 articles) and community by
surveying a national sample of biology education researchers and instructors (n = 105
individuals). Our objectives were to increase transparency and reproducibility of teaching
practices and research findings in biology education. Findings showed the majority of the
literature concerning active learning never defined the term, but the authors often provided
examples of specific active-learning strategies. We categorized the available active-learning
definitions and strategies obtained from the articles and survey responses to highlight central
themes. Based on data from the BER literature and community, we provide a working definition
of active learning and an Active-Learning Strategy Guide that defines 300+ active-learning
strategies. These tools can help the community define, elaborate, and provide specificity when

using the term active learning to characterize teaching practices.

Chapter 2: Group work and student performance in biology: A meta-analysis.
Active learning is hailed as the pinnacle of teaching in STEM classrooms for its ability to
maximize learning. While previous work broadly defined active learning as the antithesis of

lecture, measuring the effects of all teaching strategies combined, we tested the isolated impacts
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of group work on student performance, using meta-analysis. We collected data from 34 articles
representing 66 estimates calculated from performance outcomes of 18,494 students. Our overall
estimate indicates the implementation of group work in biology classrooms increased student
performance by 0.72 standard deviations. When applied to a grade scale based on real-world
data, the magnitude of this change is roughly one letter grade. Moderator analyses revealed the
increase in performance holds across all class sizes, class levels, and group sizes up to five
students. These results demonstrate group work leads to impressive boosts in student

performance and reveal the value of studying specific active learning strategies.

Chapter 3: Evaluating open-note exams: student perceptions and preparation methods in
an undergraduate biology class

Although closed-note exams have traditionally been used to evaluate students in undergraduate
biology classes, open-note exams are becoming increasingly common, though little is known
about how students prepare for these types of exams. We investigated student perceptions of and
their preparation habits for online open-note exams in an undergraduate biology class, as
compared to their previous experiences with closed-note exams in other classes. Specifically, we
explored the following research questions: (1a) How do students perceive open-note exams
impact their exam scores, their anxiety, the amount they studied, and the amount their peers
studied? (1b) How do these perceptions impact performance outcomes? (2a) How do students
prepare for open-note exams? (2b) How do these preparation methods impact performance
outcomes? Results demonstrate students perceived increased exam scores, decreased exam-
anxiety, decreased study time spent personally, and decreased study time spent by their peers for

open-note exams, as compared to past experiences with closed-note exams. Open-ended survey
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responses analyzed through first- and second-cycle analyses showed students adapted their study
habits by focusing on note preparation and broad conceptual understanding rather than rote
memorization. Using linear mixed effects models to assess student performance, we found
students who focused on understanding, note preparation and using external resources
outperformed students who did not report those study habits. As institutions shift towards
flexible and scalable assessments that can be used in face-to-face or online environments, the use
of open-note exams can promote effective study habits and reward higher-order thinking with

intentional guidance from the instructor.

Chapter 4: Learning principles of evolution during a crisis: An exploratory analysis of
student barriers one week and one month into the COVID-19 pandemic

The Coronavirus disease (COVID-19) outbreak forced an emergency transition to online classes
across the world with little warning or instruction for faculty and students. The goal of this
research was to document how this response impacted undergraduate students studying the
principles of evolution in an introductory organismal biology class over time; specifically, how
their study habits for exams differed (1) one week and (2) one month after a university’s decision
to transition to emergency remote instruction. We asked students about the extent to which
COVID-19 impacted their study habits, and we categorized students’ responses using open
coding. We identified a number of consistent similarities - as well as dramatic differences - in
their responses as the time away from campus increased. The report that follows is a summary of
the documented barriers and recommendations based on literature concerning crises and

equitable practices.
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ABSTRACT
Active learning is frequently used to describe teaching practices, but the term is not well-defined
in the context of undergraduate biology education. To clarify this term, we explored how active
learning is defined in the biology education literature (n=148 articles) and community by
surveying a national sample of biology education researchers and instructors (n=105
individuals). Our objectives were to increase transparency and reproducibility of teaching
practices and research findings in biology education. Findings showed the majority of the
literature concerning active learning never defined the term, but the authors often provided
examples of specific active learning strategies. We categorized the available active learning
definitions and strategies obtained from the articles and survey responses to highlight central
themes. Based on data from the biology education research literature and community, we provide
a working definition of active learning and an Active Learning Strategy Guide that defines 300+
active learning strategies. These tools can help the community define, elaborate, and provide

specificity when using the term active learning to characterize teaching practices.
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BACKGROUND

The promotion of undergraduate biology knowledge in the United States has immediate
and long-term implications for increasing national science literacy, providing high-quality
education to the STEM workforce, and contributing to critical scientific advances. To meet these
objectives, calls to action formalized priorities and made specific recommendations aimed at
improving undergraduate biology education nationwide. For example, after extensive discussions
among biology faculty, students, and administrators, the American Association for the
Advancement of Science (2009) published a formative document, Vision and Change: A Call to
Action, which advocated for “student-centered classrooms” and outlined six core competencies
intended to guide undergraduate biology education: (1) apply the process of science; (2) use
quantitative reasoning; (3) use modeling and simulation; (4) tap into the interdisciplinary nature
of science; (5) communicate and collaborate with other disciplines; and (6) understand the
relationship between science and society. Another call to action came from the President’s
Council of Advisors on Science and Technology, who proposed five recommendations to change
undergraduate STEM education, including the adoption of “evidence-based teaching practices”
(Olson & Riordan, 2012).

Although these pushes for “student-centered” and “evidence-based” practices are
relatively recent, they stem from ideologies that are more than a century old. Specifically, Dewy
(1916) wrote, “learning means something which the individual does when he studies. It is an
active, personally conducted affair” (p. 390). Based upon this work, Pesavento, et al. (2015)
identified Dewy as one of the earliest and most influential advocates of what we now know as
active learning. Subsequently, others expanded on and institutionalized terms such as “student-

centered” and “evidence-based” practices (Piaget, 1932; Montessori, 1946; Vygotsky, 1987;
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Papert, 1980; Brown, Collins & Duguid, 1989; Turkle & Papert, 1990; Ackermann, 2001, Cook,
Smith, & Tankersley, 2012). While this body of work is critical to our understanding of active
learning, the ways in which practitioners and researchers currently use the term are often vague.

Despite this ambiguity, research concerning the effectiveness of active learning in the
classroom has continued. For example, a landmark meta-analysis compared student achievement
and failure rates between undergraduate science, engineering, and mathematics classes that used
active learning approaches and those that used lecture (Freeman et al., 2014). Findings
demonstrated that active learning decreased failure rates by 55% and increased student
examination performance by approximately half a standard deviation. To define active learning
for the purposes of clarity and transparency in their research, Freeman et al. (2014) developed a
definition based on responses from 338 biology departmental seminar audience members:
“Active learning engages students in the process of learning through activities and/or discussion
in class, as opposed to passively listening to an expert. It emphasizes higher-order thinking and
often involves group work” (pgs. 8413-8414). This definition guided their inclusion criteria for
the study, and it is one of the few examples of clearly defined parameters.

Although many articles do not define the exact parameters of active learning, the research
has demonstrated the positive effects of active learning on student achievement and affect across
multiple contexts. For example, researchers demonstrated that active learning yields
disproportionate learning gains among the most at-risk student groups such as first-generation
college attendees and those who identify with race/ethnicities historically underrepresented in
STEM fields (Ballen, Wieman, Salehi, Searle, & Zamudio, 2017; Bauer et al., 2020; Beichner et
al., 2007; Eddy & Hogan, 2014; Haak, HilleRisLambers, Pitre, & Freeman, 2011; Wilton et al.,

2019). Additionally, a meta-analysis conducted by Theobald et al. (2020) demonstrated that
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active learning narrows achievement gaps for underrepresented students in undergraduate
science, technology, engineering, and mathematics disciplines. However, it is important to note
that the definitions of active learning used in these articles vary from the antithesis of lecture
(Theobald et al., 2020) to listing the specific strategies that characterize the term (e.g. in-class
activities, pre-lecture preparation, and frequent low-risk assessment; Ballen et al, 2017).

Despite the varying parameters of the term, post-secondary institutions have increasingly
embraced the use of the term active learning (Pfund et al., 2009; Aragén et al., 2018). Examples
include institution-wide initiatives (e.g., the Science Education Initiatives at University of
Colorado and University of British Colombia, and the Active Learning Initiative at Cornell

University), the Summer Institutes on Scientific Teaching (https://www.summerinstitutes.org),

and the Obama Administration’s Active Learning Day

(https://obamawhitehouse.archives.gov/blog/2016/10/25/active-learning-day-america).

Additionally, more than three-fourths of colleges and universities in the United States provide
some type of active learning classrooms, defined as those that offer flexibility in design to
facilitate different types of teaching (Alexander et al., 2019).

Despite these institutional supports and documented positive impacts, the term active
learning itself is difficult to ascertain from a review of literature. For example, Eddy, Converse,
and Wenderoth (2015) explained active learning is a complex process that encompasses both
teaching methods and student learning. Drew and Mackie (2011) noted the meaning of active
learning may be dichotomous as it has been considered a theory of learning as well as a set of
pedagogical strategies. Although attempts have been made to define active learning as a theory
(Freeman et al., 2014; Connell, Donovan & Chambers, 2016; Moss-Racusin et al., 2016;

Auerbach & Schussler, 2017; Jeno et al., 2017) as well as a set of strategies in biology education

31



research (BER) (Tanner, 2013; Miller & Tanner, 2015), these attempts are not always (1)
streamlined or easy to follow, (2) regularly used in the literature, (3) supported by literature or
data, and/or (4) comprehensive. This outcome is problematic when trying to understand what
exactly active learning encompasses.

Notably, the variation in the conceptualization of active learning reflects a state of
scientific revolution. According to Kuhn (1970), the development of a science has alternating
phases (i.e. normal and revolutionary). Normal science, equated to puzzle-solving, comes with a
reasonable chance of solution via familiar methods and can be solved by one person. On the
other hand, a revolutionary phase involves a collectively negotiated revision to an existing belief
or practice. While discipline-based education researchers address questions about the efficacy of
recently-developed teaching strategies, those strategies are commonly being binned under active
learning, which is an ill-defined term. In order to improve our field, it is important to negotiate
how the community interprets and understands this term.

Furthermore, demystifying active learning in undergraduate biology has direct
applications for teaching and research. The broad interpretation of active learning may
discourage instructors from trying new instructional practices and ultimately serve as a barrier to
implementation (Kreber & Cranton, 2000; O’Donnell, 2008; Stains & Vickrey, 2017). It may
additionally serve as a barrier to experimental replication in discipline-based education research
communities because there are not agreed upon standards, or criteria for inclusion or exclusion.
Given this, we investigated the following four questions in the context of undergraduate biology
courses: (1) How does the BER literature use and define the term active learning? (2) How does
the BER community define the term active learning? (3) How are active learning strategies

described in the BER literature? and (4) How are active learning strategies described by the BER
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community? We addressed these research questions through a review of BER literature and a
survey of the BER community. We expect that by developing ways to efficiently communicate
active learning in the context of biology education, we will encourage teaching innovations and

the adoption of common research-based practices.

METHODS

Analyzing the Literature

To address how the BER literature defines and uses the term active learning, we extracted
information from peer-reviewed biology education journals. Many peer-reviewed journals
publish biology education research, including Advances in Physiology Education, The American
Biology Teacher, Anatomical Science Education, BioScience, Journal of College Science
Teaching, Life Sciences Education, and the Journal of Microbiology & Biology Education;
however, we chose to examine only two of them, acknowledging that this is an exploratory, non-
exhaustive study. We chose Life Sciences Education and the Journal of Microbiology & Biology
Education because of their prominence, history, and readership (see websites;

https://www.lifescied.org/; https://www.asmscience.org/content/journal/jmbe). We searched for

the term ‘active learning’ in the titles, abstracts, or text of research articles published in those two
journals, and only papers that used this term were included in our analysis. In order to get a
contemporary snapshot of how the term is used, we only included articles published over the
three years that preceded the start of the study, from January 1, 2016 to December 31, 2018. We
collected data within the same time span from CourseSource, an online journal that exclusively
publishes evidence-based biology teaching materials for undergraduate classrooms and

laboratories (https://www.coursesource.org/about). We included this journal because it captures
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how biology instructors translate findings from the active-learning research literature into
classroom practice. All CourseSource lesson articles included an Active Learning section where
authors list and/or explain their instructional approaches, so we included all published papers in
the final analysis.

Once we selected articles based upon our search criteria, three of the authors (C.J.B.,
M.K.S., J.LK.K.) read the articles and extracted the relevant text surrounding the search term
active learning. If active learning was defined in the manuscript, it usually occurred after the
term was first mentioned in the introduction or the methods. Articles that described specific
active learning strategies often included them in the methods section of the paper, after
introducing active learning broadly as an effective form of instruction. Because this text
placement could vary, we searched through each manuscript to make sure we included any
definition or strategies that the manuscript’s authors described.

To determine how biology education research articles use and define the term active
learning, we first examined to what extent, if at all, articles included a definition of active
learning. Articles that met the inclusion criteria were binned into six categories first based on
whether researchers followed their definition of active learning with a citation (i.e., they were
‘literature-based’), or if researchers did not include a citation (i.e., they were ‘not literature-
based’). Second, we recorded whether articles included specific active learning strategies, either
in addition to a formal definition or in place of a definition. Our final list of categories included
articles that provided: (1) a definition of active learning that was literature-based (i.e., included a
citation) with examples of active learning strategies; (2) a definition of active learning that was
not literature-based (i.e., did not include a citation) with examples of active learning strategies;

(3) a definition of active learning that was literature-based with no examples of active learning
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strategies; (4) a definition of active learning that was not literature-based and had no examples of
active learning strategies; (5) no active literature definition with active learning strategies; and

(6) no active literature definition and no active learning strategies (Figure 1.1).

10.27%

30.14% 342%

1.37%
1.37%

@ Definition that is Literature-Based, Strategies 53.42%
.Deﬁnition that is not Literature-Based, Strategies

() Definition that is not Literature-Based, No Strategies

@ Definition that is Literature-Based, No Strateiges

‘No Definition, Strategies

.No Definition, No Strategies

FIGURE 1.1 Ways in which articles from LSE, the Journal of Microbiology & Biology

Education, and CourseSource use the term “active learning.”
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Surveying the Community

In addition to combing the literature, we collected survey data from members of the
Society for the Advancement of Biology Education Research (SABER; a scientific community
of discipline-based education researchers and teaching practitioners who focus on improving
post-secondary biology education through evidence and theory) via the listserv. We selected
SABER as a group to survey because it is the “world's largest organization dedicated to
scientifically exploring how to teach biology most effectively” (website:

https://saberbio.wildapricot.org/).

Through the survey, we collected demographic information from the survey participants,
including their institution type, employment position (i.e., faculty, postdoc, graduate student,
etc.), level of biology class (e.g. lower level, upper level, etc.), class size, country of instruction,
and frequency of active learning instruction practice (Table 1.1). Additionally, the survey
included the following two prompts: (1) in your own words, define the term active learning in
the context of undergraduate biology classrooms; and (2) list the active learning techniques that
you use in biology classrooms. All research was conducted in accordance with the Cornell

University Institutional Review Board (Cornell IRB protocol # 1810008360).

TABLE 1.1 Information about SABER members who participated in the survey
How would you describe your institution type?

PhD-granting institution (60%)

Primarily undergraduate institution (17%)

Community college (14%)

Master’s-granting institution (5%)

Other (4%)
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What is your current position?

Faculty (71%)

Other (14%)

Postdoc (11%)
Graduate student (4%)

What type of biology class do you teach? (Select all that apply)
Combination of lower level, upper level, or graduate (58%)
Lower level (introductory; 26%)

Upper level (requires at least one prerequisite; 14%)
Graduate level (2%)

What size biology classes do you teach? (Select all that apply)
Small (50 or fewer students; 42%)

Combination of small, medium, and large (38%)
Large (more than 100 students; 14%)
Medium (more than 50 up to 100; 6%)

Do you use active-learning instruction practices in your teaching?
Yes, in every class period (86%)

Yes, in some class periods (14%)

No (0%)

Data Categorization

After we obtained both active learning definitions and strategies from the surveys and the
literature, we analyzed the data. Specifically, we started by creating two data sets. These were
created by (1) taking the active learning definition text from the literature and from the surveys

and combining it into one Excel spreadsheet, and (2) taking the active learning strategies text
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from the literature and from the surveys and combining it into another Excel spreadsheet. Both
data sets were then categorized.
Categorization Active Learning Definitions

After combining the active learning definitions from both data sources (i.e., the literature
and surveys), we analyzed the active learning definition data. Using open coding (Strauss, 1987;
Strauss and Corbin, 1990), a method rooted in the grounded theory framework (Glaser, Strauss
& Strutzel, 1968), three of the authors (J.K.K., M.K.S. & C.J.B.) reviewed the responses and
identified recurring themes. Using the methodology from Saldafia (2015), the authors compared
their notes and developed a final set of ten categories: students interacting or engaging with the
material, not traditional lecture, group work, scaffolding or constructivism, problem-solving,
individual formative assessments (e.g., through the use of personal response systems), student-
centered pedagogy, application or synthesis of material, student ownership of learning, and
evidence-based teaching. The authors binned each article’s use of the term into as many
categories of active learning as appropriate. At first, the three coders placed 71% of the
definitions in the same categories. After discussion, coders resolved all differences and shared
100% agreement. Then, we calculated how often the definitions appeared in each of the ten
categories, for the surveys and the literature respectively.
Categorization Active Learning Strategies

After merging the strategies from the literature with those obtained from the surveys, we
analyzed the active learning strategy data. Using open coding, three researchers (E.P.D. and two
undergraduate students) developed a set of nine categories (Appendix A): metacognition,
discussion, group work, assessment, practicing core competencies, visuals, conceptual class

design, paperwork, and games. To improve our collective ability to reliably categorize strategies,
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we needed definitions of each strategy listed. Because no such list of definitions existed, we
defined each of the unique strategies (Appendix B) using published literature or dictionary
definitions (Appendix C). The utility of this list, which we call the Active Learning Strategy
Guide, can also be used by the education research community and disciplinary practitioners
interested in learning about active learning strategies. Using the Active Learning Strategy Guide,
we were able to categorize the strategies with an initial percentage of agreement of 75%. After
discussion, the researchers resolved any differences with discussion for a final percentage of
agreement of 100%.

RESULTS
How does the BER literature use and define the term active learning?

Of the 148 articles that fit our search criteria, the majority did not provide a definition for
the term active learning; but instead listed examples of specific active learning strategies
(53.42%:; Figure 1.1). The second most common approach used in the articles provided less
information; no definition and no list of relevant strategies (30.14%). Overall, this demonstrates
the overwhelming majority of the active learning literature (83.56%) did not define active
learning.

To address how the biology education research literature defines active learning, we
focused on articles that provided a definition of the term, with or without the inclusion of one or
more references. Among the 24 articles that defined active learning (Table 1.2), 17 articles
(74%) provided literature citations and seven (26%) did not. Of the 17 articles that defined active
learning using references to the literature, 5 of them (29%) cited Freeman et al. (2014). There
was a bit of variation in reference use though, with a total of 43 different references mentioned

(Appendix D).
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Table 1.2 Active-learning definitions pulled from the literature. Citations available in

Supplemental Appendix D.

Citation Active Learning Definition

Auerbach & Active learning is a student-centered pedagogical approach that engages student thinking

Schussler (2017) through the use of class activities that require students to reflect upon and often explicitly
discuss their ideas and their application. -2

Ballen et al. (2017)  ...characterized by in-class activities, pre-lecture preparation, and frequent low-risk
assessment...> 4367

Becker et al. (2017)  ...active-learning...requires students to take responsibility for their own knowledge level. 8

Bentley & Active learning occurs whenever students participate in an activity

Connaughton that allows them to process or synthesize course content.

(2017)

Bouwma-Gearhart Part of student engagement (i.e. active learning is anything that engages students).
etal. (2018)

Cavanagh et al. Active learning involves a range of student-centered pedagogies that encourage
(2018). engagement through activities such as peer collaboration, experimentation, writing, and
problem solving. % 1

Connell, Donovan Active-learning pedagogies are intended to move classrooms toward more

& Chambers (2016)  student-centered learning, and they engage students in knowledge
construction. This context is in contrast to traditional lecture, which
focuses on dissemination of instructor knowledge and relies on passive
student listening.

Cooper, Ashley & In contrast to instructors predominantly transmitting information to students by lecturing

Brownell (2017) during class, active-learning classrooms give students the opportunity to construct their
own knowledge, often through group work with other students. 7> % 1. 12,18

Cooper & Brownell ...in active-learning classes, students are asked and often required to actively engage with

(2016) other students and the instructor'...there is not a single, agreed-upon definition of active
learning.’

Cooper et al. (2018) ...students engage in constructing their own knowledge during class. 7131415

Cooper et al. (2017)  In contrast to traditional lecture, students in active-learning classrooms are expected to
interact more frequently with one another as well as with the instructor.'? !6:17- 18

Dewsbury (2017) Active learning is a broad concept.

Durham, Knight &  ...students are explicitly asked to engage in thinking about course material during class.!®:

Couch (2017) 20,21

Elliott et al. (2016)  Active-learning strategies require students to engage with concepts and then provide
students with feedback on their learning process.

Goff et al. (2017) ...the active engagement of students in the learning process...!>

Green, McMahon ...the main aspects of active learning: learning by doing and metacognition.

& Brame (2016).

Hoefnagels & Active learning is difficult to define, but the overall goal is simple: to reduce the amount of

Taylor (2016) time that students spend passively listening to lectures.

Jeno et al. (2017) ...active learning requires students to actively interact with the learning material and has
been shown to have a positive effect on retention, as well as reducing dropout and failure
rates. "

Kudish et al. (2016)  ...require critical integrative and analytical thinking, 7-2% 26

Lee et al. (2018) Active learning...focuses on moving students from passively receiving and replicating
instruction to actively using, testing, and formulating what they are learning for
themselves....

McCourt et al. ...active learning...can be defined as pedagogies that require students to engage directly in

(2017) and take responsibility for their own learning. In practice, active learning occurs when
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instructors stop lecturing and provide time for students to complete activities that build
conceptual understanding.

McLean & Active learning advocates contend that when students do something they learn it better
Suchman (2016) than if they just hear and see it.?’

Moss-Racusin et al.  ...a collection of teaching methods that engage learners and provide practice in scientific
(20 1 6) thinking."’ 28, 29, 30, 31, 32

Stoltzfus & Active learning is based on constructivist theory—the idea that students must create their
Libarkin (2016) own knowledge in order for learning to persist. One core feature of active learning in the

classroom is a decrease in lecturing during which students passively listen and an increase

in outcome-related activities in which students actively develop their own understanding. !
33,34, 35, 36, 37, 38, 39, 40, 41, 42, 43

The seventeen definitions obtained from the literature were categorized as previously

mentioned. The most represented category defined active learning as “students interacting or

engaging with the material,” followed by the category that emphasizes what active learning is

not: “not traditional lecture” (Figure 1.2A).

A) Active Learning Definition Categories by Frequenc B) Active Learning Strategy Categories by Frequenc;
g g Y g gy 9 y Freq Y
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FIGURE 1.2 Frequency of how the BER literature and community define active learning an

describe strategies. (A) The categorized definitions of active learning from the literature

(LSE, Journal of Microbiology & Biology Education, and CourseSource) and a survey

disseminated to SABER members. Each bar shows the percentage of articles or total survey

respondents who included the corresponding term in their definition of active learning or list of

active-learning strategies. (B) The categorized active-learning strategies from the same BER
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literature and community sources. The graph is organized by increasing percentage of total
survey responses in each category. The percent values represented in each figure do not add up
to 100%, because each literature source and survey response could have more than one strategy

or definition represented.

How is the term active learning defined by the BER community?

We received responses from 105 individuals from a variety of institutions across the
United States (Table 1.1). In general, survey participants’ definitions fit into the same categories
as those in the surveyed published literature (Figure 1.2A). The most common definition of
active learning, from the BER community, was “interacting/engagement” with the material. The
second most common categorized definition was “not lecturing/listening,” followed by “group
work.”

How are active learning strategies described in the BER literature?

After analyzing the qualifying articles, we found that 38% of them did not mention any
specific active learning strategy. From the papers that mentioned active learning strategies, a
total of 339 strategies were extracted with 133 of them being unique responses. Once these
strategies were categorized, the data revealed the most frequently represented strategy categories
from the literature were discussion (29%), group work (22%), and metacognition (22%; Figure
1.2B).

How are active learning strategies described by the BER community?

We asked survey participants to respond to the prompt, “List the active learning strategies

that you use in biology classrooms.” We collated a list of 681 strategies from the responses, of

which 201 were unique. After categorizing these strategies, we found the most frequently
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represented strategy categories from the surveys were discussion (34%), group work (29%), and
metacognition (45%) (Figure 1.2B).
DISCUSSION

Our aim was to bring clarity and transparency to the term active learning as it is used
within the biology education research community. We addressed this by identifying the
definitions and strategies attributed to the term by analyzing the literature and surveying a
biology education research society. From these compiled findings, we constructed an active
learning definition (see box “Active Learning Defined”) as well as a reference guide for 300+

defined active learning strategies (Appendix B).

Active Learning Defined:

Active learning is an interactive and engaging process for students that may be implemented
through the employment of strategies that involve metacognition, discussion, group work,
formative assessment, practicing core competencies, live-action visuals, conceptual class
design, worksheets, and/or games.

Below we propose future steps for the biology education research community with
accompanying tools to aid in the process. First, we advocate for all biology education research
concerning active learning to provide a cited definition. Second, we suggest authors define and
describe the active learning strategies utilized in the experimental research.

Define the Term

Active learning has rarely been defined in the literature. This outcome could be due to the
lack of a unanimous definition for the biology education research community, the fact that active
learning is a complex process encompassing both teaching methods and student learning (Eddy
et al. 2015), the dichotomous nature of the term as both a theory and as a set of pedagogical
strategies (Drew and Mackie, 2011), the perception that this term is self-descriptive, and/or the

notion that it is unimportant given the majority of the research articles focused on the effects of

43



the implementation of a specific active learning strategy. Whatever the reason, we advocate for
the inclusion of definitions in BER articles in order to clarify the author’s interpretation. This is
because, based on our investigation into the contemporary literature, it is apparent that people
interpret active learning in a variety of different ways (i.e., interacting/engagement, not
lecturing/listening, group work, scaffolding/constructivism, individual formative assessments,
application/synthesis, problem-solving, student-centered, and evidence-based). Ultimately,
providing a definition may aid in increased fidelity and reproducibility of experimental outcomes
(Stains & Vickrey, 2017).

When considering outcomes such as those demonstrated by Freeman et al (2014) (i.e.
active learning decreased failure rates by 55% and increased student examination performance
by approximately half a standard deviation), increased fidelity and reproducibility of
experimental outcomes is important, especially since the promotion of undergraduate biology
knowledge in the United States is consequential to critical scientific advances. To help in these
efforts, we provide a number of resources and suggestions. First, we provided all of the
definitions of active learning collected from recent biology education research literature in
addition to the references used to support them, when applicable (Table 1.2). We also
constructed a working definition of active learning based on the summarized input from the 148
articles found in the biology education research literature and the 105 responses from the BER
community. This definition can be used confidently by the biology education research
community in their own research given it is based on an average of biology education research

literature and instructor responses.
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Define the Strategies

The research papers we examined commonly listed active learning strategies. Many of
the strategies were either (1) self-descriptive; the meaning could be easily deciphered from the
term (e.g. applying knowledge of other subjects, circulate to check for understanding, group
brainstorming); (2) defined in the literature by Tanner (2013), Miller and Tanner (2015), or
others; or (3) easily collapsed into one of the three most common categories (i.e., metacognition,
group work, or discussion). However, many strategies lacked transparency because authors did
not describe how they implemented them. We found these cases problematic because the
strategies would be difficult to replicate. To improve clarity and transparency, we share with
readers our comprehensive list of unique strategies, collected from both the literature and the
surveys, with definitions from the literature when available (Appendix B), as well as citations of
articles in which they were used in practice (Appendix D).

Additionally, we have created a living document version of Appendix B that can be

viewed using the following link: https://www.ballenlab.org/active-learning-strategies-in-biolo.

Contributions or constructive feedback from the community is welcome; you can make a
submission by contacting the lead author or using the following Google form:

https://forms.gle/Boh6NNm1rqzHACXi8. This feedback will be considered and used by the lead

author to improve the living document going forward. Our hope is that biology education
researchers and teachers use these tools to define active learning strategies they have used or as
guides to articles that previously implemented these strategies. It is important to note that the
strategies used and the efficacy measured in those studies may vary based on fidelity of

implementation.
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Another way to increase the precision of descriptions is the use of observation protocols
that can characterize classroom instruction behaviors. Some examples include the Teaching
Dimensions Observation Protocol (Hora et al. 2013), the Classroom Observation Protocol for
Undergraduate STEM (Smith et al. 2013), the Practical Observation Rubric To Assess Active
Learning (Eddy et al. 2015), and the Measurement Instrument for Scientific Teaching (Durham
et al. 2017). These protocols document the frequency of multiple instructional practices, include
categories of active learning strategies, and can be helpful both for research purposes and to
provide feedback to instructors on their practices. Such information can provide valuable
guidance to biology educators, especially when used in conjunction with data on student

performance, attitudes, social psychological factors, and self-reflective practices.

Limitations and Future Work

One limitation of this work is that the active learning definitions and strategies were
solicited from the biology education research community only. While we hypothesize that these
definitions and strategies may overlap with other discipline-based education research subjects
(e.g. chemistry, geology, physics, etc.), we cannot generalize our results across disciplines, given
results from Lund and Stains (2015) revealed differences in the factors influencing the adoption
of evidence-based instructional practices among disciplinary chemistry, biology, and physics
faculty. However, many of the strategies featured in the Active Learning Strategy Guide may be
useful across disciplines. Additionally, it is reasonable to expect we may have received different
active learning definitions and strategies from disciplinary biology instructors or teaching

practitioners whom do not have a biology education research background. While seeking that
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information is out of the scope of this research, BER would benefit from engaging with the
larger community to see how their work is translated among practitioners.

Second, while it is important to understand how active learning is used in classroom
environments — particularly those that result in improved student outcomes — we recognize this
does not control for instructors’ fidelity of implementation. Fidelity of implementation is how
well an intervention or activity is implemented in comparison with the original program’s
intention (O’Donnell, 2008; Stains & Vickrey, 2017), and this can strongly impact the efficacy
of the pedagogy. So, as we continue to test active learning strategies, it is critical to describe how
and why certain pedagogies are enacted in the classroom.

Third, we examined only three journals that commonly publish biology education
research. This means the findings are not representative of a// biology education research that
has been published during that time period. However, the three journals we focused on are
commonly used by the biology education research community. For example, Life Sciences
Education and Journal of Microbiology and Biology Education publish primarily research
articles and have a long-standing history and a large readership; CourseSource is the only online
journal that exclusively publishes evidence-based biology teaching materials for undergraduate
classrooms and laboratories.

Future work will (1) identify to what extent - and how - active learning is characterized
across the DBER literature; (2) characterize the definition of active learning in the context of
undergraduate STEM by collecting survey data from discipline-based education research
(DBER) communities across STEM fields; (3) categorize the specific active learning strategies
employed across STEM disciplines through survey data; and (4) investigate to what extent, if at

all, perceptions of active learning differ among DBERs across STEM fields.
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CONCLUSIONS

We support the use of active learning as a unifying term to generate awareness and
collaboration among those interested in improving their teaching. The term gives DBER
instructors an accessible on-ramp to engage with larger initiatives. However, because the term is
rarely defined and can have many different meanings, those who use active learning should
define what they mean and give examples of the strategies they are using. For example, authors
could say: “We used an active learning instructional approach focused on student engagement
using group work and clicker questions with peer instruction,” followed by the appropriate
citations and additional detail about the application and frequency of strategies. These additional
details will allow the community to address more nuanced questions, such as: Do specific active
learning instructional strategies promote student learning in multiple environments? Which
strategies increase equitable outcomes for students from diverse backgrounds? and How can we
maximize the effectiveness of particular active learning strategy in a variety of contexts? These
questions can be more effectively answered when the approach and context of the learning
environment is precisely defined. This clarity has the potential to make discipline-based

education research communities, and their research, stronger.
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ABSTRACT
Active learning is hailed as the pinnacle of teaching in STEM classrooms for its ability to
maximize learning. While previous work broadly defined active learning as the antithesis of
lecture, measuring the effects of all teaching strategies combined, we tested the isolated impacts
of group work on student performance, using meta-analysis. We collected data from 34 articles
representing 66 estimates calculated from performance outcomes of 18,494 students. Our overall
estimate indicates the implementation of group work in biology classrooms increased student
performance by 0.72 standard deviations. When applied to a grade scale based on real-world
data, the magnitude of this change is roughly one letter grade. Moderator analyses revealed the
increase in performance holds across all class sizes, class levels, and group sizes up to five
students. These results demonstrate group work leads to impressive boosts in student

performance and reveal the value of studying specific active learning strategies.
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BACKGROUND

Despite increasing interest concerning the impacts of active learning on student
performance, recommendations of specific, discrete strategies to use in classroom environments
remain vague. Current approaches to testing the effects of active learning in Science,
Technology, Engineering, and Mathematics (STEM) are largely based on studies comparing
courses with at least some active learning to those featuring traditional, undisrupted lecture
(Andrews et al., 2011; Ballen et al., 2017; Barral et al., 2018; Casper et al., 2019; Freeman et al.,
2011, 2014; Haak et al., 2011; Theobald et al., 2020). While such studies are critical to our broad
understanding of the impacts of evidence-based teaching, these approaches provide little insight
into the mechanisms by which students respond to different teaching methods. For a complete
understanding of the effective elements that define active learning, we need to consider not only
its overall impacts, but also the individual impacts of isolated active learning strategies on
student outcomes. Here, we fill a gap in the literature by utilizing meta-analytic techniques to
quantitatively evaluate the effect of one common active learning strategy: group work.

Previous research showed that group work is one of the most frequently cited examples
of active learning strategies according to post-secondary biology educators (Driessen et al.,
2020), and it is frequently included in research demonstrating positive student outcomes
(Carmichael, 2009; Chaplin, 2009; Daniel, 2016; Donovan et al., 2018; Gaudet et al., 2010;
Johnson et al., 1998; Knight & Wood, 2005; Marbach-Ad et al., 2016; Springer et al., 1999;
Weir et al., 2019; Yapici, 2016). For the purposes of this meta-analysis, we broadly defined
group work as students working together during class time in groups of at least two (and smaller
than the total class size). This definition allowed us to capture a wide breadth of studies related to

group work, encompassing specific types of group work such as cooperative-learning (Johnson,
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Johnson, and Smith, 1991), think-pair-share (Prahl (2017), and team-based learning (Michaelsen
& Sweet, 2008).

We compared results of experiments that documented student performance in classes
with at least some group work component versus classes without a group work component by
analyzing 66 estimates taken from 34 studies from the published and unpublished literature. In
total, the data represents performance outcomes from 18,494 students with an average of 280
students per estimate. Gathering available data from nearly a century of research, we investigated

the following question: What is the effect of group work on academic performance?

MATERIALS AND METHODS

Experimental design

We followed the updated Preferred Reporting Items for Systematic Reviews and Meta-
Analyses (PRISMA) guidelines for best practices in quantitative reviews (Page et al., 2021). To
identify studies comparing student performance in undergraduate biology classes that
incorporated at least some group work component to those classes without a group work
component, we (1) searched six online databases (Appendix E, Table S1) using a variety of
search terms (Appendix E, Box S1); (2) reviewed papers included in three previous meta-
analyses on active learning and group work (Freeman et al., 2014; Johnson et al., 2000; Springer
et al., 1999); and (3) included other relevant works already known to the authors. 4 priori, we
searched for articles published from 1 January 1924 to 16 November 2020. We selected our
earliest date because it was cited in a previous article (Johnson et al., 1998) that informed one of

the previous meta-analyses on group work (Johnson et al., 2000). Two of the authors (E.D. and
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S.B.R.) conducted a systematic search using the updated PRISMA checklist and flow diagram
(Page et al., 2021).
Criteria for admission

We established the criteria for selecting publications at the onset of this study and did not
subsequently alter them. Criteria included studies that (1) examined post-secondary students in a
biological science class; (2) incorporated any type of group work (as defined by two or more
students working or discussing topics together); (3) were conducted in a classroom; (4) were
published or reported from 1 January 1924 to 16 November 2020; (5) reported, at a minimum, a
mean measure of student performance before and after group work, or a mean measure for the
classes partaking in group work and for the classes not receiving group work; and (6) used the
same concept inventory, similar or the same exams, or class grade to evaluate the two classes. Of
note, we did not include any studies that compared the effect of group work to the effect of one-
on-one student to teacher instruction as we did not find that representative of many post-
secondary teaching environments. Additionally, we did not include cross-over design studies,
meaning, if the same students were exposed to both individual and group work and then
compared to themselves, then we did not include the study in this meta-analysis. Finally, we did
not include studies where the only form of group work took place during group exams because
we were interested in the effect of group work during class instruction rather than during
summative assessments.
Review process

Two researchers (E.D. and S.B.R) read the abstracts of papers returned by database
searches as well as citations in three previous relevant meta-analyses (Freeman et al., 2014;

Johnson et al., 2000; Springer et al., 1999) to determine eligibility. We excluded articles from the
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study if they did not meet one or more of the criteria for admission. In cases where it was unclear
whether a study fit the scope of our project, we read the entirety of the paper to determine its
suitability, excluding articles that did not meet our inclusion criteria. Finally, we were left with
34 papers from which to collect data. For details concerning the number of papers returned by
each database, the number of papers that made it past the abstract screening process, the number
of papers that made it past the final screening process, and more, see Figure 2.1. When available,

we recorded data on class size, class level, group size, and research design type (Table 2.1).

[ Identification of studies via databases and registers Identification of studies via other methods J
)
Records identified from*:
.E ‘g:i:rrf:(?lzeg)(nzzg] Records removed before
E ER};C Ebs '] 53 screening: Records identified from:
= ( o_o (n=53) —> Duplicate records removed Previous meta-analyses (n = 236)
] PubMed (n=22) (n=47) Known articles (n=1)
[} Academic Search Premiere (n=7)
= Education Research Complete (n=9)
Total: 149
—
— :
Records screened »| Records excluded**
(n=102) (n=35)
l A
Reports sought for retrieval »| Reports not retrieved Reports sought for retrieval Reports not retrieved
2 (n=67) | (n=#6) (n=237) " (n=8)
=
o
- ! !
o
0
= Reports excluded: -
Reports assessed for eligibility N Review (n = 4) Reports assessed for eligibility
(n=61) No student performance (n=229) Reports excluded:
measure (n = 7) Not college (n = 101)
Qualitative (n = 8) Not biology (n = 67)
Not enough data (n = 11) No performance measure (n = 14)
N=17 Outside of class time (n = 3) No group work (n = 11)
Miscellaneous (n = 10) Not enough data (n = 6)
L Not in a classroom setting (n = 4)
Cross-over design (n = 3)
3 Studies included in review Not assessed with written test (n = 3)
k] (n=234) Miscellaneous (n = 4)
° Reports of included studies
= (n=34)
N=17

Figure 2.1 Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA)

literature analysis diagram.

Table 2.1 Studies included in the meta-analyses. Author and year columns are used to identify
the study. The full citations are provided in the supplemental materials. The class size column

details whether the class was small (S; less than 50 students), medium (M; 50-110 students), or
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large (L; 110+ students). The group size column details whether the group was small (S; two to
four students), medium (M; four to five students), or large (L; more than five students). Lastly,

the design column indicates whether a study had an independent (I) or paired (P) design.

Author(s) Year Class Group Class Design
Size Size Level
Altiparmak & Nakiboglutezer 2009 S M NA I
Armbruster et al. 2009 L M L I
Armstrong, Chang, & Brickman 2007 L L L I
Armstrong, Chang, & Brickman 2007 L L L I
Baines et al. 2004 S S L I
Burrowes 2003 M M L I
Carmichael 2009 L M L I
Chaplin 2009 M S L I
Chuck 2011 S M U I
Co 2019 L S L I
Costa Silva et al. 2018 S M NA I
Daniel 2016 M M L I
Das et al. 2019 S L G I
Donovan, Connell, & Grunspan 2018 L M L P
Donovan, Connell, & Grunspan 2018 L M L P
Donovan, Connell, & Grunspan 2018 L M L P
Fuller et al. 2016 L S NA P
Gaudet et al. 2010 S M U I
Hacisalihoglu et al. 2018 S S L I
Huyusken et al. 2019 S NA L I
Huyusken et al. 2019 S NA L I
Jensen & Finley 1996 S S L I
Jensen & Finley 1996 S S L I
Kitchen et al. 2003 L S U P
Klegeris, Bahniwal & Hurren 2013 M L U P
Knight & Wood 2005 M S U I
Lord 1997 M M L I
Marbach-Ad et al. 2016 L S L I
McCormick 2000 S NA L I
McCormick 2000 S NA L P
Montelone, Rintoul & Williams 2008 M S L 1
Nelson et al. 2009 L S L I
Premo et al. 2018 S M L I
Randolph 1992 S M L I
Reich & Wang 2019 M S L I
Theobald et al. 2017 L S L P
Theobald et al. 2017 L S L P
Walker et al. 2008 L NA L I
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Weasel & Finkel 2016 L L L P
Weir et al. 2019 L NA NA P
Weir et al. 2019 L NA NA P
Weir et al. 2019 L NA NA P
Weir et al. 2019 S NA U P
Weir et al. 2019 M NA NA P
Weir et al. 2019 L NA NA P
Weir et al. 2019 L NA NA P
Weir et al. 2019 L NA NA P
Weir et al. 2019 L NA NA P
Weir et al. 2019 L NA NA P
Weir et al. 2019 L NA NA P
Weir et al. 2019 L NA NA P
Weir et al. 2019 L NA NA P
Weir et al. 2019 L NA NA P
Weir et al. 2019 L NA NA P
Weir et al. 2019 L NA NA P
Weir et al. 2019 L NA NA P
Weir et al. 2019 L NA NA P
Weir et al. 2019 L NA NA P
Weir et al. 2019 L NA NA P
Weir et al. 2019 L NA NA P
Weir et al. 2019 L NA NA P
Weir et al. 2019 L NA NA P
Weir et al. 2019 L NA NA P
Weir et al. 2019 L NA NA P
Weir et al. 2019 L NA NA P
Yapici 2016 S M NA I
Effect size

To account for differences in student performance (e.g., average class performance, final
exam performance) across two groups, we calculated a standardized mean difference for each
course in the form of Hedges’ g (Hedges, 1981). This statistic is commonly used in meta-
analyses, and it estimates the effect size for the difference between means scaled to the pooled
standard deviation, but also includes a correction for small sample sizes (Hedges & Olkin, 1985).
A positive value indicates increased student performance in the intervention group (i.e., group

work) compared to the control group (i.e., no group work), while a negative value indicates
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increased student performance in the control group (i.e., no group work) compared to the
intervention group (i.e., group work; Durlak, 2009).
Data collection

We categorized study designs as either: (i) paired (i.e., pre- versus post-group-work data
collection) or (ii) independent (i.e., post-treatment with group work versus post-control without
group work). The difference in study design mandated a difference in data collection.
Specifically, for a paired design, we collected mean student performance scores (i.e., class
performance, exam performance, or concept inventory performance), standard deviation, and the
number of students in each class both before and after experiencing group work as well as a pre-
post correlation value. However, correlation values were not present in any of the studies, so we
inputted correlation values of 0.9 (Appendix E). On the other hand, for an independent design,
we collected mean performance scores, standard deviation, and the number of student
participants in each class (e.g., classes that experienced group work versus classes that did not
experience group work) from each article. Despite the differences between the data collected for
each experimental design type, we extracted data from both types of studies directly from tables

or text in the publication or from figures using WebPlotDigitizer version 4.2

(https://automeris.io/WebPlotDigitizer). In cases where a study did not provide standard
deviation/standard error values and/or the number of students in each group — the case for 8 of
our 66 estimates (12.5%) — we estimated these values using the average standard deviation or
average number of students from the other studies (mean-value imputation; Kambach et al.,
2020) (Appendix E). We developed a protocol to handle cases where studies provided either
multiple treatments, multiple controls, or multiple outcomes (Appendix E).

Coding Data
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After data collection, we categorized each study according to their class size, class level,
and group size. First, we coded studies based on whether they took place in small (less than 50
students), medium (50-110 students) or large (111+ students) classes. These codes were based on
groupings from a previous meta-analysis on the effect of active learning on student performance
(Freeman et al., 2014). Second, we categorized classes into lower-level (majority first- and
second-year student classes) and upper-level (majority third- and fourth-year student classes)
categories. Finally, we coded data based on group size, or number of students in a group. We
coded group size as small (less than 4 students), medium (4-5 students), and large (more than 5
students) groups because these were the three natural clusters revealed by a histogram of the data
(Appendix E).
Statistical analysis

We collected and analyzed data from two types of studies: (i) paired design; and (ii)
independent design. Specifically, we used Comprehensive Meta-Analysis (CMA) software
(https://www.meta-analysis.com/) to calculate Hedges’ g and the associated variance for each
study. We analyzed the Hedges’ g values and associated variance values in R studio ((Team,
2016)), using the metafor package in R to conduct a random-effects meta-analysis fitted with the
restricted maximum-likelihood method (REML) to find the overall effect of group work on
student performance (Viechtbauer, 2010).

We then contextualized this overall effect by applying it to a real-world dataset consisting
of final grades from students enrolled in fourteen large, introductory biology courses at a single
institution. The average number of students in each class was 211 with a total of 2,951 students

participating across all 14 sections. We multiplied the average standard deviation for each class

66



section (i.e., 13.49) by the overall estimate to calculate how group work would affect a student’s
grade.

Next, we assessed this overall finding for sensitivity and bias using metafor (Viechtbauer,
2010). Specifically, to test the sensitivity of our results, we conducted meta-analyses with the
following changes from the original model: (1) we removed the random effect of author from the
original analysis; (2) we excluded one study that contributed 26 of the 66 estimates and re-ran
the meta-analysis to compare the overall effects; (3) we removed an extreme outlier (i.e., ~25
standard errors larger than the mean; Yapici, 2016); (4) we doubled the imputed standard
deviation value for those studies missing standard deviations; we examined the data by the two
types of research designs we considered in our meta-analysis by conducting a pairwise
comparison; (5) we tested whether our dataset was robust to changes in the correlation value in
paired research design comparisons by changing it to 0.5 and then 0.1; and (6) we reanalyzed the
dataset after excluding data from paired design studies. To assess publication bias, we
constructed and visually inspected them (Sterne et al., 2005), utilized Duval and Tweedie’s trim
and fill method (Duval & Tweedie, 2000a; 2000b), and calculated fail-safe Ns (Rosenthal, 1979).

Next, to assess whether the effect of group work on student performance, as compared to
the effect of no group work on student performance, held across each of the moderating groups,
we conducted mixed-model analyses with the restricted maximum-likelihood method (REML)
for class size, class level, and group size as individual fixed effects, using the metafor package in
R studio (Team, 2016; Viechtbauer, 2010). To visualize the output as orchard plots, we used the
orchaRd package in R (Nakagawa et al., 2020). We then exported these plots to edit in Biorender

(BioRender.com).
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Finally, we conducted pairwise analyses with the restricted maximum-likelihood method
(REML) to test for differences between the moderating sub-groups for class size, class level, and
group size, using the metafor package in R studio (Team, 2016; Viechtbauer, 2010).

Data Availability
All data and code used for this meta-analysis are available here:

https://github.com/EmilyDriessen/Group-work-and-student-performance-in-biology-A-meta-

analysis..git

RESULTS

Overall effect size

We used a random effects model, with author as a random effect, to compare the effect of
group work on student performance to the effect of no group work on student performance by
using the difference between two means as divided by their pooled standard deviation (Hedges’
g). Our results showed group work had a large positive effect on student academic performance
(Hedges’ g =0.72 £+ 0.26 for + 95% confidence intervals (CI), Z = 5.38, P << 0.0001; Figure
2.2A; Table S2A). This means, on average, students who worked in groups performed 0.72
standard deviations higher than students who did not work in groups. To put the effect size in
perspective, Hedges’ g values of 0.20 or higher on performance measures in education research

should be of interest to policy makers (Hedges & Hedberg, 2007).
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either side of the mean, and the lighter lines represent the prediction interval. If the estimate,
including the 95% confidence intervals, crosses zero, then the effect of group work is not
significantly different from the effect of no group work on student performance. A) All
comparisons. B) Comparisons as parsed by class size (small = less than 50 students; medium =
50 to 110 students; large = more than 110 students). C) Comparisons as parsed by class level
(lower = first- and second-year students; upper = third- and fourth-year students). D)
Comparisons as parsed by group size (small = two to four students; medium = four to five
students; large = more than five students).

We then conducted several sensitivity analyses to determine the robustness of our results
by considering the extent to which they are affected by changes in our models or assumptions (SI
Results). Sensitivity analyses demonstrated the effect of group work on student performance is
still statistically significant and robust to the removal of particularly large estimates, the removal
of articles that contribute a large number of estimates, inputted standard deviation changes,
correlation value changes, and the removal of estimates taken paired design studies (Table S2B-
H). Additionally, unpublished studies with low effect sizes did not create sampling bias, as
demonstrated by both Duval and Tweedie’s trim and fill method (Duval & Tweedie, 2000a;
Duval & Tweedie, 2000b) and Rosenthal’s fail-safe N method (Rosenthal, 1979)(Appendix F;
Figure S1).

Moderator analyses

After conducting an overall meta-analysis, in addition to sensitivity and bias analyses, we
analyzed our data by class size, class level, and group size, to assess whether the positive and
statistically significant effect of group work on student performance, as compared to the effect of

no group work on student performance, held across each of the moderating groups. We found
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that group work improved student performance across all class sizes (i.e., small, medium, large;
Figure 2.2B; Table 2.2; QM (df = 3) = 103.82, P < 0.0001), though the largest positive effect of
group work was in large classes (i.e., more than 110 students). Across both lower- and upper-
level classes, group work had a significant effect on student performance (Figure 2.2C; Table
2.3; QM (df=2) =29.05, P < 0.0001). However, we observed larger effects of group work among
upper-level classes (i.e., third- and fourth-year student classes). Lastly, we discovered group
work had a significant effect on student performance in small (< 4 students) and medium group
sizes (4-5 students) (Figure 2.2D; Table 2.4; QM (df=3) =26.65, P < 0.0001). However, we did
not observe a significant effect of group work on the performance of students assigned to groups
with more than 5 people (i.e., large groups) although the same size for this group was small (n =
5). These analyses reveal that the significant and positive effect of group work on student

performance holds across all class sizes, class levels, and group sizes of five or fewer students.

Table 2.2 The effect of group work on student performance, as moderated by class size.

Class size n* Hedges’g  s.e. p-val 95% C.I.: 95% C.I.:
lower limit  upper limit
Small (< 50) 17 0.5320 0.1492  0.0004 0.2396 0.8244
Medium (S0 <n<110) 9 0.5812 0.1492  <0.0001 0.2888 0.8735
Large (> 110) 40 0.9584 0.1439  <0.0001 0.6763 1.2404

*Note that n’s may not sum to 66 due to missing data.
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Table 2.3 The effect of group work on student performance, as moderated by class level.

Class Level n* Hedges’ g  s.e. p-val 95% C.I.:  95% C.L:
lower limit  upper limit
Graduate** 1 0.0000 0.6419  1.0000 -1.2580 1.2580
Upper 7 0.9074 0.2364  0.0001 0.4440 1.3708
Lower 29 0.4898 0.1294  0.0002 0.2361 0.7435

*Note that »’s may not sum to 66 due to missing data.
** Additionally, note that the group “graduate” is not represented in Figure 2.2. This is because
there was only one comparison for this subgroup. For this reason, we left it out, but felt it

important for transparency to include the data here.

Table 2.4 The effect of group work on student performance, as moderated by group size.

Group size n* Hedges’ g s.e. p-val 95% C.I.: 95% C.I.:
lower limit upper limit
Small (less than4) 15 0.7659 0.2305  0.0009 0.3141 1.2178
Medium (4-5) 15 0.9120 0.2355  0.0001 0.4504 1.3736
Large (5+) 5 0.2905 0.3699  0.4322 -0.4344 1.0154

*Note that »’s may not sum to 66 due to missing data.

Pairwise analyses of moderators

After testing the effect of group work on student performance, compared to the effect of
no group work on student performance, for each moderating group, we conducted pairwise
analyses to test for differences between those moderating groups. Based on these analyses, we
observed the effect of group work varied based on class size (QM (df=2) = 77.73, P<0.0001),
with students from large classes performing 0.43 standard deviations better than students from
small classes (+/-0.15; +/- 95% C.1.; p<0.0001) and 0.38 standard deviations better than students

in medium class sizes (+/- 0.11; +/- 95% C.1.; p<0.0001). Students in medium class sizes
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performed 0.05 standard deviations (+/- 0.18; +/- 95% C.1.) better than students in small class
sizes, although this was not statistically significant (p=0.54). While there were differences
between class size groups, there were no statistical differences on the impact of group work on
performance outcomes between the class levels (QM (df=1) = 2.40, P=0.12) or the group size

(QM (df=2) = 2.02, P=0.36).

DISCUSSION

Using meta-analysis, we show the implementation of group work increased overall
student performance by 0.72 standard deviations, approximately an entire letter grade based on
real student data, which is a greater effect than previous studies evaluating the effect of all active
learning strategies combined (Freeman et al., 2014). Our results demonstrate group work
increases performance in all class sizes, undergraduate class levels, and group sizes of five or
less students. To evaluate the generality of impacts of active learning on student outcomes, we
need research on a wide range of individual strategies. Future research will also profit from
addressing how different applications of the same strategy affect students (Century et al., 2010).
Instructor Recommendations

Our work demonstrates the significant and large effect of group work on student
performance, and we encourage instructors to implement group work in their biology
classrooms. There are plenty of resources available for instructors who are interested in
implementing group work, in its various forms, in their class. For example, Tanner, Chatman,
and Allen (2017) detail several essential elements of effective cooperative learning (a specific
type of group work), such as individual and group accountability and promoting interpersonal

skills. Prahl (2017) advises instructors who wish to implement think-pair-share exercises in their
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classroom, offering guidance on writing questions and problems, interacting with the students,
and assessing the exercises. Michaelsen and Sweet (2008) explain team-based learning and
define the four essential elements as properly formed and managed groups, student
accountability for the quality of their individual and group work, frequent and timely feedback
on student work, and group assignments that promote learning and team development. Finally,
Smith and Knight (2020) detail how clickers (technology used to relay student responses to the
instructor) can be integrated into the biology classroom to help encourage students to apply their
knowledge and analyze new scenarios. Such methods can easily be used in groups to allow
students to think through questions together before they respond with their clickers. Although
there are many other resources available for instructors interested in implementing group work in
their class, we offer these as good starting points.
Limitations

The present study was limited in two ways. First, the studies we analyzed usually used a
variety of group-work oriented strategies (e.g., group brainstorming, group discussion of
homework questions, and group clicker questions). Because we cannot disentangle each specific
group-work strategy, we cannot identify exactly which group-work-oriented strategy produced
the largest effect on student performance. Identifying the best group work strategy for increasing
student performance is important in making instructor recommendations, and this requires
further study. Second, some of the studies included in this meta-analysis lacked information for
all three of the moderators we analyzed (i.e., class size, class level, and group size). Missing
information means we rely on subsets of data to evaluate the effects of moderators on group
work. Conducting follow-up studies of class size, class level, and group size could certainly

provide additional insights.
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IMPLICATIONS

From an institutional perspective, we demonstrate the economic importance of testing
and implementing evidence-based teaching strategies. State funding is responsible for 54% of
public institution educational revenue (Laderman, 2017), and this funding is based on the
performance of a university or college (e.g., student retention, graduation, transfer, and job
placement outcomes; Dougherty et al., 2014). We know students generally earn lower grades in
STEM courses relative to non-STEM courses (Koester et al., 2016), and these grades are
consequential: those who leave STEM cite the performance challenge associated with STEM
courses as primary motivation for their decision (Seymour & Hewitt, 1997; Seymour & Hunter,
2019). Thus, teaching strategies, such as group work, that promote student performance will

benefit individuals as well as institutions that are evaluated based on aggregate outcomes.
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ABSTRACT

Although closed-note exams have traditionally been used to evaluate students in undergraduate
biology classes, open-note exams are becoming increasingly common, though little is known
about how students prepare for these types of exams. We investigated student perceptions of and
their preparation habits for online open-note exams in an undergraduate biology class, as
compared to their previous experiences with closed-note exams in other classes. Specifically, we
explored the following research questions: (1a) How do students perceive open-note exams
impact their exam scores, their anxiety, the amount they studied, and the amount their peers
studied? (1b) How do these perceptions impact performance outcomes? (2a) How do students
prepare for open-note exams? (2b) How do these preparation methods impact to performance
outcomes? Results demonstrate students perceived increased exam scores, decreased exam-
anxiety, decreased study time spent personally, and decreased study time spent by their peers for
open-note exams, as compared to past experiences with closed-note exams. Open-ended survey
responses analyzed through first- and second-cycle analyses showed students adapted their study
habits by focusing on note preparation and broad conceptual understanding rather than rote
memorization. Using linear mixed effects models to assess student performance, we found
students who focused on understanding, note preparation and using external resources
outperformed students who did not report those study habits. We conclude that, as institutions
shift towards flexible and scalable assessments that can be used in face-to-face or online
environments, the use of open-note exams can promote effective study habits and reward higher-

order thinking with intentional guidance from the instructor.
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BACKGROUND

Calls to action make specific recommendations for improving undergraduate biology
education nationwide. For example, the American Association for the Advancement of Science
(2009) outlined several core competencies intended to guide undergraduate biology education,
including applying the process of science and understanding the relationship between science
and society. Consistently and notably absent from calls for change is the recommendation for
students’ rote memorization of biology vocabulary or facts.

Nevertheless, one way in which student competencies are evaluated in higher education
(i.e., Low-level Bloom’s Taxonomy closed-note multiple-choice question exams; Momsen et al.,
2010) rewards simple recall-based memorization of details rather than the development of the
diverse skills needed to succeed in the scientific workforce (Momsen et al., 2010; Seymour &
Hewitt, 1997; Wood, 2009; Zheng et al., 2008). These types of closed-note exams are scalable,
easily assessed, and perceived by some as more rigorous. However, open-note exams — those
where students can consult textbooks, notes, or other class-related material during the exam —
can be designed to be scalable and easily-assessed as well, and, in addition, open-note exams can
reward a different skillset — one more aligned with recommendations for improving
undergraduate biology education.

Contrary to closed-note exams, open-note exams render basic recall questions useless
because students can simply refer to their notes. Rather, instructors may adapt open-note exams
by developing assessments that evaluate higher-level skills such as conceptualization, problem
solving, and reasoning (Feller, 1994). For this reason, they have the potential to shift exam

norms (Momsen et al., 2013), as other disciplines have demonstrated (Eilertsen & Valdermo,
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2000). However, the literature concerning open-note exams is mixed, producing both proponents
and opponents of open-note exams.

Proponents of open-note exams propose a variety of benefits. First, proponents of open-
note exams claim students learn how to gather and critically analyze material from multiple
sources, as opposed to closed-note exams which reward short-term storage and quick retrieval
(Ambrose et al., 2010; Krasne et al., 2006; Theophilides & Koutselini, 2000). Additionally,
open-note exams decrease students’ exam anxiety (Block, 2011; Gharib, Phillips & Mathew,
2012; Williams and Wong, 2007) and minimize a desire to cheat (King, Guyette & Piotrowski,
2009; Nguygen et al., 2020; Watson & Sottile, 2010). Green, Ferrante, and Heppard (2016)
suggested both that (1) higher education must evolve along with culture and technology, and (2)
the ability to answer fact-based multiple-choice questions by rote memory is not adequately
preparing students for future careers. Rather, instructional approaches that foster innovation,
creativity, and independent thinking, such as open-note exams, train students for real-world
operational decision-making (Green, Ferrante & Heppard, 2016).

Opponents of open-note exams suggest a few concerns. First, they fear open-note exams
lull students into a false sense of grade security, raising students’ predictions about their grades
while not actually increasing student performance overall (Ioannidou, 1997; Jensen & Moore,
2009; Sato et al., 2015). However, these claims have been contested, as other work shows open-
note exams increased performance, as compared to closed-note exams (Agarwal et al., 2008;
Agarwal & Roediger, 2011). Jensen and Moore (2009) suggest that an inflated perception of
one’s grades may encourage negative behaviors or study habits such as lower levels of class
attendance and engagement, and less time spent reviewing class materials. Moore & Jensen

(2007) showed that compared to a class section who took closed-note exams, students assigned
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to a section that completed open-note exams were less likely to attend pre-exam help sessions,
submit extra-credit assignments, and attend lecture.

Despite the mixed findings concerning open-note exams, research on open-note exams
has continued, analyzing more nuanced scenarios. For example, Sato et al., (2015) explored the
effect of open-note versus closed-note exams on student performance in the context of a biology
classroom, paying particular attention to performance by Bloom’s levels. They found little
difference in student performance on questions, regardless of their Bloom’s levels, between
open- and closed-note exam takers. Sato et al. (2015) were particularly surprised that students
who could use notes on Bloom’s 1 and 2 questions (i.e., memorization-based questions) did not
outperform students who could not use notes. They concluded that to understand the relationship
between open-note exams, performance, and learning, future research must focus on how
students adapt their study habits to open-note exams.

Study habits include strategies students use to understand and retain class content. They
also encompass how much time students spend studying and how students distribute their study
time over the class of a semester (Blaisman, Dunlosky, & Rawson, 2017; Walck-Shannon,
Rowell, & Frey, 2021). Because exam performance is highly correlated with study habits
(Alpert, Couch & Harmon, 2016: Bettinger et al., 2017; Xu & Jaggars, 2011; Xu & Jaggars,
2014), the effectiveness of open-note exam taking may rely heavily on the specific exam
preparation methods used by students. For this reason, we explored the impact of study habits for
open-note exams on student performance. We focused on student performance because high-
stakes exams often account for a sizeable proportion of students’ grades and can determine

whether a student continues in STEM or leaves the field altogether (Seymour et al., 2019).
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Additionally, student perceptions of open-note exams may moderate student
performance. For example, if students predict their grades will be higher simply by being
allowed to use their notes on exams, then students may believe they do not need to study as
much as they would for a closed-note exam (Ioannidou, 1997; Jensen & Moore, 2009; Sato et al.,
2015). This misled belief might impact preparation methods and consequently performance
(Walck-Shannon, Rowell, & Frey, 2021; Xu et al., 2021). For this reason, we correlated the
amount and direction that students perceived their exam score would change for open-note
exams compared to closed-note exams with performance. We also analyzed the relationship
between the amount of time an individual studied for open-note exams compared to closed-note
exams and performance, as well as the amount of time an individual perceived their peers studied
for open-note exams. Another student perception we examined was test anxiety because of
previous research demonstrating the strong impact of anxiety on student performance in college
courses (Ballen, Salehi, & Cotner, 2017; Cassady & Johnson, 2002; Chapell et al., 2005;
England, Brigati, & Schussler, 2017; England et al., 2019; Ewell, Josefson, & Ballen, 2022;
Salehi et al., 2019; Szafranski, Barrera, & Norton, 2012; Vitasari et al., 2010; Zeidner, 1998).

In this study, we examined study habits for and student perceptions of open-note exams
longitudinally, over the course of one semester, surveying students after each of three mid-term
open-note exams. Our longitudinal design is purposeful, given that previous literature shows
student study habits change over time, after initial exposure to a new exam format. For example,
Sato et al. (2015) examined whether the impact of open-note testing varied based on the extent of
exposure to open-note exams, comparing those students who received open-note exams over the
course of the entire quarter versus those with no prior open-note exam experience. Findings

demonstrated differences in both perceptions and performance between the two groups,
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suggesting that students adjust how they prepare for open-note exams after repeated exposure to
the assessment format, highlighting the importance of a longitudinal examination of student
perceptions and behaviors.

Open-note exams have surged in popularity alongside nation-wide increases in online
classwork (Hussar et al., 2020) and increased effort toward equitable and inclusive teaching
strategies. However, to our knowledge, no study has addressed how students study differently for
open-note exams compared to closed-note exams in undergraduate biology classes, if at all, and
how different approaches relate to performance outcomes. Additionally, the correlation between
student perceptions of open-note exams and student performance has yet to be examined.

To address these gaps in the literature, we investigated student perceptions of and their
preparation habits for open-note exams in an undergraduate biology class, as compared to their
previous experiences with closed-note exams in other classes. Specifically, we investigated the
following research questions: (1a) How do students perceive open-note exams impact their exam
scores, their anxiety, the amount they studied, and the amount their peers studied? (1b) How do
these perceptions impact performance outcomes? (2a) According to open-ended responses, how
do students prepare for open-note exams? (2b) How do these preparation methods impact
performance outcomes? To address our research questions, we surveyed students after three
open-note exams over a single semester, documented their perceptions and study habits, and

analyzed how their responses related to performance outcomes.
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METHODS

Research Design

This study used a mixed-methods approach, combining both qualitative and quantitative
research methods and analyses. Our goal was to elucidate student perceptions of and study habits
for open-note exams by collecting Likert scale (quantitative data) and open-response (qualitative
data) survey data. We then related these two data types to student exam performance at three
time points (i.e., Exam 1, Exam 2, and Exam 3) in the course using linear mixed-effects models.
This research design allows us to explore the impact of (1) student perceptions of open-note
exams on exam performance and (2) student study habits for open-note exams on exam
performance. By using a repeated measures design (i.e., collecting survey responses after each of
the three mid-term exams), we captured collective snapshots of our students’ perceptions of and
study habits for open-note exams over the semester. Of note, Auburn University’s Institutional
Review Board determined our research exempt and gave us written consent to proceed (protocol

#20-603 EX 2012).

Participants

Students in this study were enrolled in an online, introductory-level undergraduate
biology course, Organismal Biology, taught during the spring 2021 semester by two of the
authors (EPD & CJB). This course is the second in an introductory biology sequence, designed
for those in biology-related majors to prepare them for future classwork. The study took place in

a primarily white research-intensive university in the southeastern region of the United States.
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Course Description

The Organismal Biology course is a three-credit class that includes two 75-min class
sessions each week and is offered every semester. The main objective of the class is for students
to develop an understanding of eukaryotic evolution, classification, structure, and the spectacular
diversity of living organisms. In this class, students were randomly assigned to groups (ranging
from 5 to 7 members) prior to the first class period, and these group assignments lasted for the
duration of the semester. This class was online due to the COVID-19 pandemic, so students met
in their groups in breakout rooms in Zoom during each class period. Each class period included
lecture and group activities to reinforce the lecture material. For example, a typical class period
may include some lecture, with an activity or iClicker question/group discussion every 10-

15 min.

Formative assessment took place at four time-points (i.e., three mid-terms and a final
exam). These exams were open-note, meaning students could use any of their notes — written or
printed - on any of the exams. To make sure students weren’t using the internet or consulting
with any outside help (e.g., group members, friends, family members), we enabled LockDown
browser with Respondus monitor for each of the exams. Immediately after a student finished
their exam, they could access their score. Each cumulative exam consisted of approximately 50
multiple-choice questions to be completed in two hours’ time. Most of the questions were
application-based, asking students to interpret phylogenetic trees. Each student’s final grade
consisted of the two best scores of the three mid-term exams, their final exam score, and
participation points gained by answering in-class iClicker questions that mirrored application-

based exam questions. We provide final grade information for transparency but note that we only
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used student exam scores for exam 1, 2, and 3, as individual measures of performance in this

study.

Data Collection

After students completed each of their three mid-term exams, we encouraged them to
take a voluntary post-exam Qualtrics survey. The survey instrument opened with an information
letter detailing the purpose of the study to participants. Then, the survey prompted students to
either consent or not consent before moving on to several survey questions. The remainder of the
survey collected responses to four 5-point Likert scale questions and one open-response question
(Table 3.1). Additionally, at the end of the semester, we downloaded student exam scores to use
as a performance measure, so we could compare student study habits for each exam to their

performance on that exam.

Table 3.1 The four 5-point Likert scale survey questions and answer choices used in this study.

Likert Scale Survey Items: Response Type

1. Since I had the option to use notes on this exam, my score...

2. Since I had the option to use notes on this exam, my anxiety...
5-Point Likert Scale:
3. Since I was allowed to take this exam using my notes, I think the
(Greatly Decreased (1) to Greatly
amount [ studied...

Increased (5))
4. Since students in our class were allowed to take this exam using
our notes, I think the amount of time other students studied...
Open Response Survey Items:
1. How do you think you studied differently for this open-note exam
Short Response

compared to how you would study for a closed-note exam?
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Data Analysis

We downloaded survey responses one week after the end of the semester. First, we
removed all student data from students who did not consent to be a part of the study. Given that
we used many different analytical methods to answer our research questions, we detail each part
of the analysis of the Likert scale responses and the open-ended responses in two sections,
starting with “Likert Scale Response Analysis”. We conducted all analyses and produced all
plots for this research in R version 4.0.3 (R Core Team, 2020). We edited plots in

BioRender.com.

Likert Scale Response Analysis — Student Perceptions

Student Perceptions: Descriptive Analysis. We calculated response rates for the four Likert
scale questions and the open-ended survey question - How do you think you studied differently
for this open-note exam compared to how you would study for a closed-note exam? - by dividing
the total number of consenting responses by the total number of students enrolled in the course.
Next, we assessed Likert scale student responses using a Likert package in R (Bryer,
Speerschneider, & Bryer, 2016), calculating the proportion of students reporting a range of
responses from “greatly decreased” to “greatly increased” to each of the prompts. We visualized

these findings using the plot function.

Student Perceptions: Linear Mixed-Effect Model Analysis. We used the nlme package
(Pinheiro et al., 2021) to create linear mixed-effects models, examining the impact of student
perceptions of open-note exams on student performance. We first created a model including all

four student perceptions measured as our fixed effects (i.e., how the ability to use notes on their
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exams would impact their exam performance, anxiety levels, the amount they studied, and the
amount they thought their peers studied), treating the Likert scale responses as categorical
variables. Then, because individual students were sampled longitudinally over the study period,
we used a repeated measures design to account for longitudinal measures from a single student
by including Student ID as a random effect. After running our first model, we removed one
fixed-effect at a time, choosing to remove the fixed-effect with the least significant p-value for
each subsequent model. We selected the best fit model using Akaike’s Information Criterion
(AIC; Akaike, Petrov, & Csaki, 1973), selecting the model with the lowest AIC. In the results
section, we included only the relationships that returned significant results, based on a p-value
less than 0.05 and confidence intervals that exclude zero.

Next, we created a separate model for each of the four student perceptions measured (i.e.,
how the ability to use notes on their exams would impact their exam performance, anxiety levels,
the amount they studied, and the amount they thought their peers studied), so we could conduct
Tukey based post-hoc analysis functions to obtain pairwise significance between exam scores
using the emmeans package (Lenth et al., 2018). Then, to visualize all statistically significant
relationships, we created customized plots (i.e., combined violin, scatter, and boxplots) in the

ggplot2 package (Wickham, 2016).

Open-Ended Response Analysis — Student Study Habits

Student Study Habits: Descriptive Analysis. First, we calculated response rate for the open-
ended survey question - How do you think you studied differently for this open-note exam
compared to how you would study for a closed-note exam? - by dividing the total number of

consenting responses by the total number of students enrolled in the course.
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Next, two of the authors (AEB & EPD) individually reviewed all the students’ responses
to the open-ended question and generated codes using inductive coding (Creswell, 2017). We
also took detailed analytic notes at that time (Birks & Mills, 2015). We convened to compare
codes and develop one unified coding rubric. Using the unified rubric, AEB and EPD coded a
set of 40 responses individually. We met together to compare codes and revise the rubric. We
used constant comparison methods to ensure quotes within a category were not too different
from each other to warrant the creation of a new theme (Glesne & Peshkin, 1992). This process
was repeated until we were confident with the rubric, resulting in the following codes: (a)

prepared notes, (b) studied less, (c¢) understanding, (d) studied the same, () less anxious, (f) did

not study, (g) external resources, (h) studied more, and (i) no notes (Figure 3.1).

Codes

Code Explanation

Student Excerpt Example

Studied Less

The student mentioned they spent less time studying or
began studying at a later time point.

"I studied a little less knowing | could look back through my |
notes to assure an answer."

Understanding

The student focused more on understanding/concepts
rather than memorization or details. Alternatively, they relied
on notes more than memory.

"l focused more on the overall idea and understanding
rather than cramming memorization.”

Studied the same

The student studied the same amount or the same way for
the open-note exam as they usually do for closed-note
exams.

"I studied the same amount.”

Studied more

The student mentioned they studied more for this open-note
exam as compared to a closed-note exam.

"| studied for this more because | knew that it wasn't just
about memorizing facts, instead of stressing over
remembering every little detail, | spent more time learning
and understanding the concepts. Which in turn helped me
learn things better."

No notes

Student response stated they did not use notes for this
open-note exam.

"l did not study, nor did | use my notes."
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Figure 3.1 Emergent codes in student open responses to the open-ended question “How do you
think you studied differently for this open-note exam compared to how you would study for a

closed-note exam?”’

Once the final rubric was established, AEB and EPD individually used the rubric to code
the entire data set. Each code is mutually exclusive, meaning an excerpt of text could only be
coded as one code. However, students’ full responses could include multiple themes. We
reached an initial 77.7% agreement, and then met to code to consensus. After we reached
consensus, we calculated percentages for each code by dividing the total number of responses
assigned for each code by the total number of student responses. After calculating these
percentages, we visualized the frequency of each code by constructing bar plots in the ggplot2
package (Wickham, 2016), creating one plot for the codes overall (the average frequency of the
code over all three surveys) and one plot for the codes as broken down by each survey timepoint
(i.e., exam 1, exam 2, and exam 3). For the overall plot, we included frequencies for all codes,
however, for the plot broken down by survey timepoint, we only included information for the

codes that demonstrated visual differences between timepoints.

Student Study Habits: Linear Mixed-Effect Model Analysis. To examine the impact of
student study habits for open-note exams on student performance, we first reformatted thematic
codes as binary data. This means if a student mentioned a particular code in their open-ended
response, then they would receive a 1 (yes) for that code. However, if they did not mention a

particular code in their open-ended response, then they would receive a 0 (no) for that code. For
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example, if a student mentioned the code “focusing on understanding” then they were assigned a
1 for that variable. We assigned these values for each qualitative code in the dataset.

After we reformatted the qualitative data into binary data, we created a linear mixed-
effects model using the nlme package (Pinheiro et al., 2021) that included all nine student study
habit codes as our fixed-effects (i.e., prepared notes, studied less, understanding, studied the
same, less anxious, did not study, external resources, studied more, and no notes; Figure 3.1).
Then, because individual students were sampled longitudinally over the study period, we used a
repeated measures design to account for repeated sampling from a single student during
longitudinal measures by including Student ID as a random effect. After running our first model,
we removed one fixed-effect at a time, choosing to remove the fixed-effect with the least
significant p-value for each subsequent model. We selected the best fit model using AIC
(Akaike, Petrov, & Csaki, 1973). In the results section, we only included the study habits that
returned significant results. We determined statistical significance and graphically depicted the

data as previously described.

RESULTS
Likert Scale Response Results — Student Perceptions
Student Perceptions: Descriptive Results. For the four Likert scale questions (Table 3.1), we
received 445 complete responses (i.e., 157 responses after exam 1 [157/218; 72.0% response
rate], 147 responses after exam 2 [147/218; 67.43% response rate], and 105 responses after exam
3 [105/218; 48.17% response rate]). After calculating the response rates, we calculated the

proportion of students reporting a range of responses from “greatly decreased” to “greatly
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increased” to each of the prompts. Results demonstrate that students generally equate open-note

exams with increased exam scores, decreased anxiety, and decreased studying (Figure 3.2A).

Mod T hy D
A [ Student Perceptions of Open-Note Exams ] B (_Performance by Percep )
( Since | had the option to use notes on this exam... ) Resceived Exam Score
Greatly Increased
| ) Slightly
Increased
my score... 4% 13% 84% Did not Change
slightly Decreased
| =
Greatly Decreased e
my anxiety... 75% 14% 1% ’ )
o " Perceived Anxiety
| | Greatly Increased —————
I think the Slightly Increased m——r——————
amount! | 50% 42% L Did not Change
studied... T =
| : Slightly Decreased | T
Greatly ([ S NN B BNV DS | &
1 think the amount of time Decreased T gD 5
9 o 9
other students studied... 60% 28% 2
ived Study Time
! Greatly Increased —
100 50 0 50 100
Slightly
Percentage PR .
Did not Change
Greatly Decreased Slightly Decreased Did Not Change Slightly Increased Greatly Increased Slightly Decreased
Greatly Decreased

Performance

Figure 3.2 Student Perceptions of Open-Note Exams. Students were asked a series of 5-point Likert scale
questions. (A) Students report perceptions of increased exam performance, decreased anxiety, decreased
personal study time investment, and decreased peer study time investment on open-note exams as
compared to closed-note exams. (B) Only students reporting that the ability to use notes on their exam
“greatly increased” their exam score, “greatly decreased” their anxiety, or “greatly decreased” their study

investment had significant impacts on performance.

Student Perceptions: Linear Mixed-Effect Model Results. Next, we examined the relationship
between student perceptions of open-note exams and exam performance using linear models.
The best fit model for examining the relationship between student perceptions of open-note
exams and student performance on those exams included all four student perceptions (i.e., how
the ability to use notes on their exams would impact their exam performance, anxiety levels, the

amount they studied, and the amount they thought their peers studied) as fixed effects and
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Student ID as a random effect. Using this model, three of the Likert scale perceptions displayed
clear relationships with student performance: perceived exam score (F1,202) = 13.78, p < 0.0001);
anxiety (F(1202) = 4.62, p = 0.0005); and study time (F(1,202) = 4.63, p = 0.0005; Figure 3.2B). We
then ran a model for each individual perception as a fixed effect with Student ID as a random
effect, so we could use these models to conduct Tukey based post-hoc analysis functions.
Ultimately, this allowed us to find any differences between Likert scale categories for each
individual perception.

We found (1) that students who reported the ability to use notes on their exam “greatly
increased” their exam score performed at a significantly higher level than those who claimed
their score “slightly increased (7.60 = 1.37 (SE), p < 0.0001), “did not change” (12.79 + 1.95
(SE), p <0.0001), or “slightly decreased” (18.25 £+ 3.55 (SE), p < 0.0001); (2) students who
reported “greatly decreased” anxiety performed at a significantly higher level than students
reporting no change (7.45 £ 2.15 (SE), p = 0.0058); and (3) students who reported “greatly
decreased” study time investment performed at a significantly lower level than those who
reported no change (-8.81 £ 2.15 (SE), p = 0.0008). Other incremental comparisons had no
significant effect on student performance (Figure 3.2B). We did not observe differences between

student responses to the Likert scale questions over time (p > 0.30 in each case).

Open-Ended Response Results — Student Study Habits

Student Study Habits: Descriptive Results. For the open-ended survey question - How do you
think you studied differently for this open-note exam compared to how you would study for a
closed-note exam? - we received 347 total responses (i.e., 140 responses after exam 1 [140/218;

64.22% response rate], 135 responses after exam 2 [135/218; 61.93% response rate], and 72
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responses after exam 3 [72/218; 33.03% response rate]). However, we excluded 65 responses
(18.68%) from our analysis because they did not fit our codes due to difficulty of interpretation
or ambiguity. This left us with 107 coded responses for exam 1, 114 coded responses for exam 2,
and 61 coded responses for exam 3.

We identified three important coded responses to the question “How do you think you
studied differently for this open-note exam compared to how you would study for a closed-note
exam?” Over the three exams, students commonly reported they “prepared notes” for open-note
exams. That is, roughly 40% of students mentioned developing their notes as an exam-taking aid
or focusing more energy on their notes for these open-note exams than they would have for a
closed-note exam (Figure 3.3A). Another common study strategy for open-note exams was to
focus on “understanding” the material rather than memorization (21.91%; Figure 3.3A). Lastly,
students mentioned accessing “external resources” for studying (2.12%; Figure 3.3A). In our
study, we use the term external resources as a catchall term for attending supplemental

instruction sessions and using study guides.
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Coded Responses to:
"How do you think you studied differently for this open-note exam compared to how you would study for a closed-note exam?"
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Figure 3.3 Adapting Study Habits to Open-Note Format. Students were asked to respond to the
following prompt: “How do you think you studied differently for this open-note exam compared to how
you would study for a closed-note exam?” (A) Student responses are ordered by frequency of student
reporting. (B) Longitudinal plotting of student responses indicate student approaches to open-note exams
may vary over time in terms of students’ use of “External Resources”, feeling “Less Anxious”, having
“Prepared Notes,” having “Studied Less” and focus on “Understanding”. (C) Student performance
increased in response to study habit adaptations that include having “Prepared Notes,” an increased focus

on “Understanding,” and the use of “External Resources.”

When we analyzed student responses longitudinally by exam (i.e., exam 1, 2, or 3), only
the following five codes varied by exam: (1) external resources, (2) less anxious, (3) prepared
notes, (4) studied less, and (5) understanding (Figure 3.3B). While many of these relationships
changed over time, the only general trend we found was that, as time went on, students were less

likely to report “studying less”, which may indicate adaptation to the realities of needing to study
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for the open-note exam format. Although it should be noted that when students were asked to
report their study investment through Likert scale options, their responses did not vary
significantly over time. So, while students were less likely to report studying less through short
answer responses, we did not identify any variation over time based on quantitative Likert data.
Finally, while students often reported “prepared notes” as an adaptation to open-note exams, the

frequency of this response decreased for the third exam (Figure 3.3B).

Student Study Habits: Linear Mixed-Effect Model Results. The best fit model for explaining
the relationship between student study habits for open-note exams and student performance on
those exams included all nine study habit codes (i.e., prepared notes, studied less, understanding,
studied the same, less anxious, did not study, external resources, studied more, and no notes) as
fixed effects and Student ID as a random effect. Students who focused on preparing notes for
open-note exams outperformed students who did not approach studying this way (F(1,220) =14.93,
p = 0.0001; Figure 3.3C). Students who focused on understanding to prepare for open-note
exams outperformed students who did not approach studying this way (F(1,220) =4.34, p = 0.04;
Figure 3.3C). Lastly, students accessing “external resources” for studying outperformed those

who did not report this (F1.220)= 3.85, p = 0.05; Figure 3.3C).

DISCUSSION
We assessed how students perceived open-note exams compared to closed-note exams, whether
and how their study habits changed compared to closed-note exams, and how each of these
factors impacted student performance. In the following section, we place our findings in the

context of current research.
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Student Perceptions of Open-Note Exams

Student perceptions of their performance on open-note exams may be consistent with
previous literature. For example, Jensen and Moore (2009) showed open-note exams contributed
to an overinflated confidence in performance, and this finding may align with our finding that an
overwhelming majority of students in our study thought the ability to use their notes would
increase their exam score. However, those students who thought the ability to use notes on their
exams would “greatly increase” their exam performance significantly outperformed students who

9 ¢

thought that same ability would either only “slightly increase,” “not change,” or “slightly
decrease” their performance. This may demonstrate students who really thought they would
benefit from the exams really did benefit in terms of better performance, potentially
demonstrating that those students did not have an overinflated confidence in performance.
However, this warrants further investigation, especially because students were able to see their
actual score on the exam prior to taking the survey asking about their perceived performance.
Additionally, students reported decreased test anxiety levels, which also aligns with previous
literature (Block, 2011; Broyles, Cyr, & Korsen, 2005; Gharib, Phillips & Mathew, 2012;
Williams & Wong, 2007).

Our finding that students perceived they studied less for their open-note exams, as
compared to closed-note exams, is rarely discussed in literature, and could be interpreted in
several ways. The most straight-forward interpretation is that students studied the same way for
open-note exams as they would for closed-note exams, but for less time. However, students
likely studied differently for open-note exams, especially those that test at higher Blooms’

taxonomy levels (e.g., application, analysis, and evaluation; Bloom et al., 1956), and this may

have contributed to their perceptions of time spent preparing. For example, students commonly
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prepared organized notes that were easy to navigate during the exam, relying on those notes as a
life raft during the exam. Students who reported studying less for open-note exams may hold a
different interpretation of studying, discounting the preparation of notes as a form of studying.
Open-note exams alternatively may promote better study habits (Phillips, 2006) given that
preparation of notes can be an active method of studying, improving student performance
(Rummer et al., 2017; Chen, 2021). Active methods of studying are more effective than
passively memorizing facts by re-reading the textbook or study materials, which is time
consuming and does not lead to meaningful learning outcomes (Rummer et al., 2017),
particularly those outlined in the Vision and Change recommendations (American Association
for the Advancement of Science, 2009). While our results cannot explain why students reported
studying less, our future work will explore these interpretations of exam preparation.

Three of the Likert scale findings showed relationships with performance outcomes: first,
students who reported “greatly increased” perceived exam scores performed at a significantly
higher level than those who claimed their score “slightly increased,” “did not change,” or
“slightly decreased;” second, students who reported “greatly decreased” anxiety performed at a
significantly higher level than students reporting no change; and third, students who reported the
amount of time they invested into studying “greatly decreased” performed at a significantly
lower level than those who reported no change. Positive performance outcomes were only
associated with students who selected the maximum Likert scale responses (i.e., greatly
decreased anxiety and study time investment or greatly increased exam score). For example,
greatly decreased anxiety positively impacted student performance, but there was no impact of
increased or slightly decreased anxiety. Similarly, greatly decreased study time investment

negatively impacted student performance, but there was no impact of increased or slightly
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decreased study time investment on performance. To conclude that student responses to a Likert
scale reflect incremental differences in student affect might not fully capture the complex
relationships between affect, behavior, and cognition. For example, previous work found a
moderate amount of anxiety heightened focus and alertness during assessments, but too much
anxiety impaired performance by diverting cognitive resources away from the exam (Wang et
al., 2015). Similarly, we may only see performance effects for students reporting more ‘extreme’
Likert responses, but not among those with milder reports.

Our finding that student perceptions did not significantly shift as experience with open-
note exams increased shows that students are not likely to adapt their perceptions of the amount
they need to study for an open-note exam as compared to a closed-note exam. Our finding that

students’ reported anxiety did not change over time suggests that open-note exams can keep

student’s perceived test anxiety lower than closed-note exams, even after repeated exposure.

Student Study Habits for Open-Note Exams

We found that students who focused on note preparation outperformed their peers,
aligning with previous research showing that learning is enhanced by going through the motions
of organizing and preparing notes (Erbe, 2007). Note preparation serves as an active and
effective form of exam preparation. These findings support previous recommendations for
instructors to model active study strategies during class, such as developing structured and
accessible notes (Walck-Shannon, Rowell, & Frey, 2021). Our results highlight the importance
of modelling the study habits that are effective for this exam type.

Students also focused on “understanding” the material rather than memorization for

open-note exams. Students may have written this because they could reference their notes for
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detail, so they did not need to memorize that information. Rather, they might focus on higher-
order concepts, applying the course content to different scenarios. However, students may have
been responding to the expectations of the assessment, which, in this research, were different
because the exams were open-note. Specifically, the instructors shifted away from a “fill in the
blank’ style question that students could easily find in their notes. In other words, both students
and the instructors may make changes with the knowledge that the exams are open-note: the
students in their studying behaviors, and the instructors in how they constructed exam questions.
Future research can explore how instructors write open-note exam questions, and how they differ
or are like closed-note exams.

Students’ focus on understanding broad concepts rather than memorization supports
previous reports showing students prepare for open-note exams by gathering and critically
analyzing material from multiple sources as opposed to focusing on storing information for quick
retrieval in preparation for a closed-note exam (Theophilides & Koutselini, 2000). Additionally,
it lines up with literature showing students expect open-note exams will emphasize
understanding and analysis (Eilertsen & Valdermo, 2000). We also found that students who
reported focusing on “understanding” to prepare for open-note exams outperformed students
who did not report studying this way. These findings, although exploratory, are perhaps the most
convincing pieces of evidence we have that open-note exams have the potential to move the goal
of undergraduate biology assessments away from memorization and toward deeper
understanding and application.

Lastly, we found that students who used “external resources,” such as attending
supplemental instruction sessions and using study guides, outperformed those who did not report

preparing this way. Previous research shows supplemental instruction, in which a senior student
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facilitates learning for undergraduate peers in a challenging class, leads to higher grades, lower
failure and withdrawal rates, and higher retention and graduation rates (Dawson et al., 2014;
Rath et al., 2007). The supplemental instructor in this study, in collaboration with the instructors,
developed study guides that outlined the important topics students were expected to know for the
exam and included practice questions for students. The supplemental instruction sessions
consisted of careful review of the study guide and associated materials, as well as a question-
and-answer session.

Our analysis of student responses longitudinally by exam (i.e., exam 1, 2, or 3) showed
students reported preparing notes less for the third exam (Figure 3.3B). We hypothesize this
decrease could be due to either (1) time demands on the students, given the third mid-term
occurred two weeks before final examination week, and students enrolled in our class are often
enrolled in many other challenging pre-med classes, or (2) as part of the design of our class, we
allowed students to drop one of the mid-term exams, so if they were already doing well in the
class, then they may have used the third exam as their drop exam and therefore not studied for it
at all, much less with note preparation in mind. These hypotheses, as well as any alternatives,
should be tested to delve into the reasoning behind changing study strategies for open-note

examinations.

Implications for Practice

We offer several recommendations for undergraduate biology instructors who are considering
incorporating open-note examinations into their classrooms. First, we encourage post-secondary
biology instructors to ask themselves one key question: what do I want students to gain from

their learning and exam experiences? If the objective is for students to focus on understanding
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rather than memorizing course materials, writing assessment questions that reflect this objective
will encourage students to think deeply about the material and reward those who do. Students
may benefit from their instructor explaining how their open-note exams are designed to
encourage them to specifically focus on understanding, along with the study habits that have
previously been shown to increase student performance and learning (e.g., preparing notes,
focusing on understanding, and using external resources such as supplementary instruction).
Second, we encourage biology education researchers to evaluate how open-note exams are
commonly designed and implemented in post-secondary biology classrooms, paying special
attention to the Bloom's taxonomy level of each exam question, whether the instructor explains
the difference between an open-note and a closed-note exam, and whether the instructor models
evidence-based study habits for their students. This will advance our knowledge on the most
effective forms of open-note exams, and address why there are mixed-findings in the literature

concerning their efficacy.

LIMITATIONS
There are several limitations to the current study. First, we conducted this work amid a global
pandemic, which disrupted the lives of students and impacted how they experienced their
courses. Students were required to enroll in the remote, online course because of institutional
health and safety concerns rather than preference. This means that the student study population,
who were taking online, open-note exams, may not represent students who would normally opt
for this type of course, potentially impacting our results. Relatedly, the generalizability of these
findings is limited because the study took place at a selective, primarily white southeastern

institution. Our work in the future will expand beyond this setting, one that is commonly

108



overrepresented in research (Thompson et al., 2020), and address questions related to open-note
exams across community colleges, minority-serving institutions, primarily undergraduate
institutions, and other student populations. Another limitation includes the fact that the survey
we used in our analyses represented single-item survey responses rather than survey constructs.
Survey constructs, which are composed of several single-item responses, are preferred because
they can be tested for validity by analyzing whether participants answered similarly. Finally, it is
important to note that this work examines student perceptions of and study habits for open-note
exams that consisted of multiple-choice questions. We acknowledge the importance of work
examining perceptions of and study habits for open-note exams consisting of different question-
types (e.g., short answer, essay, and design questions), and we note it may produce different

results.

CONCLUSIONS

The perceptions students have, and the approaches students take to prepare for an exam
can affect performance and (potentially) learning, necessitating the investigation of student exam
perceptions and exam preparation relevant to the exam type. However, investigations such as
these have yet to be conducted with novel types of exams such as open-note exams. Our research
on one such novel exam, open-note exams, indicates that (1) students perceived they would
perform better on open-note exams while studying less and experiencing less anxiety, (2) study
habits including focusing on note-preparation, deep understanding, and application may lead to
higher performance in biology classes that use open-note exams, (3) students often practice
unsuccessful study habits, so they may benefit from instructor guidance on effective preparation

techniques, and (4) in order to effectively assess open-note exams, future research study designs
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must take into account the appropriateness of the exam design. We emphasize that low-level
Bloom’s taxonomy, closed-note, multiple choice question exams do not effectively address
Vision and Change needs for student success. However, when properly designed, open-note

exams can promote in-depth, higher-level thinking, as well as effective study habits.
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ABSTRACT
The Coronavirus disease (COVID-19) outbreak forced an emergency transition to online classes
across the world with little warning or instruction for faculty and students. The goal of this
research was to document how this response impacted undergraduate students studying the
principles of evolution in an introductory organismal biology class over time; specifically, how
their study habits for exams differed (1) one week and (2) one month after a university’s decision
to transition to emergency remote instruction. We asked students about the extent to which
COVID-19 impacted their study habits, and we categorized students’ responses using open
coding. We identified several consistent similarities - as well as dramatic differences - in their
responses as the time away from campus increased. The report that follows is a summary of the
documented barriers and recommendations based on literature concerning crises and equitable

practices.
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BACKGROUND

In the last decade, college students have dealt with tragedies or disasters on national,
local, and individual levels. These incidences have strong emotional and cognitive impacts on
students - even those who are not directly affected (Honos-Webb, Sunwolf, Hart, & Scalise,
2006). Examples include natural disasters such as Hurricane Maria, mass shootings (e.g. at the
University of Texas, University of lowa, and Virginia Tech; Post, 2016), local tragedies such as
the murder of a fellow student (Mettler, 2020), as well as individual tragedies such as the sudden
death of a family member. In response to the widespread prevalence of such tragedies, previous
work documents campus actions that provide emotional support. For example, crisis response
teams at some institutions provide support to anticipate or respond to tragedies (Asmussen &
Creswell, 1995; Honos-Webb et al., 2006). Other institutions have secured venues specifically
for students and personnel to congregate and learn more about an incident and process grief
(Hurst, 1999).

Although the response to these disasters and tragedies are well documented, the COVID-
19 pandemic and its implications for higher education presented unique challenges and research
opportunities to inform future learning transitions. For example, the COVID-19 outbreak
resulted in an emergency transition to online classes. Learning in this context presented practical
and complex obstacles—including difficulty accessing online course materials due to
intermittent internet access, processing the illness of a close family member, and preference for
in-person instruction. Teaching in this context also presented practical obstacles for faculty -
online instruction requires a different skillset than in-person instruction (Rohland-Heinrich,
2016; Slovick, 2011). These skills take time and guidance to personally develop, neither of

which were available for many instructors during the rapid transition. Additionally, a unique
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feature of the COVID-19 response was the call for students to shelter in place for an indefinite
period, cutting off contact to study groups and collaborative learning opportunities in class. Thus,
for students enrolled in challenging, large science classes - particularly those that rewarded group
work and participation - closure of the institution and self-isolation resulted in a learning
environment contradictory to the collaborative classroom settings to which students had grown to
expect. Since the COVID-19 pandemic erupted mid-semester, instructors navigated multiple
waves of challenges immediately after the closure of institutions through the end of the semester.
This led us to investigate the following research question: How did the institutional transition to
online instruction, a result of the COVID-19 pandemic, affect student study habits over time?

To consider how COVID-19 impacted students over time, we set out to document
challenges students faced as they studied for online exams (1) one week and (2) one month after
our institution’s decision to transition to remote instruction. Our study took place in the context
of a large, organismal biology class with an explicit focus on organismal evolution and
classification. This course was taught at a southeast university in the United States (U.S.), so it is
important to note the conclusions of this study may not be generalizable outside of this particular
region or country. By using a repeated measures design, we captured collective snapshots of our
students’ condition as they forcibly adapted to remote learning during this global emergency. We
hypothesized that student challenges would markedly differ at these two time points, but some
challenges would persist throughout the semester. For example, one week after the transition
online we hypothesized students would report challenges related to the chaos of moving off
campus and adjusting to online content delivery. This is because at that time, they had not
grappled with learning content online for an extended time. In contrast, we expected that one

month after the transition online, students may report persistent barriers they faced while

121



adapting to the new norm of online coursework. By conducting exploratory studies that
document the student experience we contribute to a knowledge base that can inform institutional

policy-makers as well as instructors as we prepare for the future.

METHODS

Course background

We collected data in an Organismal Biology course from spring 2020, with a total
enrollment of 415 students across two class sections. This class is the second in an introductory
biology sequence taught at a research intensive, land-grant university in the southeast region of
the United States, with two of the paper’s authors as the instructors of record (AB & CJB). The
principle objective of the course is for students to develop an understanding of the evolution,
classification, structure, and spectacular diversity of living organisms, focusing on plants and
animals. This course is designed for those in biology-related majors to prepare them for future
coursework. In this course, students were assigned to small groups (ranging from four to six
members) at the beginning of the semester and they sat and worked together for every class. It is
a three-credit class that includes two 75-minute class sessions each week, and is offered every
semester. The course initially met in a large auditorium, with seating for 270 students.

Each class period included lecture and group activities to reinforce the lecture material.
For example, a typical class period may include some lecture, with 3-4 iClicker questions/group
discussions every 15 minutes, as well as a 20 minute group activity. Students also took a group
exam following individual exams, allowing for students to confer with their group members over

exam materials.
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During the first ten weeks of the semester, students had completed the first unit, including
both the lessons and the first exam, and the lesson material for the second exam. The students
were then released for spring break with the plan to take the second exam in person upon
returning from break. However, unpredictably, the university cancelled in-class meetings, four
days before students were to return from spring break, due to the COVID-19 pandemic. For that
reason, class instruction became fully online four days after the cancellation of in-class meetings,
and instruction was to remain online for the rest of the semester (i.e. 7 weeks). Students then
took their second exam one week after the transition online and took their third exam one month
following the transition to the online format. Following the transition to online teaching, the
instructors made all pre-recorded ‘mini-lectures’ available, via Canvas, to students for the rest of
the semester, and required students complete a 10-question ‘quarantine quiz’ that corresponded
to each class period. Of note, neither instructor had formal experience teaching online, but both

had some experience with taking online classes as students.

Data Collection

Immediately after students completed exams, both one week and one month after the
transition online, we encouraged students to take a voluntary post-exam survey online via
Qualtrics in exchange for a small amount of extra credit (awarded for clicking on the link to the
survey). We selected an open-ended survey question that could not be answered with a simple
yes or no. Rather, we probed for elaboration concerning changes in student study habits: “to
what extent did the Coronavirus disease (COVID-2019) impact your study habits?” Our study
offered an unusual opportunity to examine students’ responses after quickly transitioning from

one type of instruction to another, rather than opting-in to a particular mode of content delivery.
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In this repeated measures study, we measured the same variable(s) from the same population at

two or more time points (i.e., one week and one month after the online transition).

Data Coding and Analysis

We downloaded survey responses one week following implementation. We found 330
students responded to both survey items (80% of students). For the first dataset, two of the
authors (CJB & EPD) created categories through first- and second-cycle analyses (Saldana,
2015) using open and thematic coding, and the following six codes emerged: (1)
focus/motivation/confusion, (2) cannot access campus resources, (3) cannot access group
members, (4) no change, (5) less time, and (6) more time (Table 4.1). The responses to the
survey question of concern (i.e., to what extent did the Coronavirus (COVID-19) impact your
study habits?) were assigned as many codes as fit, meaning they could fit more than one code.
Less than 5% of responses did not match any of the codes, and they were left uncoded. Two
coders coded to consensus, meaning both coders agreed on code assignments for all responses.
We calculated percentages for each code by dividing the total number of responses assigned for
each code by the total number of student responses.

Table 4.1 Emergent themes in student open responses.

Code Definition: Students... Example
...reported a variety of “Having to leave and not being able to
Focus/motivation/con  emotions, which in turn have a quiet place to study at home
fusion impacted living with a family of six took focus
productivity/learning away from studying.”
...reported that physical
Cannot access campus study materials or access to  “I enjoyed going to the library to
resources the instructor or learning study. I can no longer do that.”

assistants were not available

“My children are also out of school,
and I am balancing my time between
ensuring that they are doing what they

...had less time to study and

Less time .
focus on their school work
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need to for classes and doing my own
school work.”

No change

...were not impacted by the
pandemic

“It did not impact my study habits.”

Cannot access group

...experienced fewer in-
person meetings with group
members, with whom they
were required to sit in class

“I was unable to study with friends
and had no way of knowing if my
knowledge had holes in it.
Collaboration is key to my academic
success.”

More time

...had more time to study
and focus on their school
work

“It actually helped because it gave me
more time to chill and less time to
travel.”

Routine change

....experienced a disruption
in daily habits or structure

“I've become more of a procrastinator
without a normal routine.”

Sub-optimal learning

...experienced a less than
ideal learning environment
where they studied away
from campus

“I am not used to being home and
studying around my family. My family
is very loud and I can never get any
peace or quiet. [ am not able to go to
my usual designated study spots or
even leave the house at all.”

Harder to learn online

...were challenged by online
learning, compared to in-
person instruction

“COVID 19 made studying a little
harder because online lectures are
distracting for me.”

Easier to learn online

...preferred online learning,
compared to in-person
instruction

“I found it easier to be able to
understand the concepts more when
having the lectures recorded and in
front of me.”

...had family members, close

“COVID-19 impacted mine because I
have been worried about my
immunocompromised family member
getting sick, and I think I'm already

lliness friends, or they were ill sick from going through the airports.
I've been focused on helping my
family, and I've had to be the one
running the errands.”
Responded in a way that
was either vague or didn’t « ’
Other address the in%pact COVID- Ithas made me study a lot more.

2019 had on their study
habits.

In response to the one month survey, we found 296 students responded to both survey

items (71% of students). Four of the authors (EPD, AS, SW, & CJB) created an additional 5
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codes to account for new emergent themes: (1) routine change, (2) sub-optimal learning
environment, (3) more difficult to learn online, (4) illness, and (5) easier to learn online. The
same two coders coded to consensus. After the one month data were coded, the two coders
reanalyzed the one-week dataset with the additional 5 categories and coded to consensus again.

Then, we calculated percentages for each code.

RESULTS & DISCUSSION

Results consisted of one survey question answered at two time points: one week and one
month after the university’s transition to online-instruction in response to the COVID-19
pandemic. We received a total of 330 survey responses one week after the transition (80% of
students) and 296 survey responses one month after the transition (71% of students). We asked
“to what extent did the Coronavirus disease (COVID-2019) impact your study habits?” and
developed categories that encompassed most student responses (Table 4.1). The three most
common student responses one week after transitioning online included
focus/motivation/confusion (37.58% of responses), less time to study (17.27%), and not being
able to access campus resources (17.27%); the three most common responses one month after
transitioning included focus/motivation/confusion (34.12% of responses), a sub-optimal learning

environment (28.72%), and it’s more difficult to learn online (16.22%) (Table 4.2, Figure 4.1).

Table 4.2. Comparison of Categorized responses to the prompt, "To what extent did the
Coronavirus disease (COVID-19) impact your study habits?" at two time points: one week after
and one month after the university switched to online-only instruction in response to the COVID-

19 outbreak. The six most common emergent themes for both time points are highlighted
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highlighted in orange (one week data) and blue (one month data). The percentages represent the

number of students who mentioned the category as divided by the total number of student

respondents.
Category One week One month
Focus/Motivation/Confusion 37.58%
Cannot Access Campus Resources 17.27% -
Less Time 17.27% 5.07%
No Change 14.85% 9.78%
Cannot Access Group 11.82% _
More Time 6.06% 3.04%
Routine Change 1.21%
Sub-optimal learning environment 0.91%
Harder to learn online 0.30%
Easier to learn online 0.30% 3.04%
0.30% 1.69%

Illness

Focus/Motivation/Confusion |——'
Cannot Access Campus Resources |——'
Less Time |_ J
No Change |——'

Cannot Access Group

More Time
Routine Change

Sub-optimal learning environment

Harder to learn online

0% 5% 10% 15% 20% 25% 30% 35% 40%
@One Week mOne Month

Figure 4.1 Comparison of categorized student responses to the prompt, “To what extent did the
Coronavirus disease impact your study habits?”” one week (orange) and one month (blue) after
the COVID-19 transition online. All responses were assigned as many codes as relevant,

meaning they could fit more than one code. Percentages were then calculated for each code by
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dividing the total number of responses assigned for each code by the total number of student
responses. This figure displays only the six highest percentages for each dataset. Values indicate

the percentage of students who reported each category as an impact of the institutional changes.

Several themes differed between student responses one week and one month after a
switch to online instruction. For example, one week after the transition to online learning,
students emphasized challenges related to the chaos of moving off campus (e.g., “It was harder
to study because we had to travel home and pack up things from our dorms” and “[The COVID-
19 pandemic] created a sense of panic and caused distraction from studying”)(Table 4.2; Figure
4.1). On the other hand, one month after the transition online, students emphasized (1) issues
related directly to online instruction (e.g., “Harder to study because all of the material had to be
learned online and by myself”); (2) a sub-optimal learning environment (e.g., “I cannot focus at
my house and I have three siblings and they interrupt me during my tests and I cannot focus”); or
(3) the lack of structure in their daily routine (e.g., ““it broke my class-library-work routine, and it
has been more difficult to stay on top of my work without this kind of organized self-
discipline”). These differences made sense, because after one week students had just moved off
campus and were adjusting to the online learning environment. After one month, the prospects of
returning to campus were waning. At this time, students were sheltering in place, and expected to
interface with a virtual classroom - something many of them had never experienced in their
education.

Though different patterns emerged when we compared student responses across the two
time points, some themes dominated throughout the entire study period. One recurring theme

from students was the negative impact of emotional factors on their study habits, such as anxiety,
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a sense of confusion, and lack of motivation (Table 4.2; Figure 4.1). While these were all placed
in the same category during coding, the detailed responses put them in a more nuanced context;
and differed one week or one month after transitioning online. For example, one week after
transitioning online, students reported lacking motivation to study, with one student explaining
that they were “less worried about this exam because there are a lot of more important things
going on in my life right now.” It was common for students who cited a lack of motivation one
month after the transition online to also describe distractions at home or the lack of a
routine/structure. For example, “I have very little motivation to get things done at home since
there is not really any structure.” This result highlights the persistent and potentially damaging
impact that emotional factors have on student learning and well-being during an extended crisis
period.

Our results yield implications of this work that are two-fold: exploratory studies can
inform (1) institutional and (2) instructional policies in times of crisis.

First, institutions that seek feedback in the wake of COVID-19 can develop an informed
response in the case of future emergencies. For example, students in our sample reported
COVID-19 negatively impacted their emotional well-being, which in turn affected their study
habits, and this persisted over time. Under normal circumstances - those uncomplicated by a
global pandemic - 23.2% and 15.4% of American college students’ academic performances were
negatively impacted by anxiety and depression, respectively (American College Health
Association, 2016). To prepare for the additional emotional struggle experienced during a crisis,
some institutions have developed emergency response teams to support or respond (Honos-Webb
et al., 2006; Asmussen & Creswell, 1995). At our institution, and presumably others, emotional

support opportunities through the student counseling and psychological services closed for
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physical safety in response to the virus, even after instruction resumed. Thus, students were not
able to obtain emotional or psychological support during the height of the crisis when it would
have benefited the most students. Our results highlight the importance of this resource.

The second implication of this work is that exploratory studies can inform instructional
practices in times of crisis. Based on personal communications with instructors, many
experienced an uptick in student emails detailing logistical or emotional struggle while sheltering
in place. However, these direct communications come from only a subset of students who are
comfortable reaching out to an instructor (Miller & Pearson, 2013). We collected data from most
students in the class (i.e., between 70-80% of students participated), decreasing the chance of a
biased representation of student input. By formalizing data collection and using qualitative
coding, where possible, instructors can better understand the most salient challenges for students
and respond by adapting their course materials. In addition to aiding in evidence-based
instructional decisions, previous work also shows students respond positively when they perceive
instructors care about their wellbeing and exhibit warmth and respect for students (Dewsbury &
Brame, 2019). Sharing anonymous student feedback from the survey with the class also has the

potential to foster a sense of community (Phelan, 2012).

CONSIDERATIONS AND FUTURE DIRECTIONS

We are aware that instructors everywhere have been faced with countless examples of
struggle through communications with students. This study offers insights into student
experiences from two sections of one introductory biology course at a large southeastern
university. While our survey was imperfect, the simple question about COVID impacts yielded

meaningful insights. Similar work should be conducted in different geographic locations and at
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different institution types, where students might be facing different challenges. For example, the
state in which the current research was conducted implemented a delayed stay-at-home order
relative to other states, and lifted the order relatively early. In contrast, California was the first
state to transition online and ask its residents to shelter in place. We may expect students taking
similar coursework to be differently impacted due to these circumstances, and therefore optimal

instructor responses and institutional supports might also differ.

CONCLUSIONS

Our study exposed the tremendous strain COVID-19 placed on students and their
families. Teaching during this crisis confronted instructors with inequities that are undeniable,
with differences in access to technology and levels of financial stability; students reported caring
for siblings if they had parents who were essential workers, or caring for their children who
could not attend child care. Students themselves took on essential jobs to support themselves or
their families. Locally, Alabama, the state in which our institution is located, experienced
secondary weather emergencies that left students and their families without shelter. By offering
this simple question to students, we gained a glimpse into their lives and observed stark
differences based on socioeconomic status. These inequities underscore the importance of
implementing equitable institutional policies and teaching practices to ensure that all students
can excel, especially in a time of crisis. We hope that this exploratory study can serve as a
helpful resource for researchers and instructors who are interested in researching barriers or

developing a response for their students.
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CONCLUSION

Here, I explored, defined, and tested the impact of varying course elements. Specifically,
I (1) defined the term “active learning” and catalogued the 300+ strategies used and researched
in the context of biology education instruction, (2) used meta-analysis to show group work has
the potential to increase student performance in post-secondary biology courses by
approximately one letter grade (3) proved open-note exams lower student perceived exam-
anxiety and cause a shift in student study habits, often promoting higher performance in the case
of those students who began focusing on note preparation and broad conceptual understanding
rather than rote memorization, and (4) documented how the emergency transition to online
classes, due to the Coronavirus disease (COVID-19) outbreak, impacted undergraduate student
study habits in an introductory organismal biology class over time. The four chapters combined
expand our understanding of course elements and their effects on student affect and student
performance, both at a small-scale (i.e., in one course at a single institution in the case of
Chapters 3 and 4) and a large-scale (i.e., from multiple studies at multiple institutions in the case
of Chapters 1 and 2). We found that course elements such as group work and open-note exams
can have positive impacts on student affect (i.e., support better study habits and decrease test
anxiety in the case of open-note exams) and performance (i.e., increase student grades by an
average of one letter grade in the case of group work). On the other hand, course elements such
as a sudden change in access to in-person resources, in the case of the emergency transition to
remote-online instruction, can negatively impact student study habits. The idea that particular
course elements can help students while others can harm them is in line with many other recent
studies I have conducted on course elements, including research on novel curriculums (Beatty et

al., 2021a; Adams et al., in review; Beatty et al., in revision), differing levels of support during
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course-based undergraduate research experiences (Beatty et al., 2021b), exams (Tracy et al.,
2022), course format (Tracy et al., 2022), course workload (Tracy et al., 2022), and course
content (Tracy et al., 2022).

In Chapter 1, we defined active learning empirically through a systematic literature
review of three biology education research journals (n = 148 articles) and a survey of a popular
biology education research community (i.e., the Society for the Advancement of Biology
Education Research; SABER; n = 105 individuals). Our objectives were to increase transparency
and reproducibility of teaching practices and research findings in biology education. Findings
showed much of the literature concerning active learning never defined the term, but the authors
often provided examples of specific active-learning strategies. We categorized the available
active-learning definitions and strategies obtained from the articles and survey responses to
highlight central themes. Based on data from the BER literature and community, we provide a
working definition of active learning and an Active-Learning Strategy Guide that defines 300+
active-learning strategies. These tools can help the community define, elaborate, and provide
specificity when using the term active learning to characterize teaching practices.

In Chapter 2, we tested the isolated impacts of a commonly used active learning
teaching strategy, group work, on student performance, using meta-analysis. We collected data
from 34 articles and calculated estimates for each experiment within the article. This resulted in
66 estimates that represent 18,494 students. Our overall estimate indicates the implementation of
group work in biology classrooms increased student performance by 0.72 standard deviations.
When applied to a grade scale based on real-world data, the magnitude of this change is roughly
one letter grade. Moderator analyses revealed the increase in performance holds across all class

sizes, class levels, and group sizes up to five students. These results demonstrate group work
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leads to impressive boosts in student performance and reveal the value of studying specific active
learning strategies.

In Chapter 3, I investigated student perceptions of and their preparation habits for online
open-note exams in an undergraduate biology class, as compared to their previous experiences
with closed-note exams in other classes. Specifically, I explored the following research
questions: (1a) How do students perceive open-note exams impact their exam scores, their
anxiety, the amount they studied, and the amount their peers studied? (1b) How do these
perceptions impact performance outcomes? (2a) How do students prepare for open-note exams?
(2b) How do these preparation methods impact performance outcomes? Results demonstrate
students perceived increased exam scores, decreased exam-anxiety, decreased study time spent
personally, and decreased study time spent by their peers for open-note exams, as compared to
past experiences with closed-note exams. Open-ended survey responses analyzed through first-
and second-cycle analyses showed students adapted their study habits by focusing on note
preparation and broad conceptual understanding rather than rote memorization. Using linear
mixed effects models to assess student performance, we found students who focused on
understanding, note preparation and using external resources outperformed students who did not
report those study habits. As institutions shift towards flexible and scalable assessments that can
be used in face-to-face or online environments, the use of open-note exams can promote
effective study habits and reward higher-order thinking with intentional guidance from the
instructor.

In Chapter 4, I documented how the emergency transition to remote-online instruction,
in response to the COVID-19 pandemic, impacted undergraduate students studying the principles

of evolution in an introductory organismal biology class over time; specifically, how their study
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habits for exams differed (a) one week and (b) one month after a university's decision to
transition to emergency remote instruction. I asked students about the extent to which COVID-19
impacted their study habits, and we categorized students’ responses using open coding. I
identified several consistent similarities—as well as dramatic differences—in their responses as
the time away from campus increased, documenting barriers and recommendations based on
literature concerning crises and equitable practices.

Taken together, my work demonstrates both course elements and course structure have
real impacts on student affect and performance. This dissertation defines active learning for the
field of biology education research, evaluates the effect of the most used active learning strategy
in biology education (i.e., group work) on student performance in undergraduate biology courses
from multiple research articles written by multiple institutions, demonstrates study habits for
open-note exams impact student performance on those exams, and documents challenges
students faced during the pandemic. Further, it adds additional nuance to the discussion of active

learning, student-centered strategies, evidence-based practices, and course elements.
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Appendix A

Categories Defined

Category

Definition

Assessment (A)

Conceptual Class

Design (C)

Discussion (D)

Games (G)

Group Work (W)
Live-Action Visuals

42
Meta-Cognition (M)

Paperwork (K)

Practicing Core

Competencies (P)

This bin collects any strategies that helps the teacher evaluate
students’ knowledge/achievement in the class via feedback.

This bin collects any strategies that concern how a teacher designed
their class and values they hope to project. This bin focuses primarily
on long term methods of affecting the classroom.

This bin collects any strategies that include people talking to one
another

This bin collects any strategies that are “a form of play or sport,
especially a competitive one played according to rules and decided by
skill or luck” (Merriam Webster, 2019).

This bin collects any strategies that involve 2-6 students working
together (Miller & Tanner, 2015).

This bin collects any strategies used in class for student observation.

According to Flavel ("Metacognition and cognitive monitoring"
1979), the mental process of acquiring knowledge and understanding
of cognitive phenomena through thought, experience, and the senses.
i.e. oral communication of info, oral persuasion, oral comprehension,
reading comprehension, writing, language acquisition, attention,
memory, problem solving, social cognition, various types of self-
control and self- instruction

This bin collects any strategies that involve distributed handouts to be
filled out by the student(s) that are not assumed to be graded.

This bin collects any strategies that fall under one or more of the six
core competencies put forward by Vision and Change: (1) Apply the
Process of Science (PPS); (2) Use quantitative reasoning (PQR); (3)
Use Modeling and Simulation (PMS); (4) Interdisciplinary Nature
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(PIN); (5) Communicate and Collaborate (PCC); and/or (6) Relate
Science and Society (PSS; AAAS, 2010).
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Appendix B
Active Learning Strategy Guide

2 minute essays | M | A brief active-learning strategy that provides a mechanism for students to
stop, think, and write during or at the end of a class period. The goal is to provide a
momentary break during which students can capture their thoughts or questions (Miller &
Tanner, 2015).

Synonyms: Minute papers, Notecards, & One-minute papers

5-E learning cycle | C | "This module provides a built-in structure for creating a constructivist
classroom: the 5E Instructional Model. The SE model sequences learning experiences so
that students have the opportunity to construct their understanding of a concept over time.
The model leads students through five phases of learning that are easily described using
words that begin with the letter E: Engage, Explore, Explain, Elaborate, and
Evaluate"(Inquiry, the Learning Cycle, & the SE Instructional Model, NIH).

ABC s of Learning | C | A book presenting a new science of learning so that educators can
creatively translate the science into exceptional practice. With everyday language,
engaging examples, a sense of humor and solid evidence, it describes 26 unique ways that
students learn (Schwartz, Tsang, & Blair, 2016).

Act out chromosome movements during meiosis | V, A | Pretending to be a chromosome during
the process of meiosis to explain meiotic processes. Found in Newman and Wright
(2017).

Active listening | M | Active listening means fully concentrating on what is being said rather than

just passively ‘hearing’ the message of the speaker.
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Active reading | M | Active reading is a process or technique of actively engaging with the text
being read.

Analyses/presentation of literature | PCC | Students performing detailed
examination/presentation of the elements or structure of primary literature. Found in
Hoskins et al (2011).

Analyze data | PQR | Detailed examination/presentation of the elements or structure of data.
Found in Escobar et al. (2019); Schultheis & Kjelvik (2015).

Annotating figures | M, PCC | Asking students to explain or comment on a figure. Found in
Round & Campbell (2013).

Application of science and reasoning skills | PPS | An activity that focuses on having students
apply scientific concepts and reasoning skills.

Applying knowledge of other subjects | PIN | An activity that focuses on having students apply
their knowledge in other disciplines to a scientific problem. Found in Kohn et al. (2018).

Assessments | A | Assessments are any activity that gives feedback to the teacher about the
student(s) understanding and mastery of material. Depending on the instructional goals,
classroom assessment techniques (CATs) can employ closed-ended assessment questions,
open-ended assessment questions, and questions at a variety of Bloom’s taxonomy levels
(Miller & Tanner, 2015).

Synonyms: CAT Scans

Audience response questions | A | A classroom response system is a set of hardware and software
that facilitates teaching activities by collecting student answers and giving real time
feedback to the teacher. Found in Caldwell (2007); Knight et al. (2013); Smith et al.

(2009); Smith et al. (2011).
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Synonyms: Student Response Systems, Clicker Questions, Personal Response System, iClicker,
Classpulse, Classroom Polling, Electronic Polling, & Live Polling

Bingo | G | Review game in which students try to answer questions on a game board similar to
non-academic versions of the game. Found in Tinsley (2019).

Brainstorming | M | Idea generation focused on a topic or question.

Break down scientific arguments | PPS, M | Analyzing and understanding a scientific argument.

Building models | PMS | Conceptually devise a representation of a system, object, or
phenomenon. Not assumed to be a physical task. Found in Wilson et al. (2020).

Canvas collaboration | W, D | Use of the online classroom system Canvas for collaborative work.

Card sorts | A, D, M | This strategy gives students the opportunity to work with vocabulary,
terms, and concepts. Students sort cards with the terms and concepts into categories
based on meaning. Sorting the cards gives students a structure to talk meaningfully with
one another about content and helps teachers check for understanding (Smith et al.,
2013).

Carousel graffiti | D, M | A Carousel Activity is a communicative and interactive opportunity for
participants/students to get up and move around a room in a circular fashion (much like a
real carousel might do), stopping intermittingly to comment, discuss, or respond (verbally
or in writing) to probing headings/ questions/topics/themes posted by a facilitator/teacher
that is related to a given topic/theme.

Case studies | PSS | Case-based learning begins with a situation or scenario that poses one or
more issues the students need to address. Importantly, both case-based and problem-
based learning usually involve students working in structured groups in which they

collaboratively identify questions and confusions and seek out additional information to
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expand their understanding of concepts related to the problem or case (Miller & Tanner,
2015). Found in Allen & Tanner (2005); Emtage et al. (2016); Herreid (1994); Stowell &
Martin (2016).

Circulate to check for understanding | A, C | Activities pursued by teachers to keep track of
student learning for purposes of making instructional decisions and providing feedback to
students on their progress.

Class activities | O | Classroom activities are those done by student inside the class as part of
applying or doing the practical part of the lesson after listening to the theoretical part
which is presented by an instructor.

Class discussion | D | A classroom discussion is a sustained exchange between and among
teachers and their students with the purpose of developing students’ capabilities or skills
and/or expanding students’ understanding—both shared and individual—of a specific
concept or instructional goal.

Cold call | A | Calling on a student whose hand is not raised. Freeman. also Knight et al. 2013.

Collaboration | PCC | Science is, by nature, a collaborative endeavor, and all scientific careers to
which undergraduate students aspire will require extensive skills in working
collaboratively. Group work, also referred to as cooperative learning, is a term that refers
to activities that require students to engage in active learning with others, during which
they work together toward a common outcome and practice improving their collaborative
skills (Johnson et al., 1998). Group work and cooperative learning is often assumed to
include more than two students, but usually no more than six (Miller & Tanner, 2015).

Collecting data | PPS | The collection of data through experimentation and/or observation. Found

in Parrotta et al. (2019).
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Compare & contrast | D, M | Teacher and student(s) comparing and contrasting concepts or
scenarios to fuel discussion.

Competitive quizzes | A, G | A game-like function to increase student engagement while
reviewing.

Complete exercises | O | Completion of exercises.

Completing charts | PQR | Teacher and students completing charts.

Completing supporting activities when assessments reveal a problem area | C | Completing
supporting activities when assessments reveal a problem area.

Computer-based summative measure of student performance for each objective | A | Computer
based summative measure of student performance for each objective.

Concept maps | M, V | Drawings or diagrams showing the mental connections that students make
between a major concept the instructor focuses on and other concepts they have learned
(Angelo & Cross, 2012).

Construct phylogenetic trees | M | Students constructing phylogenetic trees. Used in Ballen &
Greene (2017); Eddy et al. (2013); Karimi et al. (2017).

Counter stereotypical scientist activity | M | Metacognitive assignments to help traditionally
underserved students persist and succeed in science. Found in Schultheis & Kjelvik
(2015); Schinske et al. (2016); Project Biodiversify: www.projectbiodiversify.org.

Creating skits | V | Skits to help understand and demonstrate content.

Creative activities | M | Activities to help understand content and generate higher level thinking.

Critical thinking exercises | M | Exercises that involve critical thinking about course material.
Found in Styers et al. (2018).

Crossword puzzles | G | Games to help remember content and build verbiage familiarity.
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Dancing | V | Dancing for learning purposes.

Data activities | PQR | Using data from experimentation/observation in an activity. Found in
Schultheis & Kjelvik (2015).

Data collection | PPS | Collecting data from an experiment/observation. Found in Hanauer et al.
(2017).

Debates | D | A regulated discussion of a proposition between two matched sides. Found in
Vandegrift & Dawson (2016).

Debrief | M | To carefully review upon completion for the purpose of building greater
understanding

Demonstrations | V | An act, process, or means of demonstrating knowledge; an outward
expression or display.

Design experiments | PPS | Designing an experiment to test a hypothesis.

Designing vignettes | V | Creating a picture or sketch.

Development of physical props | V | Developing props to better explain content.

Diagramming | M, V | Creation of a diagram.

Discuss literature | D, PCC | Discussion of primary literature.

Discussion questions | D | Questions to spark discussion.

Discussions | D | Consideration of a question in open and usually informal debate.

Dissections | PPS, V | Dissecting an animal in a lab setting.

Drawing | V | Illustrating concepts visually in an informal, non-schematic representation.

Essay outlines | M | Creating the basic outline of an essay, helping to organize ideas.

Ethical stakeholder activities | PSS | Activities demonstrating how your decisions and desires as

a stakeholder have implications. Found in Larson & Wong (2019).
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Evaluate data | PPS | An activity in which students are asked to draw conclusions from a data set.

Exam redux | M | Review of exam material after the exam has been taken.

Exam Wrappers | M | Exam wrappers are short activities that direct students to review their
performance (and the instructor\'s feedback) on an exam with an eye toward adapting
their future learning. Exam wrappers ask students three kinds of questions: How did they
prepare for the exam? What kind of errors did they make on the exam? What could they
do differently next time? Each of the question types is discussed next (Carnegie Mellon
University, 2020). Found in Smith et al. (2019).

Exercises that lead students to draw their own conclusions | M | Exercises that lead students to
draw their own conclusions.

Exit tickets | A | Before students leave, they hand the teacher a ticket filled out with an answer to
a question, a solution to a problem, or a response to what they've learned. (Lansing
Community College Web Management, 2008)

Experimental design | PPS | Taking the time and effort to organize the experiment properly to
ensure that the right type of data, and enough of it, is available to answer the questions of
interest as clearly and efficiently as possible

Experiments | PPS | A scientific procedure undertaken to make a discovery, test a hypothesis, or
demonstrate a known fact.

Explanations | O | Making known or understandable.

Family feud | G | Review game loosely following the same structure as the television show of the
same name.

Feedback | A | The transmission of evaluative or corrective information about an action, event, or

process to the original or controlling source.
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Field trips | V | Often significantly enhance the content of a course by providing information that
is difficult to convey in a laboratory or classroom setting.

Fix the scenario | M | Student(s) work to identify problems and propose solutions to a scenario
given by the teacher.

Flipped classroom | C | Students gain first-exposure learning prior to class and focus on the
processing part of learning (synthesizing, analyzing, problem-solving, etc.) in class
(Tucker, 2012). Found in Jensen et al. (2015); van Vliet et al. (2015).

Flow charts | M, V | A diagram that represents a process or chain of thought.

Follow instructions | C | Following instructions.

Formative assessment | A | This diagnostic use of assessment to provide feedback to teachers and
students over the course of instruction is called formative assessment (Boston, 2002).

Gallery walk | D, W | This discussion technique allows students to be actively engages as they
walk in team throughout the classroom. They work together in small groups to share
ideas and respond to meaningful questions, documents, images, problem-solving
situations or texts (Francek, 2006).

Games | G | Review activities designed to help students learn or retain material in an engaging
and fun way.

Garage demos | V | Based on experience of students in introductory physics, where large-scale
in-class demonstrations had been very effective in solidifying understanding and ability
to recall basic principles, teachers use common items to create models and

demonstrations to engage students.
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Grant proposals | PPS, PSS, PCC | A formal proposal submitted to a government or civilian
entity that outlines a proposed project and shows budgetary requirements and requests
monetary assistance in the form of a grant

Graphic organizers/worksheets | M, V | A visual representation of knowledge, a way of
structuring information, and of arranging essential aspects of an idea or a topic into a
pattern using labels.

Graphing | PQR | Creating graphs based on data.

Group activities | W, D | Science is, by nature, a collaborative endeavor, and all scientific careers
to which undergraduate students aspire will require extensive skills in working
collaboratively. Group work, also referred to as cooperative learning, is a term that refers
to activities that require students to engage in active learning with others, during which
they work together toward a common outcome and practice improving their collaborative
skills (Johnson et al., 1998). Group work and cooperative learning is often assumed to
include more than two students, but usually no more than six (Miller & Tanner, 2015).

Synonyms: Cooperative Learning Activities

Group assignments | GW, D | Group work, also referred to as cooperative learning, is a term that
refers to activities that require students to engage in active learning with others, during
which they work together toward a common outcome and practice improving their
collaborative skills (Johnson et al., 1998). Group work and cooperative learning is often
assumed to include more than two students, but usually no more than six (Miller &
Tanner, 2015).

Group brainstorming | W, M | Working together in a group of 2-6 students to propose solutions

to a problem or to answer a question
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Group discussion | GW, D | Discussion in a group of 2-6 students (Miller & Tanner, 2015).

Group discussion questions | W, D, A | Discussion in a group of 2-6 students aimed at providing
a solution to a question (Miller & Tanner, 2015).

Group exams | W, D, A | Collaboration on an exam in a group of 2-6 students (Miller & Tanner,
2015). Found in Cortright et al. (2003).

Group learning | W, D | Science is, by nature, a collaborative endeavor, and all scientific careers
to which undergraduate students aspire will require extensive skills in working
collaboratively. Group work, also referred to as cooperative learning, is a term that refers
to activities that require students to engage in active learning with others, during which
they work together toward a common outcome and practice improving their collaborative
skills (Johnson et al., 1998). Group work and cooperative learning is often assumed to
include more than two students, but usually no more than six (Miller & Tanner, 2015).

Synonyms: Cooperative Learning

Group problems | W, D | Working on a problem as a group of 2-6 students.

Group projects | W, D, A, M | Science is, by nature, a collaborative endeavor, and all scientific
careers to which undergraduate students aspire will require extensive skills in working
collaboratively. Group work, also referred to as cooperative learning, is a term that refers
to activities that require students to engage in active learning with others, during which
they work together toward a common outcome and practice improving their collaborative
skills (Johnson et al., 1998). Group work and cooperative learning is often assumed to
include more than two students, but usually no more than six (Miller & Tanner, 2015).

Group random call | W, D, A | A group of 2-6 students are randomly selected to answer a

question/problem posed by the teacher. Found in Knight et al. (2013).
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Group work | W, D | Science is, by nature, a collaborative endeavor, and all scientific careers to
which undergraduate students aspire will require extensive skills in working
collaboratively. Group work, also referred to as cooperative learning, is a term that refers
to activities that require students to engage in active learning with others, during which
they work together toward a common outcome and practice improving their collaborative
skills (Johnson et al., 1998). Group work and cooperative learning is often assumed to
include more than two students, but usually no more than six (Miller & Tanner, 2015).

Group work with worksheets | W, D, K | Work given to a group of 2-6 students that includes or
centers around worksheets (Miller & Tanner, 2015).

Groups Develop Hypothesis | W, D, PPS | To work out the possibilities of a tentative assumption
made in order to draw out and test its logical or empirical consequences as a group.

Guest Lectures | C | A discourse given before an audience or class especially for instruction
presented by someone who is not the assigned lecturer.

Guided Self-Directed Learning | C | Directed for or by oneself knowledge acquisition that is
exhibited and explained to highlight points of interest.

Hands-on Activities | M | Characterized by active personal involvement an educational procedure
designed to stimulate learning by firsthand experience

Hands-on Computer work | M, PMS | To perform or carry through a task requiring sustained
effort or continuous repeated operations on a computer characterized by active personal
involvement.

Hands-on laboratory experiments | M, PMS | An operation or procedure carried out under
controlled conditions in order to discover an unknown effect or law, to test or establish a

hypothesis, or to illustrate a known law characterized by active personal involvement.
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Homework Assignments | A | To appoint as a task preparatory reading or research.

Hybrid CURE | C, PPS | Course-based undergraduate research experiences that involve whole
classes of students in addressing a research question or problem that is of interest to the
scientific community blended with more traditional lecture design.

Hypothesis Generation | PPS | To bring into existence a tentative assumption made in order to
draw out and test its logical or empirical consequences.

Identifying Students’ Misconceptions | M | To establish the distinguishing character of a wrong
or inaccurate idea held by students.

iFAT | A | Immediate Feedback Assessment Technique: Students take a multiple-choice test in
which they can immediately see if the answer they gave was right or wrong (Smith, J. A.
2013). Found in Cotner et al. (2008).

Synonyms: iRAT

In-class work | M | To perform or carry through a task requiring sustained effort or continuous
repeated operations in the period during which such a body meets.

In-class writing assignments | M | Assignments given in class that serve to have students think
and write about some aspect of the course.

Inclusive teaching | C | To conduct instruction regularly, allowing and accommodating for people
who have historically been excluded (as because of their race, gender, sexuality, or
ability). Found in Dewsbury & Brame (2019).

Index card activity | A, D, M | An educational procedure designed to stimulate learning by
having students write questions they have about the course material on index cards, some

of which will be discussed at the end of class.
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Individual brainstorming | M | The mulling over of ideas by one person in an attempt to devise or
find a solution to a problem.

Individual problem sets | M, A | Intended for one person, a group of a specific number of
repetitions of a particular exercise, questions raised for inquiry, consideration, or
solution.

Individual projects | A, M | Intended for one person, a task or problem engaged in usually by a
group of students to supplement and apply classroom studies.

Individual reflections | M | Intended for one person, a period of consideration of some subject
matter, idea, or purpose.

Individual work | M | To perform or carry through a task requiring sustained effort or continuous
repeated operations intended for one person.

Individual writing | M | A written composition intended for one person to complete.

Inquiry | M | A systematic investigation and an examination into facts or principles. Found in
Allen & Tanner (2005); Frisch et al. (2018); National Research Council (1996); Uno
(1990).

Interactive and constructive activities | C | A mutually or reciprocally active educational
procedure designed to stimulate learning by firsthand experience that promotes
improvement or development.

Interactive games | G | Any mutually or reciprocally active activity undertaken or regarded as a
contest involving rivalry, strategy, or struggle.

Interactive lectures | D | A mutually or reciprocally active discourse given before an audience or

class especially for instruction.
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Interactive tutorials | V | A mutually or reciprocally active paper, book, film, or computer
program that provides practical information about a specific subject.

Interactive videos | V, D | A mutually or reciprocally active recording of a motion picture.

Interpret data | PPS | To explain or tell the meaning of or to present in understandable terms the
factual information (such as measurements or statistics) used as a basis for reasoning,
discussion, or calculation.

Interpret figures/graphs | PPS | To explain or tell the meaning of or to present in understandable
terms a diagram or pictorial illustration of textual matter or a diagram that represents the
variation of a variable in comparison with that of one or more other variables.

Jeopardy! | G, A | A quiz competition in which contestants are presented with clues in the form
of answers and must phrase their responses in the form of questions (Benek-Rivera &
Mathews, 2004).

Jigsaw | W, D, M | Divide students into small groups, giving each group a problem. Ask students
to work to formulate effective ways of teaching problem-solving strategies for that kind
of problem to another group of students. After students have had a chance to master their
problem, bring the groups back together so that each group has an expert in each problem
type (Collaborative Learning Techniques). Found in Theobald et al. (2017); Wiggins et
al. (2017).

Journal club | W, D, M | An association of persons usually meeting periodically sharing records
of experiences, ideas, or reflections.

Just-in-time telling | C | Also known as Just-in-time teaching, is a teaching and learning strategy

comprised of both classroom activities that promote active learning and web-based
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resources that are used to enhance the classroom activities (Novak et al., 1999). Found in
Marrs & Novak (2004).

Kahoot | G, A | Kahoot! is a game-based learning platform, used as educational technology in
schools and other educational institutions. Its learning games, "Kahoots", are multiple-
choice quizzes that allow user generation and can be accessed via a web browser or the
Kahoot app (Kahoot!, 2013)

Knowledge checks | A, M | To compare with a source, original, or authority a student’s
acquaintance with or understanding of a science, art, or technique.

Lab | PPS | An academic period set aside for laboratory work.

Lab notebook | M | A book for notes or memoranda detailing experiences and knowledge gained
in a place equipped for experimental study in a science or for testing and analysis.

Learning Catalytics | W, D, A, M | Engage your students in team-based and group-learning
activities with this interactive student response tool (Pearson, 2011).

Learning Goals | A, M | Setting goals for students to work toward that will give them a chance to
think on their understanding of the material and show their progress. Found in Allen &
Tanner (2006).

Literature review | M | An activity that uses critical evaluation of the body of writings on a
particular subject.

Low risk pre lecture quizzes | A | A short oral or written test not likely to result in failure, harm,
or injury administered before the period of instruction. Found in Ballen et al. (2017);

Casper et al. (2019); Moravec et al. (2010).
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Make graphs | PPS | To put together from components a diagram (such as a series of one or more
points, lines, line segments, curves, or areas) that represents the variation of a variable in
comparison with that of one or more other variables.

Make predictions | M | To lay out and construct a foretelling on the basis of observation,
experience, or scientific reason.

Making models | PPS | To lay out and construct a system of postulates, data, and inferences
presented as a mathematical description of an entity or state of affairs.

Making quiz questions | M | An activity where students create short oral or written test questions.

Manipulables | V | Items that a student can move, arrange, operate, or control with their hands or
another body part or by mechanical means, especially in a skillful manner (Krech, 2000).

Many hands, many voices | A | After asking a question, ask for multiple hands and multiple
voices to respond to any question posed during class time to broaden participation and
increase the breadth of ideas flowing from students to instructors (Tanner, 2013).

Synonyms: “Multiple hands, multiple voices”

Metacognition activities | M | An educational procedure designed to stimulate awareness or
analysis of one's own learning or thinking processes by firsthand experience. Found in
Dye & Stanton (2017); Flavell (1979); Sabel et al. (2017); Tanner (2012).

Mini lectures | C | Lectures that last 15 min or less to clarify concepts and highlight terminology
from the textbook Found in Walker et al. (2008).

Model building | PPS | The formation and subsequent development of mental models by a learner
(Buckley, 2012).

Model-based learning | M | The formation and subsequent development of mental models by a

learner (Buckley, 2012).

158



Synonyms: Models

Module | C | An educational unit which covers a single subject or topic

Muddiest point | M | The technique consists of asking students to jot down a quick response to
one question: “What was the muddiest point in [the lecture, discussion, homework
assignment, film, etc.]?” The term “muddiest” means “most unclear” or “most confusing”
(Mcdaniel, 2018).

Multiple choice conceptual questions | A | Examination into an abstract or generic idea
generalized from instances with more than one pre-written answer to select from.

Normalize error | C | Make it clear to students that incorrect answers are just as fundamental to
education as correct answers and are completely normal (Puryear, 2014).

Not Lecture | C | Not a discourse given before an audience or class especially for instruction

Note-checking | M, W, D | Students to compare their notes with a partner. This exercise allows
students to see how other students take notes, and it also gives students the quick
opportunity to reconsider what was important in the material.

Observing Cellular Mechanisms | PMS | To come to realize or know especially through
consideration of noted facts.

Online learning modules | C | An educational unit which covers a single subject or topic
available on the internet. Found in Goff et al. (2017).

Online quizzes | A | A short oral or written test administered online. Found in Brown et al.
(2015); Pan et al. (2019).

Online textbook | C | A textbook available on the internet.

Open-ended questions | D, A, M | Permit spontaneous and unguided responses.
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Synonyms: Oral questions; Open-ended questions about potential complications related to
research, Short answer discussion questions

Pair discussions | W, D | Consideration of a question in open and usually informal debate by two
or more students.

Paper discussions | D | Consideration of a question in open and usually informal debate on
published work.

Participatory projects | W, D | A task or problem engaged in usually by a group of students to
supplement and apply classroom studies.

Pause and recall | D, W, M | Short pauses built into lectures in which students are given a chance
to recall what they had learned so far in lecture and to review it with their peers
(Harrington, 2014).

Peer discussion | W, D | Consideration of a question in open and usually informal debate between
students.

Peer evaluation | A | Determination of the value, nature, character, or quality of one’s work by
another student. Found in Smith et al. (2009).

Peer instruction | C, W, D | Students teach each other (Rubin & Hebert, 1998). Found in Snyder
et al. (2016).

Synonyms: Peer teaching

Peer review | A | The active learning strategy of peer review was used to enhance student
understanding and engagement in the critique process. This active learning strategy
involved small groups of students who worked together as a team to evaluate the work of

other student groups using a critique-rubric (Odom, Glenn, Sanner, & Cannella, 2009).
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Perform analyses | PQR | A detailed examination of anything complex in order to understand its
nature or to determine its essential features: a thorough study.

Plays and videos | V | (1) the stage representation of an action or story; (2) being, relating to, or
involving images on a television screen or computer display.

POGIL | W, D, N, C | POGIL is an acronym for Process Oriented Guided Inquiry Learning.
Because POGIL is a student-centered instructional approach, in a typical POGIL
classroom or laboratory, students work in small teams with the instructor acting as a
facilitator. The student teams use specially designed activities that generally follow a
learning cycle paradigm. These activities are designed to have three characteristics
(POGIL, 1994). Found in Murray (2014); Roller & Zori (2017).

Poll everywhere | A | A website where an instructor can pose a question and students respond
simultaneously from the privacy of their tablets or other devices. Since feedback is
anonymous, everyone can focus on what is said rather than who said it. All students have
an equal opportunity to be heard (Poll Everywhere, 2007).

Poster presentation | D, A, PCC | A poster presentation is the presentation of research
information in the form of a paper poster that conference participants may view
(Purrington, 2010).

Practice exams | M | To perform an exercise designed to examine progress or test qualification or
knowledge repeatedly so as to become proficient.

Practice questions | M | An interrogative expression often used to test knowledge to perform at
repeatedly so as to become proficient.

Practicing skills | PPS | To perform the ability to use one's knowledge effectively and readily in

execution or performance repeatedly so as to become proficient.
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Praise effort | C | Verbally validate student effort (Tennessee Behavior Supports Project at
Vanderbilt, 2016).

Praise improvement | C | Explicitly recognizing and praising student growth (Becker et al.,
2017).

Pre-class reading and writing | C | Reading and writing assignments to be done by students prior
to the material being covered in class. Found in

Pre-class tasks | C | A piece of work to be finished before the next class period.

Synonyms: Student preparation before class

Preceptors | C | Tutors.

Synonyms: Tutors

Predict-explain-observe | PPS | POE is a strategy often used in science. It works best with
demonstrations that allow immediate observations and suits Physical and Material World
contexts. A similar strategy also works well in mathematics, particularly in statistics. It
can be used for: finding out students' initial ideas, providing teachers with information
about students’ thinking, generating discussion, motivating students to want to explore
the concept, generating investigations (White & Gunstone, 1992).

Predicting cellular mechanisms | PPS | To declare or indicate in advance; hypothesize how they
work.

Presentation to Class | A, M | Asking students to present material to their peers (with their peers
involved in the assessment) would alert all the students to: ‘what makes a good
presentation’; increase their subject-specific knowledge; and reinforce their immediate
(and the wider) group’s identity (Dart, 2006). Found in Allen & Tanner (2005); Eisen

(1998).
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Problem-based learning | C, W, M | Student learning is promoted by the introduction of complex,
real-world problems (Woods, 1985). Found in Allen & Tanner (2003); Tatner & Tierney
(2016).

Problem sequences | M | A continuous or connected series of questions raised for inquiry,
consideration, or solution.

Synonyms: problem sets

Problem solving | M | To find a solution, explanation, or answer for questions raised for inquiry,
consideration, or solution.

Synonyms: Solving problems

Project-based learning | C, M | A model that organizes learning around projects. Projects are
complex tasks, based on challenging questions or problems, that involve students in
design, problem-solving, decision making, or investigative activities; give students the
opportunity to work relatively autonomously over extended periods of time; and
culminate in realistic products or presentations (Thomas, Mergendoller, & Michaelson,
1999). Found in Wright & Boggs (2002); Zwick (2018).

Projects | A, M | A planned piece of work that has a specific purpose (such as to find information
or to make something new) and that usually requires a lot of time. : a task or problem in
school that requires careful work over a long period of time.

Propose further research | PPS | To set forth studious inquiry or examination for acceptance or
rejection.

Puzzles | G | A question, problem, or contrivance designed for testing ingenuity.

Quantitative problems | PPS | As for a quantitative problem, it requires the student to manipulate

a formula or work through an algorithm to find a numerical solution to the problem
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(Nakhleh, 1993). Found in Aikens & Dolan (2014); Andrews et al. (2017); Bray et al.
(2016); Goldstein & Flynn (2011).

Question & answer | D, A | a period of time when people can have their questions answered.
Synonyms: Students answering questions

Questioning prior knowledge | M | To subject the range of one's information or understanding to
analysis.

Quiz | A | A short oral or written test.

Quiz bowl | A, G | Quiz bowl is a game in which two teams compete head-to-head to answer
questions from all areas of knowledge (National Academic Quiz Tournaments, LLC,
2019).

Random call | A | The instructor may select students from the class to participate in specific
activities. For smaller-sized courses, students may be selected from a cup holding
popsicle sticks labeled with each student’s name. For larger course class sizes, instructors
can choose index cards, labeled with each student’s name, out of a stack student (Tanner,
2012). Found in Ballen et al. (2019); Eddy et al. (2014). Knight et al 2013.

Reading | M | To learn from what one has seen or found in writing or printing.

Reading and evaluating scientific literature | M | To learn from what one has seen or found in
writing or printing and to determine or fix the value of it. Found in Colosi & Zales
(1998); Murray (2014).

Reading assignments | M, PPS | The reading of a passage assigned by the teacher.

Reading graphs | PPS, M | The interpretation of a visual representation of data/results (Tairab &

Khalaf Al-Nagbi, 2004).
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Redistribution of point allocation | C | The instructor reworks their grading system to reward
group work and ongoing preparation rather than exam performance exclusively (Ballen,
Wieman, Salehi, Searle, & Zamudio, 2017).

Reflect on experience | M | Consideration of some subject matter, idea, or purpose.

Synonyms: reflections, reflecting on the effectiveness of your study habit, reflecting on cellular
mechanisms, reflective pauses, reflective writing

Reflective index cards | M | Students write out one to three ideas on an index card that capture
their initial thoughts on how to answer a question posed by the instructor. The act of
writing itself may lead students to discover points of confusion or key insights. If
collected, this writing can hold students accountable in thinking and recording their ideas
(Tanner, 2013).

Reflective journals | M | Prior to class, students complete assigned readings and then write about
what they learned (e.g. key points, summary, understanding, discovery, and points of
confusion). The students then participate in class activities that cover the topics from the
readings. After class, the students revise the pre-class reflective journal in another color
font and submit it for credit as the post-class reflective journal (Long, Su, & Waugh,
2013).

Relating scientific concepts to everyday phenomena or human experiences | PSS | The relation of
the biological concepts learned in class to the real world (AAAS, 2010).

Synonyms: Think of science within the context of society

Reporting cellular mechanisms | PCC |

Research projects | PPS | A scientific investigation, usually using scientific methods, to achieve

defined objectives. Found in Bakshi et al. (2019); Cotner & Hebert 2016.
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Research skills | PPS | Developed aptitude or ability for diligent searching.

Researching information | PPS | Careful or diligent search.

Respond to instructor questions | A | To say something in return.

Results generation | PPS | Something obtained by calculation or investigation.

Retaking exams | A | A chance for students to take an assessment again.

Reviewing exam questions | M | The instructor explains assessment questions to the class. By
recognizing their errors, each student can gain a better understanding (Hassan, 2011).

Role-playing | V | To represent in action.

Running simulations | PMS | The imitative representation of the functioning of one system or
process by means of the functioning of another. Found in Bergan-Roller et al. (2017).

Synonyms: Simulations

Science argumentation | PCC | Students form persuasive exchanges to construct knowledge
about the natural world and science (Munford, 2002). Found in Lacum et al. (2014).

Science skills | PCC ALL | A variety of developed attributes that aid in the processes or
understanding of science. According to AAAS (2010), there are six core competencies
every undergraduate biology student should practice and hone.

Self-directed learning | M | The overt management of the external learning environment (Pilling-
Cormick & Garrison, 2007).

Self-reflections | M | An examination of one's own thoughts and feelings.

Sentence sorts | W, M | Below are three different ways to use sentence strips in BrainPOP ELL
lessons. They all involve cognitive skills — putting items on a continuum, sequencing
events from the movie, and matching sentence halves. Using manipulative is always good

because students are actively engaged in the activity. Do them as partner activities, so
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students are using the target vocabulary and concepts as they share ideas and
communicate with each other.

Sequence reconstructions | M | “Analyze and depict graphically a series of events, actions, roles
or decisions. Useful for understanding processes, cause and effect, and chronological
series, and organizing information in an orderly, coherent progression” (Barkley, Cross,
& Major, 2005 p. 206).

Set up an experiment | PPS |
Synonyms: Set up and maintain their own aquaria

Share prior knowledge | D, PCC | Students reveal their current understanding of a particular topic
(Meyrick, 2011).

Synonyms: Sharing info

Skits | V | Either (1) a satirical or humorous story or sketch or (2) a short serious dramatic piece
especially one done by amateurs.

Snowball responses | M, D, W | Learning cooperative with snowball throwing method to train
students to be more responsive independently and enable more intensive interaction occur
both in asking questions and opinions with other students in one group in the form of a
snowball made of paper (Marlena, 2016).

Socratic discussion | M, D | The act of teaching did not consist in transmitting information from
"teacher" to "student," but was an exercise in helping students to cease their reliance on
perceptual knowledge of the imperfect material world, and stimulating them to
introspectively discover true knowledge through logic and reasoning. prompting students,

through cross-examination, into acknowledging their own fallacies and then asking them
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provocative questions to steer them towards realizing true knowledge via introspection
(Stoddard & O’Dell, 2016).

Synonyms: Socratic method, Socratic questioning, Thought questions

Sorting steps | M, W | Below are three different ways to use sentence strips in BrainPOP ELL
lessons. They all involve cognitive skills — putting items on a continuum, sequencing
events from the movie, and matching sentence halves. Using manipulative is always good
because students are actively engaged in the activity. Do them as partner activities, so
students are using the target vocabulary and concepts as they share ideas and
communicate with each other.

Stand and shout outs | A | The instructor asks a question to which each individual student will
respond. Each response is usually less than 30 seconds in length (Tanner, 2013).
Synonyms: Whip around

Statement corrections | K | The instructor provides statements, readings, proofs, or other material
that contains errors. The students are charged with finding and correcting the errors.
Concepts that students commonly misunderstand are well suited for this activity (The
Derek Bok Center for Teaching and Learning at Harvard University, 2016)

Stretch-it questions | M | A technique in which the instructor asks additional questions, after
asking an initial question, to extend the response and the learning even further. Often,
questions such as, “How? and “Why?” are repeatedly asked (Lemov, 2010).

Strip sentences | M | The goal of this activity is for students to order a set of items, such as steps
in a biological process or a series of historical events. As one strategy, the instructor
provides students with a list of items written on strips of paper for the students to sort

(Bhatt, 2007).
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Synonyms: Strip sequences

Structured problems | M | Follow a structured format to solve problems. It is useful for “dividing
problem-solving processes into manageable steps so that students don’t feel overwhelmed
and so that they learn to identify, analyze, and solve problems in an organized manner”
(Barkley, Cross, & Major, 2005, p.171)

Student ownership | C | Students are charged with leading their learning journey, and the teacher
becomes a guide to aid them on this journey (Weimer, 2002).

Synonyms: Student-centered; Supporting students working individually

Student-led discussion | D, M | Students enrolled in the class each take a turn in facilitating a
discussion with a group of five to seven peers on an assigned article. The facilitator’s
responsibility is to review the article, prepare questions that he/she believes would spark
discussion, and facilitate the group discussion. The role of the group members who are
not facilitators that day is to read the article and come prepared with a typed sheet of
three points that were of interest to them, and about which they are prepared to speak
(McGlynn-Stewart, 2015).

Summarizing | M | Covering the main points succinctly.

Synthesis | M | The combining of often diverse concepts into one coherent concept.

Teachers answering questions | C | Teachers answering questions posed by the students

Team-based learning quizzes | W, A | The completion of a short oral or written test by a group of
students.

Synonyms: Team quizzes, Team-based learning

Team challenges | W, M | The completion of a stimulating task or problem by a group of

students.
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Synonyms: Team activities, Small-group active-engagement (GAE) exercises

Team-based learning | C | Students use class concepts to solve problems within their groups. The
students must be held accountable for their individual and group work and provided with
frequent feedback. The assigned groups need to promote learning and team
interdependence (Michaelsen & Sweet, 2008). Found in Haidet et al. (2014); Jeno et al.
(2017).

Test feedback with discussion | D, M | Getting tests back, looking over answers, discussing them
and what you got wrong and why.

Think out loud | M, W | Learners have opportunities to talk with their peers about their ideas,
observations, and understanding. These opportunities are helpful because in expressing
their thinking out loud, learners: (1) find out what they understand and don't understand;
(2) make connections between new and existing knowledge; and (3) reflect on their own
thinking.

Think-pair-share | W, D, M | Involves giving all students a minute or so to think (or write) about
their ideas concerning a biological question. Students are then tasked with turning and
talking with a neighboring student to compare ideas and identify points of agreement and
misalignment (Tanner, 2013).

Synonyms: Turn and talk

Thinking time | M | An allotted period to use one's mind to produce thoughts.

Top hat | C | Top Hat's active learning technology helps professors engage students before,
during, and after class. This engagement includes access to electronic textbooks,

assessments, assignments, and in class feedback (Top Hat, 2009).
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Troubleshoot | M | Troubleshooting exercises have been commonly included in the problem
sections of recently published textbooks on electronics and circuit analysis. Such
problems demand a minimum level of knowledge and comprehension that has to be
applied before any conclusion(s) may be analyzed then synthesized in order to facilitate
the evaluation of the resulting outcome(s) by the student (Banky & Wong, 2007).

Two-stage exams | W, A, M | Students take the same exam repeatedly. They first take it
individually, then take it again working in pairs, and then finally take it for the last time
while working in larger groups (Yuretich, Khan, Leckie, & Clement, 2001). This
approach uses the exam itself not only for evaluation, but also as a learning tool (Zipp,
2007). Found in Wieman et al. (2014).

Using models | PMS | To utilize a representation of something.

Venn diagrams | M, V | A graph that employs circles to represent logical relations between the
terms of propositions by the inclusion, exclusion, or intersection of the curves.

Verbal questions | A | A spoken interrogative expression often used to test knowledge.

Videos | V | A digital recording of an image or set of images (e.g. movie or animation).

Weekly review | C | A study of material previously studied, conducted once every seven-day
period.

Working problems | M | The manner of functioning or operating a question raised for inquiry,
consideration, or solution.

Working with models | PMS | The manner of functioning or operating a miniature representation
of something.

Worksheets | K | A sheet of paper on which are printed exercises and problems to be solved by a

student.
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Writing | M | A letter, note, or notice used to communicate or record.
Synonyms: Writing exercises, writing prompts, writing time
Writing assignments | M, A | A specified task or amount of work assigned or undertaken as if

assigned by authority.

The following strategies were not defined or categorized because we either (1) did not know

what they meant or (2) they were vague: ASK, CREATE, Real science, Study learning,

Talk to text, Throat vote, and White board activities.
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Appendix E

Meta-Analysis Extended Materials and Methods

Table S1. Search specifics for each database

Databases Searched

Search Specifics

Web of Science

Click on Advanced Search. Copy and paste search terms from Box 1 into the
search box and then search for terms as topics (i.e., add “TS=" before the
terms). Restrict language to English; Create a custom year range of 1924 to

Nov, 16 2020.

PsycINFO

Click on Advanced Search. Copy and paste each set of search terms, separated
by parentheses and an “AND” (e.g., “Collaborative Learning” OR “Group
Work” OR “Team-Based Learning” OR “Team Based Learning” OR “small
group” or “small-group”) into a separate search box. Choose “AND” in the
dropdown boxes between search term lines. Select “TX All Text” for each
field next to the search terms. Select “Boolean/Phrase for search modes. Check
“Apply equivalent subjects.” Search from Jan 1924 to Nov 16, 2020. Check

English.

ERIC (Ebsco)

Same as the instructions for PsycINFO.

PubMed

Click on Advanced Search. Copy and paste each set of search terms, separated
by parentheses and an “AND” (e.g., “Collaborative Learning” OR “Group
Work” OR “Team-Based Learning” OR “Team Based Learning” OR “small
group” or “small-group”) into a separate search box. Choose “AND” in the
dropdown boxes between search term lines. Select “Text Word” for each field
next to the search terms. Press search. Then search from Jan 1924 to Nov 16,

2020.

Academic Search Premiere

Click on Advanced Search. Copy and paste each set of search terms, separated
by parentheses and an “AND” (e.g., “Collaborative Learning” OR “Group

Work” OR “Team-Based Learning” OR “Team Based Learning” OR “small
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group” or “small-group”) into a separate search box. Choose “AND” in the
dropdown boxes between search term lines. Select “AB Abstract or Author-
Supplied Abstract” for each field next to the search terms. Select
“Boolean/Phrase for search modes. Check “Apply equivalent subjects.” Search
from Jan 1924 to Nov 16, 2020. Select English. Check “Full text”. Check

“PDF Full Text”

Education Research Complete Same as the instructions for Academic Search Premiere.

Box S1. Search Terms used to Identify Papers
(("Collaborative Learning" OR "Group Work" OR
"Team-Based Leaming" OR "Team Based Learning"
or “small group” or “small-group™) AND ("college
students" or "university students" or
"undergraduate*") AND ("biology" or "biological
sciences") AND ("achievement" OR "test" OR
"performance” OR "outcomes" or "failure rates" or
"learning gains" or "science achievement"))

Data Collection: Choosing a Correlation Value

In the case of the paired design study, correlation values were not present in any of the
studies, so we inputted a correlation value of 0.99 (i.e., the highest amount of correlation possible
to enter into the CMA software) given that pre- and post-correlation is likely to be high given the
same student population and performance measures were used before and after exposure to
group work. In our dataset, the high correlation value resulted in nonpositive sampling variances
(i.e., sampling variances of 0). This became an issue because the metafor package in R cannot
compute heterogeneity values for the complete dataset if there are any nonpositive sampling
variances. To correct this, we decreased the correlation value to 0.95, and we kept decreasing

from that value by 0.05 until all our effect sizes had positive sampling variances. This brought us
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to the input correlation value of 0.90. This is ultimately the value we used to calculate our
Hedges’ g and sampling variance with for the paired study designs. However, we also conducted
sensitivity analyses by changing our correlation values to 0.5 and 0.1, so the reader can see the

effect of this on our dataset (Table S2F, S2G).

Data Collection: Missing values and Mean-Value imputation

When a study did not provide standard deviation/standard error values and/or the number
of students in each group — the case for 8 of our 66 estimates (12.5%) — we estimated these
values using the average standard deviation or average number of students from the other studies
(Kambach et al., 2020). Since the studies we used fell into two different types of study design
categories (i.e., independent or paired design) we used two different methods for calculating an

average standard deviation:

To calculate an average standard deviation for studies with an independent design, we
averaged standard deviations for the pre- and post-scores in the studies that fell into the
independent design category. Specifically, two average standard deviation values were
calculated: (1) average pre-score standard deviation; and (2) average post-score standard
deviation. These calculations resulted in an average pre-score standard deviation value of 15.70
and an average post-score standard deviation value of 18.10. These values were used for one
independent design study (Weasel & Finkel, 2016). Of note, we did not need to calculate an
average student n for any of these independent design studies, however, we did calculate one for

the paired design studies.

To calculate an average standard deviation and student n for paired design studies

missing these values, we averaged standard deviations and student numbers for the paired
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design. Specifically, we calculated two average standard deviation values: (1) average treatment
group standard deviation; and (2) average control group standard deviation. These calculations
resulted in an average group standard deviation value of 14.68 and an average control standard
deviation value of 16.26. These values were used for six different paired design studies
representing seven estimates (Baines et al., 2004; Burrowes, 2003; Costa-Silva et al., 2018;
Daniel, 2016; Huysken et al., 2019; Knight & Wood, 2005). Additionally, we calculated an
average number of students for studies with a paired design. Specifically, we calculated two
average student n values: (1) average number of treatment group students; and (2) average
number of control group students. These calculations resulted in an average group student n
value of 209 and an average control student n value of 144. These values were used for one

paired design study representing one estimates (Baines et al., 2004).

Data Collection: The Case of Multiple Outcomes, Treatments, or Controls

We developed a protocol to handle cases where studies provided either multiple
outcomes, multiple treatments, or multiple controls. When studies provided multiple outcomes
from the same set of students, we chose the performance outcome with the largest number of
student participants. If the reported outcomes all had the same number of student participants,
then we constructed a hierarchy of selection: course grade>average exam score>final
exam>midterm>concept inventory. Of note, course grade was only used in paired research
designs if the grading schemes for both groups were the same. This hierarchy was used rather
than averaging all the outcomes because in most cases, the data required to calculate effect size
was not present or decipherable for all the outcome variables. Course grades were chosen over

exams because course grades usually provided a more holistic picture than exams did, given
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there were often other course elements contributing to student grades, aside from just exams.
Exams were chosen over concept inventories because students had a graded incentive to take
them more seriously.

In some cases, studies provided data for multiple treatments or multiple controls. Since the
studies fell into two different types of design categories (i.e., independent or paired design), we
used two different methods to address these situations.

1. In the case of multiple treatments or multiple controls in an independent design, we
utilized as much of the data provided as possible. For example, if there were three classes
or courses with reported student performance outcomes after experiencing no group work
(i.e., three control groups) and three classes or courses with reported student performance
outcomes after experiencing group work (i.e., three treatment groups), then we pooled the
mean, standard deviation and number of student participants using a pooling tool at the

following website: https://home.ubalt.edu/ntsbarsh/business-stat/otherapplets/Pooled.htm.

However, we only did this when the treatments were similar, and the controls were
similar. If they were not similar, then we separated the different treatments with their
similar controls and calculated multiple estimates rather than using one estimate.

2. In the case of a paired research design, there were no controls present, so only the case of
multiple treatments sometimes applied. When this applied, we obtained as much data
concerning each of the multiple treatments (i.e., mean student performance and standard
deviation or standard error measures both before and after experiencing group work). In
the case of missing data, we first wrote to the lead author, requesting the missing data. If
we did not receive a response within 2 weeks, then, if possible, we pooled the treatment

data together using a pooling tool at the following website:
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https://home.ubalt.edu/ntsbarsh/business-stat/otherapplets/Pooled.htm. If pooling was not

possible due to lack of data, then we dropped the specific treatment or paper from the

study.

Coding Data: Categorizing class sizes.

We coded class size similarly to the procedure used in the Freeman et al. (2014) meta-
analysis to keep our findings comparable to theirs (Freeman et al., 2014). Specifically, class size
was treated as a continuous variable in all papers where it was mentioned. In cases where the
authors reported a range of class sizes, we used the midpoint value in the range. Since Freeman
et al. (2014) noted class sizes fell into three natural groupings (classes with 50 or fewer students,
classes of more than 50 up to 110, and classes with more than 110), we used those three

categories and designated them as small, medium, and large classes, respectively.

Coding Data: Categorizing group sizes.

We treated group size as a continuous variable in all papers where it was mentioned. In
cases where the authors reported a range of group sizes, we used the midpoint value in the range.
After collecting the data, we made a histogram of the group size distribution to create group size
categories. To create categories with roughly equal distributions and frequencies, we decided on
three natural groupings: groups with less than 4 students, groups with 4 and 5 students, and
groups with more than 5 students. We designated these as small, medium, and large groups,

respectively.
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Appendix F
Meta-analysis Extended Results

Sensitivity analyses

We conducted several sensitivity analyses to determine the robustness of our results by
considering the extent to which they are affected by changes in our models or assumptions. First,
we removed the random effect of author to demonstrate inflation occurs without controlling for
this variable (Table S2B). Then, because 26 of the 66 effect sizes in this meta-analysis came
from one study (Weir et al., 2019), we analyzed the dataset without these effect sizes to test
whether the effect of group work on student performance was not solely dependent on a single
article (Table S2C). After the removal of these effect sizes, we found group work was still
beneficial to student academic performance. We then conducted another analysis after the
removal of an extreme outlier (i.e., ~25 standard errors larger than the mean; (Yapici,
2016)(Table S2D). To demonstrate that our decision to use the mean-value for standard deviation
imputation is robust, we doubled the imputed standard deviation value (Table S2E). Of

importance, none of these analyses significantly impacted our results or conclusions.

We also examined the data by the two types of research designs we considered in our
meta-analysis: paired research designs (i.e., pre- versus post-group-work data collection) and
independent research designs (i.e., post-treatment with group work versus post-control without
group work). First, to test whether our dataset is robust to changes in the correlation value in
paired research design comparisons, we changed the correlation value to 0.5 (Table S2F) and 0.1
(Table S2G). We then conducted a pairwise comparison of student performance as parsed out
into paired and independent research designs. This comparison suggests the groups are

statistically significantly different from each other (QM (df=1) = 4.53, P=0.03). More
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specifically, students in paired research designs performed 0.47 standard deviations (+/-0.43; +/-
95% C.L.) higher than the average student performance in independent research designs (p=0.03).
To test whether studies with a paired design simply reflected performance gains over the
duration of a course, we reanalyzed the dataset after excluding those data. We found the effect of

group work was still positive and significant (Table S2H).

Together, these sensitivity analyses demonstrated the effect of group work on student
performance is still statistically significant and robust to the removal of particularly large
estimates, the removal of articles that contribute a large amount of estimates, the removal of
estimates taken from paired research designs, inputted standard deviation changes, and

correlation value changes.
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Table S2: Sensitivity Analyses

Analysis n  Hedges’ g s.e. p-val  95% C.1.: 95% C.L:
lower upper
limit limit

All Estimates; author; 1 SD; cor 0.9 66 0.7162 0.1330 <0.0001 0.4555 0.9769
All Estimates; 1 SD; cor 0.9 66 0.9987 0.0062 <0.0001 0.9866 1.0108
Without Weir; author; 1 SD; cor 0.9 40 0.7071 0.1370 <0.0001 0.4385 0.9757
Without Yapici; author; 1 SD; cor 0.9 65 0.6367 0.1105 <0.0001 0.4201 0.8533
All Estimates; author; 2SD; cor 0.9 66 0.6447 0.1314 <0.0001 0.3872 0.9023
All Estimates; author; 1 SD; cor 0.5 66 0.7502 0.1418 <0.0001 0.4724 1.0281
All Estimates; author; 1 SD; cor 0.1 66 0.7523 0.1431 <0.0001 0.4718 1.0327
Independent Design Estimates, 1 SD 30 0.5902 0.1494 <0.0001 0.2973 0.8831

Assessing for Bias

To assess for bias, we conducted a visual analysis of the funnel plot including all 66
effect sizes. A funnel plot is a scatter plot of study effect sizes (x-axis) versus their estimated
standard errors (y-axis); a smaller standard error equates to greater precision. A plot should be
symmetrical, with increasing variability in effect sizes observed in the less precise studies
towards the bottom of the plot, producing a funnel shape when no bias is present. Asymmetry in
this plot may indicate that publication bias is present due to a lack of observed data points in a

particular region of the plot (Sterne et al., 2002). Due to the perceived asymmetry of the funnel
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plot (Figure S1), we investigated publication bias further using Duval and Tweedie’s trim and fill
method (Duval & Tweedie, 2000b, 2000a). This method is used to estimate the number of
studies missing from a meta-analysis due to the suppression of the most extreme results on one
side of the funnel plot. The method then augments the observed data, yielding a more symmetric
funnel plot. The trim and fill results estimated there were zero missing studies on the left side of

the graph, making us less concerned about publication bias (Figure S2).

As a final check for publication bias, we calculated fail-safe N’s using the Rosenthal
method. This method calculates the number of studies with negative effect sizes that are
necessary to change the significance level (p-value) to insignificant (> 0.05) (Rosenthal, 1979).
The results demonstrated that changing the significance of our findings from p<0.0001 to p=0.05
would require 449,901 studies that yielded null results. Thus, these additional analyses add

confidence that the meta-analysis is not significantly affected by publication bias.

Figure S1. Funnel plot of all 66 effect sizes before and after trim and fill. The trim and fill will
add white dots where studies should be in the case of potential publication bias. However, this

process estimated there were zero studies missing on the left side (SE =4.06).
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