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I. Introduction

Practitioners of discipline-based education research (DBER) aim to improve teaching
and learning in science, technology, engineering and math (STEM) disciplines. Science
instructors frequently confront discipline-specific challenges when helping students overcome
misconceptions and achieve deep conceptual understanding in STEM fields. In response to
these problems, some practicing scientists and science instructors have gained knowledge
about teaching and learning from cognitive research and are now conducting controlled,
discipline-based studies in their own classrooms. For more than 30 years, physicists have
conducted DBER, varying pedagogical methods to determine the influence on student learning.
However, it has only been relatively recent that a good number of scientists in other STEM
disciplines have engaged in DBER. Undergraduate biology education research (BER) is
probably the most recent DBER field to have emerged. In the last decade, a large number of
BER publications and several biology concept inventories have been produced [1-5]. The focus
of this paper is to summarize the contributions of undergraduate BER from the past twenty

years, as well as discuss the limitations in the research and future directions of the field.

Il. Methodologies

An extensive search to identify BER studies about student learning of biology concepts,
student attitudes or beliefs toward learning biology, and the development or use of validated
assessment instruments to measure student performance in biology resulted in the initial
collection of over 350 journal articles, reports, and websites. The search focused on studies
done in the past twenty years and included many sub-disciplines of biology: microbiology,

neurobiology, genetics, genomics, cell and molecular biology, ecology, evolution, and



physiology. For exceptional articles, biochemistry and medical education were also included.
Searches were done using ERIC, ERIC Ovid, PubMed, Google Scholar, the University of
Washington library electronic database, as well as agency and journal websites. Appropriate
BER articles were identified using “biology” in combination with a variety of terms such as
“student performance”, “learning”, “attitudes”, “concept inventories”, and other related words.
The search was subsequently restricted by selecting “post-secondary”, “higher education” and
“undergraduate” categories when applicable. Several criteria were used to determine if an
article or resource would be included in the final analysis, and with few exceptions, integrated
articles were about studies that:

were published between 1990-2010

reported quantitative or qualitative data about student learning, performance, or attitudes

in undergraduate biology (2-year colleges included)

reported quantitative or qualitative data about instruments used for measuring student

learning or attitudes in undergraduate biology (2-year colleges included)

provided an extensive overview of BER or BER assessment tools at the undergraduate

level
Conference proceedings and reports were also included if the source was peer reviewed and
met the criteria for articles. Websites were included only if they provided a reviewed tool or
resource and those findings were reported in other BER articles.

Using the designated criteria for BER studies, 195 case items were identified. The
majority (86%) are articles from 62 different peer-reviewed journals, while the rest are peer-
reviewed conference proceedings, reports, and websites. Twelve items are broad overviews
that provided extensive information about BER, BER studies, assessment strategies in biology,
concept inventories, or validated tools for BER studies. The majority of the items (83%) were

published in 2001-2010, indicating a notable increase in the number of BER studies in the last



decade. A full list of resources, including journals, the number of case items per journal, and the
years published can be found in Appendix A.

Three main categories were used to organize BER studies into groups for further
analyses.

1. Student learning or performance. BER studies that investigated student-centered
approaches in the classroom or laboratory (active learning and inquiry based labs), methods to
enhance or deliver the learning experience outside the classroom (supplemental instruction and
web-based instruction), how students learn biology (misconceptions, metacognition, domain
specific learning, and science process skills), how undergraduate research impacts students,
and how particular groups (underrepresented and others) perform in biology are groups within
this category.

2. Student attitudes and beliefs. Groups within this category include studies about student
motivation for learning biology, approaches to learning biology, and studies that explored how
students’ beliefs impact learning of biology.

3. Concept inventories and validated instruments. Two groups of studies fit into this
category: studies that described the development and testing of instruments for measuring
student learning or attitudes, and those that were designed to measure some other aspect of
learning, such as engagement.

The three categories of BER studies were analyzed separately because they are
inherently very different from one another with respect to goals and methods. The dependent
variables for categories 1 and 2 were student achievement or attitudes after a particular
treatment (independent variables, such as a teaching strategy, curriculum, or undergraduate
research experience). Each study within a group was analyzed for characteristics such as the
kinds of questions addressed, years and settings in which the study took place, length of study,
and methods used to collect data. Although many BER studies in categories 1 and 2 tested

multiple treatments and collected different kinds of data, they were categorized and analyzed



based on their main focus. However, if the study provided substantial evidence in two or more
areas, those findings were often analyzed and discussed in those areas as well. Study
characteristics for category 3 (concept inventories and validated instruments) included the year
in which the tool was developed, the target content area and whether or not the tool had been
tested for reliability and validity. The following section presents a detailed analysis of the
characteristics for each category, as well as a description, theoretical frameworks and major
findings of groups within that category. For all categories, reviews were excluded from the

guantitative analyses.

Ill. Characteristics, Descriptions, Theoretical Frameworks, and Major Findings
Category I: Student Learning or Performance

Characteristics

Studies that compared the results of treatment and control groups, or those that
compared groups receiving varying treatment, were considered “controlled” studies; most of the
studies analyzed in this paper were quasi-experiments, lacking complete randomization. Studies
were classified as having a positive impact if they showed learning gains using pre- and post-
tests (administered as independent assessments or imbedded within summative assessments)
or other gains, such as differences in scores on an identical exam administered to control and
treatment groups. Any study that showed self-reported gains were noted, even if they also
collected the kinds of quantitative data described above. The percentage of studies having

these and other characteristics can be found in Table 1.



Table 1. Characteristics of BER Studies — Category 1

%

%

%

%

%

%

Group Average studies studies studies studies studies with | studies
% from 2001-10 length of done donein done measuring controls or | having
(N) studies in with lower ina achievement | comparison a
citations semesters* only division course by URM groups positive
majors courses setting or gender impact
(SRt
Active Learnings
80% 2001-2010 2.3 80% 84% 84% 11% 90% 91%
(N=69) (97%)
[6-55][56-72]
Inquiry-based
Labs 2.0 87% 87% 80% % 47% 53%
100% 2001-2010 (100%)
(N=15)
[73-87]
Supplemental
Instruction 3.3 83% 83% 83% 33% 50% 83%
100% 2001-2010 (100%)
(N=6)
[88-93]
Web/Technology-
Based Instruction 21 93% 60% 80% 0% 73% 20%
93% 2001-2010 (87%)
(N=15)
[88-108]
Misconceptions &
Metacognition 1.1 78% 78% 67% 0% 33% 100%
78% 2001-2010 (NIAF
(N=9)
[109-116]
Science Process
Skills 25 100% 63% 91% 9% 45% 45%
100% 2001-2010 (82%)
(N=11)
[19, 117-127]
Domain Specific
100% 2001-2010 2.7 100% 75% 50% 25% 25% 75%
(N=4) (N/A)
[128-131]
Undergraduate
Research 7.3 N/A N/A 14% 57% 57% 28%
Experience (100%)
86% 2001-2010
(N=7)
[132-138]
Underrepresented
Groups 10.3 100% N/A 50% 100% 83% 83%
100% 2001-2010 (100%)
(N=6)

[19, 139-143]

* Studies based on the quarters were treated as semesters for data analysis, albeit most were reported as

semesters

t Studies having a positive impact reported learning gains from pre- and post-tests, exam scores, grades, retention,
etc...; self reported (SR) gains in knowledge or skills were also considered in this analysis
-|- Studies that did not include self reported gains were not applicable (N/A), as were those groups having insufficient
or mixed data analyzed here
4 Of these active learning studies, 26% also measure that students had a positive response to the teaching strategy




The predominant source of data collected for the studies analyzed was quantitative,
albeit studies investigating the impact of undergraduate research experiences or studies of
underrepresented groups often presented interview or survey data. Most studies reported
learning gains from pre- and post-tests, exam or quiz scores, or course grades. It should be
noted that those reporting learning gains rarely used validated instruments or presented their
assessment tools in the publication. Less common were studies that presented other kinds of
data such as incoming SAT scores, high school GPA, college GPA, retention within a major,
and graduation rates. However, these kinds of data were often found in studies on the
performance of underrepresented groups. More than half the studies in this category collected
gualitative data based on surveys, interviews and course evaluations; in some cases the overall
results were based on student self-reported data.

Descriptions
Active Learning

Active learning is a student-centered approach to instruction requiring students to
engage in meaningful learning activities, particularly in the classroom. An individual or group
can participate in active learning but it always requires learners to be mentally and physical
active while gathering information, assessing what they know, and problem-solving. Active
learning is in direct contrast to expository instruction, which is typically characterized by passive
transmission of information from the instructor to the student [31].

Active learning encompasses many different approaches such as cooperative or
collaborative learning, problem-based or case-based learning, group work, think-pair-share,
peer instruction, inquiry-based learning, technology-enhanced learning, and concept mapping
[144].

Cooperative learning is characterized by activities that require mutual interdependence,

significant interaction, and actions related to cooperative outcomes rather than

competition. Studies showing the effectiveness of this approach in biology and other



STEM disciplines have been well document [2, 144-147]. Group work, think-pair-share,
and peer instruction are cooperative learning activities.
Collaborative learning refers to instruction that involves students working together
toward a common goal with outcomes assessed based on group work [144]. This is in
contrast to cooperative learning which entails group work but students are assessed as
individuals [148].
Problem-based learning is a method characterized by students solving contextual
problems that motive learning of content — this kind of learning can be done by
individuals or in groups. Problem-based learning is often distinguished from case-based
learning in that the problem is first presented to the learner prior to instruction on the
concepts fundamental to solving the problem [149]. In case-based learning, students
must have already acquired a basic understanding of the scientific principles in order to
work with the problem [60].
Inquiry-based learning provides students with an authentic scientific experience requiring
students to pose questions, confront their misconceptions, develop hypotheses, and
design experiments to test them [31].
Technology-based learning is a contemporary method for delivering or enhancing
instruction using podcasts, animations or other methods. The impact of these methods
on student learning in biology has not been well studied [103] and will be further
discussed in the context of web-based instruction. It is important to include this here
because many instructors are supplementing their instruction with web-based activities.
Supplemental Instruction
Supplemental instruction (SI) arranged as a separate class or through a web interface
has proven to be an effective method for enhancing learning in biology, particularly for

underrepresented groups [19, 88-93, 139, 141]. Sl courses are structured in various ways but



typically include opportunities for students to work in a cooperative manner solving problems
related to course content. In some cases, study skills of participants are augmented by explicit
instruction in diagramming questions or implementing methods to help students develop
metacognitive skills [119].

Web-based Learning Strategies

Web-based strategies and other kinds of technology are becoming increasing useful for
enhancing learning of biology. There are numerous ways in which technology is being used:
podcasts, animations, multimedia instruction, digital libraries, virtual labs and peer review are
just a few of the many examples. Because biology is a discipline readily amenable to visual
representations, many are using animation tutorials and other tools such as Cn3D to enhance
learning of biology [64, 99, 103, 104, 106-108].

How Students Learn Biology

BER studies that focused on how students learn biology fell into four main categories:
misconceptions, metacognition, science process skills, and domain specific learning.

Because no two students are the same, they come to biology classes having a wide
variety of preconceptions based on their prior experiences. In some cases those preconceptions
are misconceptions that impede learning of new concepts [150, 151]. Many science education
researchers have become very interested in identifying students’ misconceptions and
developing teaching strategies that help students to work through them. Indeed, most concept
inventory tests in biology incorporate common misconceptions as multiple choice distractors for
this reason [1, 152-156].

Metacognition — the self-identification of a learning goal and the subsequent monitoring
of progress in achieving that goal — is a critical skill for effective learning in any area [150].
Because metacognition is essential for adaptive transfer of knowledge [157], it is critical that

students are given opportunities for self-directed learning [158]. Although this key principle has



been well documented in the K-12 literature [115], there is scarcity of BER studies about student
metacognition at the college level.

Science process skills, such as the ability to interpret graphs or data, pose testable
hypothesis, design experiments, and communicate science effectively, make up the conceptual
framework of scientists. Therefore it is not surprising that acquisition of science process skills
can have a profound impact on student success in college science classes [19, 32,117, 119,
122, 126]. Research in this area examined if explicit instruction of science process skills
augmented student learning of biology.

Studies that focus on how students learn a sub-discipline of biology or a particular
biology topics are referred to as domain-specific studies and employ a wide-variety of strategies
depending on the question investigated. There many descriptive articles about domain-specific
teaching and learning strategies but very few that measured learning gains or other important
information to indicate if the strategy worked.

Undergraduate Research Experiences

Undergraduate research experience is an important educational component for biology
students and numerous studies have cited the benefits [133, 135, 138]. Studies that focused on
how undergraduate research experiences help shape students’ career goals or enhanced their
understanding of science fell into this group.

Improving the Success of Underrepresented Groups

This section describes studies that specifically aim to identify strategies, or measure the
outcomes of a strategy, to improve success of underrepresented groups (underrepresented
minorities, women, economically disadvantaged students, and first generation students) in the
biological sciences.

Theoretical Frameworks

Most studies did not explicitly state the theoretical framework under which the research

took place, but rather described a problem that the research addressed. When present, the



most common references were to those implementing “cooperative” or “constructivist”
approaches, particularly studies about active learning. Cooperative learning is based on the
social interdependence theories of K. Lewin [160] and deeply rooted in work of J. Dewey [161]
which supports experiential learning. The term “constructivist” was frequently used because
active learning is based on constructivism, whereby people acquire new knowledge through
interactions of their ideas and experiences; constructivism began with the work of Jean Piaget
and was further developed by David Ausubel and John Dewey [5, 162-165]. For other studies
about group work, stereotype theory [159] and its role in group work during biology classes was
mentioned. Along these lines, studies about conceptual change focused to identifying student’s
misconceptions about biological processes because students must first address their
misconceptions in order to correctly construct new concepts [150].

Studies about inquiry based labs, students’ acquisition of science process skills, and
undergraduate research experiences utilize another constructivist approach — the learning cycle
[166, 167]. In the learning cycle, students pose questions, confront their misconceptions,
develop hypotheses, and design experiments to test them [31]. Although studies did not
specifically discuss the learning cycle and often referred to the research as being based on
“inquiry” or “guided inquiry” approaches, they all described how their teaching methods were
intended to engage students in scientific processes similar to those experienced by scientists,
thus mirroring the learning cycle. Successful implementation of these methods was measured
as a positive impact on students’ attitudes about doing science and their competency for
implementing science process skills.

Major Findings

By far, the most common BER studies in the past 20 years were based on implementing
active learning strategies and determining the outcomes of such treatments on student learning.
In the late 80s, Thomas Lord began conducting controlled studies to determine if students

performed better on assessments if they engaged with the content through active learning [37].
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He continued to perfect his methods and published compelling findings that active learning
improved student learning in an environmental science course [168]. In 2003, Patricia Burrowes
put “Lord’s Constructivist Model” to the test [10]. She taught two introductory biology courses:
one course was taught in a traditional style (control group) with lectures, quizzes and exams,
whereas the other was taught in an experimental fashion — students worked daily in groups of
four to solve problems and evaluate each other's work. At random she selected groups to
present their answers to the class and groups (25% of the class) that would have to stay for a
quiz at the end of the class. Students in the experimental group had significantly higher scores
on all three exams and attained significantly higher final grades in the course than students in
the control group [10]. Pre- and post-assessment of students’ attitudes about learning biology
showed that more students in the experimental group increased their interest in biology by the
end of the course compared to those in the control group [10].

Frequent assessment (graded or non-graded) in combination with active learning
significantly improves student performance in biology [10, 14, 23, 34, 35, 54]. Biology instructors
are widely adopting the use of personal response systems, or “clickers”, in their classrooms.
These devices provide students with instant feedback about their learning as well as excellent
opportunities for cooperative peer instruction. In general, students in interactive classrooms
where clickers are employed show increased learning gains and higher exam scores than those
taught in traditional classrooms [13]. Most notably, it has frequently been observed that the
percentage of students who earn less than approximately 60% of total points in a course
significantly decreases with the use of clickers [13, 23, 35, 49]. For example, a study by Knight
and Wood showed that by replacing 30% of traditional lecture time with multiple choice clicker
guestions students had significantly greater learning gains on identical multiple choice
diagnostics and total course points compared to students taught in a traditional manner [35].
These kinds of BER studies are becoming more common, likely due to the relative ease with

which clicker questions are implemented into classrooms. The clicker revolution has prompted
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many researchers to further investigate the ways in which peer discussion, or the order in which
data is presented to the learner, influences learning in biology [51, 61].

Several groups have shown that collaborative learning, particularly collaborative testing,
improves student retention of content knowledge [18, 58, 71]. Cortright, et al. implemented a
cross over design in which half the students first completed exams as individuals and then as
groups, followed by retesting as individuals four weeks later. The other half of the students did
all activities as individuals for that exam, but acted as the experimental group for the following
exam. In both groups, students who participated in collaborative testing performed significantly
better on retests than students who had repeated the exam as individuals [18]. Thus, retention
of knowledge is improved with collaborative work.

Numerous studies in biology and other STEM disciplines have shown similar results to
ones presented here; it is conclusive that active learning works [169]. There are even new
instruments to assess the percentage of time students are actively engaged in the classroom
[170]. Given the overwhelming evidence that active learning improves learning in science, it
should no longer be referred to as a pedagogical practice, but rather it should be considered the
central dogma of science education.

Supplemental Instruction

Rath et al., Barlow et al., and Dirks and Cunningham have all shown that freshman who
participate in Sl courses have higher overall grades in subsequent biology courses, greater
persistence as biology majors, and higher graduation rates than students in the same curricula
who do not participate in SI [19, 90, 139]. Most importantly, in all cases underrepresented
minorities and women benefit the most. SI can also come in the form of “boot camps” which are
courses students take at the beginning of their college experience. The Biology Intensive
Orientation for Students (BIOS) program at Louisiana State University is an intensive
prefreshman program for students intending to be biology majors; the course introduces some

biology topics and provides instruction on study skills and learning styles [93]. Compared to a
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control group, students who participated in BIOS performed significantly better in their biology
classes and graduated at higher rates [93]. In summary, S| courses enhance student
performance by preparing incoming freshman for college and providing them with a network of
students who will participate in cooperative learning.

Web-based Learning Strategies

O’Day conducted a controlled study in an upper-division biology course where particular
topics were presented in two ways: the treatment group used animations to learn, whereas the
control group used simple graphics [106]. Students who learned the content using animations
scored higher on pre- and post-tests than did the control group; the experimental group also
showed greater long-term retention of the material [106].

McFarlin substituted 50% of his lectures with online instruction; the online lectures were
PowerPoint presentations with audio and students had the option to watch animations. Students
were required to take quizzes after each lecture. Throughout the three year study, students who
participated in this hybrid course performed significantly better on identical exams and earned
higher overall course grades than students who were taught the same material in a traditional
lecture format [104]. In the electronic age entire courses and hybrid courses in biology will be
offered more frequently, thus it is important that the BER community continues to investigate
how students learn in these formats.

How Students Learn Biology

In an attempt to break the cycle of perpetuating misconceptions, N. Pelaez, et al.
designed a method to identify common misconceptions about physiology held by undergraduate
biology students who are prospective elementary teachers [113]. She and her team also
developed teaching tools to help students overcome their misconceptions. At the end of the
course they found that many students still had erroneous ideas about human blood circulation

and gas exchange — ideas that were only found through drawings and interviews, not exams
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[113]. Findings from this study illustrate how deeply rooted misconceptions can be and point to
future directions for biology education researchers.

Although there are only a few studies about developing undergraduate biology students’
metacognitive skills, one Australian study exemplifies the importance of providing students with
opportunities and guidance in developing metacognitive skills. McCrindle and Christensen
randomly divided their introductory biology class into treatment and control groups; the
treatment groups kept a journal about their learning processes throughout the course, whereas
the control group wrote scientific reports about the content they were learning. By the end of the
course, students in the treatment group demonstrated more sophisticated learning strategies
when presented with a task and performed better on exams than the control group, even though
the control group spent more time with the content [111].

At the University of Washington, freshman who participated in a course in which they
were explicitly taught science process skills prior to taking biology earned, on average, higher
overall grades in all three introductory biology courses compared to students who did not
participate in the program [19, 119]. Kitchen et al. redesigned their biology course to explicitly
teach their students data analysis and interpretation skills. Students in the treatment group
showed significantly higher learning gains and better scores than students in a comparison
group who learned the same material through traditional lectures [32]. Together, these studies
indicate that explicit instruction in science process skills helps students to better learn biology
content.

Although most scientists know science process skills are central to doing science, there
have been very few studies about the acquisition and mastery of science process skills in
college level biology courses. Zimmerman [171] provides an excellent overview on the history of
scientific reasoning research, beginning with the early work of Siegler [172] through the work of
Schauble [173], upon which many current studies are based. The review also highlights a gap

between cognitive developmentalists and science educators, implying that an interdisciplinary
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approach using findings from both fields to enhance student’s acquisition of science process
skills would be most effective. Lastly, the review describes studies showing the need for
understanding how scientific reasoning occurs in a domain-specific manner, including biology.
For example, a study by Bowen and Roth show that the development of inscription-related
processes (ability to read graphs, data tables, diagrams, etc...) by undergraduates is likely
hindered by textbooks because of the ways in which the inscriptions are presented [118].

Domain-specific studies focused to measure how unique treatments impacted student
understanding specific content in biology. An example of domain-specific learning is that Lu et
al. asked students in two different developmental biology classes to make Play Doh
representations of embryos during early development in order to identify their preconceptions.
Researchers then used graphical representations to determine if instruction had dispelled the
common misconception that embryos increased in volume during early development [128].
Although their findings showed that some students held their misconceptions even after
instruction, it prompted the instructors to think deeply about their teaching strategies and when
best to implement model-organism courses in the curriculum [128].
Undergraduate Research Experiences: Student Performance or Outcomes

Both E. Seymour and D. Lopatto have conducted interviews or administered surveys to
large numbers of students at many U.S. institutions to determine the benefits of research for
undergraduates and the progression rate of those students into an advance degrees [136, 138].
In Lopatto’s study, 1,135 participants took part in the survey, most of whom declared biology as
their area of study. Of those respondents, 83% went on, or intended to go on, to earn advanced
degrees [136]. The percentages of underrepresented minorities and Caucasians who intended
to earn advanced degrees were similar [136]. This is in contrast to findings from other studies
that show the undergraduate research experience significantly influenced the decision of
underrepresented minorities to pursue advance degrees [139]. The benefits of undergraduate

research have also been documented in other countries. A 15 year study by Santer of the U.K.
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showed that students who took a professional training year (PTY; neuroscience research
experience) as part of their neuroscience degree performed significantly better in courses and
had significantly higher graduating GP As than students who did not elect to participate in
research [137]. Moreover, 1 in 3 PTY students went on to earn Ph.D.s comparedto 1 in 11
students who did not participate in the program [137]. Lastly, some studies show that attitudes
about science may impact students’ success in science regardless of an undergraduate
research experience [174].

Improving the Success of Underrepresented Groups

The most effective strategies for improving the success of underrepresented groups in
the biological sciences have been seen in supplemental instruction programs that offer these
students academic advising, instruction in study skills, access to research experiences and a
network of peers in science [19, 139, 141]. An important aspect of these programs is that they
target URMs early and help them to overcome academic, financial, and social barriers that often
impede their path into science.

Less common are studies that investigate women’s success in science. Although women
are now earning more undergraduate degrees in biology than men, they do not equal the
number of men at the full professor rank in biology departments and many leave science all
together due to reported unfavorable climates [175, 176]. Damschen et al. analyzed seven of
the most frequently used undergraduate ecology textbooks for representations of women as
working scientists and women acknowledged as scientific reviewers, publishers or editors [140].
They found that women were largely underrepresented in textbooks and surveys of students in
courses using these texts showed that the students could not provide examples of female
scientists in ecology. However, enrichment of the course with biographical sketches or stories of
women scientists significantly increased the number of women scientists that female students
could remember; male students showed no gains in their recall of women scientists in the

enriched course [140]. Further work by this group showed similar results [143].
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Category II: Student Attitudes or Beliefs about Learning Biology

Characteristics

BER studies that investigated the interaction between the affective and cognitive

domains of student learning make up this category. Three main groups within this category that

emerged from the literature are: studies that investigated students’ motivation for learning

biology, student approaches to learning biology, and student beliefs about biological content,

particularly evolution. Studies having control groups, or those that compared groups that

received varying treatments, were considered “controlled” studies. Studies were classified as

having supporting data if they showed differences in attitudes, beliefs, or motivation either pre-

and post-treatment or based on a comparison group. Any study that reported only self-reported

gains were scored separately. The percentage of studies having these and other characteristics

can be found in Table 2.

Table 2. Characteristics of BER Studies — Category 2

%

%

%

%

%

%

Group Average studies studies studies studies studies with | studies
% from 2001-10 length of done donein done measuring controls or with
(N) studies in with lower ina achievement | comparison Supp.
citations semesters* only division course by URM groups data
majors courses setting or gender
(SR)T
Attitudes and
Beliefs about
Learnin
Biology 1.5 45% 80% 75% 5% 25% 60%
80% 2001-2010 (95%)
(N=20)

[70, 174, 177-192]

* Studies based on the quarters were treated as semesters for data analysis, albeit most were reported as

semesters

t Studies having a positive impact reported learning gains from pre- and post-tests, exam scores, grades, retention,
etc...; self reported (SR) gains in knowledge or skills were also considered in this analysis

F Student attitudes about active learning strategies were analyzed and reported in that group of category 1.

Data collected in the studies analyzed in this category were qualitative or quantitative

depending on the kind of study. Studies about students’ beliefs related to learning biology or

their attitudes about how they perceive or experience certain phenomena often involved

interviews where the interview was transcribed and subsequently analyzed. Information based
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on interviews or surveys was often converted into quantitative data to indicate the percentage of
students who responded in a particular way. In many cases, verbal examples of responses to
particular questions were also presented. Less common were other kinds of examples of
student work, such as drawings or concept maps. However, when these examples were
presented, the authors commonly interpreted the frequency in which a particular outcome
occurred and presented those as percentages of responses or a mean value of the
respondents.
Descriptions
Motivation for Learning

The role of motivation in learning is complex, which is likely why it has long been an
active area of cognitive psychology research. Motivation for learning involves one’s beliefs
about how learning happens and about knowledge itself — motivation towards knowledge as an
object influences knowledge acquisition [193, 194]. Students who have beliefs that knowledge
attainment is simple and certain are less likely to use approaches that require higher order
cognitive skills and self-construction of knowledge; these students typically want a more
structured pathway for obtaining knowledge [70]. Alexander et al. describes that domain
(biology, physics, etc...) learning from novice to expert occurs due to simultaneous changes in
interest, knowledge, and learning strategies [195, 196]. Therefore, if we are to help students
become critical thinkers in science, we need to find effective ways to engage their feelings and
values about the subjects we present.
Approaches to Learning

College students’ approaches to learning differ substantially depending on their prior
experiences, expectations, attitudes toward the topic, previous knowledge, and many other
variables. The study strategies that students employ are often related to how they attribute
success and failure [197]. In science courses, students may attribute failure to aptitude — an

uncontrollable cause — and resist changing their study strategies to improve their performance
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[198]. A student’s confidence in his or her ability to perform a task may also affect their overall
performance [199]. The most successful students are those who can self-regulate their learning
by being proactive, setting goals for themselves, adopting strategies to achieve their goals,
monitoring their behavior, and being self-reflective about the effectiveness of their strategies
[200]. Where and when students develop these skills varies, but if we are to help biology
students’ performance in our courses we need to identify strategies to teach them these skills.
Student Beliefs about Biological Content and Science

Not only do students come to college with alternative conceptions about the world
around them, they also have personal beliefs that can affect their learning. Both
misconceptions and engrained belief systems can hinder knowledge acquisition, and therefore
need be addressed in the learning process. Until the last decade, research has mainly focused
on conceptual change based on the cognitive domain, not the affective domain [188, 201].
However, recent work has begun to investigate how belief identification and one’s willingness to
guestion their beliefs affects their conceptual change [201]. Therefore, it is recognized that the
learner decides to consider alternative views to their closely held beliefs. In the science
community, beliefs are often considered subjective and not based on evidence, in so far as
scientists disregard the terminology “belief in evolution” and prefer the “acceptance of evolution”
[178]. T o help students accept scientific theories, such as evolution, instructors need to accept
that some students are only willing to change their belief systems under simple and non-
threatening conditions.

Theoretical Frameworks

The affective domain is often studied in conjunction with the cognitive domain and has
been formally described as part of a system for identifying understanding and addressing how
people learn; it is one of three parts making up the Taxonomy of Educational Objectives: The
Classification of Educational Goals [202]. Most studies in this section describe how the affective

domain influences learning of biology. In some cases students’ attribute failure on a test or in a
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course as uncontrollable, often because they associate it with innate ability. Uncontrollable
failure may lead to students feeling helplessness, which only exacerbates the problem. In other
situations, students feel the need for reward and attend class and engage in learning on the
basis of that emotion [186].

Major Findings
Hynd et al. conducted a study of student motivation and learning strategy use with high

school physics students who intended to go to college and introductory biology students in
college [182]. They hoped a comparison of the two groups would inform them of differences in
motivation and strategies employed. They found that students in both groups felt motivated to
learn because of grades and relevance of the information to their daily lives; they also found that
both groups disregarded social interactions with their peers as motivational. For college
students it was noted that they often equated motivation with effort. If they studied and attended
class they felt motivated, but a lack of either activity further decreased their motivation. Higher
performing students were more aware of the many outside influences that could affect their
performance, possibly indicating higher metacognition. However, the at-risk biology students
were those who felt debilitated by poor exam scores and had low feelings of self-efficacy and
motivation [182]. The findings from this study implicate that instructors should strive to make
content relevant to the learner, and give frequent graded in-class and homework assignments to
improve engagement. They should also emphasize group work so that students see the value in
social interactions with their peers. All of these teaching strategies will likely improve student
motivation for learning and ultimately performance.

A series of studies by R. Moore and colleagues investigated student attitudes toward
attendance and learning biology as a relationship to their attendance and grades in high school
biology courses. They showed that incoming freshman in biology courses believed they would
achieve an “A” or “B” in the course, and none indicated they would earn a “D” or “F” [186].

Interestingly, of 1,837 students surveyed, none of these same students earned a “D” or “F” in
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high school biology [186]. Moreover, the majority of students felt high school prepared them well
for college yet, on average, only half the students indicated that “high school challenged me; |
had to work hard.” The majority of students also claimed they would attend class more if they
received points for attendance and would attend less if they didn’t. Those students who
attended the fewest college biology classes made up the greatest population of students who
indicated they would attend class if they received points for attendance; these students were
also the least likely to indicate that they believed attending class had been important to their
success in high school. Based on an end of the year survey, students who earned Ds and Fs in
the course were seven times more likely to indicate that they wished that they had attended
class more often compared to students who earned As in the course [186]. Thus, student
attitudes about attendance can be surveyed at the beginning of a course to inform instructors of
at-risk students and intervene appropriately. Another study from this group provided interview
data showing that students liked the option of not attending class every day, had no real
incentive to do so because they were not awarded points, and their absences likely went
unnoticed in the large lecture format [185]. They also showed, not surprisingly, a strong
correlation between attendance and grades. A subsequent study in a laboratory course showed
that by showing students data about the relationship between attendance and grades, as well
as changing the policy for the number of allowable absences from 3 to 2, significantly decreased
the overall absences.
Approaches to Learning

Bowers et al. conducted a study to investigate the relationship between students’
confidence in their knowledge of their course material and their grades in the course [203]. In
three sections of a biology course having a common syllabus and lecture schedule, they
implemented a knowledge survey to determine how students would rank their confidence for
answering course content questions pre- and post-instruction. The instrument was designed to

have at least 25% of the questions at higher cognitive levels of Bloom’s Taxonomy [202]. During
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the first two weeks of the semester students took the pretest, and in the last two weeks they
took the posttest. A comparison of pre- and post-test scores showed that students had
significantly increased their confidence, likely due to content acquisition. Further analysis
showed that student’s pretest confidence scores were not predictive of their ability to answer
questions similar to the ones on the knowledge survey or their final grades [203]. These findings
suggest that incoming freshman do not accurately judge their incoming knowledge. The results
also signify that entering students need help in developing their metacognitive skills.
Student Beliefs about Biological Content and Science

Students may be able to effectively apply knowledge about evolution but still not accept
evolution because of their beliefs. Blackwell et al. administered a questionnaire about a subject
with which students were familiar — dogs and breeding [178]. The questions required students to
comprehend and apply information about evolution and also queried students about their beliefs
in evolution. While the majority (93%) of students could effectively apply knowledge about
evolution, only 35% considered evolution as the primary basis for the progression of life on
earth and only 29% considered evolution compatible with their belief system [178]. These
findings are not surprising as a similar study by Sinatra et. al. showed that there was no
relationship between a student’s knowledge of evolution and reported acceptance of evolution,
even when the same students could demonstrate a significant relationship between knowledge

and acceptance of photosynthesis [188].

Category llI: Studies that Test and Validate Instruments

Characteristics

Biology focused concept inventories and biology-related assessment instruments made
up most of the items in this category. However, if instruments designed for general use in
science had been employed in the study of biology, they were included in the analysis. Study

characteristics for concept inventories and validated instruments included the year in which the
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tool was developed, the content area for which the tool was made, and whether or not the tool
had been tested for reliability and validity. A summary of the items and their general

characteristics can be found in Table 3.

Table 3. Characteristics of BER Studies — Category 3
Group Sub-discipline of
% from 2001-10 Instrument Name biology
(N) Validated V
Citations
Biology Concept Inventory General Biology
Concept Inventories Biology Concept Framework General Biology
80% 2001-2010 Conceptual Inventory of Natural Selection (CINS) Evolution
(N=7) Core Principles of Physiology Physiology
[152-156, 204, 205] Genetics Literacy Assessment Instrument v Genetics
Genetics Concept Assessment V Genetics
Introductory Molecular and Cell Biology Assessment v Cell and Molecular
Views About Sciences Survey: VASSY General Science
Validated Instruments Revised Two-Factor Study Process Questionaire v General Science
83% 2001-2010 Survey of Undergraduate Research Experiences General Science
(N=6) Knowledge Survey General Science
[191, 203, 206-209] Student-Achievement and Process-Skills Instrument General Science
Rubric for Science Writing v General Science

Descriptions

Concept Inventories

Concept inventories (CI) are tests that are designed to assess students’ preconceptions
and measure conceptual understanding or change given a particular treatment. The tests are in
a multiple-choice format, have strong distractors based on common student misconceptions
about the content, and are typically employed in introductory courses [1, 3]. Development of a
Cl requires a broad range of expertise and extensive testing to validate that the questions test
the specific target content and that the test is reliable over a wide range of students coming from
different backgrounds and levels of preparation. Cls are relatively new in the biological sciences
with all having been developed in the past 8 years. There is only one general biology concept
inventory, but it is not widely used in the classroom [205]. General biology Cls are difficult to

produce because faculty must agree on the core concepts that should be included. Given the
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numerous sub-disciplines in biology, there is a great need for many more of these diagnostics to
be made for specific content areas.
Other Assessment Instruments

Validated instruments to measure student learning, attitudes, or experiences in biology
are valuable for designing curricula to help students become scientifically competent and
progress towards mastery. In this search, there were many instruments that were designed for
general use in science but have been (or could be) employed by biology education researchers
because no other tool exists.

Theoretical Frameworks

While very few studies indicated the theoretical framework in which they were
situated, research in this section aimed to develop tools that would better identify and measure
students’ misconceptions about biology concepts or their attitudes about science when learning
biology. Students are not an empty slate when they enter the classroom and come with a subset
of preconceptions about topics in biology. Concept inventories typically measure the prevalence
and persistence of wrong preconceptions, or misconceptions, among biology students. Effective
instruction can help students address and overcome their misconceptions; concept inventories
are the tools by which biology instructors can measure students’ conceptual change. The
importance of this is best stated by D. Ausubel [210]: “If | had to reduce all of educational
psychology to just one principle, | would say this; the most important single factor influencing
learning is what the learner already knows. Ascertain this and teach him accordingly.”

Major Findings

Concept Inventories

The first step in creating a Cl is to find agreement among faculty as to what the core
concepts are in a particular area. The core concepts in any discipline can serve as a foundation
for the diagnosing students understanding of the topic and teaching strategies to make sure the

core concepts are effectively learned. Michael et al. convened a group of physiology faculty at
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the Conceptual Assessment Biology meeting to address two questions: 1) what students should
learn in physiology and 2) how will we know if they have learned it [154]? This illustrates how
professional meetings or other venues can help faculty come together and identify the core
concepts of any sub-discipline of biology.

One of the earliest developed and most widely adopted Cls in biology is the Concept
Inventory of Natural Selection (CINS) [152]. The 20-item, multiple choice test is based on real
scientific studies and uses common alternative conceptions as distractors — the distractors were
identified through interviews with several students. The test was originally administered with
nonmajors and majors in biology and followed up with interviews with the students to confirm
the results. Subsequently the test was validated, tested for reliability, and distributed through
publication [152]. There have been no reports of revisions since the publication in 2002.

The Genetics Concept Inventory is a very recent, but well established, CI for use in non-
major and major biology courses [156]. The 25-question test was validated and found to be
reliable through field-tests with over 600 biology students. The Cl was further tested, and the
authors showed positive correlation between learning gains on the Cl and exam scores [156]. In
other studies, this Cl was employed to investigate the differences between majors and non-
majors’ understanding of genetics and their approaches to learning [183]. Their findings showed
a difference in learning gains between the two groups; other surveys of the same students also
showed differences in motivation and approaches to learning genetics. This work best illustrates
how Cls can be used to effectively monitor student understanding and relate it to variables that
affect learning.

Other Assessment Instruments

The following are examples of validated tools that have been adopted by the biology
education research community: 1) The Revised Two Factor Study Process Questionnaire (R-
SPQ-2F) is a newer version of a test to evaluate student’s approaches to learning in a manner

reflective of contemporary teaching [206]. Although this instrument was redesigned by J. Biggs
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for general purpose, it is the only instrument that measures deep vs surface approaches to
student learning and could be valuable in the design of similar instruments for biology. 2) The
Views about Science Survey (VASS), developed by Halloun and Hestenes, was also designed
for general use in the sciences to assess students’ attitudes about science [191]. 3) The Survey
of Undergraduate Research Experiences (SURE) is a survey aimed to measure self-reported
data about science students’ perceptions on the benefits of undergraduate research [209].
Collectively, these tools are great resources for educators who wish to assess a wide range of
student attributes related to their college experience. More refined tools for use specifically in

biology are warranted.

IV. Limitations in the current research and future directions

An extensive search of BER studies revealed many exciting and relatively new areas of
research in three main areas: student learning and performance, student attitudes and belief,
and concept inventories and assessment tools in biology. BER is beginning to have momentum,
which was seen in the marked increase in the number of publications during the past decade.
The BER community is active in many sub-disciplines of biology and many studies were
structured with control or comparison groups. Nonetheless, the field is primarily conducting
guasi-experimental research, lacking complete randomization of their subjects, which is not an
easy task to accomplish in an educational setting. Most studies were done over a relatively
short time frame (1-2 semesters) and did not account for differences in student populations.

Analysis of numerous studies included in this study showed several other limitations in
the work presented. Most of the studies in all categories were conducted with only majors in a
course setting. There are very few studies done with upper-division students or those that were
done at multiple institutions. Given the amount of data in support of active learning, it is also
surprising that there were not a greater number of studies that aimed to measure student

performance based on the same treatment, but implemented at multiple institutions. As a result,
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it is somewhat difficult to conclude that the same teaching strategy would produce similar results
outside of the class setting or department in which it was tested. Therefore, it is less likely that
others would readily adopt any particular strategy — this is highlighted by the fact that some
studies seem to “reinvent the wheel”, creating their own questions or assessment tools for
measuring essentially the same thing that had assessed at another institution. There is a real
need for mechanisms, such as one large meeting, where biology education researchers can
meet and form collaborations for such endeavors.

Another major limitation in the studies analyzed was that many studies used self-made,
non-validated instruments for measuring student learning or attitudes. This is a substantial
problem if we are to confirm the data and compare it to others work. It also indicates that the
BER community needs many more validated tests that can be shared broadly. One suggestion
would be training workshops at professional meetings or descriptive articles in popular journals
outlining the process for creating valid and reliable instruments.

Many of the studies did not measure student learning or attitudes based on student
backgrounds. While many reported a positive impact after implementing a teaching strategy or
providing students with an experience, they frequently did not measure the outcomes of
underrepresented groups or by gender. Without collecting these kinds of data it should not be
assumed that any new teaching strategy would be effective for these groups as well. For most
studies it is difficult to determine if underrepresented groups benefit as much from the
intervention as the entire class did.

There are many gaps in BER, particularly in areas investigating the affective domains of
student learning in biology. There were several studies that measured how students felt about a
particular teaching strategy, but only a few that sought to better understand how student
attitudes and beliefs affect their approaches to learning of biology. Another important area that
has not been well investigated is student metacognition and their ability to develop these skills

while learning biology. Given that metacognition is such a critical component of effective
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learning, it warrants further attention. There is a great deal of previous research from which
biology education researchers can pull from when designing studies and curriculum to help
students develop this important skill.

How students learn biology in an interdisciplinary manner was another area of research
that was very poorly represented. Indeed, from the search emerged only one publication on the
subject and that was in a laboratory setting. Moreover, there were no studies comparing how
the process of learning biology is different to learning in other STEM disciplines. Given the
extensive vocabulary and skill sets required to study biology, it is an important area of research
to pursue.

Studies aimed at measuring students’ acquisition and mastery of science process skills,
such as graphing, data analysis, experimental design, and oral communication received poor
attention as well. Given that science process skills are central to doing biology, it is imperative
that we explore how students learn these skills and in what kinds of environments they learn
skills best. This is one area for which new, validated instruments could be developed —
assessment tools that could be used broadly in the sub-disciplines of biology.

There are a wide variety of studies occurring in BER, and given the disparate sub-
disciplines of biology the field has unique challenges compared to other DBER groups.

Nonetheless, BER is off to a great start — improving student learning of biology at a rapid pace.
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Appendix A. Complete list of the sources used in this study

Source

Academic Medicine

Active Learning in Higher Education

Advances in Physiology Education

American Biology Teacher

American Journal of Pharmaceutical Education
Annual Review of Cell and Developmental Biology
Assessment and Evaluation in Higher Education
Australasian Journal of Educational Technology
Biochemistry and Molecular Biology Education
Bioscene: Journal of College Biology Teaching
BioScience

Bioscience Education

British Journal of Educational Psychology

Cell Biology Education/CBE-Life Sciences Education
Computers and Education

Contributions to Human Development

Council on Undergraduate Research Quarterly
Developmental Psychology

Developmental Review

Electronic Journal of Science Education

First International Conference on Concept Mapping
Frontiers in Ecology and the Environment

Genetics

Higher Education Research and Development
Innovations in Education and Teaching International
Innovative Higher Education

International Journal for the Scholarship of Teaching and Learning

International Journal of Science Education
Journal of Academic Librarianship

Journal of Biological Education

Journal of Chemical Education

Journal of College Reading and Learning
Journal of College Science Teaching

Journal of Educational Psychology

Journal of Environmental Education

Journal of Food Science Education

Journal of Higher Education

Journal of Microbiology and Biology Education
Journal of Personality and Social Psychology
Journal of Research in Science Teaching
Journal of Research on Computing in Education
Journal of Science Education and Technology

Number of
Cases

2
2

N©oO o ®E AEROE

a
o

P NNRPOORPRRRPRRPRPRRRERRERR

Years
Published

1993-2006
2005-2007
1996-2009
1988-2008
2007
2009
1997-2010
2005
2001-2009
2003-2006
1991-2008
2004-2010
2000-2001
2002-2010
1994
1990
2003
1984
2000
2005
2004
2005
2008
2007
2004
2009
2009
1999-2009
2005
2001-2003
2002-2005
2003
1994-2010
2000
1998
2005
2010
2009
1995
1977-2008
2001
2002
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Journal of Science Teacher Education

Journal of the Scholarship of Teaching and Learning
Journal of Undergraduate Neuroscience Education
Journal of Verbal Learning and Verbal Behavior
Learning and Instruction

Medical Teacher

Microbiology Education

Psychology of Women Quarterly

Psychology Reviews

Reading and Writing Quarterly: Overcoming Learning Difficulties
Reading Psychology

Research in Science Education

Review of Educational Research

Science

Science Education

Science Educator

TechTrends: Linking Research and Practice to Improve Learning.

The Learning Assistance Review
Theory into Practice

Books or Book Sections
Conference Proceedings
Reports

Webpage

P P RPRPRPRONNRPRRRPRAENRNRERREPR

=
l—‘-h@m

2010
2008
2010
1977
1994-1995
1992
2000-2003
2007
1977
2000
2001
2002-2008
1990-1999
2005-2010
2007
2008
2009
2007
2002
1916-1999
1988-2004
1986-2008
2008
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