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Abstract

Many molecular biology and biochemistry instructors have altered their class-

room behavior in favor of evidence-based, active learning instructional strate-

gies. Overwhelming evidence confirms that lecture-only classrooms are

detrimental to student learning outcomes, but we know less about the impact

textbooks have on students outside the classroom. Two influential projects, the

AP Biology redesign and Vision and Change, called for extensive restructuring

of course content and hoped that textbooks would be restructured accordingly.

This study evaluated all figures and tables from two introductory biology text-

books to quantify how well they implement recommendations from Vision and

Change and AP Biology redesign. We documented significant differences

among figures and tables when looking for experimental data, questions for

students to answer, and quantitative interpretation. Using think-aloud inter-

views, we interrogated whether students engage differently with figures from

the two textbooks. When figures provided take-home messages, students relied

on written text rather than analyzing the graphical information for their

understanding. Students frequently employed words from summaries within

the figures to construct “inflated explanations” that mimicked comprehension.
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1 | INTRODUCTION

For decades, education reformers have called for changes
to the way biology is taught, especially at the introduc-
tory level (Study Group, 1990; Narum, 1991; Tobias,
1992; Narum, 1998; Uno, 1999; Council, 2003). Their calls
were not to change for change's sake, but to improve
student-learning outcomes. Justification for these
changes include training a science-literate workforce,1 a
more informed voting public that supports basic

research2 and increased diversity of students who pursue
STEM majors.3,4 The AP Biology redesign and the report
Vision and Change explicitly called for a focus on two
aspects of learning biology.5,6 First, students should not
be overwhelmed or distracted by endless lists of glossary
words and repetitive examples of similar concepts.
Instead, these two faculty-led biology projects, which
developed independently at about the same time, called
for an emphasis on big ideas (AP Biology) or core con-
cepts (Vision and Change). Furthermore, both projects
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wanted students to learn scientific practices (AP Biology)
or core competencies (Vision and Change). Vision and
Change outlined five core competencies because “a
competency-based approach to undergraduate biology
education focuses on demonstrating analytical, experi-
mental, and technical skills as measurable outcomes of
student learning. Biology literacy is defined primarily in
terms of acquired competencies, demonstrated within the
context of fundamental biology concepts”.6 Because all
molecular biology and biochemistry upper level courses
require introductory courses as prerequisites, reform at
the lower level courses will affect student performance in
advanced courses. This study compared two textbooks to
determine how well they address core competencies.

Two of the five core competencies are particularly rel-
evant in this study: ability to apply the process of science
and ability to use quantitative reasoning. Applying the
process of science was justified because biology is an
evidence-based discipline.6 Examples for the process of
science included hypothesis testing, evaluation of experi-
mental evidence, and developing problem-solving strate-
gies. The justification for quantitative reasoning was
based on biology's reliance on quantitative analysis and
mathematical reasoning. Students who develop quantita-
tive reasoning should be able to interpret graphs, apply
statistical methods to diverse data and analyze large
datasets.6 In 2015, Couch et al. developed a taxonomy of
15 pedagogical goals and 37 observable supporting prac-
tices.7 They characterized three science practices relevant
to the core competencies of quantitative reasoning and
the process of science.

1. Students use science process skills when they: iden-
tify, construct or evaluate hypotheses and make pre-
dictions based on their hypotheses; design and
evaluate experimental strategies; and analyze data
using appropriate statistical methods.

2. Students synthesize experimental results when they
formulate conceptual models based on data; reconcile
conflicting pieces of data; and develop arguments
based on experimental data.

3. Students engage in formal scientific discourse when
they read and evaluate scientific literature, including
peer-reviewed publications.

About a decade before Vision and Change was publi-
shed, a new field of scholarship arose, called discipline-
based education research (DBER8). To support these
scholars, several new journals were launched as venues
for classroom practitioners and DBER scholars to
exchange ideas that would infuse classrooms with
evidenced-based instructional methods.9–17 A growing
number of molecular biology and biochemistry faculty

employ evidence-based pedagogical approaches called
active learning. Included in these approaches are clicker
questions,18,19 think-pair-share,20 flipped classes21,22 and
problem-based learning.23 All of these pedagogical
approaches are designed to change what happens in the
classroom when instructors and students are together
during class time. However, few DBER scholars or class-
room practitioners have addressed active learning when
students are reading a textbook on their own time.24

Schornborn et al. showed that traditional biochemistry
textbook figures negatively affect student learning.25 Con-
versely, Walton showed that out-of-class reading assign-
ments of real experimental results improved data analysis
skills.26 Similarly, a 2019 study showed that biochemistry
experts use experimental evidence when explaining
topics but biochemistry textbooks lack data to support
student understanding27 Students using one of the text-
books evaluated in this study, Integrating Concepts in
Biology (ICB), also improved their competencies in the
process of science and quantitative reasoning compared
to students using a traditional textbook.28 Schwartz et al.
sampled over 8000 students from STEM courses at 55 col-
leges and universities.29 They found that high school stu-
dents who spent at least 1 month on at least one major
topic earned higher grades in college science than stu-
dents who reported no in-depth instruction. High school
students who experienced breadth over depth in biology
did significantly worse in college biology courses. Stu-
dents in this study were matched for socioeconomic vari-
ables, English language fluency, mathematics
proficiency, and rigor of their preparatory high school
science courses. Schwartz et al. demonstrated the long-
term benefits of adhering to Vision and Change recom-
mendations of core concepts and competencies, summa-
rized by the expression “less is more”.29

Perhaps the most common active learning approach
that focuses on student learning outside the classroom is
the flipped class.21,22 Bowles described a series of inter-
ventions that prepared students for classroom engage-
ment to enhance their understanding.30 A common
implementation of the flipped classroom requires the
instructor to record summary presentations for the stu-
dents to watch before coming to class so that class time
can be spent applying the new content while together in
the classroom.31 In biology, video and audio presenta-
tions are typically based on traditional textbooks that
contain summary diagrams that tell students what they
should know, and more new vocabulary words than first-
year foreign language courses.33

In a traditional textbook, experimental results are
rarely presented to students in their published format,
and students infrequently apply the math they have been
required to learn.34 Duncan et al. surveyed six
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introductory biology textbooks to quantify the process of
science core competency as represented by figures in
each book.36 They found that less than 5% of the hundreds
of figures per book incorporated real experimental data.
Of these six textbooks, only the one authored by Scott
Freeman et al.37 incorporated all the components investi-
gators used to define the process of science. Duncan et al.
called for textbook authors to increase substantially the
number of figures that included experimental data and
the process of science.36 This study evaluated how well
two textbooks achieved Duncan's recommendation.

Unfortunately, DBER scholars have paid less atten-
tion to the role of textbooks in student learning than the
role of instructors in the classroom. Of the available
research on textbooks, most of the findings indicate that
textbooks are irrelevant to students.32–40 A recent study
compared open access textbooks to conventional text-
books to determine if one book type was better than the
other.41 The investigators found no significant differences
in student outcomes. Faculty using traditional paper text-
books felt their books were superior to open textbooks,
but students felt the two book types were equivalent.
Ninety percent of faculty who chose open textbooks did
so primarily for price and not quality, whereas 57% of fac-
ulty using non-open textbooks did so primarily because
they felt students would learn the material better. Never-
theless, 85% of all faculty expected their students to read
the textbook regularly, but only 29% of the students indi-
cated they actually read their books.41

Given the significance of the Vision and Change
report,6 it might be surprising to learn that the report
only mentioned the word “textbook” five times, one of
which offers a vague recommendation (Table S1).
“Clearly, more is needed than simply updating and mod-
ernizing the content and approach of textbooks.” In 2002,
Bowen and Roth analyzed the impact on student learning
when figures (inscriptions) were modified for students.42

The investigators found that even content experts found
many of the modified educational versions of figures
uninterpretable. Furthermore, they found that students
garnered most of their understanding of figures from the
main text and figure legends.42 College textbooks, they
reported, provide students with the take-home message
in the legends and captions making the images superflu-
ous. The pair concluded “Using [experimental data] to
construct scientific claims is an important component of
curriculum reforms”.42 The following year, Pozzer and
Roth concluded that textbooks fail to apply consistent
structural elements of research figures and the impact of
these inconsistencies warranted further research.43 To
analyze visual literacy in textbooks, Rybarczyk docu-
mented that introductory biology textbooks had signifi-
cantly fewer figures containing real experimental data.44

Furthermore, only half of introductory biology textbook
figures that described experimental methods actually rep-
resented experimental data. Additionally, Offerdahl et al.
developed a taxonomy of visual representations in text-
books.45 They questioned the authenticity of the tasks
students are asked to perform in their textbooks, noting,
“If students fail to develop fluency in introductory
courses, they probably won't be able to integrate that
knowledge in upper level courses.” Collectively, these
publications motivated this study's comparison of figures
and tables in ICB and a traditional textbook.

Three 2019 publications offered more detailed ana-
lyses of textbook figures. Kjelvik and Schultheis analyzed
why students maximize learning gains when they work
with authentic data to improve their core competencies
of the process of science and quantitative reasoning.46

They agreed with Bowen and Roth42 that students benefit
from accurately reproduced “messy” figures taken from
published research articles which is consistent with a
study of biochemistry students. Kjelvik and Schultheis
acknowledged the dearth of readily available messy fig-
ures in student-friendly scaffolding.46 However, when
novice college students are given authentic research fig-
ures in the absence of educational scaffolding, they do not
spend sufficient time looking at critical aspects of the fig-
ure, despite verbalizing that they did.47 Using eye-tracking
technology, Harsh et al. found that novice students and
content experts look at and spend time on different
aspects of data-rich figures.47 A different study used think-
aloud interviews of students in an active-learning class-
room and documented that individual students engaged
very differently with the same in-class activities.48 The
authors noted that grades offered limited understanding
of student perceptions about their learning: “Grades are a
proxy and not an ultimate indicator of successful learn-
ing.” Findings from these in-depth analyses of how stu-
dents engage with figures led to this study's comparison of
figures and tables as presented in two textbooks.

One author (AMC) was involved in phase I of the AP
Biology redesign project in 2006–2007. By the end of that
year, it became clear that existing textbooks were part of
the impediment to meaningful student learning. After
recusing himself from further involvement in the AP rede-
sign, he and two other faculty from Davidson College
wrote ICB49 that could be used for AP biology and college-
level introductory biology for STEM majors.2,5 From the
outset, ICB leveraged the finding that students learn best
when they construct their own knowledge and when they
employ the process of science as they constructed their
understanding.42,50 A pedagogical device in ICB called
“integrating questions” asks students to analyze and inter-
pret published data. Thus, students practice the core com-
petencies of the scientific process and quantitative
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analysis while they learn core concepts.28,52 However, one
limitation is that ICB is a commercial book and thus is
not free to all students which will limit access for many
students around the world. To reduce this limitation, ICB's
publisher, Trunity, offers reduced pricing for high schools
and institutions outside the United States, and scholarship
programs for students with demonstrated need.

The foundation for this study was the hypothesis that
textbooks with more authentic figures and tables (inscrip-
tions) would enhance the core competencies of scientific
process and quantitative analysis38–48 which would affect
upper level courses such as molecular biology and bio-
chemistry. One possible way to make such comparisons
would be to sample a few equivalent chapters from many
textbooks. However, the chapters of ICB are organized in
a unique way. Each chapter is organized around 1 core
concept (out of 5) and 1 size scale (out of 5) so an equiva-
lent chapter comparison was not possible. Therefore, we
evaluated every figure and table from two textbooks to
see if their content was significantly different.

During the formative stage of this research project,
we informally polled college biology faculty to name the
traditional textbook they thought had the greatest
emphasis on experimental data. Although the opinions
were not unanimous, many faculty thought Biological
Sciences by Scott Freeman et al.37 had the most data out
of all the traditional textbooks, which was consistent with
literature findings.36,45 Therefore, we compared ICB
(summer 2016 edition49; with the 6th edition of Biological
Sciences.37 We evaluated a total of 1598 figures and
226 tables and rated them for three criteria.

1. Does the figure or table contain experimental data?
2. Are there one or more specific questions for students to

answer that require the figures or tables for the answers?
3. Does the figure or table provide students with the

take-home message (summary), or must students ana-
lyze the figure or table in order to extract the main
points (interpretive)?

We confirmed that ICB figures and table contain sub-
stantially more data, require more interpretation and are
more connected to questions that facilitate students con-
structing their own knowledge. We and others have already
shown improved student outcomes when students use
ICB.28,53,54 We also showed that one semester was insuffi-
cient for data interpretation skills to persist 6 months later.28

After quantifying differences for figures and tables,
we asked a follow up question: Do students engage differ-
ently with figures from the two textbooks? We conducted
think-aloud interviews with eight incoming first year col-
lege students as they engaged with five paired images
from the two books that addressed commonly taught

concepts in molecular biology and biochemistry courses:
antibody structure and function; evolutionary origins of
mitochondria and chloroplasts; hemoglobin function;
neuronal function; and carbon fixation. We found stu-
dents used “inflated explanations” to describe the figures
which provide take-home messages and lack authentic
data. Inflated explanations contain words that make it
sound like students understand the content depicted
when they mimic words found in the figure legends and
labels. By contrast, students used “individualized expla-
nations” when describing figures that contained authen-
tic data but lack take-home messages. Because ICB
figures contain more data and rarely provide take-home
messages, first-year students in this study used more indi-
vidualized explanations for ICB figures and more inflated
explanations for Freeman figures. Thus, this sample of
students engaged differently with figures that lack take-
home messages but contain authentic data. In short, a
textbook can promote core competencies through data-
rich figures and tables that omit take-home messages.

2 | METHODS

2.1 | Figure and table analysis

We classified figures and tables in three categories, each
with two mutually exclusive choices: (a) summary or inter-
pretative; (b) question or no question; (c) data or no data.
We developed the following definitions for these choices.
A figure or table is called summary if it requires no analy-
sis; it only summarizes the text or supplements it with a
written take-home message. Conversely, a figure or table
is interpretative if students must analyze its information to
extract meaning; the take-home message is not provided
for the student. In order for a figure or table to be associ-
ated with a question, the visual element must require
information in the element to answer an explicit question
for students, rather than relying on the written text alone.
If a question can be answered by the text alone and does
not require information from the figure or table, the ele-
ment was classified as not having a question. For a figure
or table to be scored as containing data, it must present
results from a real experiment, rather than just a theoreti-
cal or hypothetical example. We applied these criteria to
two textbooks: ICB (summer 2016 edition)49 and the 6th
edition of Biological Sciences by Freeman et al. (BSF).37

2.2 | External evaluator survey

We validated our figure and table classifications by ask-
ing faculty who regularly teach biology to undergraduates
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to score a subset of the figures and tables. We submitted
an email call for participation via two online communi-
ties of undergraduate biology educators: SABER, Society
for the Advancement of Biology Education Research; and
GCAT—the Genome Consortium for Active Teaching.
Fifty faculty completed the survey and nine more faculty
answered some but not all of the questions. We used the
results from all 59 full and partial submissions (referred
to as external evaluators) to validate our scores.

The online Qualtrics survey contained two parts. The
first part was a training set of five paired and curated
examples that explained the three mutually exclusive cat-
egories of the figures or tables. The five pairs consisted of
one example from each book. The second part was the
experimental set of 30 randomly selected figures, 15 from
each textbook, and 10 randomly selected tables, 5 from
each textbook. The figures and tables were randomly
selected via a random number generator assigned to
corresponding figures or tables. The order of the figures
and tables in the survey was determined by random
assignment. External evaluators could click on any com-
bination of five options: Experimental Data; Interpretive
Figure; Summary Figure; Figure with Question; None of
these apply.

Prior to the training set, we provided external evalua-
tors with the goals of our research and instructions that
included definitions of the rating terms. The training set
gave evaluators an understanding of the online rating
process for all 10 examples in the training set. The experi-
mental tables and figures were presented in groups of five
per screen. At the top of each screen were definitions of
the rating terms as convenient references. The median
time spent on the survey by the 59 external evaluators
was 26.2 min.

2.3 | Data analysis and visualization

We used the R software package to analyze survey
responses from the external evaluators and build the
graphs. The open source code is available in the supple-
mental material for others to adopt and adapt.

2.4 | Think-aloud interviews

Incoming first year Biology majors from the University of
Georgia were recruited via email from their assigned
advisors for voluntary think-aloud interviews48,55 1 week
before the start of their fall 2019 semester. Twelve stu-
dents scheduled sessions, but only eight students (4 male
and 4 female) showed up. Each participating student was
paid $25 for their video-recorded interview, which lasted

approximately 30 minutes. Students were given one non-
biology figure as practice of the think-aloud method.
Paired experimental figures were selected from ICB and
BSF that addressed the topics of:

• primary and secondary antibody response (ICB figure
5.9 and BSF figure 48.17);

• evolution of organelles using evolutionary trees (ICB
figure 6.18 and BSF figure 27.9);

• hemoglobin response to oxygen and pH changes (ICB
figure 13.3 and BSF figure 42.17);

• threshold activation for action potentials in neurons
(ICB figure 9.5 and BSF figure 43.4);

• carbon fixation in photosynthesis (ICB figure 11.13
and BSF figure 10.18).

Which image appeared first among the pairs was ran-
domly determined prior to the interviews. Interviews
were recorded, transcribed and coded using AtlasTI.
AMC conducted all the interviews over a two-day period
and used inductive coding to evaluate all eight inter-
views. LJH independently used deductive coding to con-
firm the original coding. Any disagreements were
discussed until a consensus was reached. Of the 32 codes
developed, the major insight into student engagement
centered on two codes: “inflated explanation” and “indi-
vidualized explanation.” Individualized explanation was
meant the student describes what is going on in the fig-
ure using his or her own words based on interpreting the
image. Inflated explanation was defined as using the
right words, but the student's understanding was accom-
panied by an admission of not understanding, marked by
a code of “no understanding.” Human subjects institu-
tional review board approval for exemption #2019-050
was granted by Davidson College prior to the interviews.

3 | RESULTS

For every figure and table in both books, we asked three
questions: (a) Does the item contain experimental data?
(b) Is the item associated with a question? (c) Does the
item require interpretation or is it summary in nature?
To answer these three questions, we needed to establish
working definitions (Table 1). To qualify as data, an item
must contain real experimental results that had been
published. Items did not have to look exactly like the
original published figure, but they could not be hypothet-
ical representations of concepts in the absence of experi-
mentation by investigators. Example of figures lacking
data would be a photograph of an organism with its ana-
tomical parts labeled, or illustrations that presented an
overview of an experimental method. For an item to be
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associated with a question, the text either included a
question that directly referred to a figure or table, or con-
tained a statement that asked students to interact with
the item, such as “Fill in the missing information for this
table.” Summary items provided the take-home message
or illustrated information such as the biconcave shape of
red blood cells. Conversely, interpretive items required
students to interpret results and formulate a conclusion
based on the data within the item itself. For example, in
a graph showing the induction of light production by V.
fisheri, students had to interpret the data to determine
when luciferase enzyme production began.

The Biological Sciences textbook by Freeman (BSF) is
composed of 54 chapters that contain a total of 976 figures
and 116 tables. ICB is composed of 30 chapters with a
total of 622 figures and 110 tables. We only counted items
within the text of numbered chapters and did not include
items that contributed to end of chapter review materials.
We did not count videos embedded within ICB, nor did
we consider Chapter 0 of ICB, despite it containing fig-
ures and questions that introduced students to the bene-
fits of active learning and statistical analysis.

For every item, we determined whether it contained
data, if a question was clearly associated with the item, and
whether it was interpretive or summary (Figure 1). In BSF,
13% of the figures and 5% of the tables contained data pro-
duced by experiments. For ICB, 70% of the figures and 87%
of the tables contained data reproduced from published
experimental results. The data difference for tables is more
pronounced than figures in part because ICB frequently
asks students to perform mathematical functions on data
from published experimental results presented in tables.
The highest score for BSF was for figures associated with
questions (25%). BSF uses reflective questions within the
chapter as a mechanism to highlight main concepts and
prompt students to consult figures and tables. The number

of tables in BSF associated with questions was only 5%, the
same value as tables containing data. ICB received higher
scores for both tables and figures associated with questions,
with 80% of figures and 90% of the tables. ICB uses Inte-
grating Questions that occur throughout each section but
additional Review Questions at the end of each
section were not included in this analysis.

Based on the definitions provided in Table 1, all items
either had to be summary or interpretive. Therefore, it was
not surprising that the percentage of figures and tables that
were interpretive correlated with the percentage of items
that were associated with questions. For example, if stu-
dents were asked a question about a figure, it was usually
interpretive (contained information that had not been sum-
marized for students). Similarly, photographs of organisms
did not require interpretation and rarely had questions
asked about them. In ICB, 80% of its figures and 90% of its
tables were interpretive. Figures in BSF were interpretive
23% of the time, and tables were interpretive 3% of the
time. Many items in BSF provided the take-home message
for students and therefore did not require interpretation.
The abundance of take-home messages became relevant
during the think-aloud interviews described below.

After we evaluated all 1824 visual elements from both
books, we compared our ratings with those of other biol-
ogy faculty who frequently teach undergraduates (exter-
nal evaluators). We provided these external evaluators

TABLE 1 Working definitions for evaluating figures and tables

Data Must contain results from a real experiment, not
a hypothetical or theoretical one; could not be
an illustration or photograph mainly for visual
interest.

Question Students must use information in the item to
answer a question or supply missing
information; answer not presented in the text.

Interpretive Students must analyze the information in the
item to extract meaning; take-home points
were not provided for the students with the
item.

Summary The item requires no analysis; it merely
summarizes or supplements the text; take-
home point provided for students within the
item.

FIGURE 1 Comparison of figures and tables between Freeman

and ICB. We scored every figure (a) and table (b) for presence of

experimental data, whether a question was associated with the

figure or table, and whether the figure required interpretation.

Freeman had a total of 976 figures and 116 tables; ICB contained

622 figures and 110 tables. ICB, integrating concepts in biology
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with the working definitions for the four terms as shown
in Table 1. Each evaluator began with a training set of
visual elements to clarify the mutually exclusive catego-
ries. For each pair of training-set items, we indicated how
we defined each visual element and why we scored them
accordingly. By connecting specific items with defined
categories, we helped evaluators adjust to the online
interface and measured rater compliance, which was not
100% (Figure 2). The vast majority of evaluators success-
fully rated each paired training item as instructed. Two
or three evaluators failed to comply as instructed in the
training set perhaps because they disagreed with our defi-
nitions, or because they made a mistake by clicking on
the wrong selection. We did not exclude any external
evaluators even if their compliance was low on the
training set.

When evaluators rated the 30 randomly selected figures
(15 from each book), on average they agreed with our rat-
ings between 72% (interpretive figure) and 90% (figure with
data and associated question). Evaluators rated 10 randomly
selected tables (5 from each book) and agreed with our rat-
ings 90% of the time for data and type, and 100% of the time
for tables associated with questions. In every category of

Figure 2, there are a small number of people who disagreed
with our ratings, which could be true disagreement or con-
fusion due to the Qualtrics interface. Despite the few exter-
nal evaluators who rated items differently than most
others, the high degree of rating agreement validated that
the differences between the two books in Figure 1 would
be detected by most faculty. Therefore, there is a very large
difference between ICB and BSF textbooks with regards to
student access to experimental data, questions that ask stu-
dents to engage with the items, and whether the items are
summary or interpretive.

We asked external evaluators to score only 10 tables,
five from each book, because there are fewer tables than
figures in both books. Overall, the external evaluators
agreed with our assessments of the tables to a higher
degree than the figures, perhaps because tables are more
clearly either experimental data or not (Figure 3).

3.1 | Think-aloud interviews

Having established that ICB figures and tables are sub-
stantially different from those in BSF, we wanted to

FIGURE 2 Item rating

agreement with 50 external

evaluators who rated all

45 items (5 training and

40 experimental). Evaluators

were provided with 5 paired

examples (training set) to define

terms and to instruct them how

to rate these items for data,

question and integrative versus

summary. Evaluators

independently rated 30 figures

and 10 tables, randomly selected

and presented. Agreement for

figures and tables are considered

separately for the three

categories as shown in Figure 1:

Data; question; type of item

(interpretive vs. summary). Box

plots show mean percent

agreement (bar), 25%–75%
percent rating agreement range

(box), 95% rating agreement

range (whiskers) and any

additional raters with lower

percent rating agreement (dots).

The four horizontal bars at 100%

represent all values other than

outliers
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know how students engaged in the two different types of
figures. While conducting the think-aloud interviews, it
became apparent that students often restated phrases
taken directly from figure legends or labels within
figures.

• I appreciated the labels on the physical graph for the sec-
ondary immune response. It led to my conclusion
quicker and assisted in making the conclusion….
Because this image looked complex at surface level, I
referred to the caption title mostly. (Student 7)

• I found myself searching for the labels in the beginning,
and then I just had to recall what I had read, and read
it again, to make sure I knew. (Student 7)

• So the text is providing a lot more help as opposed to the
actual graph does. (Student 11)

• Also, the two different labels of what happened after 5 s
and then 60 seconds, really show what happened; more
compounds are produced. Then the conclusion just sums
it up. (Student 9)

• I always go back to the title, ‘Incorporation of radioac-
tive carbon into organic molecules.’ Okay, ‘algae cells
produce increasingly more complex organic molecules
with longer exposure.’ Okay, that's what they wanted me
to get. (Student 8)

• I like that it gives me the response. It tells me what is. It
kind of just spoon-feeds when the [antibody] response is
larger and when the response is faster. (Student 8)

FIGURE 3 Percent agreement with external evaluators on table ratings. Black bars indicate the percent agreement for the 5 ICB tables

(a) and the 5 Freeman table (b). Gray bars indicate the percent disagreement. The numbers on the right side indicate the order in which the

10 tables were presented to outside evaluators. Each table was scored for data (left column), association with a question (middle column),

and table type of summary or interpretive (right column). The summation of all ratings for one table in one column equals 100%. ICB,

integrating concepts in biology
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• I like the labeling. And then on this one even just tells
you exactly what it wants you to know as it's a faster
and larger [antibody] response. (Student 3)

Without the benefit of the quotes above, it would
have been easy to accept spoken explanations of figures
as correct and representing in-depth student understand-
ing. However, students freely admitted they used text
associated with figures to formulate their explanations
despite not understanding the data. Their admission led
to the code we called “inflated explanation” to describe
times when students sounded convincing, but actually
failed to understand the figure. The following quotes
came from students working with figures from BSF:

• I was confused on how oxygen concentration was differ-
ent from fraction of oxygen saturation. I think I weaseled
my way to an answer that made sense. (Student 7)

• I was a little bit confused … I just did not really see the
significance of that [pointing to figure] or how that tied
into the visual, and I was just trying to find some way to
connect the two when in reality everything you needed
was really in that first sentence…. you can derive a con-
clusion without looking at what's provided [in the fig-
ure]. (Student 11)

• Okay. So I see ‘primary initial endosymbiosis occurred
here in the plants.’ Then secondary endosymbiosis… It
says the ‘red algal, and green algal chloroplast were
transferred to other protists….’ These dotted lines hin-
dered my ability. I was a little confused about those as
well as the brackets, cause they did not have labels.
(Student 9)

• I got tripped over what I was thinking sometimes,
because I was saying stuff that I did not really know
what I was saying, and then I'd go back and read it or
just forget what I had said. Because sometimes when I'm
talking I say things that I'm just reading it and speaking
it, and then I'm like, ‘Wait, what did I just say?’
(Student 3)

Conversely, when students engaged with figures from
ICB that lacked take-home messages, they had to come
up with their own wording that reflected their under-
standing or lack of understanding. Student figure descrip-
tions that lacked verbiage from labels or legends were
coded as “individualized explanation.” It was common
for students to mildly complain about the extra effort ICB
figures required.

• I can see, just from a glance, the graphs are not labeled
by those different currents, so that draws me to look
closer at the actual lines in the graphs and see if… Okay,

so they are labeled, just not by numbers. They're labeled
with the red, I guess, key at the top. You just have to look
at and compare… I was thrown off of it by how they
chose to label the graphs with insets as opposed to just
saying, “This is when 10 millivolts are applied and this
is when 20 millivolts are applied.” I think that took a lit-
tle more energy to decipher. (Student 7)

• And so this [legend] I read here definitely helped, telling
me to make sure I know that the Y axis was different for
these. That helped me figure it out. ICB legend said to
note different axes. (Student 5)

• On this one, it was more confusing because I did not get
it at first, because I've never seen anything like this, but
what helped me, the y-axis, relative antibody concentra-
tion times 100, and the x-axis, just the days. (Student 8)

• I now get, after all this time, it's an evolutionary tree. I
think that just clicked in my head when I said that.
(Student 8)

The underlined portions of these quotes reveal that
the students were employing two core competencies
defined by Vision & Change6: the process of science and
quantitative reasoning. Specifically, these students
employed the process of science when they evaluated
experimental evidence and developing problem-solving
strategies. The students also revealed quantitative reason-
ing when they interpreted graphs and used statistical
measures to evaluate diverse data. It is worth noting that
the interviewed students had never read either textbook
and approached the figures out of context and yet they
demonstrated differences in the use of core competencies.
ICB promoted these skills whereas BSF did not.

We summarized inflated versus individualized expla-
nations for all the students and each figure used in the
think-aloud interviews (Figure 4). The color-coded pat-
terns are easy to see in columns. Inflated explanations
were much more common for BSF figures than for ICB
figures. Conversely, students used individualized expla-
nations for ICB figures more often than they did for BSF
figures. Furthermore, all eight students (rows) applied
inflated explanations for at least 4 of the 5 BSF figures.
Six students used individualized explanations for at least
4 ICB figures. Students were not able to formulate an
explanation 11 times, with 8 of these stemming from ICB
figures. A lack of understanding is not surprising since
students had not read the text and were only looking at
figures for a few minutes.

Student 11 was unable to offer coherent explanations
for 4 of the 10 figures, the most of any student. This stu-
dent self-identified as a visual learner and verbalized the
tension faculty face when choosing textbooks and pre-
senting data. On one hand, we want our students to have
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a positive experience with textbooks and the figures they
contain. “Maybe if it was just digital art or a cartoon-like
reference I would be able to understand it, because it's
just more clearly depicted and like I said, I'm just drawn
to things like that.” On the other hand, we want students
to persist through the initial challenge of interpreting
and analyzing data. We want them to engage with the
data so they can develop the core competencies of scien-
tific process and quantitative reasoning. Competencies
cannot be memorized, and like any skill, competencies
develop over time with repeated practice. This tension
was summarized by student 11. “All right. So whenever I
look at the graphs, I have trouble making sense of it. So
I'm just going back to the text like I kind of did with the

first or the second one… So the text is providing a lot
more help as opposed to the actual graph does, because I
don't know if [it's] just the way I'm wired or I don't know.
But the text makes a whole lot of more sense…. But I'm
just not drawn to the graphs. I'm just more so referencing
the texts.” Students have grown accustomed to figures
that do not require them to employ the process of science
or quantitative reasoning, so they prefer figures that pro-
vide take-home messages. Student 11 was frustrated and
grew uncomfortable with the interview process. No
teacher wants a student to feel uncomfortable when
reading a textbook and yet we want them to develop
core competencies. Given their prior exposure to text-
book figures and tables, is it possible to help students

FIGURE 4 Percent agreement with external evaluators on figure ratings. Black bars indicate the percent agreement for the 15 ICB

figures (a) and the 15 Freeman figures (b). Gray bars indicate the percent disagreement. The numbers on the right side indicate the order in

which the 30 figures were presented to evaluators. Each figure was scored for data (left column), association with a question (middle

column), and figure as summary or interpretive (right column). The summation of all ratings for one figure in one column equals 100%. ICB,

integrating concepts in biology
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develop core competencies in the absence of temporary
frustration?

4 | DISCUSSION

Based on our analysis of all 1824 visual elements, we can
confirm that ICB is significantly different from a tradi-
tional introductory biology textbook. ICB figures and
tables contain more data, are associated with more ques-
tions, and require interpretation more often than in the
BSF book (Figure 1). Our ratings were validated by
59 external evaluators who rated 30 figures and 10 tables
randomly selected from each textbook (Figure 2). Our
ratings did not align perfectly with the external evalua-
tors, but the overall agreement was high (Figures 3
and 5).

The category with the greatest disagreement for the
BSF figures was interpretive versus summary (see
Figure 5b). Out of the four BSF figures where we dis-
agreed the most with the evaluators, one disagreement
(figure #9) might be due to an erroneous lighter font
color and thus not noticing the question. However, three
BSF figures (#5, #26 and #29) were rated as summary fig-
ures by the outside evaluators whereas we rated them
higher as interpretive. If we were to use the evaluators'
ratings instead of our own, BSF figures would drop from
27% interpretive (4 out of 15) to 7% interpretive (1 out of
15). We had rated 87% (13 out of 15) of ICB figures to be
interpretive, but if we used the external evaluators'

ratings instead, ICB figures would be between 73% and
80% interpretive because #14 was evenly split among the
evaluators (see Figure 5a). Regardless the rating for #14,
ICB figures contained more interpretation than BSF
figures.

The external evaluators largely agreed with our ratings
for the 10 tables. Only ICB table #2 was rated differently
by a slight majority of the evaluators who felt the table
lacked data as we defined the term. The nature of the
information in this table, accidental death data collected
from national statistics, makes it clear why a narrow
majority of evaluators would rate the table as lacking
experimental data. Despite this one disagreement, ICB
tables contain significantly more data, are linked to more
questions and are more interpretive than tables from BSF.

The first part this study quantified differences in text-
book figures and tables that might affect student learning
outcomes. Vision and Change called for improved core
competencies for students,6 but that call is not easy to
answer. It took the authors of ICB 3 years to write the
textbook (and another 4 years to publish it). Traditional
textbooks are essentially unchanged as documented by
the fact that each one has been published in multiple edi-
tions (Freeman 6th edition). By comparison, ICB was
written de novo and with the benefit of AP Biology rede-
sign plus Vision and Change recommendations..5,6 Specif-
ically, this work demonstrated that students employed
the process of science and quantitative reasoning core
competencies with tables and figures from ICB more
than BSF.

FIGURE 5 Think-aloud interview qualitative data summary. Coded interview summary from eight students (left column) for 10 paired

figures (top row). Topics are provided with short captions and textbook source is abbreviated BSF (biological sciences by Freeman et al.) and

ICB (integrated concepts in biology). Teal boxes show when each student used “inflated explanations” when describing a figure. Gold boxes

indicate when students employed “individualized explanations” to describe figures. Purple boxes indicate when students blending inflated

and individualized explanations. Gray boxes show when student were not able to understand figures sufficiently to offer meaningful

explanations. The last BSF column tallies how many times each student used inflated explanations with BSF figures. The last IBC column

tallies how often each student used individualized explanations for ICB figures. Purple boxes were added to inflated and individualized

explanation tallies. Gray boxes were not included in either tally. ICB, integrating concepts in biology
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Scott Freeman is a prominent DBER scholar, but he
is no longer a participating author for the textbook that
bears his name. In the seminal 2014 publication by Free-
man et al., the authors conducted a meta-analysis of
225 published studies and concluded that active learning
methods in STEM classrooms reduce failure rates regard-
less of the discipline or class size.56 In their Discussion,
the authors noted that if the study had been a clinical
trial, it would have been halted for ethical reasons. Stu-
dents in the comparison groups who did not benefit from
active learning instruction methods suffered from lower
grades and it would be unethical to continue lecturing to
students. In short, Freeman compared lecture-based clas-
ses to medical malpractice where the practitioner was
performing a method that the literature shows is less
effective. Based on our findings, would Freeman and col-
leagues consider it educational malpractice to use a tradi-
tional textbook that does not promote core
competencies?

We only compared ICB to one textbook which is a
limitation of this study, but we see our project as part of a
much larger effort to understand how textbooks affect
student learning. However, Duncan et al. reported that
BSF37 was the only textbook in their study that incorpo-
rated all the components they used to define the process
of science.36 Our method for comparison was just one of
many possible comparisons others might perform. We
did not evaluate alternative textbooks with unique
approaches, some of which are open access and thus free
to students,57,58 though others have shown open-access
textbooks are very similar to traditional commercial text-
books.41 Because we knew that many would object to
ICB authors evaluating their own textbook, we used
external evaluators and independent transcript coding to
reduce bias that favored ICB. For the sake of limiting the
time external evaluators had to spend on the survey
(26 min on average), we did not ask them why they chose
each rating which is a limitation of this study. Despite
these shortcomings, we hope our textbook analysis will
motivate DBER scholars to study textbooks and student
behavior when they are not in the classroom. As noted in
the Introduction, another limitation of this study centers
on ICB being a commercial book and thus not free to all
students. To reduce this limitation, the publisher offers
special pricing discounts, and educators are encouraged
to contact the publisher, Trunity, for custom pricing. Cur-
rently, the textbook is limited to English only, which will
limit accessibility for many international students.

Think-aloud interviews uncovered an unexpected
aspect of student engagement with textbook figures. Stu-
dents frequently rely on text within legends or figure
labels to verbalize what sounds like correct explanations
of the figures. Instead, their shared thoughts illustrate
what we coded as “inflated explanations.” Inflated

explanation is facilitated by figures that provide take-
home message verbiage in their legends and/or labels
(Figure 3). Our findings are consistent those of Bowen
and Roth who concluded that exposing student to educa-
tionally modified figures was insufficient to generate core
competencies.42 Conversely, “messy” figures that contain
authentic experimental data allow students to develop
core competencies of science process and quantitative
reasoning by practicing these skills at the same time they
are learning core concepts.46 Pozzer and Roth rec-
ommended further research to understand how students
engage with textbook figures and what influence figures
have on student learning.43 As Offerdahl et al. warned,
students will not be able to use visual literacy skills in
upper level courses if they do not develop fluency during
their introductory courses.45 More recently, Jeffery et al.
urged biochemistry instructors to provide their students
with experimental data to support their understanding.27

Although this study included a small number of student
interviews, our findings are consistent with the reports of
others and thus independently supported.

STEM students are best served when their early
courses provide more depth and less breadth.59,60 One
way to enhance student learning outcomes is to empha-
size the process of science and quantitative reasoning by
providing inquiry or CURES laboratory experiences.61

Ferrare analyzed STEM instructional practices for
71 introductory courses at six institutions and found four
major categories of practices.63 The most common prac-
tice for introductory biology courses was “slide shows”
during which instructors present material from
PowerPoint slides (70% of their time) mixed with real-
time clicker questions (11% of their time). Ferrare
reported that faculty who employ slide shows see them-
selves as facilitators of knowledge. He concluded that fac-
ulty connect the way they teach with the way they
conceptualize the learning process, “regardless of
whether that understanding has empirical merit.” How-
ever, Bathgate et al. surveyed 584 STEM faculty who had
been trained in evidence-based teaching and found that
an instructor's perception of community support was the
major determining factor for use of evidence-based teach-
ing methods.64 Are these two contemporary reports as
contradictory as they seem? Could faculty incorporate
their understanding of the learning process into
evidence-based teaching methods if they were provided
with sufficient support from a textbook that promotes
core competencies?

Walton reported biology students improved their core
competency of quantitative reasoning with the use of
out-of-class reading assignments based on primary litera-
ture.26 Wiles found biology students, especially women,
felt more confident and preferred learning by analyzing
authentic data figures (process of science) rather than
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lectures.65 Hoffman et al. redesigned introductory biology
with new modules for acquiring core competencies (pro-
cess of science and quantitative reasoning) while learning
core concepts.66 Students are able to practice core compe-
tencies while learning core concepts.7,67 Based on all
these reports, it seems faculty have every reason to adopt
these methods, yet resistance remains. Perhaps a 2019
physics DBER study helps us understand why some fac-
ulty might hesitate. Deslauriers et al. found that despite
larger learning gains, physics students in active-learning
courses felt like they learned less than their passive-
learning peers felt.68 Only by explicitly teaching students
the benefits of active learning were students able to per-
ceive their own learning, which can improve motivation
and engagement, two key factors necessary for student
learning.

One way to provide structural support so that more
faculty adopt evidence-based teaching methods might be
to provide them with a textbook that integrated core con-
cepts and core competencies simultaneously.69 The AP
redesign as well as Vision and Change called for dramatic
shifts to improve student learning.5,6 The DBER commu-
nity has focused largely on instructional practice when
faculty and students are together. We know less about
how textbooks influence student learning. As noted ear-
lier, traditional biochemistry textbook figures harm stu-
dent learning.25 Perhaps textbooks that promote core
competencies can provide a supportive environment that
leads to different perceptions of the learning process.63,64

Vision and Change outlined clear goals for instructional
practices6 but only mentioned textbooks five times
(Table S1). If we want to engage students in meaningful
ways that avoid inflated explanations, we must provide
them with messy research figures with unaltered and
authentic data that biochemistry experts use to explain
their understanding.27 ICB is only one of many possible
implementations of a data-centric textbook that weaves
the acquisition of core concepts and competencies. We
have already shown that students retain core concepts
longer and improve their core competencies when using
ICB.28 What we do not know is what additional textbook
innovations can help students achieve the goals of Vision
and Change. We hope that DBER scholars will continue
to explore how students' out-of-class time spent with text-
books can maximize learning outcomes.
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