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Quantitative reasoning (QR) skills have become a critical competency for undergraduate biology students,
and recommendations for curricular reform urge QR training throughout undergraduate biology programs.
Much research has been directed at course design, pedagogy, and student challenges in QR, but less research
has been directed toward understanding how biology faculty conceptualize the QR skills they are called upon
to teach. We conducted in-depth, semistructured interviews with |5 participants teaching introductory biol-
ogy courses to learn how faculty conceptualize QR at the introductory level. Using phenomenology, responses
were coded to establish inductive codes. We found that two themes emerged from the coded conceptualiza-
tions: sophisticated, cognitively complex QR skills and basic QR skills. Participants placed emphasis on the
more complex QR skills as being important in the undergraduate curriculum, beginning at the introductory
level. Participants’ conceptualizations of QR aligned with skills called for in curriculum reform, but the per-
ceived notion of “basic’” for some skills may not align with the literature. This suggests that more is needed

in aligning faculty conceptualization of QR with curriculum, pedagogy, and assessment.
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INTRODUCTION

Recently, there are strong recommendations for biology
faculty to teach quantitative skills in their courses (1-3). Such
recommendations stem from the surge in the amount and
complexity of biological data that has accompanied the rapid
advances in computing technology and the increase of biology
reliance on quantitative analysis and mathematical reasoning
(4). The need for quantitative biology skills is reflected in the
rapid growth of research in bioinformatics and genomics and
the application of mathematical, statistical, and computational
models to systems biology (5). Strasser and Hampton (6)
reported that this increase in data wealth has led to an
increased need for data analysis and data management skills
among biology graduates entering the workforce.

The rise in the quantitative nature of biology in research
and industry has thus led to recommendations for curricular
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and pedagogical reforms at the undergraduate level to develop
the quantitative skills of biology students and to apply those
skills in biological contexts (I, 7). In 2011, in response to these
recommendations, Vision and Change in Undergraduate Biology
Education: A Call to Action (3) described the need to shift from a
vision of undergraduate biology education that relies on mem-
orization of isolated pieces of knowledge to one that focuses
on mastering five major core concepts (e.g., evolution, struc-
ture, and function) and acquiring six core competencies (e.g.,
ability to apply the process of science, ability to use quantita-
tive reasoning). The wide agreement that these core concepts
and competencies are necessary for developing scientifically
literate students encouraged the development of innovative
curricular frameworks for undergraduate biology degrees that
emphasize these core concepts and competencies (8—10). In
response, science education researchers have contributed a
wealth of information on course design (I1), pedagogy (12),
and discussions of student challenges to acquiring core con-
cepts and competencies (13). Clemmons et al. (10) recently
elaborated a set of learning outcomes, the BioSkills guide,
designed to help biology faculty implement and assess the rec-
ommendations of Vision and Change. The critical next step is to
gain exposure among current faculty to these important ideas
for pedagogical change and to determine the extent to which
such changes are incorporated into their teaching. However, a
review of the literature suggests that research rarely has been
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dedicated to how biology faculty, outside those faculty engaged
in discipline-based education research, articulate competencies
and how their interpretations inform their teaching. Since the
faculty’s role is critical in the enactment of any curricular and
pedagogical changes (14), we investigated the biology faculty’s
conceptualizations of quantitative reasoning in the context of
undergraduate biology education. Specifically, we interviewed
faculty teaching in the introductory biology course sequence,
as they are potentially the first to teach quantitative reasoning
skills to students transitioning from K-12 instruction.

In essence, Vision and Change called for opportunities for
students to practice science and not just recall scientific
knowledge from readings. To understand the nature and de-
velopment of scientific knowledge, we must understand the
epistemic practices of scientists (I5—17). Based on this under-
standing, Vision and Change included recommendations for
curricular and pedagogical changes in undergraduate biology.
In terms of curricular changes, there is a need to incorporate
scientific practices (e.g., constructing scientific knowledge
through experimental design, making decisions about data
collection, analysis, and communication) into the curriculum
(15). Science learning environments that allow students to
model the epistemic practices of scientists promote student
engagement, promote a better understanding of scientific
concepts (18), and show promise in preparing biology stu-
dents to enter the workforce. For example, Sadler and
McKinney (19) studied how the use of authentic research
experiences that highlighted epistemic practices (such as stu-
dents’ active involvement in the collection, quantification, and
analysis of data) affected undergraduate science students’
learning outcomes. They found that these experiences facili-
tated students’ understanding of the nature of science (NOS)
and improved attitudes toward science and self-efficacy.
Similarly, Hanauer et al. (20) found that project ownership
increased students’ sense of agency and achievement, result-
ing in increased retention in the sciences; Hanauer and Dolan
(21) subsequently developed and evaluated a project owner-
ship survey (POS) to measure the effectiveness of student
research experiences on the psychosocial and cognitive fac-
ets of this pedagogical element.

Among the skills called for in Vision and Change are the
ability to apply the process of science, including hypothesis
testing and data interpretation, and the ability to use quantita-
tive reasoning (QR). Biologists rely on QR as a crucial episte-
mic practice to generate research questions, analyze and inter-
pret data, and develop models (4). Despite clearly articulated
needs for QR proficiency for biologists entering the work-
force (22), instruction in these QR skills is often lacking or
underdeveloped in undergraduate biology education. Students
often take mathematics and biology courses in near independ-
ence (23, 24) and rarely experience mathematics within the
context of their own discipline (I 1). Moreover, students often
do not understand the importance of integrating QR into their
biology courses, a limitation that could follow them into their
professional careers (24). Despite a lack of evidence that biol-
ogy students are math-averse (25), some students who
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perceive themselves as math-weak gravitate toward biology
due to the perception that biology does not rely on mathe-
matics (11, 26). Faculty sometimes shield their students from
the quantitative aspects of biology (5), although exposing stu-
dents to QR at the start of their academic career is known to
foster their quantitative competency in a biological context
(I'1). Matthews et al. (27) provided strong evidence that biol-
ogy students need to see, acknowledge, and then understand
how important it is for them to develop QR skills during their
undergraduate studies and points to the need to encourage
biology faculty to integrate QR into all levels of student learn-
ing. Students who feel, or develop, a level of satisfaction with
math early in their undergraduate training may retain that atti-
tude; using an Attitudes toward the Subject of Mathematics
Inventory (ASMI), Wachsmuth et al. (26) found that math atti-
tudes may be malleable if students can frame mathematical
work contextually as having utility or relevance. It may also be
necessary to explicitly help undergraduates put mathematics
into biological contexts; Beck (28) found that implicit teaching
of statistical and quantitative concepts did not improve QR
and making explicit links between mathematics and biology
may be necessary, at least at introductory levels.

While most biology faculty are trained in and employ QR
in their research (29), they face challenges to bring quantitative
skills (e.g., reasoning, modeling, statistical analyses) into their
teaching. Faculty may not recognize the need to integrate QR
with the science content of their courses, may lack the peda-
gogical content knowledge needed to teach QR effectively (30),
or may lack the confidence to bring more quantitative skills to
their curriculum (13, 31). To integrate QR into their courses,
biology instructors could benefit from clearly articulated guide-
lines and informed resources (e.g, reference 32). Vision and
Change (3), although calling for QR instruction, largely left to
individual faculty to determine what such instruction looks like.
Subsequent to Vision and Change (3), Clemmons et al. (10)
expanded the six core competencies into the BioSkills guide of
measurable learning outcomes. Prior to publication of the
BioSkills guide, faculty who might implement QR in their
courses usually relied on their individual experience and con-
ceptualization of QR to inform their course content. This asser-
tion also leaves out biology faculty who are not well-versed in
discipline-based educational research (DBER) and may not have
knowledge of Vision and Change and the related tools and
resources. An integrated understanding of how biology faculty
conceptualize QR in their courses would help inform curricular
and pedagogical development moving forward.

A comprehensive body of work has been published on
“how to” incorporate authentic QR as epistemic practice in
biology courses (e.g., references 31 and 33) and the chal-
lenges students face in developing QR skills (34). Less is
known about how biology faculty conceptualize QR and
how they provide instruction to their students. Most biol-
ogy faculty have experience with QR as research scientists,
but they may lack the pedagogical content knowledge (35)
for teaching QR (36). This may be especially true of
research-focused faculty who may not be as familiar with
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DBER as their education-focused colleagues (36). To pro-
vide successful resources to help faculty implement curricu-
lar change, it is necessary to create a loop; we must first
understand how diverse faculty stakeholders conceptualize
QR, and then we can work to develop curriculum resources
that help guide them in their efforts to teach QR. To that
end, our research seeks to explore how faculty in introduc-
tory biology courses understand and conceptualize the
term “quantitative reasoning” (QR). We intentionally chose
the introductory biology focus, as studies (11, 23) suggest
that students should be exposed early and often to QR
practices to improve skills and self-efficacy in a biological
context. Our work was focused on two research questions.
(i) How do faculty in introductory biology courses concep-
tualize QR? (ii) Do those conceptualizations vary with fac-
ulty research background, teaching experience, or institu-
tion type!?

METHODS

This study was a qualitative exploratory study to under-
stand the conceptualization of quantitative reasoning (QR) by
faculty teaching introductory biology courses. We interviewed
I5 biology faculty, from 14 biology departments at New England
universities and colleges (Table 1). Phenomenological design sug-
gests interviews of 5 to 25 participants (37) to understand the
essence of experience, so we selected a participant pool of in-
termediate size.

Participants

We identified 14 universities and colleges in New
England which represented five Carnegie classifications
(http://carnegieclassifications.iu.edu/). We utilized a snowball
sampling method (38) to recruit department chairs, who
then recruited participants for interviews. We submitted
email messages to department chairs asking for referral to
faculty members who most recently were assigned to teach
in the introductory biology course sequence. The time limita-
tion was included to alleviate potential selection bias of
department chairs. After the faculty were identified, we sent
an informed consent letter describing the research, along
with the interview questions. Once the participants commu-
nicated their willingness to take part in the study, an inter-
view was scheduled at the available times provided by the
faculty. Faculty were identified by their primary research in-
terest. Their primary research interest was then categorized
by subject area as either cellular/molecular biology or ecol-
ogylevolutionary biology, the two major subject areas of in-
troductory biology. Because faculty were identified by their
department chairs for participation, we did not attempt to
have equal numbers of faculty in each subject area category.
Descriptor data were also collected on faculty rank and years
of teaching. All participants were deidentified by use of a
pseudonym. Three research groupings were constructed
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(Table I): (i) subject area focus in biology (cellular/molecular,
ecology/evolutionary), (ii) years of teaching experience (0 to
4yr, 5 to 9yr, 10 to 14yr, 20+ yr), and (iii) Carnegie classifica-
tion (http://carnegieclassifications.iu.edu/). There are no known
safety concerns with this study because it did not contain any
laboratory components.

Interview protocol

The interview questions (Appendix |) were drafted by
the first two authors and then revised after receiving feed-
back from two science education research groups and two
pilot implementations. Semistructured, responsive inter-
views, a qualitative research tool of one-on-one interviews
(39), were conducted via videoconference; all interviews
were conducted by the first author. Interviews took ~45
min and consisted of four sections: (i) introductory ques-
tions on course content and teaching experience, (ii) con-
ceptualizing QR, (iii) background and interests in QR, and
(iv) implementing QR. This paper reports the findings of the
second interview section: conceptualizing QR. Participants
consented to having the interviews recorded and tran-
scribed for data analysis.

Data analysis

For each interview, statements in response to ques-
tions regarding conceptualization of QR were coded (see
below); where appropriate, an individual statement would
be assigned multiple codes. The data analysis was informed
by the interview questions, QR definitions in educational
research (e.g., references 40—42), and the Vision and Change
(3) document. These artifacts helped deductively frame the
initial and overarching codes such as “Meaning of QR” and
“Faculty Background in QR.” As suggested by the phenome-
nological data analysis approach, we utilized “horizontaliza-
tion” highlighting significant statements across interviews to
help us understand the essence of the teaching QR experi-
ence. We then articulated “clusters of meaning” that helped
us formulate codes representing the highlighting statements
(e.g., conceptual sensemaking through data, creating/
describing graphical data). The goal of developing the codes
representing such clusters of meaning was to capture par-
ticipants’ experiences leading to their definition of QR in in-
troductory biology courses. This process is called “bracket-
ing” (43) and helps researchers remove their knowledge or
experience from the essence of the phenomena as much as
possible. Two researchers (authors | and 2) were involved
in developing the coding framework and then coding the
interviews. Initially, we independently coded 4 of the 15
interviews for the initial phase of establishing a reliable cod-
ing framework; we used the percent agreement (Pa) for-
mula (44) to calculate the intercoder reliability for each
code. At this initial phase, the percent agreement for each
code ranged between 72 and 100%. We decided to remove
or collate the codes that were rated below 90% (45), e.g.,
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“using graphical models” and “using mathematical models”
were collated as “using models.” While coding the rest of
the interviews, we went through the iterative process of
discussing, revising, and defining the remaining codes until
we reached 100% agreement (46). Individual statements, as
opposed to entire responses to a question, were coded for
each participant. In instances where two or more codes
could be applied to a singular statement, cooccurrence of
codes was noted. Once the coding framework was estab-
lished, the lead author of this study conducted final revi-
sions of all codes for all interviews. The inductive codes
provided in-depth qualitative accounts of how introductory
biology faculty conceptualize QR. Coding analysis was done
through Dedoose version 7.0.23, a qualitative research anal-
ysis tool (www.dedoose.com). Once we determined the
codes, our final step of the phenomenological approach was
to see whether there were common themes in how partici-
pants explained each QR skill. This study will focus specifi-
cally on the overarching code of “meaning of QR” and the
related inductive codes in order to respond to the research
questions.

RESULTS

Faculty conceptualization of the meaning of quantitative
reasoning

Although we cannot make any generalizable claims about
relationships between faculty conceptualizations of QR and
their attributes due to the small participant number and the
nature of this study, we can highlight some patterns that we
noticed in our data, which can be useful for further investiga-
tion. When we asked participants to define QR in the con-
text of their teaching, nine codes emerged. When we looked
at the qualitative excerpts for these codes, we noticed that
faculty’s descriptions for these nine codes used keywords
such as “simple,” “easy,” “not difficult/difficult,” and “challeng-
ing” These keywords led to two thematic areas: sophisti-
cated and basic QR skills. The first theme included referen-
ces to what participants saw as sophisticated, cognitively
complex QR skills related to how students should “think
about data” (Table 2, Table S2). Participants often described
these skills as potentially difficult for introductory biology
students. The second theme included references to what par-
ticipants described as the more basic QR skills of what stu-
dents should do with data (Table 3, Table S3), often suggest-
ing that students should already possess these skills when
they enroll in the course. Participants conceptualized “doing
with data” as skills where students might work with data
without recognizing the meaning or context of what they are
doing. For example, participants spoke of students entering
numbers into a formula to obtain a correct answer but not
knowing what that answer meant. Similarly, students might
successfully generate a graph with data means and measures
of variation but not understand what the variation indicates
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about the data. It is important to note that these codes were
generated wholly from participant comments and do not
necessarily reflect what is known from the literature. Indeed,
some participants viewed certain skills as basic (e.g., “creat-
ing/describing graphical data”), while literature (e.g., referen-
ces 47 and 48) suggests that they are complex.

First theme: sophisticated, cognitively complex
QR skills. Based on the wordings that the participants
used, we identified that five QR skills were conceptualized
as being sophisticated and cognitively complex. All partici-
pants emphasized at least one of these five skills in their
conceptualization of QR. The following five codes of skills
that were grouped under this theme are in accord with the
array of critical thinking skills called for in Vision and Change
(and others). Codes are presented in the order from most
to least applied.

(i) Conceptual sensemaking through data (12 of
I5 participants). This code was represented the most in
the transcripts. Excerpts that were grouped under this code
referred to the ability to analyze or interpret data to better
understand a concept, to extract evidence-based meaning
from a figure, or to create a figure that graphically demon-
strated a concept. For example, Paul, an ecologist/evolution-
ary biologist, described a lesson where he provided data on
the relationship between leaf size and climate and expected
the students to be able “to look at conceptual problems and
turn them into mathematical models, calculations, analysis,
etc” For Paul, students should be able to draw a trend from
interpretation of global data and to conceptually make sense
of the factors affecting the leaf size across different climate
zones. We saw a higher ratio of ecologists/evolutionary biol-
ogists highlighting conceptual sensemaking through data com-
pared to that of cellular/molecular biologists (10 of | I, 2 of 4,
respectively). We also noticed that ecologists/evolutionary
biologists would elaborate on conceptual sensemaking with
examples from specific topics, such as population growth,
habitat characteristics, and prey behavior. On the other hand,
cellular/molecular biologists talked about conceptual sense-
making more generally. Barbara, a cellular/molecular biolo-
gist, spoke in generalities of students being able “to look at a
set of numbers and extract what it means,” but she did not
offer an example in context. Emphasis on conceptual sense-
making through data was stressed by participants across all
teaching experience categories and Carnegie classifications
(Tables S3 and S4).

(ii) Using models (8 of 15 participants). This code
was conceptualized as the ability to understand and/or cre-
ate a model to represent data or evidence. Models that par-
ticipants referred to could be conceptual, mathematical, or
graphical. For example, Betsy, a cellular/molecular biologist,
talked of having students employ the numerical Hardy-
Weinberg model “to take a written-out series of sentences
and apply the formula” to calculate gene frequencies. Paul,
an ecologist/evolutionary biologist, when teaching students
to use a mathematical model of the interaction between
wolf and moose populations, said that QR “... involves
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TABLE 2
Theme |: sophisticated QR skills®
No. of
Code name participants Brief explanation of code Example excerpt(s)
Working with data to better “I think a little bit more broadly about
d tg d ct quantitative reasoning as the ability of the
. understanda concept, to . students to be able to take some of the concepts
Conceptual sensemaking extract conceptual meaning . ) ,
through data 12 (2, 10) from a fisure. or to create a and the concrete information that they’ve
g fisure th§t r’a hicall learned in class, and be able to apply it to some
dimonstrafesz concye . sort of problem to answer questions, analyze
P data.” (Lynda, c/m)
Understanding/creating a “[QR is] the ability to use, and apply, and
Using models 82 6) model (conceptual, graphical, understand mathematical models to understand
g ’ numerical) to represent data natural situations and the world around us”
or evidence as a facet of QR (Betsy, c/m)
“So being able to understand the Hardy-
Weinberg Equilibrium [a mathematical model]
and applying it to a problem and understand the
outcome is sort of that baseline level [of
understanding modeling], but then there’s the
higher level of being able to think numerically and
understand that what’s happening in the world
around us can be represented in an equation, or
in a formula, or change can be modeled out.”
(Carolee, efe)
“What I'll have them do is sometimes look at an
equation, and they have to be able to kind of
interpret it not just as numbers, but as kinda like
what—how different variables can affect each
“Doing math” in one’s head. e other, so | don’t do this a lot ‘cause there’s not a
10% ofga sample of 73 trees‘ & lot of places to put this in. But thinking about like,
Thinking in numbers 7(2,5) wo:Id be cIosPe 0 7 and not well, if you increased, you know, this variable
3 trees that’s on one side of the equation, how would it
affect, you know, your output variable. So it was
kind of using—so it’s, again, reasoning with
numbers, right, thinking about how changes in
one variable affects changes in others in kind of
this numerical way.” (Melinda, e/e)
“[I see QR as] how to interpret data and do
Abplying statistical tools to hypothesis testing with statistical tests . . . and
squF;zrtghypothesis testing that’s [descriptive statistics] not as important as
) . ) . ’ understanding sampling or—and variability [in
Appl tive/ luding th f tool h
Applying comparative 7(2,5) Including the use ol too's stch as data] and understand that in science, we can
inferential statistics t tests, analysis of variance . ,
(ANOVA), and correlation/ falsify hypotheses, but we can’t really prove
re ression, hypotheses. . .. And how you can look at two
€ ’ means that are different, but that difference may
not mean anything in biology.” (Jim, e/e)
Drawine key scientific ideas b “The intuition about data and numbers. . .So |
lookin gfor?clrends or atternsy think there’s kind of like this tug of war situation
Using inferential intuition 4(1,3) g P where . . . intuition is going to be something that

in a data set without having to
do calculations

lends itself to quantitative reasoning, and strong
quantitative reasoning skills.” (Cindy, ¢/m)

9Codes for participant conceptualization of quantitative reasoning (QR). Fifteen participants were interviewed: 4 cellular/molecular
biologists and | | ecologists/evolutionary biologists. Numbers in parentheses in the participant column represent the number of cellular/
molecular biologists and ecologists/evolutionary biologists to which the code was reported, respectively.
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TABLE 3
Theme 2: basic QR skills?

Code name

No. of participants

Brief explanation of code with
example excerpts

Example excerpt

Creating/describing
graphical data

8(3,5)

Identifying independent and
dependent axes, units of measure,
and numerical data, e.g., mean,
standard deviation, regression line

“So, basically it [QR] means that they
[students] can look at a set of numbers
and extrapolate what it means. So, you
can look at a graph and you can read the
graph and understand what it means. . . .
But if you can look at a graph and you
can look at in a way that—you can
clearly look at it to see if the axis makes
sense, and what the person is saying
about the graph actually is what the data
represents. That being in a major
quantitative reasoning.” (Barbara, c/m)

Organizing data

5(2,3)

Organizing information or messy
data sets into a useful or meaningful
form

“[QR is] the ability to understand what
data means and how to organize data so
that it makes sense. . .And then again,
how are you going to organize that
information into some useful form that
has summarized things quickly so that
people can understand what it is that
you're talking about.” (Lynda, ¢/m)

Using descriptive
statistics

2(1, 1

Identifying measures of central
tendency and variation

“So we start out with descriptive
statistics . . . So before they even learn
what biology is, they learn that when we
have to have a look at the world, we
observeiit, ... and we quantify what
we're seeing . .. We're analyzing the data
we got. And so they're doing descriptive
statistics. What is the mean? What does
that mean? The central tendency of the
data. What is the standard deviation? It’s
a measure of variance. And it'’s how wide
this histogram is at a certain place. So
we're trying to get the idea that data are
not perfect, that there’s variance in the
data, and that we have to make decisions
based on how the mean and the
standard deviation reflect each other.”
(Don, e/e)

Making measurements

2(0,2)

Attributing a unit measurement
to an object or observation

“I think the [QR] skills around some of
their [experimental] designs revolve
around getting comfortable with both
the tools and the types of measurements
that are appropriate for particular
experiments for what we do in the lab.
So the tools being the hydrometers that
they build, how did they scale things
properly, what are they measuring and
have they measured it properly with the
appropriate equipment.” (Whitney, e/e)

“Codes for participant conceptualization of quantitative reasoning (QR). Fifteen participants were interviewed: 4 cellular/molecular
biologists and | | ecologists/evolutionary biologists. Numbers in parentheses in the participant column represent the number of cellular/
molecular biologists and ecologists/evolutionary biologists to which the code was reported, respectively.
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quantitative reasoning and models ... to make quantitative
predictions conceptually and qualitatively”” He also spoke of
using a graphical model of the intermediate disturbance hy-
pothesis “to [have students] look at a graphical representa-
tion of it and understand the concepts behind it It is im-
portant to note that participants viewed creating or using
graphical models as a sophisticated skill but, paradoxically
(see below), viewed the creation of a graph from a data set
as a basic skill. Both ecologists/evolutionary biologists (6 of
I'l) and cellular/molecular biologists (2 of 4) emphasized
using models, but cellular/molecular biologists emphasized
graphical models over numerical models, and ecologists/ev-
olutionary biologists emphasized them equally. Emphasis on
using models was stressed by participants across all teaching
experience categories and Carnegie classifications (Tables
S3 and $4).

(iii) Thinking in numbers (7 of |5 participants).
No participant employed the definitive term “numeracy” of-
ten used in the literature, but two participants specifically
spoke of thinking in numbers; we thus employed the term
as being representative of participant experience. Under
this code, we grouped excerpts in which participants
referred to students’ ability or inability to perform simple
mathematical operations in their heads. Students who dem-
onstrate this skill understand relative percentages, orders of
magnitude, and exponential functions. Betsy, when describ-
ing how some students lack the ability to think in numbers,
said “they come up with some totally unreasonable answer
[on their calculator and] do [not] realize that it’s an unrea-
sonable answer.” Ecologists/evolutionary biologists and cel-
lular/molecular biologists emphasized this ability equally (5
of |1, 2 of 4, respectively). Thinking in numbers was coded
by participants in all teaching experience categories and
Carnegie classifications (Tables S3 and S4).

(iv) Applying comparativel/inferential statistics
(7 of 15 participants). Excerpts under this code included
references to the ability to go beyond the descriptive statis-
tics (e.g., mean, standard deviation) to use comparative/
inferential statistics in data analysis and interpretation and
to support hypothesis testing. Jim, an ecologist/evolutionary
biologist, said “l tend to want students to learn how to
interpret data and do hypothesis testing with statistical
tests.” Both ecologists/evolutionary biologists (5 of |1) and
cellular/molecular biologists (2 of 4) emphasized hypothesis
testing, but the two cellular/molecular biologists were
explicit in using hypothesis testing to specifically determine
statistical significance. Barbara, a cellular/molecular biolo-
gist, teaches Mendelian genetics by having students rear fruit
flies; they test the hypothesis that expected and observed
frequencies align and determine “is it statistically what we
expect?” This code was not applied to participants in the 5
to 9year teaching category or from participants in R2 insti-
tutions (Tables S3 and S4).

(v) Using intuition (4 of |5 participants). When
used in the context of QR, intuition is the act of predicting
trends in a data set, the ability to understand quantitative

8 Journal of Microbiology & Biology Education

evidence conceptually, and the ability to draw together dis-
parate evidence or ideas to generate claims or hypotheses.
Ken, an ecologist/evolutionary biologist, spoke of the ability
to intuit a pattern in nature (e.g., organisms occupy predict-
able areas within an intertidal zone) and to develop a testa-
ble hypothesis to verify that pattern. He indicated that stu-
dents intuit that the cause of zonation is tidal exposure
because they “think about the biology first ... [and then]
set things up to test [a hypothesis].” Betsy, a cellular/molec-
ular biologist, spoke about an intuitive understanding of
what one unit of pH change means, “Let’s talk about how to
understand this more intuitively [in terms of magnitude],”
indicating that students can perceive that one unit of pH
change is a 10-fold change in hydrogen ion concentration.
Participants for whom this code was applied were either
early- (0 to 4years) or late-career (20+ years) educators
(Tables S3 and S4), with one participant each from all
Carnegie classifications except R2.

Second theme: basic QR skills. The second theme
of QR conceptualization related to what participants
described as more basic skills of how students collect,
organize, and process data; the following four codes thus
relate to what students do with data. Codes are presented
in the order from most to least applied.

(i) Creating/describing graphical data (8 of I5
participants). This code was the only basic QR code that
was recorded frequently by both populations (5 of || ecolo-
gists/evolutionary biologists, 3 of 4 cellular/molecular biolo-
gists) and was conceptualized as the ability of students to cor-
rectly identify independent and dependent axes, units of
measure, and numerical data (e.g., mean, standard deviation,
regression line). Participants were clear in distinguishing this
skill from conceptual sensemaking through data and using
models, although research (www.dedoose.com) (47, 48) finds
that this is not uniformly a basic skill. Don, an ecologist/evolu-
tionary biologist, gave the following example as an in-class
exercise, where “We pool the whole course data together
[and] plot those out on scatterplots ... [to produce] seven
graphs and three tables” He then goes on to describe the out-
put as “publishable-quality ... meeting legibility standards in
Excel and Word.” Barbara, a cellular/molecular biologist, indi-
cated that students “can read a basic graph” and describe what
is being measured and the relationship between the variables.
Creating/describing graphical data was the only basic QR skill
that was recorded frequently. This code was equally empha-
sized by all teaching experience categories but did not appear
in R2 or baccalaureate - diverse institutions (Tables S3 and S4).

(ii) Organizing data (5 of I5 participants). QR
under this code was conceptualized as a student skill in
organizing information or messy data sets into a useful or
meaningful form; the importance of this QR skill is rein-
forced in the literature (17, 49). Lynda, a cellular/molecular
biologist, spoke about the importance of organizing data to
communicate information: “How are [students] going to
organize that information into some useful form ... so that
people can understand what it is that [they are] talking
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about.” We noted that participants linked the importance of
organizing data, in either graphical or tabular form, to com-
munication or explanation. This code was used by both
ecologists/evolutionary biologists (3 of | 1) and cellular/mo-
lecular biologists (2 of 4) across most teaching experience
categories but only from master’s and baccalaureate - arts
and sciences Carnegie classifications (Tables S3 and S4).

(iii) Using descriptive statistics (2 of |5 partici-
pants). This code was characterized by measures of central
tendency and variation. The two participants indicated that the
ability to calculate these measures and the ability to under-
stand how these measures characterize data were both impor-
tant pieces of the meaning of QR. For example, Betsy, a cellu-
lar/molecular biologist (0 to 4year; master’s), stressed the
importance of descriptive statistics to understand data: “[The
students] do averages [and] standard deviations ... to under-
stand what does standard deviation mean?” David, an ecolo-
gist/evolutionary biologist (20+ years, baccalaureate - arts and
sciences), echoed the importance of descriptive statistics to
communicate “measures of location, measures of variability,
... in a meaningful pictorial way that’s going to tell that story.”
It was interesting to note that only two participants explicitly
recorded using descriptive statistics, as this is a QR skill that
most all scientists rely on.

(iv) Making measurements (2 of |5 partici-
pants). This code was noted as a QR skill by two of the par-
ticipants, both ecologists/evolutionary biologists. As defined by
Thompson (50), making measurements can be considered the
mathematical process of attributing a unit measurement to an
object. Don (20+ years, baccalaureate - arts and sciences)
stressed the importance of measurements to provide evidence
for patterns that students might be seeing: “We can measure
it, so that we're not just seeing what we think we see but
quantifying how much.” Whitney (0 to 4years, R2) stressed
that students should know that they are measuring attributes
and not measuring “data.” She noted, “Are you measuring the
data? [No] you [are] measuring the size, the length, the cir-
cumference, the diameter”” Whitney was the only participant
to mention qualitative data in her conceptualization of QR, as
she pointed out “that not all data can be measured . . .. Think
about the ... results in terms of numbers versus in terms of
shapes or colors, or smell or texture.”

Code cooccurrence. To determine any relationships
between the ways that the QR skills were conceptualized by
participants, transcripts were analyzed for code cooccurrence
within excerpts (Table 4). A code cooccurrence appears in a
statement when the same participant talks about different
codes in explaining the meaning of QR. Code cooccurrence
among the sophisticated, cognitively complex skills was
revealed in 42 transcript excerpts, whereas code cooccur-
rence among basic skills was seen only twice. Code cooccur-
rence bridging the two themes (i.e., sophisticated cooccurring
with basic) was revealed 14 times. For example, this first
excerpt from Melinda (ecologist/evolutionary biologist) was
coded as creating/describing graphical data and conceptual
sensemaking through data:

Volume 22, Number 3

[QR] is interpreting—actually, interpreting tables and
graphs . .. being able to read the table or graph, understand
it, and then being able to say, “Okay, based on like the fact
that, you know, this is larger than this in the graph, right,
then | think that the hypothesis is supported, or | think that
hypothesis is not,” [to] look at an equation, and be able to
kind of interpret it not just as numbers, but as kinda like
what—how different variables can affect each other-. ..

A second excerpt from Melinda was coded as thinking

in numbers and using models:

.. .thinking about like, well, if you increased, you know,
this variable that’s on one side of the equation, how
would it affect, you know, your output variable. So it was
kind of using—so it’s, again, reasoning with numbers,
right, thinking about how changes in one variable affects
changes in others in kind of this numerical way.

Faculty attributes and the variation in the meaning
of QR

Our second research question examined whether QR
conceptualizations varied with faculty research background,
teaching experience, or institution type. We found that partic-
ipants in both cellular/molecular biology and ecology/evolu-
tionary biology similarly conceptualized QR in terms of so-
phisticated higher-level skills. Both groups also more heavily
emphasized sophisticated higher-level skills (theme I) over ba-
sic skills (theme 2). Participant QR conceptualization, based
on years of teaching experience, similarly showed a focus on
the sophisticated higher-level skills. It was interesting to note
that both early-career educators (0 to 4yr) and those with
over 20years of teaching experience had all nine codes
applied to their transcripts, suggesting strong agreement in
QR conceptualization between these two groups. The four
references to intuition (Table 2 for research focus) were
made by faculty who either were in their first 5 years of
teaching (I participant) or with more than 20 years of teach-
ing experience (3 participants). While less commonly
reported overall, participant conceptualization of basic QR
skills did appear across all categories of teaching experience.

We found that, for the most part, all categories of
Carnegie classifications stressed theme |, the sophisticated
higher-level skills of QR, which may suggest upon the collec-
tion of further supporting evidence that baccalaureate-granting
institutions conceptualize QR in much the same way as institu-
tions with graduate-level programs. Also of note is that partici-
pants at Rl and R2 institutions were less likely to use the ba-
sic-level skills codes. For example, neither organizing data nor
using descriptive statistics was applied to R| or R2 transcripts.

Our research provides insight into the QR conceptuali-
zation of biology faculty who teach introductory biology
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courses. This insight could suggest recommendations for cur-
ricular and pedagogical changes. Research in biology education
has already indicated that students with strong QR skills feel
more ready for their future careers (27). The semistructured
nature of the responsive interviews allowed us to develop a
richer understanding of QR conceptualization that can be
instrumental in developing larger survey-based studies. Faculty
play a pivotal role in providing experiences for biology stu-
dents to improve these skills. By interviewing faculty teaching
in introductory biology courses, we were able to distinguish
two themes of conceptualization that can inform pedagogy at
the initial stages of a biology curriculum and provide scaffolding
for development of increasingly sophisticated QR skills as stu-
dents move through their academic programs.

Faculty conceptualization of the meaning of quantitative
reasoning

Participant conceptualization of QR revealed nine
codes emerging, which we grouped under two themes: (i)
the more frequently recorded theme of sophisticated, cog-
nitively complex skills and (ii) the less frequently recorded
theme of basic skills. This may represent participants’ own
experience as biological researchers with the epistemic
practice of their scientific field. In research, these faculty
must employ cognitively demanding QR skills as they de-
velop research questions, conduct and analyze their data,
and prepare their data for dissemination to a scientific audi-
ence. While they also employ the more basic skills, e.g.,
organizing data and preparing graphs and tables, they are
perhaps so accustomed to these practices as second nature
that these skills may come less to mind when they are asked
to conceptualize QR for undergraduate levels. Students may
still possess naive epistemologies, which can affect their abil-
ity to interpret complex information, and they may view
certain QR practices as more cognitively demanding than
their faculty do. Hoskins et al. (51) designed the C.R.E.ATE.
approach to primary literature as a pedagogical tool which
helps students “think like a scientist” in tasks such as
graphing. diSessa (52) argues that some of these practices,
such as graphing, are taught only as “sanctioned represen-
tations,” which simplifies how these representations are
constructed by scientists. While our participants view
graphing as a skill, researchers argue that graphing is more
than a cognitive skill but a practice that involves social
dimensions of scientists’ work when they improve, com-
municate, and reflect on the knowledge produced in their
field (53). Our participants may also possess an “expert
blind spot” (54) where their domain-specific knowledge of
how to create and/or interpret graphs makes them blind
to the processes of their novice students. Participants
have acquired domain-specific knowledge, they have long-
term practices in their respective disciplines, and they
may be able to exploit their knowledge of familiar experi-
ences to new tasks (54). Moreover, Shah et al. (55) have
shown that graph complexity can affect students’ graph
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comprehension, and participants may have been “expert
blind” to the fact that they possess greater topic familiarity
and graphical literacy than do their students. Both of these
factors influence top-down knowledge of graph compre-
hension because perceptions are heavily influenced by
expectations and prior knowledge. For undergraduate stu-
dents to understand how scientists in biology use graphing,
we need to aim for a deeper understanding of graphing
practices. For such deeper understanding, our students
need to experience “metarepresentational” components
of graphing, including “critiquing and evaluating” the ade-
quacy of graphs and creating new ones that better repre-
sent the data and their context (52).

It is interesting to note that participant conceptualiza-
tion of QR was not confined to any single skill outlined in ei-
ther Vision and Change or the Bioskills Guide (10); rather,
the conceptualizations integrated multiple skills from those
documents. Specifically, Vision and Change defined three indi-
vidual core competencies relating to QR (ability to apply
the process of science, ability to use quantitative reasoning,
and ability to use modeling and simulations), and the
BioSkills guide provided three comprehensive learning out-
comes aligned with QR (modeling, quantitative reasoning,
and process of science). Whereas Vision and Change does
not specifically provide learning outcomes, the Bioskills
guide elaborates on program- and course-level learning out-
comes, providing an additional tool to compare participants’
experience and conceptualization of QR, which aligns well
with our study. For example, the three program-level learn-
ing outcomes under the BioSkill modeling (purpose of mod-
els, model application, models) align well with conceptual
sensemaking through data and using models.

In some cases, in our classification, one BioSkill learning
outcome was grouped under two themes. For example, the
program-level learning outcome of numeracy (under the
BioSkill quantitative reasoning) has course-level learning
outcomes that were grouped under both sophisticated and
basic themes for our participants. One course-level learning
outcome, “Use rough estimates informed by biological
knowledge to check quantitative work” (10), that was classi-
fied under numeracy aligns with our sophisticated skill
thinking in numbers, whereas “Perform basic calculations
(e.g., percentages, frequencies, rates, means)” (10), another
outcome under numeracy, aligns with the basic skill of using
descriptive statistics. Similarly, the program-level learning
outcome of quantitative and computational data analysis,
under the BioSkill quantitative reasoning, has course-level
learning outcomes that distribute across our two themes. The
BioSkill “Select, carry out, and interpret statistical analyses”
(10) is equivalent to applying comparative/inferential statistics,
whereas “Record, organize, and annotate simple data sets”
(10) aligns with organizing data. Lastly, the BioSkill process of
science is represented in our participants’ conceptualization by
conceptual sensemaking through data and applying compara-
tive/inferential statistics; both of these sophisticated skills align
well with several of the course-level learning outcomes found
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in the program-level outcome of data interpretation and
evaluation.

An important finding of this work is that conceptualiza-
tion of QR by our participants, who represent diverse
research areas, teaching experience, institutional back-
grounds, and knowledge of discipline-based education
research, does not necessarily align with the literature.
While most participants were in agreement with the sophis-
ticated skills of QR, they clearly separated understanding
graphical models from creating graphical data. The weak-
nesses in graphing abilities at the undergraduate level, and
persistence of common graphing errors among students,
suggests that current curricula are ineffective at helping stu-
dents access and understand graphical data (56). Harsh and
Schmitt-Harsh (56) assert that students are often taught
graphing skills with “clean” or “simple” data that obscure
the messiness inherent in sample variability and subtle rela-
tionships between variables. Schultheis and Kjelvik (17) con-
vincingly argue that students learn best the nature of sci-
ence when confronted with “messy” authentic data that are
both engaging and realistic. Our participants, however, still
conceptualized graphing those data as a basic skill. Their
view contrasts with established research (47, 48) that sug-
gests that interpreting graphs is a difficult task for novice
learners because of the large number of representation
practices employed in graph construction (e.g., translating
data from tables into averages which are then plotted).
Graphing is not as much a skill as an epistemological prac-
tice (48). This apparent disconnect between participants’
views that graphing is “basic” and research indicating the
opposite suggests that larger-scale QR conceptualization
surveys of biology faculty would be helpful in developing
tools and resources that identify and ameliorate potential
misunderstandings.

Faculty attributes and the variation in the meaning
of QR

Conceptual sensemaking through data was the most
recorded QR conceptualization and was especially empha-
sized by participants who self-described as ecologists/evolu-
tionary biologists, whereas thinking in numbers was
recorded somewhat less frequently by this group. This con-
trasted with participants who self-identified as cellular/mo-
lecular biologists who recorded both skills equally. While
this may be a limitation of the small number of cellular/mo-
lecular biologists in our sample, this difference in emphasis
in the two sophisticated skills may reflect the nature of the
two disciplines, as was hypothesized by Clemmons et al.
(10). Ecology has both strong empirical and strong theoreti-
cal mathematical roots (57). Beginning in the early 1960s,
mathematical models were developed to investigate preda-
tor-prey dynamics, competitive interactions, and population
dynamics (58). Graduate programs in ecology often require
advanced training in mathematics and statistics. In contrast,
traditional cellular and molecular biology initially focused on
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more qualitative aspects of DNA, proteins, and other cellu-
lar processes (59), although recent advances in technology
have increasingly led to more quantitative data sets in bioin-
formatics and genomics (31).

Early- (0 to 4yr) and late-career (20+) participants
were most similar to each other in their conceptualizations
of QR; all nine codes were recorded for each group, despite
mostly early-career participants being familiar with Vision
and Change (Table I). We hypothesized that an awareness of
Vision and Change might influence their conceptualization of
QR and the need to include QR instruction in their teach-
ing. Indeed, four of the five early-career participants were
aware of the five core concepts and six core skills called for
in the Vision and Change document, including the call to
increase training in QR. The participants who had been
teaching the longest, although not familiar with Vision and
Change, indicated that they began incorporating QR into
their introductory courses because they saw that students
lacked this ability, often when they saw these students again
in their upper-level courses. Perhaps later career partici-
pants arrived at the need for QR instruction in an organic,
experiential way from their experiences in the classroom. It
was also interesting to note that early- and late-career par-
ticipants recorded both the sophisticated and basic QR
skills, whereas the middle career participants did not record
applying comparative/inferential statistics or using descrip-
tive statistics. It would be interesting to investigate the role
of technology in this difference. Perhaps midcareer partici-
pants found some QR skills less important as students
learned to rely on technology (e.g., statistical software) but
those skills became reemphasized for the early-career par-
ticipants as part of their familiarity with Vision and Change.

Interestingly, there was no difference in sophisticated
QR conceptualizations among institutions of different
Carnegie classifications; for example, all institutional levels
recorded conceptual sensemaking through data and thinking
in numbers. There was more variation in the recording of
basic QR skills, which might reflect the more diverse nature
of student preparedness among differing institutional levels.

Recommendations/conclusions

Our study reveals two fruitful areas for further
research. First, understanding better how biology faculty
conceptualize QR can lead to targeted curriculum develop-
ment, for example, addressing the skills identified in the
nine codes. Our study suggests that faculty may put more
emphasis on sophisticated skills and view some skills, e.g.,
creating/describing graphical data, as simpler than they
actually are. This has potential implications, particularly at
the introductory biology level, if faculty perceive students as
more “ready” for QR than they actually are. Understanding
that QR skills can be divided thematically into basic or so-
phisticated groupings can help faculty scaffold student devel-
opment both within introductory courses and as students
progress through their academic program. Hester et al. (I 1)
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and Eliassen et al. (23) recommend putting mathematical
skills into biological contexts early and focusing on a gradual
buildup of quantitative skills throughout the curriculum.
Introducing QR skills early in the curriculum, and starting
with basic skills, could increase students’ math self-concept
(34) and encourage them to further develop more sophisti-
cated QR skills. Experiences that positively shift students’
attitudes about science and learning, and that promote self-
efficacy, should be sought. Hoskins et al. (51) developed the
C.REE.A.TE. methods to positively affects students’ abilities
to access primary literature; the method has a significant
focus on interpreting data.

Second, our results echo the Vision and Change Call to
Action to incorporate QR skills training at the undergradu-
ate level, but they also point to the need to “close the loop”
between biology educators and biology faculty who may not
be aware of discipline-based education research. The lack of
familiarity with Vision and Change among our participants
likely reflects that of the biology faculty at large. Vision and
Change and the BioCore (8) and BioSkills (10) guides are
powerful tools for aligning curriculum with pedagogy and
assessment, but widespread adoption is crucial. The
Association of American Colleges and Universities (60)
published a Quantitative Literacy VALUE rubric whose util-
ity was to provide a basic framework of QR expectations
that could be shared nationally. Moving forward, we advo-
cate that biology departments begin internal dialog on cur-
ricular reform and assessment, pairing education-focused fac-
ulty with research-focused faculty to “spread the word.”
Fruitful next steps would be to expand these within-depart-
ment dialogs to across-departments dialogs (e.g., chemistry,
physics, mathematics, engineering) to exchange QR conceptu-
alizations across STEM disciplines. This could help immeasur-
ably in demonstrating to undergraduates the cross-disciplinary
context of mathematics. Our study utilized an in-depth inter-
view protocol with a small number of participants from a small
number of institutions; expanding this work to survey-based
research of more faculty and institutions, including the critical
group of community colleges, which educate up to 40% of
biology undergraduates (30), is warranted.
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