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ABSTRACT

Graphs are ubiquitous tools in science that allow one to explore data patterns, design stud-
ies, communicate findings, and make claims. This essay is a companion to the online, evi-
dence-based interactive guide intended to help inform instructors’ decision-making in how
to teach graph reading, interpretation, construction, and evaluation within the discipline of
biology. We provide a framework with a focus on six instructional practices that instructors
can utilize when designing graphing activities: use data to engage students, teach graphing
grounded in the discipline, practice explicit instruction, use real world “messy” data, utilize
collaborative work, and emphasize reflection. Each component of this guide is supported
by summaries of and links to articles that can inform graphing practices. The guide also
contains an instructor checklist that summarizes key points with actionable steps that can
guide instructors as they work towards refining and incorporating graphing into their class-
room practice and emerging questions in which further empirical studies are warranted.

INTRODUCTION

In the sciences, as well as everyday life, graphs are common tools used to visually
represent quantitative data to model, explain, predict, and communicate complex
information and events. Given the ubiquitous utility of graphs across fields of study
(e.g., economics, marketing, meteorology) as well as increasing access to data to
inform personal and social decision-making, graphing is widely recognized as a core
competency for future science practitioners and an educated populace. (Padilla et al.,
1986; George et al., 1996; NRC, 2003; AAMC-HHMI Committee, 2009; AAAS, 2011;
NRC, 2015; NSF, 2016; Clemmons et al., 2020). In addition, the use of graphing in
biology is employed throughout experimentation and inquiry including during the
early design stages to data exploration and on to formal communication of findings to
others (Gardner et al., 2022; Pelaez et al., 2022). Because graphs are visual models of
qualitative and quantitative data that arise from observation and experimentation, the
practice of graphing draws from the concepts and skills that comprise many other
practices, including modeling, inquiry and experimentation, visualization, and quan-
titative reasoning. Therefore, in this guide we focus on these practices as they relate to
graphing in biology. As a learned ability, it is important to consider how instructional
enhancements can facilitate the development of graphing competence based on our
current understanding of the underlying practices pertaining to the reading, interpret-
ing, constructing, and evaluating of graphs.

Graphing is complex practice embedded in the discipline

Graphing competence collectively stems from the interrelated practices of reading,
interpreting, constructing, and evaluating graph data. The ability to successfully make
sense and use graphs as a quantitative model to explain or predict phenomena requires
diverse cognitive processes that engage one’s perceptions of the data representation
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and relevant prior knowledge. For instance, graph construction
requires the designer to identify the visualization’s purpose,
perceive a display based on the data and graph design princi-
ples, transform the data and integrate disparate knowledge into
the representation, and (often) employ technology to visualize
and communicate the plotted relationships. In addition, knowl-
edge relevant to graphing must come together with metacogni-
tive processes including reflection and critique (diSessa et al.,
1991; diSessa, 2004) to evaluate and unpack graph data.

Graphing is not unique to biology, however, like a physical
tool, one’s graphing “tools” are learned within a particular con-
text according to the theory of situated cognition (Brown et al.,
1989). One’s abilities to graphically display and draw relevant
conclusions from observed data are influenced by the discipline
and system itself under study (e.g., sources of variation and
variability, variable relationships of interest [Konold et al.,
2014]; knowledge and expectations about the system, mea-
surements, and data [Shah and Hoeffner, 2002], etc). Differ-
ences across disciplines, and even subdisciplines, will be
reflected in graph design and interpretation. To this end, the
extent of knowledge one has of the subject being studied affects
assumptions that are made about the broad understanding of
graphs (Xiong et al., 2019) and expert proficiency with graph
interpretation (Roth and Bowen, 2001). Indeed, even experts
within a subdiscipline of biology vary in their competence with
interpreting graphs (e.g., Ecology; Roth and Bowen, 2001).
Finally, graphing is a social practice bound by the norms estab-
lished by the communities of biology subdisciplines, as seen
by how data are presented in scientific journals (Shah and
Hoeffner, 2002; Roth, 2012; Weissgerber et al., 2015). There-
fore, cognitive processes associated with graphing practices can
and should be taught and learned, as individuals with higher
levels of expertise perceive graphs differently than more novice
viewers due to variation in the ability to activate prior knowl-
edge (graphing and domain-specific) relevant to the presented
data and leveraging knowledge to evaluate graphs (reflecting
and critiquing).

Barriers to development of graphing competence

In the United States, students are exposed to the fundamentals
of graphing in science throughout their K-12 education (NRC,
2015). Previous research shows that students at the secondary
level are often successful plotting and reading discrete data
points (Padilla et al., 1986). But challenges are observed at the
college level with students’ ability to understand and think crit-
ically with data while graphing (e.g., Bray Speth et al., 2010;
McFarland, 2010; Angra and Gardner, 2017; Harsh et al.,
2019). Here, commonly identified areas of growth for college
students include the ability to apply knowledge at the interface
with statistics, ground decisions within the experimental and
biological contexts from which the data arose and engage in
reflective reasoning. Research has suggested that such chal-
lenges in making sense of and using graphs may result from
earlier instruction (i.e., the graphing expertise of and teaching
approaches used by K-12 instructors [Bowen and Roth, 2003]
as well as the nature and appropriateness of graph data that
students encounter in and outside of the classroom [Rybarczyk,
2011; Angra and Gardner, 2016, 2018]). Therefore, in spite of
years of practice graphing in primary and secondary school sci-
ence classes, students often enter the college classroom with
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the need to continue developing their graphing competencies to
successfully engage with more complex biology concepts and
data representations as well as advance their quantitative skills
as applied to biological practice.

To support instructors in postsecondary settings (i.e., grad-
uate students, faculty, and staff) who teach graphing skills, for-
mal professional development with lesson planning, material
selection, instruction, and assessment, resources needs to be
widely available (Corwin et al., 2019) to improve graphing
pedagogical content knowledge (Shulman, 1987). This graph-
ing pedagogical content knowledge includes knowledge spe-
cific to the subject, graphing conventions, the science disci-
pline, graph teaching, the student’s prior experiences, and
classroom context. As experts in their discipline, instructors
may not realize their effortless and automatic thought process
with graphing is invisible to students. Therefore, instructors
need to prioritize time in courses to unpack their expertise and
share it with students, especially highlighting disciplinary con-
siderations and epistemologies (Bowen et al., 1999). Finally,
deciding which pedagogical approaches would be most effec-
tive in which contexts and student populations can be a chal-
lenge for many instructors (Shulman, 1987; Rose and Meyer,
2002).

In addition to the role that instructors’ teaching practices
plays in the development of undergraduate biology student
competence with graphing, students encounter graphs in a
variety of contexts in and outside of the classroom. For
instance, science textbooks often present quantitative infor-
mation to students using select graph types that depict ide-
alized data sets and/or lack common contextual graph
design elements such as axes labels, units, and descriptive
figure captions. While such basic displays are intended to
highlight variable relationships, they often fail to represent
the true “messy” nature of scientific data lending to incom-
plete understanding of data variability and the biological
system of study for students (Rybarczyk, 2011; Angra and
Gardner, 2018). This simplistic design approach can also fail
to model appropriate data practices in the field (Angra and
Gardner, 2018) as graphs in scientific journals regularly
include multivariate plots with messy data reflecting system
variability. However, even practicing scientists need to
improve their graphing practices, including full depiction of
variability and variation, (Weissgerber et al., 2019), further
suggesting the need for training through undergraduate and
graduate school.

How to address challenges and Scope of the Guide

This essay is a companion to the online, evidence-based interac-
tive guide intended to help inform instructor decision-making
in how to teach behaviors and skills pertaining to the reading,
interpreting, constructing, and evaluating of graphs. While the
general practices of graphing transcend disciplinary boundar-
ies, this guide and our recommendations for instructional prac-
tice also attend to discipline-specific considerations and prac-
tices related to graphing in biology (Figure 1). The guide
presents recommendations for measuring graphing competence
based on learning objectives, and it provides a framework to
assist faculty when designing and implementing graphing activ-
ities. Lastly, published examples of classroom-based graphing
activities that incorporate some, or all, of the approaches in
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FIGURE 1. Graphing in biology evidence-based teaching guide landing page, which

provides readers with an overview of choice points.

the framework are provided. Each of these central points is
supported by summaries of and links to articles that can inform
graphing practices. The guide also comprises an instructor
checklist that summarizes key points with actionable steps that
can guide instructors as they work towards refining and incor-
porating graphing into their classroom practice. We hope this
guide is a valuable resource that supports instructors’ efforts
when considering how to approach graphing in their
instruction.

GENERAL INSTRUCTIONAL PRINCIPLES

Our guide organizes literature and national documents that
provide targeted objectives on building graphing competence
following the principles of backward design (Wiggins and
McTighe, 1998). We hope this format allows instructors to have
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ogy Concept Inventory (SRBCI; Deane
et al., 2016), and Test of Scientific Literacy
Skills (TOSLS; Gormally et al., 2012).
These instruments can be used in the
classroom as diagnostic tools to pinpoint
areas of improvement, inform instructional choices, and sup-
port programmatic assessment. While open-ended tasks can
reveal greater depth of insight into aspects of graphing compe-
tence and do so in a way that is embedded in the disciplinary
practice, they can be laborious to grade. However, the depth of
insight around students’ decision-making and reasoning are
necessary for instructors to fully understand how to support
their students. One way to evaluate open-ended tasks is to use
rubrics, which are effective and equitable assessment tools that
can be utilized to communicate expectations, guide targeted
instruction, and offer students the opportunity for self-assess-
ment (e.g., Allen and Tanner, 2006). Natural language process-
ing holds additional potential to gather and analyze even large-
scale open-response questions to describe student thinking and
skill (e.g., Jescovitch et al., 2021).
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In addition to more traditional targets and means of assess-
ment, to help students develop reflective skills, instructors can
gain important insight into student reasoning around graphing
skills by prompting them to articulate their reasoning about the
graph they constructed (Schmitt-Harsh & Harsh, 2013; Angra
and Gardner, 2016, 2018) or the claim that they made (Harsh
et al., 2019) in a way that would not be possible by simply look-
ing at the final graphs they created. Regardless of the assess-
ment type, graphing is a complex skill that requires frequent
rounds of student practice and instructor feedback (Roth and
McGinn, 1997; Roth and Bowen, 2001; McFarland, 2010;
Harsh and Schmitt-Harsh, 2016). Therefore, we contend that a
single instance of graph construction or interpretation is insuf-
ficient evidence for instructors to confirm proficiency.

Inclusive Teaching
Students enter the learning space with a rich diversity of every-
day experience which contributes to their different funds of
knowledge (e.g., the knowledge gained from their everyday
experiences and from family [NRC, 2003]). To teach in an
inclusive and equitable manner, instructors need to be aware of
student graphing experiences and interests and can use early,
frequent formative assessment practices to identify areas of
improvement and guide the resources available to all students
and target any differentiated instruction to enhance learning.
Accessibility is an additional consideration when teaching
and assessing graphing skills. As visual objects, instructor deci-
sions regarding graph design and presentation can affect the
accessibility to blind, visually impaired, and colorblind students.
The use of freely available resources to guide design choices
(e.g., color selection, enlarged print) and to provide accessible
data displays (e.g., tactile graphics, alt text along with graphics)
can remove barriers for these students (Braille Authority of
North America, 2011; Levine, 2019; Stone et al., 2019; CAST,
2022). Simple instructional strategies can also improve how all
students engage with visual data, but the effects are dispropor-
tionately greater for visually impaired students. These include
explicit verbal descriptions, peer instruction, using alternative
models (e.g., physical modeling), and varying assessments of
competencies. Finally, instructors can explore ways in which
their graphing instruction aligns with principles of Universal
Design for Learning (Jones et al., 2011; CAST, 2022) such as
recruiting student interest by allowing them to engage in stu-
dent driven inquiry, clarifying language and symbols associated
with graphs, or providing multiple ways to create and interact
with graphs (e.g., pen-and-paper, digital). To learn more about
inclusive teaching see the Inclusive Teaching Evidence Based
Teaching Guide (Dewsbury and Brame, 2019)

DESIGNING GRAPHING ACTIVITIES

Evidence-based design features that improve graphing compe-
tence development include the following principles: 1) use data
that engage students, 2) teach graphing grounded in the disci-
pline, 3) practice explicit instruction, 4) use real-world messy
data, 5) use collaborative work, and 6) emphasize reflection.
While most of these features are not unique to graphing, this
guide organizes what each would look like as applied in prac-
tice within the context of graphing instruction based on the lit-
erature. Integration of one of these principles will improve the
classroom conversations around data. Further, instructors may
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realize the overlap across principles (e.g., teaching in the disci-
pline may overlap with using real-world, messy data), which
may lead to utilizing multiple principles in the classroom, which
is better for student learning of graphing. This is described in
detail in the Designs in Action section of the guide.

Use data that engage students

A sense of autonomy and connectedness to others while working
on a task are two characteristics of a student’s desire to engage
and learn, according to basic research in motivation (Renninger
and Hidi, 2022) and theories of motivation like self-determina-
tion theory (Deci and Ryan, 2012). In the context of graphing
instruction, this would include allowing students to pursue their
interests in the contexts of collecting, analyzing, and interpret-
ing data. Inquiry activities in labs and lectures can allow stu-
dents to design investigations to gather and analyze their own
data, find and analyze existing data gathered by others, or
explore data visualizations created by themselves or others.

The ever-increasing array of research-quality data being
generated and made publicly available is an incredible poten-
tial resource for instructors to use in engaging students with
data from investigations that could be beyond the scope of what
could be logistically or financially possible in a given classroom.
This was especially useful for instruction during the COVID-19
pandemic during which it has been challenging for students to
collect data themselves, but remains a valuable inclusive prac-
tice today. These data from primary sources can increasingly be
found as supplemental files for science publications and or data
repositories.

Exploring and analyzing data collected by someone else
(second-hand data) versus data collected by the students them-
selves (first-hand hand data) has been shown to have some
overlapping and some distinct learning outcomes (Hug and
McNeill, 2008; DeBoy, 2017; Kjelvik and Schultheis, 2019).
Therefore, instructors need to keep this in mind when deciding
from where data come that students work with. As examples,
well-scaffolded learning opportunities with second-hand data
should prompt students to understand the nature of the vari-
ables and their natural variation, how the data were collected,
affordances and limitations to the instrumentation and mea-
surement systems, why they were collected and by whom, and
understand the biological significance in a data set or graph
they are reading. This knowledge comes more naturally with
first-hand data collected by students.

Teaching graphing grounded in the discipline

As mentioned previously, in addition to biological variables and
systems under study and how they are studied that affect graph-
ing, graphing is a social practice bounded by the norms estab-
lished by the biology community and rooted in the biological
systems from which data arise (Roth, 2012). This includes typ-
ical and expected ways in which data are presented and graphs
are constructed that are perpetuated within subfields of biology
as can be seen in how data are presented in scientific journals,
for better or worse (Shah and Hoeffner, 2002; Weissgerber
et al., 2015). However, people overestimate the extent to which
graphs will be read similarly by different people with varying
degrees of knowledge related to the graph (Xiong et al., 2019).
In addition, even experts within the same discipline (e.g., ecol-
ogy) have sub-expertise related to concepts and processes that
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they study in their research that can limit or promote their
understanding of graphs (Bowen et al., 1999).

This guide summarizes work that highlights the importance
of graph teaching and learning situated in the discipline of
practice in benefit to students’ graphing competence and con-
ceptual knowledge as well as the potential impact on their
motivation.

Explicit Instruction

Graphing is a complex practice that requires the application
and integration of concepts and skills from multiple disciplines
(e.g., biology, statistics, cognitive science, and visual percep-
tion). Therefore, supporting students in learning graphing
would benefit from purposefully and explicit instruction. As
with many expert practices, the tacit knowledge needs to be
made visible and the practice needs to be broken down into its
constituent parts.

One approach to support students is by providing them with
stepwise approaches to teaching graphing skills. This approach
not only breaks down a complex task but can provide students
with a framework to remind them of steps to take along the
way in graphing. Examples of graphing instructional tools that
can help instructors and students with these steps are published
(See step-by-step guide and guide to tables and figures in Angra
and Gardner, 2016; Harsh and Schmitt-Harsh, 2016; Harsh
et al., 2019). For graph construction by hand this will include
planning, drawing, and reflecting (Angra and Gardner, 2016;
2017) which is similar to recommendations for graphing using
data analysis software (Tairab and Khalaf Al-Nagbi, 2004, p.
130; Patterson and Leonard, 2005). For reading and interpret-
ing graphs, evidence (Shah and Hoeffner, 2002; Harsh et al.,
2019) supports instructing students to first read and decode the
graph by noting and understanding the graph framework (e.g.,
axes and scale) and contextual features (e.g., variable labels,
title, axis labels). By first orienting themselves to the graph stu-
dents can move to interpreting the graph. This includes reading
the data by noting and describing the patterns displayed in the
graph and reading between the data through comparing vari-
ables and trends (Curcio, 1987). It also includes reading beyond
the data to place the displayed data and trends back into the
context from which they came (e.g., experiments) to make
inferences and predictions (Curcio, 1987).

Another approach to supporting student graphing is by
teaching graphing as an ongoing journey of learning and mas-
tering a practice. The Cognitive Apprenticeship Model (CAM;
Dennen, 2004) in education supports students learning by not
only breaking down tasks to make them explicit and visible but
includes additional components drawing from social construc-
tivist theory and incorporating metacognitive practices during
authentic learning experiences (Collins et al., 1987; Dennen,
2004). Components of the CAM such as articulation, reflection,
and exploration have been shown to be common in many sci-
ences practices (e.g., reasoning about conclusions; Hogan and
Maglienti, 2001) and specifically for graphing practices
(diSessa, 2004; Maltese et al., 2015; Angra and Gardner, 2017;
Harsh et al., 2019).

Use real world messy data

In contrast to the often simplified and stylized representations
of data within textbooks (Hoskins et al., 2007; Rybarczyk,
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2011; Angra and Gardner, 2018), biological data and the sys-
tems from which they are measured are inherently variable and
“messy”. This messiness arises from natural variation, measure-
ment errors, outliers, decisions made about data acquisition
and analysis choices. Obscuring this natural variation and vari-
ability not only can affect the conceptual understanding that
students have about biology and the nature of inquiry and mea-
surements, but it can affect the conclusions they draw from
data (Schultheis and Kjelvik, 2020). For example, if a student
only encounters graphs with smooth relationships between the
plotted variables, they may mistakenly expect that the relation-
ships are clear and consistent leading to stronger than war-
ranted claims about the data they see depicted (Schultheis and
Kjelvik, 2020). A student might also be confused when plotting
their own data from an inquiry that does not match their expec-
tation for how science is done and they could mistakenly attri-
bute the source of variation to measurement error, not appreci-
ating the natural variation inherent to biological systems.
Students’ acquisition of disciplinary concepts and inquiry pro-
cesses, development of mathematical and statistical literacy, abil-
ity to draw appropriate conclusions from data, and comprehen-
sion of their surroundings are all enhanced when they are
exposed to real-world messy data while creating and viewing
graphs (Kastens et al., 2015; Kjelvik and Schultheis, 2019; Schul-
theis and Kjelvik, 2020). Having students work with real world
messy data during data analysis, including constructing and
reading graphs, will support students’ understanding of the true
nature of biology and provide them with the opportunity to fur-
ther develop their quantitative reasoning and critical thinking
(Kastens et al., 2015; Kjelvik and Schultheis, 2019; Schultheis
and Kjelvik, 2020). Instructors can also use this as an opportu-
nity to connect raw data to the biological concepts covered in the
classroom and also the importance of consistent data collection
during investigations (e.g., Pelaez et al., 2022). While experi-
ences for data collection can be easily accomplished in laboratory
courses, it is also possible for instructors in lecture courses to
utilize case studies (e.g., Data Nuggets, HHMI Biointeractive) or
publicly available data sets (e.g., data.gov; usafacts.org) in large
lecture classrooms. The guide summarizes work that highlights
the importance of utilizing messy data as well as resources and
public databases for instructors to utilize in their classroom.

Utilize collaborative work

Graphs invite and engage others in conversation about its con-
tents and meaning (Roth and McGinn, 1997). Students can par-
ticipate in the cooperative practices of the scientific community
by explaining their thinking and negotiating diverse points of
view while making data decisions through shared exercises
(Roth andMcGinn, 1997). This allows for the incorporation of
potentially differing viewpoints and perspectives regarding the
graph’s purpose, contents, structure, and meaning. Shofner and
Marbach-Ad (2017) provide examples of two inquiry-based
graphing activities that were implemented in a large-enroll-
ment introductory biology classroom. Students were asked to
work in teams to write hypotheses, incorporate biological ideas
(e.g., equilibrium) into their graphs, interpret graphs, and par-
ticipate in the peer review process. Although 80% of the stu-
dents reported positive feedback working in the group setting,
15% reported negative feedback, which stems from their pref-
erence for listening to information, working alone, and lacking
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confidence in the biology content knowledge to provide
feedback to their peers (Shofner and Marbach-Ad, 2017). To
ease students into working in teams, it is recommended that
each group member be given a distinct task (e.g., recorder,
facilitator, presenter; Shofner and Marbach-Ad, 2017). To learn
more about implementing group work in undergraduate biol-
ogy courses, see the Group Work Evidence Based Teaching
Guide (Wilson et al., 2017).

Emphasize reflection

The last element in the design framework is to offer students
the chance to evaluate and reflect on graphs that they have
made or that they have read and interpreted from external
resources (e.g., primary literature, media, textbooks, peers).
The ability to think critically and self-reflect are essential
methods for students to learn (Tynjala, 1999) as these are
often indicative of expert behaviors (diSessa, 2004; Angra and
Gardner, 2017). Competency with graphing requires one to go
beyond representational competence (generating and making
meaning from graphs) and engage in designing new graphs,
explaining graphs, understanding the role a graph plays, and
critiquing and evaluating the affordances and limitations of a
given graph over other possible alternatives. This is known as
metarepresentational competence (MRC; diSessa et al., 1991,
2004). To increase students’ confidence, refine their critical
thinking skills, and strengthen the learning or reflection com-
ponent of the MRC, written reflections should be modeled by
the instructor, performed, and practiced by students several
times throughout a course. McFarland (2010) shares a 90-min
active-learning activity that requires college-level biology stu-
dents enrolled in a laboratory (or lecture) course to collabora-
tively practice cognitive and metacognitive skills to improve
their graph literacy. Specific series of questions around the pur-
pose of graphs, criteria for appropriate graph construction, and
alternative graph types are provided in McFarland (2010). To
learn more about promoting student metacognition in under-
graduate biology courses, see Tanner (2012) and the Fostering
Metacognition to Support Student Learning and Performance
Evidence Based Teaching Guide (Stanton et al., 2021).

DESIGNS IN ACTION

This section of the guide presents published examples that
apply one or more of the evidence-based principles for graph
instruction to the setting of either the biology lecture or an
experiential setting (e.g., laboratory course). To develop com-
petence with graphing, it must be practiced often by students in
as many contexts as possible. Small modifications to existing
curriculum in the lecture and laboratory settings can lead to
large benefits for students. Instructors can utilize free, field-
tested materials from online websites (HHMI, QUBES Hub,
Data Nuggets, Course Source, etc.) that provide learning objec-
tives, short graphing exercises and assessments that can be eas-
ily incorporated into the curriculum. While instructors may not
be able to devote an entire semester to a large-scale interven-
tion, they can emphasize one or more elements from the design-
ing graphing activities framework (Gardner et al., 2022). Instruc-
tors can very easily emphasize graphs in the classroom by
taking the time to explain their expert thinking as they are con-
structing, reading, or interpreting a graph. This small change
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can be effective at helping students understand the graphing
parameters so that they can practice in the same manner to
reach expert-level mastery.

Having students collaborate, collect and curate authentic,
messy, meaningful data promotes student confidence, motiva-
tion, and encourages them to engage in higher-order thinking
by connecting experimental design with graphing (Gardner
et al., 2022). Three studies that demonstrate the design, imple-
mentation, and assessment procedures that include all elements
of the designing graphing activities framework are highlighted.
The first study is an inquiry-based ecology unit for introductory,
nonscience students that emphasizes graphing to study a real-
world problem, the water quality of a campus stream (Harsh
and Schmitt-Harsh, 2016). The second study is a semester-long
intervention in an animal behavior lecture classroom which
showed how incorporating graphing materials such as, Data
Nuggets (Schultheis and Kjelvik, 2015), Graph Rubric (Angra
and Gardner, 2018), and the Step-by-Step Guide (Angra and
Gardner, 2016) improved students’ ability to interpret the pur-
pose of a graph, understand nature of the data, explain rela-
tionships between independent and dependent variables and
the compose a take-home message (Weigel and Angra, 2023).
The last example is of a 4-year interventional study in an upper-
level physiology laboratory course. The authors found that
using the evidence-based graphing materials coupled with
explicit instruction is beneficial to student learning and graphi-
cal skill development (Gardner et al., 2022). Complete summa-
ries of these examples and more studies can be found in the
Designs in Action portion of the guide.

EMERGING QUESTIONS
While there is an existing and growing evidence base to guide
instructional choices, additional research within clinical (e.g.,
interviews) and naturalistic learning settings will further
strengthen our knowledge of student competence development
and the ways in which instructional approaches support it.
Below we offer questions that emerged as we put together this
evidence-based teaching guide.

A few questions remain unexplored that could further our
understanding of how graph construction and interpretation
activities are designed and taught:

* How do students construct and interpret graphs in groups?

* How is the relationship between graph construction and
interpretation taught in the classroom?

* How do instructors of varying graphical expertise approach
teaching these skills?

e Over the course of a semester or the undergraduate course
of study, how many opportunities do students need with
graph construction and interpretation to master these skills?

Much of what we know about students’ competence with
graphing comes from assessments outside of the practices of
graphing within the context of inquiry (e.g., McKenzie and
Padilla, 1986; Gormally et al., 2012; Stanhope et al., 2017).
Therefore, it will be important to answer additional questions:

* What are the graphing practices that students use when
engaged in the naturalistic settings of biological inquiry?

e What is the nature of tasks that motivates or necessitates
that students engage in graphing?
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* What do students view as the purpose of graphing in their
courses and learning of biology?

* How much practice with graphing is needed until it becomes
a “habit of mind” and a part of students’ approach to think-
ing with data?

In order help instructors support their students’ competence
with graphing additional questions need to be answered to
understand instructional design decisions:

*  Which instructional design features, or combination of fea-
tures, are most important when teaching graphing? In what
ways do they support individual competence development?

* How can instructors encourage frequent and effective reflec-
tions on graphs inside and outside the classroom?

* How can graphical knowledge be scaffolded and advanced
across undergraduate and graduate studies?

CONCLUSION

Teaching graph construction and interpretation is most effec-
tive when the learning objectives and assessments are clearly
articulated, are relevant to and appropriate for the student and
course context. Our guide provides a framework on best prac-
tices for teaching graph construction and interpretation. We
provide resources that allow for integration of graphing skills
into the classroom. We recommend the incorporation and
application of several evidence-based design principles that
engage students and improve graphing competence. The devel-
opment of competence with graphing is important not only for
students in their undergraduate biology courses, but it equips
students with the tools and knowledge needed to make deci-
sions in their daily lives.
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