Undergraduates’ Graph Interpretation and Scientific Paper Reading
Shift from Novice- to Expert-like as a Result of Participation in a
Summer Research Experience: A Case Study

Abstract

Research Experiences for Undergraduate (REU) programs
often introduce students to scientific research and STEM
career possibilities. However, the program impact on
students and their research skill development is not well
understood. In a case study with 10 REU students, the
authors used eye-tracking and self-report data to determine
student strategies for reading scientific papers and inter-
preting graphs at the beginning and end of the program.
The strategies of REU students and science experts were
then compared. The REU students changed their strate-
gies and performed more like experts at posttest. These
findings indicate that, during the REU, students acquired
expert-like strategies necessary to engage with scien-
tific articles and extract key information from graphs. The
study demonstrates that eye-tracking can document skill
growth in REU students.
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The 2018 National Academies report on undergraduate
STEM indicators highlights the need to involve students
in authentic STEM practices (National Academies 2018).
Research Experiences for Undergraduates (REU) pro-
grams offer such opportunities. Many benefits of REU
programs have been described in the literature—from
increased enrollment in STEM majors and continuation
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toward a graduate degree (Brewer and Smith 2011; Gra-
ham et al. 2013; Cooper, Jabanoski, and Kaplan 2019)
to gaining professional skills (Hunter et al. 2007; Thiry,
Laursen, and Hunter 2011), developing a science identity
(Seymour et al. 2004; Russell et al. 2007; Hunter et al.
2007; Thiry et al. 2011; Weston and Laursen 2015; Coo-
per et al. 2019), and research skill building (Seymour et
al. 2004; Hunter et al. 2007; Thiry et al. 2011; Linn et al.
2015), among others. The National Science Foundation
(2019) describes research experience programs as ‘“one
of the most effective avenues for attracting students to
and retaining students in science and engineering, and
for preparing them for careers in these fields.” REU par-
ticipants tend to express high satisfaction with and strong
learning gains from their experience. However, using
self-report data from students as an impact measure for
REU programs has been criticized, and researchers have
called for reliable, robust assessment of students’ learning
gains from REU programs to evaluate the efficacy of REU
programs, justify their cost, and help improve their design
(Linn et al. 2015).

Here, findings are reported from a case study with a cohort
of REU students (n = 10) that examined student eye-
movements as a representation of the strategies employed
by students in reading scientific papers and interpreting
graphs before and after their REU experience at the begin-
ning and at the end of the program and compared them to
experts. A cohort of experienced researchers (“‘experts”;
n = 16) was recruited to participate in the same exercises
as a comparison group. Study participants were recruited
from the Research Experiences for Community College
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Students (RECCS) program—a nine-week summer REU
program that pairs Colorado community college students
with researchers from a large research institute or federal
research lab. The authors describe below self-reported data
on students’ perceived changes in confidence in and ability
to read scientific papers and graphs as well as report on
eye-tracking data and responses from students and experts
while they engaged in paper reading and graph interpreta-
tion—all through the lens of the following two research
questions:

1. In which ways does participation in an REU program

impact students’ strategies in engaging with scientific
papers and graphs?
More specifically, eye-tracking technology was used
to explore how students approach graph and scientific
paper reading at the beginning and the end of their
research experience, how students differ from or are
similar to experts, and whether or not REU student
participants move toward an expert-like approach for
these tasks.

2. In which ways do students’ self-reported confidence and
ability of engaging with scientific papers and graphs
change through the participation in an REU program?

Importance of Reading Scientific Papers and
Interpreting Graphs

Scientific publications are the primary means of com-
munication between scientists. Paper and graph reading
are critical skills that researchers use in their work; thus,
improving students’ strategies for and skills in reading
scientific papers and interpreting graphs is an impor-
tant steppingstone on the path to becoming a scientist
(Willmott, Clark, and Harrison 2003). Scientific papers
usually follow a prescribed structure to build the case
for the research findings (Dean 2013). Papers usually
include an introduction, in which the study is moti-
vated and prior work is discussed, a methods section, a
results section (often with images or tables), a section in
which the results are discussed in a larger context, and
a summary of the take-away messages in the conclu-
sion. Other typical paper components are an abstract,
list of references, figures, and tables. Because papers
are primarily written to inform the scientific commu-
nity, scientific papers are often dense, include technical
terms and jargon, and are sometimes hard to access for
a novice (Willmott et al. 2003). Such professional pub-
lications are often read using a variety of strategies by
experts such as skimming the text, jumping back and
forth within the text, focusing on figures and tables, and
comparing tables/figures to text among others (Wyatt
et al. 1993). Thus, reading professional papers requires
different strategies and skills that differ from typical
text-reading skills. Students that are pursuing a scientif-
ic career need to learn how to read professional articles
as part of their academic training.
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Similarly, reading and interpreting scientific graphs is
a skill that students acquire over time and with training
(Freedman and Shah 2002). As with professional articles,
graphs have distinct elements (e.g., axes, units, title, key,
data, caption) that are important to communicate the
graph’s message. Graph interpretation requires critical
thinking skills to interpret and draw conclusions from the
graphically represented data (Malamitsa, Kokkotas, and
Kasoutas 2008). Students often make systematic errors
when asked to interpret graphs (Guthrie, Weber, and Kim-
merly, 1993; Leinhardt, Zaslavsky, and Stein 1990; Shah
and Carpenter 1995; Shah and Hoeffner 2002). Thus, like
reading papers, students need to learn how to interpret
graphs as part of their training as a scientist.

The way in which readers allocate their attention during
reading tasks depends on characteristics of both text and
reader. Attention can be affected by text organization, ver-
bal complexity, and typographical prompts that indicate
relations (van den Broek 2010). The reader’s attention
is also influenced by available working memory and the
reader’s relevant background knowledge (McNamara et
al. 1996). During reading comprehension studies, Mayer
(2001, 2005) found that individuals learn better from
words and images rather than from words alone (“dual
multimedia principle”). According to the theory of dual
coding, the use of both pictures and text makes it easier
to remember and retrieve information (Paivio 1990). This
phenomenon can be explained through neurological pro-
cesses; during internal processing, the brain draws on
different subsystems to generate a text-based model and a
picture-based model (Mason et al. 2013). Most scientific
papers include a combination of pictures and text; thus,
readers need to generate both text- and picture-based mod-
els as they encode the information.

Numerous research studies have been conducted to explore
how students best learn using a variety of types of images
and animations, text, and the combination of text and
images (Butcher 2006; Moreno and Mayer 1999; Mason
et al. 2013). In addition, readers’ attention is affected
by their existing background knowledge of the text or
graph content (Curcio 1987). Bertin (1983, translated from
French by Peterman et al. 2015) identified three critical
steps for graph reading: The first step is “External Iden-
tification” —students explore external factors of the graph
only (e.g., title, axes labels, and scale of each axis). The
second step is “Internal Identification” —students explore
the internal factors (“data”) of the graph (e.g., lines, dots,
bars). The third step is the “Perception of Pertinent Corre-
spondences” —students combine the information to under-
stand the content being displayed through the interaction
of the external and internal graph features. Only after the
completion of these three steps are students able to extract
information, identify trends, and draw conclusions (Bertin
1983). Thus, studying the strategies of the initial steps of
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graph reading can provide evidence of how novices and
experts navigate graph reading and graph interpretation.

Even though graph interpretation and reading of scientific
papers are critical professional skills for a scientist, only
few studies explored the skills in detail (Glazer 2011).
Although assessing comprehension of paper or graph con-
tent can be conducted through postsurveys or interviews
(e.g., Peterman et al. 2015), studying the different strate-
gies employed by subjects in their paper reading and graph
interpretation is more challenging.

Cognitive processes during reading can be investigated by
eye-tracking devices (van den Broek 2010). Eye-tracking
methodologies have been applied to multimedia learning
(Hyona 2010; Mayer 2010; van Gog and Scheiter 2010) in
which the effectiveness of animations (Boucheix and Lowe
2010), complex graphics (Canham and Hegarty 2010),
dynamic stimuli (Jarodzka et al. 2010), and cognitive load
(Mitra, McNeal, and Bondell 2017) have been examined.
Various studies have used eye-tracking to explore the strat-
egies of participants when reading or interpreting scientific
papers (Rayner 1998, 2009), graphs (Atkins and McNeal
2018; Ho et al. 2014), combinations of text and graphs
(Ho et al. 2014), decision support systems (Maudlin et al.
2020), and maps (Ooms et al. 2012; Ooms, De Maeyer, and
Fack 2014). In nearly all of these studies, findings have
suggested that experts when compared to novices tend to
allocate their attention differently and were able to interpret
the provided representations (e.g., maps, graphs, online
tools) more efficiently and with greater accuracy (Ooms
et al. 2012; Ho et al. 2014; Atkins and McNeal 2018). Of
particular interest to this study, Ho and colleagues (2014)
employed an experiment that contained a combination of
graphics and text (similar to this study) and found that
students with higher prior knowledge fixated longer on the
graphics instead of the text and that they tended to have
more interscanning transitions between the text and graph-
ics, suggesting that students with higher prior knowledge
were able to integrate text and graphic information more
readily than students with low prior knowledge. As such,
eye-tracking is a promising tool to address the research
question that aims to understand how experts and novices
navigate scientific papers and graphs.

Program Description

Research experiences engage students in working on a
clearly defined authentic research project under the guid-
ance of a mentor. REU students conduct an entire research
project—from the definition or refinement of the research
question to data collection, data analysis, interpretation
of results, and presentation of the results. Among the
skills gained by REU students throughout their research
experience are some that are specific to their individual
research projects (e.g., certain lab, fieldwork, or program-
ming skills); however, they also develop skills in reading

scientific papers, as well as reading and interpreting
graphs (Yeoman and Zamorski 2008).

The RECCS program offers students from Colorado
community colleges a nine-week, paid summer research
experience in environmental or earth science. Student
researchers are matched with a mentor or a mentor team
at a large research institution or in a federal research lab.
Throughout the summer, students work toward two pro-
gram deliverables: a poster presentation and a 10-minute
scientific talk.

The RECCS program team provides weekly training for the
students in the development of research questions, reading
scientific papers, learning graph reading and interpretation,
and developing skills in poster and talk preparation (see
Table 1). Weekly assignment deadlines are aligned with
components of scientific papers, keep the students moving
toward their program deliverables, and allow mentors and
program staff to provide timely feedback. Reading scien-
tific papers, as well as creating and interpreting scientific
graphs, are part of the instruction. Students learn to identify
the different components of scientific papers and graphs as
well as to dissect the strengths and weaknesses of examples
through a total of about 10 hours of dedicated instruction
(see Table 1). However, students also read scientific papers
as background to their own research topic throughout the
summer on an almost daily basis, initially to learn about
the project and methods and later to put their findings in
the broader scientific context. Mentors often assign papers
for students to read (which usually include graphs) and
discuss them with the student later. In preparation for their
final products, they draft text following the structure of a
scientific paper (see Table 1), and once they start analyz-
ing their data, they have to develop meaningful graphs that
summarize their findings.

Description of Participants

Participating in the 2015 RECCS program were 10 students
from 4 of the 13 Colorado community colleges. Of the 10
students, 7 were female, and 4 were first-generation col-
lege students. Six students self-identified as white; two as
Hispanic/Latino; two as Asian; and one as Native Hawai-
ian/Pacific Islander/Filipino/a (one student identified as
multiracial). The mean GPA of the students in the semester
before the program was 3.7 (SD = 0.37), with a range of
2.8 to 4. All summer research students received a weekly
stipend and were expected to work 40 hours per week dur-
ing the 9-week research experience program. All students
completed the program, presented their work in a scientific
poster session, and gave a 10-minute scientific talk.

Experts were recruited from a convenience sample of
graduate students, researchers, and faculty members. All
experts were earth scientists; five of the experts were
females, three were graduate students, three were faculty
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TABLE 1.Training Activities around Graph and Paper Reading throughout the RECCS Program

Graph reading in training workshop

Paper reading in training workshop

Identify components of scientific posters/talks as
examples of science communication.
Exercise: How to read a scientific paper. Group

How do scientists communicate? — Analysis of
structure of scientific papers/talks.

Reading about and complete assignment of
developing research title of paper/poster.

Learn about reference lists and working with
references. Reading critical references.
Reading about and complete assignment—method

Reading about and complete assignment—results

Reading about and complete assignment—results

Reading about and complete assignment—
discussion section of paper/poster.

Graph and paper reading in
research experience activities

Ongoing, almost daily practice
in reading scientific papers,
reading and interpreting
scientific graphs, as well as
creating graphs

Week 1 Development of simple graphs
based on data collection.
Presentation of graphs in teams,
critiquing of graphs. work. Report out.
Week 2
Week 3
Week 4 Reading graphs in example
papers.
Week 5
section of paper/poster.
Week 6
section of paper/poster.
Week 7 Discussion about creation of effec-
tive graphs, practice of making section of paper/poster.
graphs for their own data.
Week 8 Continue creating graphs from
own data. Interpreting graphs from
results from others
Week 9 Presenting own data in talk and

poster including discussing own
graphs.

members, and two were research scientists. Of those that
completed the pretest, four were geoscientists, three were
climate/atmosphere scientists, and one was an ecologist.
Those that completed the posttest included five geoscien-
tists and three climate/atmosphere scientists.

Study Design and Methodology

In this case study, eye-tracking data was collected from a
RECCS student cohort (“novices”; n = 10) at the beginning
and at the end of the nine-week program, as well as from
a cohort of experts (n = 16, see details above), while they
engaged in graph interpretation and scientific paper reading
tasks. Half of the experts (n = 8) were randomly assigned
the pretest paper, and the other half was randomly assigned
the posttest paper. None of the experts was an expert in
either of the topics of the article. Data for each of the sub-
groups (e.g., pretest paper, posttest paper) were averaged.
The authors compared the expert performance to validate
the methodological approach and found no significant dif-
ferences between expert performance on the articles; thus,
there is no differentiation between the expert groups.

Eye-Tracking

Eye trackers are non-invasive instruments that determine
the location and duration of users’ visual fixations. Eye
movements represent an involuntary response that can be
measured and analyzed to determine engagement with a
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visual stimulus such as text or a graph (Atkins and McNeal
2018). While engaging with the scientific paper and graph,
participants’ eye movements were tracked using a Tobii
X2-60 eye tracker with a sampling rate of 60Hz. Calibra-
tion was completed for each participant at the beginning
of the data collection to ensure accuracy, precision, and
consistency within participant groups and allowed partici-
pants to wear corrective lenses without affecting results.
Participants sat approximately 65 cm from the monitor and
gazed at the computer screen to view the provided images
with an unobstructed view, allowing natural eye move-
ments to be captured. Participants were given a prompt
for both the paper-reading and the graph-reading exercise
(see details below) and were asked to think aloud and
share their thought and analysis process. No specific train-
ing on thinking aloud was provided, although the authors
explained the concept to the participants. The eye-tracking
sessions with participants were recorded and transcribed.

Paper-Reading Task

For the scientific paper reading task, short-format publi-
cations with a geoscience focus were selected from the
magazine Science that included all key components of a
scientific publication (i.e., title, introduction, data, a graph
of results, and references) and that fit on one screen for
eye-tracking feasibility and consistency. For the pretest,
students were provided with a different article (Hoorn and



Flantua 2015) than during the posttest (Conrad 2015) to
avoid recognition of the content; however, both articles
were of similar difficulty, style, and length. They both
include one figure and about 1000 words of text and,
according to a readability index amalgamator (webfx.
com), both articles score an average grade level of 13
(“18-19-year-olds should easily understand the text”).

Participants were asked to explore the article in a way that
would enable them to answer comprehension questions
(Prompt: “Please read this article, which will be followed
by a few short questions.”). Reported here are the data
collected while participants explored the paper during a
free-exploration reading period. There was no time limit
for participants to respond.

Graph-Reading Task

A line graph plotting “Global Greenhouse Gas Concentra-
tions Over Time” (data from US Environmental Protection
Agency 2014) was used for the graph-reading task. Fol-
lowing the methodology outlined in Atkins and McNeal
(2018), the graph was first shown for a 5-second free
viewing period; then, the participants were presented with
the question about the graph’s content and were asked to
think out loud as they answered the question. There was
no time limit to answer the question. The same graph was
used for the pretest and the posttest. Given that pretest and
posttest were almost two months apart, the research team
decided that it would be unlikely that the subjects would
remember the details of the graph and that the benefits
of being able to compare the same graph for both tests
exceeded concerns of memorization of the graph.

Data Analysis

Eye-tracking data were analyzed using Tobii Studio 2012
and Microsoft Excel 2013. The focus was on two metrics:
the visit count provided insight into how many times a par-
ticipant visually revisited areas of interest (AOIs) within
the article or the graph (i.e., the number of times their gaze
left and re-entered an AOI), whereas the visit duration
metric captured the total amount of time spent by the par-
ticipant in visually examining an AOI. To systematically
analyze the gaze, the scientific articles were split into five
AOIs) using Tobii software:

1. Title/description
2. Article text

3. Figure

4. Figure caption
5. References

The graph was split into four AOIs:

1. Title
2. Axes
3. Question
4. Data
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Each AOI had a different size; therefore, the authors calcu-
lated the area of each AOI and normalized the data across
each AOI by taking an average metric spent viewing an
AOI and dividing it by the area of the AOI.

The students’ utterances from the pre-program and post-
program eye-tracking transcripts were analyzed. A the-
matic analysis of the transcript (Braun and Clarke 2006)
was conducted to explore in which ways students narrated
the eye-tracking tasks. During the coding of the student
data, the authors outlined four broad themes (see Table 2).
These themes were the following:

1. Prior experience or training with respect to paper/graph
reading (or lack thereof)

2. Self-reported ability/inability in graph/paper reading or
comprehension of graph/paper

3. Confidence (lack thereof) in graph/paper reading or
graph/paper comprehension

4. Comments on any strategies used during the eye-track-
ing tasks around graph or paper reading/comprehension

After coding of the student data was complete, the preva-
lence of all themes in each data source was analyzed.
Table 2 shows the number of instances each code was
identified in the two eye-tracking sessions and examples
for each code.

Assessment of Scientific Graphing and Engagement
with Scientific Literature

As a complement to the identification of reading strate-
gies, the authors collected self-report data on graph- and
paper-reading confidence and ability. At the beginning and
the end of the program, students completed a short self-
assessment (multiple-choice questionnaire) on their confi-
dence and skill levels in creating, reading, and interpreting
graphs (see Atkins and McNeal 2018 for questions). Data
were analyzed using descriptive statistics.

Results

Eye-tracking methodologies were used to study strategies
that a cohort of RECCS students employed while reading
a scientific article and interpreting graphs at the beginning
(pretest) and at the end (posttest) of the summer research
experience. Figure 1 shows heat maps and gaze plots of
RECCs students (“novices”), as well as those of experts
reading scientific papers. During the pretest assessment,
novice eye movements show a reading pattern of the paper
from the beginning to the end (see Panel A), similar to that
of reading a book, by following the text line-by-line with
little eye movement between the different article compo-
nents. The RECCS students spent little time on the figure
and rarely referenced between the text and the figure, as
illustrated by the gaze plot (see Panel C). In contrast, when
reading the post-program article, students appeared to read
selected sections of the article and spend more time on the
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TABLE 2. Prevalence of Themes in Transcripts

Coded theme Description

Prior experience
or training

Any mention of students’ sense of prior
experience or training (or lack of prepared-
ness) around graph/paper reading or graph/
paper comprehension

Self-reported
ability/inability

Any mention of students’ self-reported
ability/inability around graph/paper reading
or graph/paper comprehension

Student: “This article confused me [laughs]
for some reason.”

Confidence Any mention of students’ self-reported con-
fidence (or lack thereof) around graph/paper

reading or graph/paper comprehension

Student: “I think [the graphs] were easy to
understand. The graphs were very straight-
forward ....”

Strategies Any mention of strategies used during the
eye-tracking sessions around graph/paper

reading or comprehension

Student: “I started off looking at the begin-
nings of the paragraphs, and then I jumped
into the middle.”

Pre-program eye-tracking session

Number of student utterances

Post-program eye-tracking session

Number of student utterances

0 0
2 4
1 19
0 10

Note: Data from student pre-program and post-program eye-tracking sessions around each graph/paper reading (n = 10 students).

figure; the gaze plot shows strong integration between the
text and other elements of the article (see Panels E, G).
When reviewing the paper-reading patterns of the experts
(see Panels B, D, F, H), they appeared to read selected sec-
tions of the paper and jumped between different compo-
nents of the paper, especially the graphic. Multiple revisits
to different areas of the paper (visit counts) indicate a
deeper synthesis and integration of content. RECCS stu-
dents, after their program completion (posttest; see Panels
E, G), revisited all parts of the paper more frequently than
on the pretest, integrating different paper components.
Thus, RECCS students appear to adopt more expert-like
paper-reading strategies at the posttest. Visit counts (see
Figure 2) describe these patterns quantitatively. All chang-
es from novice from pretest to posttest were significant (p
< 0.05) with large effect sizes (Cohen’s d > 1.1).

Novices took about six minutes to read the pretest article
(t = 332 sec.), whereas experts took about a minute less
(t = 280 sec.). Novices and experts both took about eight
minutes to read the posttest article (t, ... =484 sec.; Loxpert
= 453 sec.). Although the novice-expert gap was 52 sec.
at pretest, there was no difference between experts and

RECCS students at posttest.
Similar to the exploration of students’ strategies for

scientific paper reading, eye-tracking allowed for the
exploration eye movement while reading and interpreting
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scientific graphs. Heat maps from the exploration of a
scientific graph showed that RECCS students (novices)
at the beginning of the program attempted to learn about
the main idea of the graph by reading the title and spend-
ing very little time looking at the data (see Panels A, B in
Figure 3). Experts, on the other hand, focused on the data
displayed in the graph to learn about the main idea of the
graph (about double the time; see Panels A, C, E) and
spent less time reading the title (about half the time; Panel
A). On the posttest, RECCS students’ eye movement (see
Panels A, D) was very similar to that of experts (see Pan-
els A, C, E); both groups focused on the data and the leg-
end. This change in eye-movement pattern suggests that
students developed more expert-like behavior and moved
toward proficiency toward the end of their research expe-
rience. Panel A shows the visit duration for the four AOIs.
From pretest to posttest, novices spend significantly less
time looking at the title and the axis (large effect size,
Cohen’s d > 1), more similar to experts. Changes in the
time spent on data and legend appear nominally different
and more “expert-like,” but because of large variation, the
change is not significant.

Studying the transcripts from the eye-tracking sessions
shows that students described more readily strategies they
used and made comments about their confidence on the
tasks during the post-program eye-tracking session, and a
few more students commented on their ability level (see
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FIGURE 1. Eye-Tracking Data (Heatmaps and Gaze-Plots) of Novices and Experts Reading
Scientific Papers

Panel A: Heatmap; novices reading the Panel B: Heatmap; experts reading the
pretest article (n = 10) pretest article (n = 8)

Panel C: Gaze plot; novice reading the Panel D: Gaze plot; expert reading the
pretest article (n = 1, same student pretest  pretest article (n = 1)
and posttest)

Panel E: Heatmap; novices reading the Panel F: Heatmap; expert reading the
posttest article (n = 10) posttest article (n = 8)

ey

Panel G: Gaze plot; novice reading the Panel H: Gaze plot; expert reading the
test article (n = 1, same student pretest posttest article (n = 1)
and posttest)

Note: Novices’ data were collected before (pretest) and after (posttest) their participation in the research expe-
rience. Gaze-plots show exemplary data from one study subject. Note that heatmaps are not normalized for
time spent on task. More saturated gray indicates more visual attention. Color versions of the heatmaps can be
viewed on the RECCS program page (CIRES n.d.)

Winter 2021 | Volume 5 | Number2 | 13



Undergraduates’ Graph Interpretation and Scientific Paper Reading

FIGURE 2. Visit Count by Area of Interest (AOI) for the Scientific Article

45 7 M Expert Avg || Novice Pre [l Novice Post

40 1

351

30 1

25 1

20 1

Number of revisits to AOI

15 1

10 1

Title/description Figure

Figure Caption

*

Article Text References

Note: Data from the beginning of program (novice pre), the end of program (novice post), and from experts.
Data are averaged across each group. Asterisks indicate that change of novices from pretest to posttest was
significant (p < 0.05), each with a large effect size (Cohen’s d).

Table 2). The analysis of the transcripts also shows that
students increased mentioning of their confidence in the
tasks. However, during neither the pre-program nor the
post-program eye-tracking session did any of the students
comment on prior training or experience or a lack thereof.

When asked about their confidence in understanding sci-
entific papers, four students increased their confidence
from the pretest to the posttest, five students reported the
same confidence level, and one student reported a lower
confidence after the completion of the summer research
experience (see Table 3). Two students reported feeling
“very confident” about reading scientific papers after the
program; no students felt “very confident” at the begin-
ning of the program. When asked to rate their ability
in understanding scientific papers (“How good are you
at...?7”), seven students expressed greater confidence at
the end of the REU program, whereas three perceived a
lower ability after the completion of the summer research
experience. Overall, four students reported that they felt
“Proficient” in understanding of scientific papers at the
end of the summer, whereas only one felt “Proficient” at
the beginning.

When asked about their confidence in interpreting scientific
graphs on the pretest and posttest, five students reported
an increase in their level of confidence from the pretest
to the posttest, four students rated their confidence the
same, whereas one reported a lower confidence after the
completion of the summer research experience (see Table
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3). Overall, five students reported feeling “very confident”
about interpreting graphs at the end of the program, whereas
only one reported feeling “very confident” at the begin-
ning. When asked about their ability to interpret scientific
graphs, five students increased the rating of their ability of
interpreting graphs from the pretest to the posttest, whereas
four perceived a lower ability after the completion of the
program. Overall, two students reported feeling “Proficient”
in interpreting scientific graphs at the end of the summer,
whereas three felt “Proficient” at the beginning.

Discussion and Conclusion

Findings from this case study suggest that participation in
an authentic research experience during an REU program
resulted in measurable improvement of strategies for read-
ing scientific papers and interpreting scientific graphs for
the cohort of students that was examined. Students moved
toward more expert-like behavior when interacting with
scientific papers or graphs through their participation in
the RECCS summer research experience. Although the
number of study subjects was small, the findings are an
important contribution to the discussion about the value
and impact of REU programs. REU program evaluations
are often based on self-report data that have been criticized
as unreliable measures of impact (Linn et al. 2015); thus,
this study provides an additional layer of information on
program impacts through quantifying students’ growth in
important research strategies such as engagement with
scientific papers and graphs. Although quantifiable impact
measures are an important addition to the available body
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FIGURE 3. Eye-Tracking Data (Heatmaps, Visit Counts) of Novices and Experts while Reading
and Interpreting a Scientific Graph
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Note: Data from the beginning of program (novice pre), and the end of program (novice post), and from
experts. Data are averaged across each group. Stars indicate that change of novices from pre to posttest was
significant (p < 0.05), each with a large effect size.

Panel A: Normalized visit duration for novices and experts while reading and interpreting scientific graph.

Panel B: Heatmap; novices interpreting ~ Panel C: Heatmap; experts interpreting the

the pretest graph (n = 10), following pretest graph (n = 8), following prompt:
prompt: What is the main idea of this What is the main idea of this graph?
graph?

Panel D: Heatmap; novices interpreting  Panel E: Heatmap; experts interpreting the
the posttest graph (n = 10), following posttest graph (n = 8), following prompt:
prompt: What trends do you see in the What trends do you see in the graph?
graph?

Note: Novices’ data were collected before (pretest) and after (posttest) their participation in the research experi-
ence. Note that heatmaps are not normalized for time spent on task. More saturated gray indicates more visual
attention. Color versions of the heatmaps can be viewed on the RECCS program page (CIRES n.d.).
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TABLE 3. RECCS Student Self-Assessment of Their Ability and Confidence in Understanding Scientific Papers and

Interpreting Scientific Graphs

How confident are you at interpreting scientific graphs?

Very 1
confident
o | Somewhat
. confident ! . 4
&
© | Somewhat 1
f unconfident
72}
% Very
A | unconfident
Very Somewhat | Somewhat Very
unconfident | unconfident = confident confident

Posttest Response

How good are you at interpreting scientific graphs?

Expert

Proficient 2 1
2
% Competent 1 1 1
t:g Advanced
E Beginner 1 1
£

Novice 2

Novice | Advanced = Competent = Proficient = Expert
Beginner

Posttest Response

Pretest Response

Pretest Response

How confident are you in understanding scientific papers?
Very
confident

Somewhat
confident

Somewhat
unconfident

Very
unconfident

Somewhat
confident

Somewhat
unconfident

Very
unconfident

Very
confident

Posttest Response

How good are you at understanding scientific papers?

Expert
Proficient 1

Competent 2 3

Advanced
Beginner

Novice 2

Novice | Advanced | Competent | Proficient

Beginner

Expert

Posttest Response

Note: Data from student pretest and posttest. The gray-shaded boxes indicate no change from pretest to posttest; any values below the gray-shaded vertical
are gains from pretest to posttest; any values above the gray-shaded vertical indicate a decrease from pretest to posttest.

of understanding of the impact of REU programs, per-
ceived student gains around self-confidence, professional
identity as scientists, and other self-reported gains from
their research experiences (Seymour et al. 2004; Russell
et al. 2007; Hunter et al. 2007; Thiry et al. 2011) are criti-
cal for students’ persistence in STEM. The independent
measure of eye tracking on strategies was combined with
asking students for their perceived learning gains around
reading graphs and papers. Both indicators point into the
same direction, reporting increasing skills and confidence
in interacting with graphs and papers.

This study indicates that eye-tracking technology facilitates
an exploration of expert-like strategies around scientific
paper reading and graph interpretation. The data suggest
that, when asked to read a scientific paper, experts read
selected parts of the paper while their eyes move between
different components of the paper, especially between
text and graphics. In contrast, novices with limited or no
experience in reading scientific papers follow a standard
line-by-line reading pattern, starting from the beginning of
the text, with little eye movement between different parts
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of the paper. When asked to interpret graphs, experts in the
study focus on the data displayed in the graph, the axes,
and the legend, whereas novices attempt to find informa-
tion about the graph through the graph title and look at
data less. This finding is similar to Ho and colleagues
(2014) who used eye-tracking approaches to examine high
and low prior knowledge students while they engaged with
text and figures. These authors found the students with
more prior knowledge engaged more with the figures and
that they had more interactions between text and figures
than students with low prior knowledge. Additionally,
Ooms and colleagues (2012) also used eye-tracking to
measure expert and novice subjects during map-reading
tasks and found that experts were able to interpret the
map contents more efficiently than novice users. Dur-
ing a study aimed to investigate the viewer’s navigation
of scientific graphs using eye-tracking by Atkins and
McNeal (2018), low-performers spent less time viewing
important graph features that represented the data and
spent more time looking at the text features of the graph.
Thus, novice-like behavior differs from expert patterns
when viewing scientific papers and graphs; however, REU



students move measurably toward expert-like behavior
as a result of participation in the RECCS program. The
study findings allow the answering of research question
1 (In which ways does participation in an REU program
impact students’ strategies in engaging with scientific
papers and graphs?). It was found that students change the
pattern of their reading of scientific papers and scientific
graphs toward expert-like behavior. Thus, the improve-
ments in students’ strategies around scientific paper and
graph reading are measurable over the duration of just a
nine-week research experience program. With respect to
graph reading, students appear to spend less time on graph
components (Bertin’s step 1) on the posttest and more on
data (Bertin’s step 2) and synthesis (Bertin’s step 3) when
compared to the pretest.

Although science communication training during the
RECCS program exposes the REU students to scientific
papers and trains them in thinking about graph compo-
nents, the RECCS team did not explicitly highlight to
novices during the training workshops that there are
inherent differences between expert and novice behavior,
which alone could influence the performance of novices
on the posttest. Instead, instruction focused on discussion
of strategies of reading papers and graphs. In the future, it
will be possible to point out these different patterns and,
through a metacognitive process, to support students even
more in their learning of such research skills.

Both the self-report and the eye-tracking data showed a
growth toward improved confidence and proficiency in
students’ research tasks around paper reading and graph
interpretation (our research question 2 (In which ways do
students’ self-reported confidence and ability of engaging
with scientific papers and graphs change through the par-
ticipation in an REU program?). Although a small number
of students decreased the ranking of their confidence and
self-reported ability, it could be argued that these students
did not actually decrease their ability, but rather they have
gained a more realistic understanding of what is entailed
by engaging with scientific papers and graphs. Thus, even
though they improved their skills, the relative rating may
have dropped. Self-report bias has been described in the
literature previously (Stone et al. 1999). Eye-tracking
allows researchers to quantify the changes in the strate-
gies for these tasks as it focuses on cognitive processes
and thus provides a powerful tool in exploring patterns of
engagement with scientific papers and graphs.

This case study adds to the literature on exploring under-
graduate graph-reading strategies (Atkins and McNeal
2018; Wang et al. 2012) and constitutes the first study
to explore both expert and novice patterns of reading
scientific papers, while measuring the REU participants’
improvements in graph and paper reading as a result of
their participation.

Anne U. Gold, Rachel Atkins & Karen S. McNeal

Limitations and Future Work

This case study was conducted with a small sample size.
Increasing the number of novices and experts would
provide more statistical power for exploring the data.
Experts were recruited based on a convenience sampling.
The authors recognize that most scientific papers are
multi-page papers, and studying strategies for reading a
one-page paper may have some limitations. However, it is
assumed that if a subject does not display expert reading
strategies in a one-page paper, it is not likely to display in
a multi-page paper, and the eye-tracking research design
described here has a limit of a one-page design. In a repeat
of this study, a more strategic sampling of experts with
regard to their expertise would help standardize the expert
baseline. Future work could also include an exploration
of the trajectory of these REU students and their research
strategies as they advance in their academic career.
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