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A pervasive notion in the literature is that complex concept maps reflect greater knowledge and/
or more expert-like thinking than less complex concept maps. We show that concept maps used
to structure scientific writing and clarify scientific reasoning do not adhere to this notion. In an un-
dergraduate course for thesis writers, students use concept maps instead of traditional outlines to
define the boundaries and scope of their research and to construct an argument for the significance
of their research. Students generate maps at the beginning of the semester, revise after peer review,
and revise once more at the end of the semester. Although some students revised their maps to
make them more complex, a significant proportion of students simplified their maps. We found
no correlation between increased complexity and improved scientific reasoning and writing skills,
suggesting that sometimes students simplify their understanding as they develop more expert-like
thinking. These results suggest that concept maps, when used as an intervention, can meet the vary-
ing needs of a diverse population of student writers.

INTRODUCTION

Concept maps are a pedagogical tool that allows learners to
construct a visual representation of their understanding of
connections between concepts (Novak, 1990). Over recent
decades, an increasing amount of scientific literature has fo-
cused on concept maps (Nesbit and Adesope, 2006, 2013).
Although the applications of concept maps for student
learning are extraordinarily wide-ranging, student-generat-
ed maps tell us the most about the development of students’
reasoning (Novak, 2005).

In science courses, the primary use of student-generated
concept maps is to improve content knowledge. The two
primary research questions explored in the literature are:
1) Are concept map activities associated with improved
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learning outcomes? 2) Do students’ concept maps—more
specifically, structural aspects of students’ concept maps—
correspond to learning outcomes? In response to the first
question, many studies show that students” creation of
maps that represent their understanding is associated with
improved learning (Novak et al., 1983; Canas et al., 2003;
Nesbit and Adesope, 2006; Wu et al., 2012; Lee et al., 2013;
Bramwell-Lalor and Rainford, 2014). In response to the sec-
ond question, although there is no consensus about how to
“best” assess concept maps, the prevailing message in the
literature is that structural complexity increases with expertise
(Novak et al., 1983; Wallace and Mintzes, 1990, Markham
et al., 1994; McClure et al., 1999; Mintzes and Quinn, 2006;
Srinivasan et al., 2008). Markham ef al. (1994) show that more
senior students use more sophisticated concepts in their
maps, suggesting that complexity and sophistication in un-
derstanding may be related.

Beyond the sciences, many studies suggest that student
participation in concept-mapping activities is associated
with improved writing (Cliburn, 1990; Reynolds and Hart,
1990; Floden, 1991; Hyerle, 1995; Anderson-Inman and Hor-
ney, 1996; Osman-Jouchoux, 1997; Crane, 1998; Brodney
et al., 1999; Osmundson et al., 1999; Gouli et al., 2003;
Vanides et al., 2005; Conklin, 2007). Concept mapping has
also been studied as a productive intervention to improve
critical thinking when reading and learning a second lan-
guage (Khodaday and Ghanizadeh, 2011) and as a form
of prewriting in the liberal arts (Murray, 1978; Giger, 1995;
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Yin and Shavelson, 2008). However, despite a number of
studies that have focused on the role of concept mapping in
improving writing skills, we find only one study in which
students’ concept maps were directly assessed and cor-
related with writing assessment in science (Conklin, 2007).
In Conklin’s study, both concept maps and writing were as-
sessed holistically using rubrics to rate concepts and interre-
latedness in concept maps and content and organization in
writing. Students’ content and concept scores, as well as their
interrelatedness and organization scores, were positively
correlated, though such holistic assessment is different from
some of the more widely discussed structural approaches for
evaluating concept maps in the sciences. Specifically, struc-
tural approaches tend to involve counting various features
(propositions, hierarchies, cross-links, etc.) on concept maps,
as opposed to making a judgment about the map as a whole
(e.g., using a Likert scale).

This begs the question: When concept map activities are
used to improve writing in the sciences, are the traditional
means of assessment informative? Does structural com-
plexity in maps relate to students’ learning outcomes? In
this study, we address this question by directly assessing
students’ scientific reasoning in writing undergraduate
honors theses as the primary learning outcome and relat-
ing that assessment to structural aspects of students’ con-
cept maps generated to facilitate writing. Additionally, we
investigate how students’ concept maps change as they
develop more expertise in scientific reasoning and writing
through the semester, further exploring the link between
structural complexity in maps and learning outcomes. One
might predict that students who make more connections
among concepts and include more concepts in their maps
have a more thorough understanding of their research sub-
ject and are better equipped to argue for the significance
of their work, interpret their results, and discuss the im-
plications. This would result in a positive correlation be-
tween structural features and assessment of learning out-
comes related to expertise, as well as positive changes in
structural features over the semester. On the other hand,
one might predict that students who have a more thorough
understanding of their research subject are better able to
simplify their concept maps and focus more precisely on
the most important connections and concepts. This would
result in a negative correlation between structural features
and assessment of learning outcomes, as well as negative
changes in structural features over the semester. If both
explanations are valid for different students to varying ex-
tents, then we may find no (or weak) correlations between
structural features and assessment of learning outcomes, as
well as no (or weak) changes in structural features over the
semester.

To answer this question, we directly assessed concept
maps, looked for changes in concept maps over time, and
looked for correlations between those changes and an exter-
nal measure of scientific reasoning and writing skills.

Concept Maps for Thesis Writing

The concept map activity is one of the primary activities
in Writing in Biology, a writing-intensive course designed
for advanced undergraduates (typically seniors) who are
working on an honors thesis or major research paper in the
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Department of Biology at Duke University (Reynolds et al.,
2009; Reynolds and Thompson, 2011).! Prior studies show
that students enrolled in this course demonstrated signifi-
cantly higher scientific reasoning skills than a statistically in-
distinguishable comparison group (i.e., students at the same
level who wrote theses without taking the course), which
suggests that the course directly targets and improves exper-
tise in scientific reasoning.

In this course, instead of constructing traditional outlines,
students construct concept maps to describe and contextu-
alize their research. We reason that the complex structure of
scientific writing makes conventional outlines a less useful
learning tool, since outlines require students to communi-
cate in a linear manner. Concept maps, on the other hand, are
less constrained; students can literally construct their under-
standing of the interrelatedness of concepts and see how the
relationships are interconnected.

At the beginning of the semester, students construct con-
cept maps based on their own research in such a way that
1) individual concepts (not multiple or nested concepts) are
represented in each box, 2) linking phrases between concepts
do not include concepts, and 3) another student can look at
the finished map and explain the primary research question
in context. The instructor models this with a sample concept
map before students work individually. In a subsequent class,
some students’ maps are selected for review in a whole-class
workshop followed by peer review in small groups. Most
feedback is generated as students attempt to explain one an-
other’s concept maps and ask follow-up questions. Review-
ers tend to emphasize the use of jargon and the need for more
or less elaboration in parts of the concept map. With this ad-
ditional feedback, students generate revised concept maps.
Instructors then review these revised maps, addressing the
boundaries of the topic as delineated in the concept map (not
so broad that that a reader might struggle to discern what
information is most relevant but not so narrow that insuffi-
cient information is provided), the research question under
consideration, and the general appropriateness of the propo-
sitions in the map. Instructors do not explicitly grade the con-
cept maps in the course; instead, the maps are used as part
of ongoing formative assessment. At the end of the semester,
when students have completed their theses, they revisit their
concept maps for final revision and reflection.

Our ultimate goal in this study is to expand on the rel-
atively unexplored question of directly assessing concept
maps as indicators of science reasoning in writing by lever-
aging our expertise in writing assessment. We would like to
know whether the message from other studies—complexity
increases with expertise—holds true in this context.

METHODS
Study Sample

Our sample consists of 49 undergraduates who were en-
rolled in the course (30 students in 2013, 19 students in 2014),
all of whom were actively engaged in independent capstone
research projects in biology or biology-related subjects. None
of the analyses presented here were conducted until after
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the course was complete, and students gave permission for
us to use their work as part of this research using a consent
form that was approved by the Duke University Institutional
Review Board.

Assessment of Complexity of Concept Maps

Hierarchical concept maps—maps in which concepts tend
to subsume or constitute related concepts—are often as-
sessed based on the accuracy of the content, the structural
characteristics (such as the number of concepts, linkages or
propositions, and branches), and the quality of each specific
connection (Novak ef al., 1983; Markham ef al., 1994; McClure
et al., 1999; Canas et al., 2003). However, not all concept maps
are hierarchical (Ruiz-Primo and Shavelson, 1996; Derbent-
seva et al., 2007), particularly when generated for writing.
Therefore, as we cannot identify hierarchies or crossovers
(links between hierarchies) in students” maps, we focus our
structural assessment on the number of concepts, the num-
ber of propositions (relationships involving two concepts
and the link between them), and the number of branching
points (concepts with at least three links connected to them)
in each map. Each of the 49 students in our sample submit-
ted three concept maps: the first draft version, the revised
version, and the final version. We counted the number of
concepts, propositions, and branching points in each of these
versions for all students in the sample.

Assessment of Honors Theses

We assessed honors theses using the Biology Thesis Assess-
ment Protocol (BioTAP; Reynolds et al., 2009; Reynolds and
Thompson, 2011), an assessment tool for valid and reliable
assessment of student writing. BioTAP’s rubric addresses 13
distinct dimensions of students’” writing, including writing
skills, scientific reasoning, and accuracy and appropriate-
ness of research. Here, we focused exclusively on the nine di-
mensions related to writing and reasoning: appropriateness
for target audience, argument for significance of research,
articulation of goals, interpretation of results, implications
of findings, organization, absence of writing errors, consis-
tent and professional citations, and effective use of tables
and figures. In focusing on these nine dimensions, we use
BioTAP to directly measure primary learning outcomes of
undergraduate research and thesis writing.

The procedure for rating students’ theses using BioTAP
was identical to that used and described in prior studies
(Reynolds and Thompson, 2011; Dowd et al., 2015a,b). Each
dimension was rated on a scale of 1-5. A rating of 1 indicates
the dimension under consideration is either missing, incom-
plete, or below the minimum acceptable standards. A rating
of 3 indicates the dimension is adequate, but the work does
not exhibit mastery. A rating of 5 indicates the dimension is
excellent and the work exhibits mastery. As different parts of
the thesis might fall into different categories, intermediate
ratings of 2 and 4 may be appropriate.

Theses were assessed by a group of graduate student and
postdoctoral associates, trained and supervised by J.A.R. For
all assessments, each rater completed training in the use of
the BioTAP rubric, which included examination of samples
of students” writings that illustrated inadequate, adequate,
and masterful levels of all nine dimensions being assessed.
Raters then assessed sample theses that were not part of the
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data set, discussed them, and established consensus scores
as a means of calibration.

Each thesis in our sample was read by two raters who
assessed the theses independently, subsequently discussed
discrepancies in their ratings, and finally established a con-
sensus score (Reynolds and Thompson, 2011; Dowd et al.,
2015a,b). The consensus score is not the simple average of the
scores given by the two raters; rather, it is a discussion-based
final score agreed upon by both raters. The Pearson correla-
tion coefficient between raters” independent, prediscussion
scores is 0.52 for total thesis scores; raters postdiscussion
consensus scores are 100% in agreement. While the predis-
cussion value may seem low, we note that scores on each di-
mension are within one point of each other in ~80% of cases.
In other words, the low prediscussion correlation seems to
exacerbate relatively small differences between raters in this
data set. Consensus scores were used in all analyses.

Specifically, we investigated each of the following aspects
of BioTAP as possible variables of interest: each of the nine in-
dividual dimensions of BioTAP, the sum of scores on dimen-
sions one through five (which are more related to reasoning
about one’s research), the sum of scores on dimensions six
through nine (which are more related to organization and
presentation), and the total sum of scores across all dimen-
sions. Total BioTAP scores for students in our sample ranged
from 32 to 44 (out a maximum possible score of 45).

Methods for Analysis

To assess changes in concept map features over time and to
make comparisons between groups (e.g., students who sim-
plify their maps at some point compared with students who
do not), we used Student’s ¢ tests. To quantify relationships
between structural features and the learning outcomes mea-
sured using BioTAP, we used Pearson’s correlation values.
As we considered a number of possible relationships among
variables, we accounted for multiple comparisons using the
Holm-Bonferroni method for controlling the family-wise er-
ror rate, which is both simple and more powerful than the
Bonferroni method (Holm, 1979).

RESULTS

In our assessment of the complexity of concept maps, the
number of concepts increases, on average, from the first
draft to the revision and from the revision to the final map
(Figure 1; p = 0.003 and 0.02, respectively). The number of
propositions and the number of branches increase, on aver-
age, from the first draft to the revision and from the first draft
to the final, but the change is not statistically significant from
revision to final map (p = 0.006 and 0.07, respectively, for
propositions; p = 0.01 and 0.26, respectively, for branches).
However, in spite of the average increases in these struc-
tural features, not all students make their maps more complex.
In fact, a substantial number of students reduce the number
of propositions in their maps at some point (Figure 2). Twen-
ty-two percent of students simplify propositions in concept
maps from the first draft to the revision, and 29% of students
simplify from the revision to the final version. Interestingly,
49% of students simplify propositions in concept maps at one
stage or another through the semester. We find very similar
patterns in numbers of concepts and branching points.
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Figure 1. The average values of the number of concepts, the number
of propositions, and the number of branches identified in students’
initial drafts, revised drafts, and final drafts of their concept maps
are shown. The number of concepts increases, on average, from the
first draft to the revision and from the revision to the final map. The
number of propositions and the number of branches increase, on av-
erage, from the first draft to the revision, but the change is not statis-
tically significant from revision to final map. Statistically significant
differences are represented by the horizontal bars and associated
asterisks (*, p < 0.05; **, p < 0.01).

Most importantly, when we account for multiple compari-
sons, we do not find any statistically significant relationships
between any of the structural features of concept maps as-
sessed and the aspects of science reasoning in writing as-
sessed using BioTAP. There are no statistically significant
relationships between the number of concepts, propositions,
or branches on the first drafts, revisions, or final versions and
any of the BioTAP variables (individual dimension scores,
partial sums, or total sum). Specifically, p values range from
0.03 to 0.99 for the 108 relationships tested; the one correla-
tion for which p < 0.05 (r = 0.31, p = 0.03) is not significant
using the Holm-Bonferroni method to correct for the mul-
tiple comparisons. Additionally, there are no statistically
significant relationships between the change in number of
concepts, propositions, or branches from first draft to re-
vision, from revision to final version, or from first draft to
final version and any of the BioTAP variables. Here, p values
range from 0.02 to 1.00 for the 108 relationships tested; there
are two correlations for which p < 0.05 (r = 0.33, p = 0.02; and
r=-0.32, p=0.02), but neither is statistically significant using
the Holm-Bonferroni method. In Table 1, we highlight the
nonsignificant correlations between the total sum of BioTAP
and each of the variables related to concept maps discussed
here. A complete table including other BioTAP variables is
included in Supplemental Material, Table A. Even when we
compare two groups (students who simplify at some point
versus students who do not), differences in BioTAP variables
are not significantly different; p values range from 0.10 to
0.95 for the 12 relationships tested (see Supplemental Mate-
rial, Table B). In short, regardless of initial complexity, final
complexity, or whether students make concept maps simpler
or more complex throughout the semester, we find no rela-
tionships to science reasoning exhibited in thesis writing.
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DISCUSSION

At first, it may seem that students’ concept maps become
more elaborate throughout the semester, in keeping with the
prevailing idea that complexity is associated with expertise
(Figure 1). However, although the average numbers of con-
cepts, propositions, and branches increase, we find that a
substantial percent of students actually simplify their con-
cept maps throughout the semester (Figure 2). This suggests
that students vary in how they engage with concept maps in
the context of scientific writing and that increased expertise
is not necessarily associated with more elaborate maps.
Previous research indicates that taking this course is as-
sociated with improved scientific reasoning skills (Reynolds
and Thompson, 2011). Therefore, although we do not directly
measure “change in science reasoning expertise” here, we
can assume that such expertise (as measured using BioTAP)
improves over the duration of this course. We see a range
in BioTAP scores, of course, and some high-scoring students
simplified their concept maps over the semester. Thus, the
simplification of some students’ maps, particularly at the end
of the semester, should not be attributed to less expert-like
understanding of the thesis topic. Moreover, as we found
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Figure 2. Histograms displaying the number of students who in-
crease the number of propositions in their concept maps, decrease
the number of propositions, and do not change the number of prop-
ositions are shown, both (A) from initial draft to revised draft and
(B) from revised draft to final version. We find very similar patterns
in numbers of concepts and branching points; a substantial number
of students simplify their maps at one stage or another.
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Table 1. Correlations between concept maps and BioTAP (1 = 49)

BioTAP total ~ p Value
Draft Concepts -0.18 0.215
Propositions -0.09 0.520
Branches -0.01 0.963
Revision Concepts -0.13 0.369
Propositions -0.10 0.489
Branches -0.11 0.440
Final Concepts -0.12 0.408
Propositions -0.09 0.543
Branches —0.05 0.728
A(Draft to revision) Concepts 0.06 0.657
Propositions -0.01 0.951
Branches -0.11 0.460
A(Revision to final)  Concepts -0.03 0.836
Propositions -0.02 0.908
Branches 0.04 0.790
A(Draft to final) Concepts 0.01 0.926
Propositions -0.02 0.876
Branches —0.05 0.726

no relationships between structural aspects of concept maps
and thesis assessment, we suggest that such aspects do not
inform instructors about students’ science reasoning in their
writing. Instead, our findings suggest that students use the
concept maps to engage with their research in unique and
possibly idiosyncratic ways. Structure-oriented assessments
of concept maps simply do not apply when activities are
oriented toward scientific writing.

Nonetheless, the changes to the structure of students’ con-
cept maps are interesting, because they indicate reorganiza-
tion of students” ideas and presentation of those ideas. The
fact that students” maps are changing suggests that students
are engaging with the concept maps to articulate their mes-
sages in a dynamic, evolving way. Creating this space for
discussion and engagement makes the use of concept maps
a valuable pedagogical tool.

Not all students view the benefits of concept maps equally,
however. In 2013, approximately two-thirds of the way
through the course, instructors administered a survey to the
class in which students anonymously indicated their per-
ceived value of various activities. Instructors were interested
in documenting students’ perceptions of the various course
activities. Compared with other key aspects of the course
(e.g., individual meetings with instructors, in-class sample
writing activities, and peer review), 38% of students ranked
concept map activities as either the most or second-most
valuable aspect of the course for learning to discuss one’s
research. It is not surprising that the concept map activity is
not the most valuable to everyone, as the other components
being compared were specifically designed to be engaging
and valuable to students. Instead, we highlight the diversity
of perspectives about what is most engaging and productive
for students.

Importantly, we are not trying to assess the efficacy of con-
cept mapping as a learning intervention in this study. Given
that prior work has shown that this course, which includes
concept maps among other elements that collectively func-
tion as an intervention, is associated with positive learn-
ing outcomes (Reynolds and Thompson, 2011), it would be
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arbitrary (and possibly counterproductive) to test individual
components of the course without a hypothesis or explicit
reason for testing an alternative method. Thus, this study as-
sumes that concept maps are valuable as an activity and is
entirely oriented toward the question of whether the concept
maps may directly inform instructors about learning out-
comes in this context.

Of course, BioTAP is not the only means of assessing
students’ expertise in declarative knowledge about their
research, scientific reasoning ability, and communication
skills. It is possible that other measures of expertise (such
as comprehensive exams or postgraduate success in writing)
could reveal different relationships with structural features
of concept maps. We focus on BioTAP because it is a unique
and established tool for the assessment of science reasoning
in writing at the capstone level.

Our findings suggest that instructors should not draw
conclusions from assessment of structural features of con-
cept maps in the context of scientific writing. However, this
begs the question: From what, if anything, should instructors
draw conclusions in students’ concept maps? Instructors in
this course provide students with discussion-oriented feed-
back on boundaries of the thesis topic, the research question,
and the general appropriateness of the propositions in the
concept map. It is possible that, as prewriting activities, such
maps are mostly idiosyncratic; direct assessment may in-
form discussions but does not ultimately relate to learning
outcomes. Alternatively, perhaps learning outcome-related
direct assessment is possible, but it must relate better to the
argument and context that students develop in their concept
maps. Instructors” feedback in this course is not presently
based on a rubric, though holistic rubric-based assessment
has been used for concept maps in other contexts, both re-
lated to scientific writing and content knowledge (McClure
et al., 1999; Conklin, 2007). Thus, the development of a rubric
analogous to BioTAP for concept map assessment could be
beneficial for instructors, either to facilitate discussion or to
connect to learning outcomes.

CONCLUSION

Our primary goal is for students to succeed in their research
endeavors and undergraduate thesis-writing experience.
If we can identify attributes of concept maps that correlate
strongly with these outcomes, we may be able to identify
and help those who are struggling much earlier in the course.
Here, we asked whether structural features of students’ con-
cept maps could play such a helpful role, and we found no
evidence to support this. Our findings and our experience
with the course lead us to believe that holistic assessment
may better inform the development of a rubric for content
map assessment than structural attributes. BioTAP will be
an invaluable tool for evaluating such a rubric, as it is the
primary means of systematically relating scientific reasoning
in writing to any measures that might be developed.
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