HOW UNDERGRADUATE STUDENTS MISREAD CLADOGRAMS
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ABSTRACT.—Although phylogenetic systematics is used to reconstruct evolutionary relationships, under-
graduates have a difficult time mastering its fundamental concepts. Because it is a key part of the main-
stream professional thinking, we explored in what ways students misread cladograms, which are the ab-
stract and synthetic diagrams of phylogenetic systematics. We developed a questionnaire to examine the
following four hypotheses as to how introductory college-level students (n=51) read cladograms: 1) stu-
dents read cladograms correctly; 2) students infer that proximity of tips equals relatedness; 3) students
read cladograms as they might an evolutionary tree, reading left to right as primitive to more advanced,
and perceiving organisms as branching off; and 4) students infer ancestors at the nodes. Most responses
fell into one of the four hypotheses, with 55% following the scientific (‘correct’) hypothesis. Most stu-
dents answered between six and eight of the ten questions correctly. Slightly more than half of the stu-
dents generally followed the scientific hypothesis, while others applied both the scientific and proximity
(hypothesis 2, above) hypotheses together. A few students followed the primitive hypothesis (hypothesis
3, above). Our recommendation is that instructors address discrepancies between the scientific and prox-
imity hypotheses in particular. For undergraduates, generally, cladograms require focused teaching, ex-

planation, and active-learning approaches to be successfully used to teach phylogenetic systematics.

INTRODUCTION

THE ADVENT of using phylogenetic systematic
methods in the late 1970s in systematic biology
radically altered perceptions of the relationships
of organisms, particularly vertebrates. For the first
time, it provided a testable means by which the
phylogenetic relationships of organisms could be
assessed, and it imposed an evolutionary classifi-
cation upon the Linnaean framework (which is an
approach rooted in a pre-evolutionary, static-
world view) (Hennig, 1979; Eldredge and Crac-
raft, 1980; Nelson and Platnick, 1981; Wiley et
al., 1991). The importance of phylogenetic syste-
matics became obvious in the succeeding 20
years, and it is fair to say that its language and
concepts are now ubiquitous among professionals
in evolutionary biology, including paleobiology.
For all its importance, however, phylogenetic

methods as well as the ramifications for organis-
mic relationships have only just begun to find
their way to introductory college-level pedagogy.
But, because introducing students to mainstream
scientific thinking is a goal generally shared by
introductory science courses, and few would ar-
gue for teaching antiquated phylogenies and phy-
logenetic methods, and because discussions of
evolution ought to include the means by which
evolutionary relationships are understood, it is
appropriate that students be exposed to phyloge-
netic systematics at introductory levels in college
science curricula.

How does phylogenetic systematics function?
Most simply put, it is a system of reconstructing
phylogeny based upon hierarchical distributions
of shared, derived characters (synapomorphies).
The distribution of the characters is commonly
represented on a dichotomous branching diagram
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TABLE /.—A cladogram and a tree-of-life compared.

Characteristic Cladogram Tree-of-
Life

Branching dichotomous not neces-
sarily

Shows ancestor- no yes

descendent

relationships

Shows character yes no

distributions

Shows time shows sequence yes

Nature of the Characters taxa

hierarchies

Testable yes no

known as a cladogram, a graphic format that
bears, from a pedagogical standpoint, an unfortu-
nate resemblance to a conventional “tree of life.”
Cladograms, however, differ fundamentally from
trees, and Table 1 highlights a few of the salient
differences. Unlike trees, cladograms are con-
structed within a Popperian hypothetico-deductive
framework, and are ultimately testable hypotheses
of relationship; generally, parsimony is used to
distinguish among the competing hypotheses (Ta-
ble 1). Cladograms show hierarchical distribu-
tions of characters—in effect, evolutionary novel-
ties that diagnose groups whose members, on the
basis of these characters, are inferred to be more
closely related to each other than to any other or-
ganisms. As the purpose of this paper is not to
review phylogenetic systematic methods, readers
interested in the methods are referred to basic
treatments such as Cracraft (1979), Hennig
(1979), Eldredge and Cracraft (1980), Nelson and
Platnick (1981), Wiley et al. (1991), de Queiroz
and Gauthier (1992, 1994), and Foote and Miller
(2007).

Phylogenetic systematics presents significant
pedagogical challenges. It is rooted in compara-
tively abstract reasoning and requires logical in-
ferences that are not accessible to many under-
graduate students (McConnell et al., 2005).
Moreover, as noted above, cladograms are
branching diagrams and look like trees, even if
the methods of interpreting each are quite differ-
ent. Finally, the conclusions reached via phyloge-
netic systematics can be counterintuitive and, sig-
nificantly, contradict much that students have

been taught since early grade school. For exam-
ple, phylogenetic systematics approaches une-
quivocally demonstrate that birds and crocodiles
are more closely related to each other than either
is to a lizard (see below). This view, of course,
undermines the term ‘reptile’ as it was first pro-
posed by Linnaeus and, more significantly, as it is
understood by most students. In an evolutionary
sense, a classification of Reptilia that includes
lizards and crocodiles must also include birds; but
it does not. Just within Vertebrata, other funda-
mental relationships and groups are similarly sus-
ceptible to revision: if reptiles are distinguished
by the evolution of amnion (e.g., Romer, 1966),
then mammals ought to be reptiles as well. Phylo-
genetically, birds are dinosaurs, which means that
dinosaurs did not really go extinct (Dingus and
Rowe, 1998). Indeed, students tend to misread the
fundamental diagram of phylogenetics systemat-
ics—the cladogram—and instead interpret it as
the more familiar and iconic evolutionary tree
(see below).

The purpose of this paper is to explore the
process of learning phylogenetic systematics, and
to attempt to tease out some of the sticking points
in the learning process. The data come from a
large, general-education course on dinosaur pa-
leobiology. Despite consistent emphasis placed in
the text, lecture, and examinations on the use of
phylogenetic systematics in dinosaur paleo-
biology, students had difficulties grasping the
concepts, even by the end of the course. Based on
exam scores and the instructor’s perceptions, the
course was not as effective as desired with respect
to a meaningful understanding of cladistic meth-
ods and outcomes. This study seeks to explore
whether one of the reasons students have difficul-
ties is because they do not read cladograms cor-
rectly. The hope is that this work will serve as a
model for gaining insights into teaching complex
and/or unfamiliar subjects, as well as—and expe-
rience suggests that this is the most challeng-
ing—helping students to unlearn preexisting mis-
conceptions, substituting more appropriate inter-
pretations in their stead.

Reading cladograms

In a cladogram, organisms are arranged at the
tips of the tree (Fig. 1). Everything above a par-
ticular node (shown by open circles) is inferred to
1) be more closely related to other organisms
above that node than to anything else; and 2)
share a most-recent common ancestor (e.g., the
clade Dinosauria contains Stegosaurus, Tyranno-
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lizard || crocodile || Stegosaurus Tyrannosaurus || chicken

Saurischia
(dinosaurs)

Dinosaurs

FIGURE /.—A cladogram representing the rela-
tionships of five taxa: Stegosaurus, Tyranno-
saurus, a crocodile, a lizard, and a chicken; organ-
isms are arranged at the tips of the branches, and
clades are groups of organisms above a node
(open circle) that share a most recent common
ancestor; organisms within a clade are more
closely related to each other than to organisms
outside of that clade.

saurus, and a modern chicken, all sharing a most-
recent common ancestor). The order of the
branches above each node can be rearranged as
long as the underlying structure depicted by the
nodes remains the same.

Cladograms are synthetic diagrams that are
often misinterpreted by novices because they have
been socialized to read the branching of the cla-
dogram as if it were an evolutionary tree (O’Hara,
1994, 1998; Baum et al., 2005). Deeply rooted
alternative conceptions (or misconceptions) are
exceptionally difficult to change, especially with-
out direct instruction addressing the misconcep-
tion (e.g., Posner et al., 1982; Hewson and Hew-
son, 1988; Chan et al., 1997; Guzzetti, 2000).
Students reading the cladogram as if it were a
‘tree,” along the tips of the branches from left to
right, reinforce the long-standing perception that
evolution is a linear progression from ‘primitive’
to ‘advanced’ species (e.g., O’Hara, 1988; Gould,
1989; Rudolf and Stewart, 1998; Crisp and Cook,
2005; Nee, 2005; Meisel, 2010). In Figure 1,
reading along the tips might lead students to be-
lieve that “primitive’ lizards directly lead to ‘ad-
vanced’ chickens. In addition, when students see a
long, straight, unbroken line (such as leading to-
wards the lizard in Figure 1), they interpret it to
not have changed, again leading to the belief that
the organism at the tip is more primitive (in our
example, the lizard) (Meir and Perry, 2007; No-
vick and Catley, 2007; Gregory, 2008). Another
underlying factor that leads to difficulties with
interpreting some organisms as more advanced is

that when students see an organism with more
branches leading towards it (such as the chicken
in Figure 1), they view that organism as more ad-
vanced (Gregory, 2008).

Since students often do not realize that clades
show evolutionary similarities, they may infer
closeness of relationships between organisms that
are near each other at the tips, but whose relation-
ship is not all that close (Baum et al., 2005; Meir
and Perry, 2007; Gregory, 2008). For example, in
Figure 1, students may erroneously conclude that
Stegosaurus is more closely related to the croco-
dile than to the chicken, instead of looking at the
organization of the clades to infer relatedness.
Students who read cladograms in this way (prox-
imity of the tips indicates relatedness) fail to un-
derstand that clades can be rotated about the
nodes without changing the evolutionary meaning
(Meir and Perry, 2007; Gregory, 2008).

Also, living species may be mistakenly projected
to occupy the internal nodes of a tree, similar to
evolutionary trees, leading to the incorrect con-
clusion that chickens descended from crocodiles
(Crisp and Cook, 2005). The correct interpretation
is that chickens and crocodiles share a common
ancestor, about which we can infer characteristics,
although it is no longer living.

Based on the common misconceptions de-
scribed above and our experiences in class, we
developed the following research questions: 1) do
students read cladograms correctly; and 2) if not,
what are common ways in which they misread
cladograms? Also guided by the misconceptions
described above, we developed four hypotheses
on how students read cladograms: 1) students read
cladograms correctly (we term this the ‘scientific’
hypothesis); 2) students infer that proximity of
tips equals relatedness (‘proximity’ hypothesis);
3) students read primitive to more advanced from
left to right along the cladogram (‘primitive’ hy-
pothesis); 4) students infer the existence of ances-
tors at the nodes (‘nodes’ hypothesis). We propose
that, if students did not read cladograms correctly,
they would apply one and/or a combination of
these misconceptions (i.e. proximity, primitive, or
nodes) when answering questions throughout the
questionnaire.

METHODS

Study population

Students in this study were enrolled in the
Evolution and Extinction of the Dinosaurs (EED),
a large (~85 students), lecture-based, undergradu-
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1. A dog is more closely related to a fox than an ant. Circle the cladogram(s) that correctly
depict the relationship between these three animals.

4. Please use the cladogram shown to the right to answer the following 7 questions.

a. On the cladogram, which is most successful? A B C D
Ant Fox Dog Ant Dog Fox a.A b.B ¢.C dD e Allareequally successful.

Dog Fox Ant Dog Ant Fox Fox Dog Ant Fox Ant Do
><>;D/ >é)/ >€®) >(>9/ ><>D/ b. On the cladogram, which appeared last in time?

aA b.B ¢ C dD e ltcannot be determined.

¢. On the cladogram, where would humans be placed?
a.A b.B ¢.C d.D e ltdepends on the other organisms.
2. On the cladogram to the right, is B more closely related to AortoD? A B C D

a. A b.D c.Itisequally related to both of them. v
f. On the cladogram, where would slugs be placed?

3. Circle the diagrams below that show the same relationships A B, C a.A b.B ¢.C d.D e lItdependson the other organisms.

or groupings as the cladogram to the right: >>/
070 70 T o 0
Yo Yo Yo Yo Yo Yo

d. On the cladogram, which is most primitive?
aA b.B ¢ C d.D e Allareequally evolved.

€. On the cladogram, which is the ancestor to B?
a.A b.B ¢.C d.D e Noneofthese

g. On the cladogram, is B more closely related to A or to D?
a. A b.D c. Itisequally related to both of them.

FIGURE 2.—Questionnaire used in this study; the letters in circles were not on the original questionnaire but are in-
stead placed there to simplify discussion.

ate, introductory, general-education course offered course. In their college course work, 15% of the

at a state university in New England and taught in
Spring 2010 by Fastovsky. The students mostly
were taking the class because of interest, or to
fulfill a general-education science requirement.
The textbook used was Fastovsky and Weisham-
pel (2009), the only cladistically based general-
education dinosaur textbook on the market. Fifty-
one students completed the questionnaire in this
study, a number attributable to a combination of
poor attendance and several students not complet-
ing the questionnaire. While no data exist regard-
ing class attendance and student performance in
EED, it is our qualitative impression that missed
classes translate to lower grades in EED, an im-
pression reinforced by the fact that much of what
is taught and tested is not readily available from
sources other than the lecture. If true, this means
that the performance of the student sample upon
which this study is based likely is above the class
mean, highlighting the seriousness of the problem
treated in this article.

The students were 33% female and 67% male,

mostly early in their college education (56% first
years and 24% second years), and mostly non-
science majors (no geology majors, 6% biology
majors, 19% other science majors, 4% education
majors, and 70% other major) as declared at the
beginning of the semester. Ninety-one percent of
students took a biology course in high school, and
64% took a high-school earth science or geology

students had previously taken introductory geol-
ogy, 4% historical geology, 19% evolution, and
19% an upper-division biology course. Although
ethnicity was not asked of the students in this
class, student demographics for the university as a
whole are: 72.0% Caucasian, 5.1% Black, 6.4%
Hispanic, 2.8% Asian, 1.0% were other ethnici-
ties, and 12.7% did not disclose their ethnicity.

The questionnaire used in this study was dis-
tributed near the end of the semester, thirteen
weeks after cladograms were first introduced, and
subsequently continuously used to explain dino-
saur relationships. Therefore, prior to filling out
the questionnaire, students were exposed to cla-
dograms in multiple settings during lecture and
were asked to use them to answer questions on
exams. Permission was attained from the Institu-
tional Review Board (IRB) prior to distribution of
the questionnaires.

Questionnaire design

We designed a ten-question, fixed-response
questionnaire to assess how frequently students
applied the four preconceived hypotheses (scien-
tific, proximity, primitive, nodes) to interpret cla-
dograms (Figure 2). Although fixed-response
formats do not produce as rich responses as an
open-response instrument, this format fulfilled
our needs because our goal was to examine the
occurrence and combination of specific miscon-



KORTZ ET AL.: UNDERGRADUATES MISREADING CLADOGRAMS

ceptions among the students tested.

To address the questionnaire’s validity, the
cladograms and wording were kept simple to en-
sure that they were addressing students’ basic or
fundamental cladogram-reading skills. Students
were not required to know organismic relation-
ships in order to successfully answer the ques-
tions, and language was used that was similar to
language used in class. For most questions, we
used letters instead of organisms at the tips so that
student preconceptions of organismal relation-
ships did not interfere with their reading of the
cladograms (Gregory, 2008; Morabito et al., 2010;
Bair, 2011; Novick et al., 2011). Based on feed-
back, future versions of the questionnaire would
require some refining of wording to ensure we are
testing student conceptions accurately.

Multiple questions were written to probe each
hypothesis, which helped to address the question-
naire’s internal reliability. The multiple questions
allow comparison of student responses to ques-
tions addressing similar topics from different per-
spectives.

We made predictions of student responses
based on our preconceived hypotheses of miscon-
ceptions (Table 2), and used these predictions dur-
ing our analysis of student responses. Predictions
for the proximity hypothesis expected students to
identify relationships based on how close the tips
are to each other, ignoring the relationships de-
picted by the cladogram. For example, in Ques-
tions 2 and 4g, we predicted students would re-
spond that B is more closely related to A because
they are next to each other. Predictions for the
primitive hypothesis expected students to view
the tips of the cladogram as a progression from
more primitive to more advanced organisms. For
example, we predicted that students would re-
spond ‘D’ in Questions 4a and 4b, which asked
which is most successful or appeared last in time.
Predictions for the nodes hypothesis expected
students to view organisms as being located in the
nodes, such as in Question 4e, where students
would answer that A is the ancestor to B.

Statistical analyses

To explore whether students gave answers to
questions that were consistent with the same hy-
pothesis (i.e. scientific, proximity, primitive,
nodes) throughout the questionnaire, we em-
ployed two statistical approaches. First, for each
hypothesis in turn, we identified whether a stu-
dent’s answer to the first question influenced
which hypothesis they appeared to follow on sub-

TABLE 2.—Predictions of responses to each ques-
tion for each hypothesis.!See text for a descrip-
tion of the four hypotheses; scientific is “correct.”
There is no prediction for this question based on
the hypothesis.

Question Scientific! Proximity Primitive Nodes

1 EF ACEF or E -2
AC
2 B A - -
DFGHPR AGM or - -
3 A+C, K+L,
M+0O

4a E ) D -
4b E - DorA -
4c E ) -
4d E - A -
de E ) } A
4f E - A -
4g B A - -

sequent questions. These comparisons were made
by employing a Mann-Whitney U-test, where the
two-level factor was whether the student an-
swered the first question according to a particular
hypothesis (e.g., the scientific hypothesis) or not,
and the dependent variable was the number of
subsequent answers that were consistent with this
same hypothesis. Separate analyses were con-
ducted for three hypotheses (scientific, proximity,
primitive); we could not run this analysis for the
nodes hypothesis as this was not probed by Ques-
tion 1. Integral to these and subsequent statistical
analyses was that we coded answers to each ques-
tion according to their fit for each hypothesis (1 =
scientific; 2 = proximity; 3 = primitive; 4 = nodes;
5 = other). Hence, every answer given by every
student to all 10 questions was coded with these
categorical responses.

With our second statistical approach, we in-
vestigated whether students could be grouped to-
gether by how they followed particular hypothe-
ses in answering questions. To do this, we con-
ducted a Principal Coordinates Analysis (PCO) on
the coded answers to the 10 questions, where the
numerical code for each hypothesis was treated as
a categorical variable and the similarity matrix
was based on Euclidian distances. The PCO
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TABLE 3.—FEigenvalues and percent of variance
explained from PCO of categorized (by hypothe-
sis) answers to the 10 questions in the survey.

Coordinate Eigenvalue Percent of variance

explained
1 292.51 33.25
2 160.60 18.25
3 115.96 13.18
4 105.83 12.03
5 58.47 6.65
6 49.48 5.62
7 35.78 4.07
8 27.27 3.10
9 19.15 2.18
10 14.80 1.68

analysis generates indices, termed ‘coordinates,’
which represent the overall similarity of an indi-
vidual student’s responses to the questions. Stu-
dents who answer questions similarly will have
similar coordinate values. Hence, the output from
a PCO can be used to generate clusters of students
who answer questions in similar ways, indicating
if there are general patterns of misconceptions
among the students. It is necessary to answer
questions about common misconceptions in a
multivariate framework as a student’s answer to
any one question is not independent of how they
answer other questions, and a student’s possible
misconceptions are not independent of each other
(e.g., a student who does not fully comprehend
and apply the scientific hypothesis may rely on a
combination of other hypotheses to answer ques-
tions). Hence, the multivariate PCO (and subse-
quent cluster) analysis is an important step in ex-
amining whether there are multi-hypothesis pat-
terns in how students responded to the question-
naire. PCO is a particularly useful analytic tool
because it deals with categorical data in ways that
traditional multivariate methods, such as Principal
Components Analysis, cannot (Gower 1966), yet
can generate linear metrics that are suitable for
cluster analyses. The PCO analysis generated 10
coordinates with an eigenvalue greater than 1
(Table 3). We used the coordinate values (i.e. con-
tinuous metrics) for each student in a subsequent
cluster analysis (using Euclidian distance to gen-

erate the similarity measure) to analyze whether
students could be clustered successfully according
to similarity in their questionnaire answers. All
analyses were performed using PAST version
2.08D statistical software (Hammer et al., 2001)
employing two-tailed tests of probability.

RESULTS

Overall, students answered the questions correctly
55% of the time (i.e. following the scientific hy-
pothesis), although this percentage varies widely
by question (Table 4). Of the 51 students who
completed the questionnaire, two students (4%)
answered all questions correctly, no students an-
swered nine of ten questions correctly, two stu-
dents (4%) answered all questions incorrectly, and
one student answered all questions but one incor-
rectly. Most students answered six, seven, or eight
questions correctly.

Most student responses fell into one of the
four hypotheses (Table 4), although there were
some outliers for some of the questions. Ques-
tions 1, 2, and 4g had a significant number of re-
sponses that are not directly explained by one of

TABLE 4.—Percentages of responses to each
question for each hypothesis.! See text for a de-
scription of the four hypotheses; scientific is “cor-
rect;” 2 Responses that do not fit into a hypothe-
sis; 3 There is no prediction for this question
based on the hypothesis; 4 Three students left this
question blank; 3 Two students left this question
blank; ¢ One student left this question blank.

Ques- Scienti- Proxim- Primi- Nodes Other?

tion fic! ity tive
1 43 26 8 3 24
2 24 53 - - 24
3 61 24 - - 16
4a* 67 - 27 - 0
4b 69 - 31 - 0
4¢3 86 - 10 - 0
4d° 16 - 78 - 4
4e 59 - - 37 4
4 94 ; 2 - 4
4 31 49 - - 20
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cluster4 cluster3 cluster2 clusterl
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FIGURE 3.—OQutput from cluster analysis (employing
Euclidian distance to assess similarity) of PCO scores;
every line represents a single student (N = 51); we in-
terpreted four clusters, labeling them from right to left
because of their differentiation in the distance diagram,;
Euclidian distance among the groups was at least twice
the average internode distance within groups; one indi-
vidual lay between the third and fourth clusters.

the hypotheses; hence, these responses were cate-
gorized as following an ‘other’ hypothesis. In
Question 1, most ‘other’ hypothesis responses are
a combination of A, C, E, and F that are not di-
rectly predicted in the hypotheses (e.g., 3 students
(6%) answered A, E, F). The ‘other’ responses for
Questions 2 and 4g are that B is equally related to
A and D.

Students who gave answers to Question 1 that
were consistent with the scientific hypothesis
were more likely to answer subsequent questions
following the same hypothesis (U229 = 189.5, P =
0.013). This pattern was similar but much weaker
(due to a small sample size) for students who con-
sistently answered using the primitive hypothesis
(Us46 =68, P=10.116). However, students an-
swering Question 1 according to the proximity
hypothesis were no more likely to answer other
questions using this hypothesis than students who
did not follow the proximity hypothesis for ques-
tion 1 (U230 =217.5, P=10.700). Overall, these
analyses suggest that students tended to stick with
either the scientific or the primitive hypothesis
when answering questions, but students switched
between hypotheses when employing the proxim-
ity hypothesis.

Using the metrics from the PCO, cluster
analysis generated four discrete clusters, and one
individual that lay between the third and fourth
clusters (Figure 3). The first cluster (right-most
cluster on Figure 3; N = 3) was typified by stu-

dents who used almost every hypothesis to answer
their questions. In other words, they were highly
inconsistent in the way they applied any of the
hypotheses to complete the survey. The second
cluster (N = 18) was typified by students who
used an unspecified (i.e. ‘other’) hypothesis to
answer Question 3 and otherwise used a mixture
of all four alternate hypotheses to answer the re-
maining questions. Cluster three (N = 8) was dis-
tinct in that all students in this group answered
Questions 3, 4a and 4f according to the scientific
hypothesis, otherwise they tended to answer re-
maining questions (especially questions 2 and 4g)
mostly according to an unspecified hypothesis
(i.e. ‘other’). The fourth cluster (N = 21) included
two individuals who answered all questions ac-
cording to the scientific hypothesis. Overall, this
fourth cluster was typified by students who fol-
lowed the scientific hypothesis in answering
Questions 3 and 4f, however, they often switched
to the proximity hypothesis while answering
Questions 2 and 4g.

To summarize the description of the four clus-
ters: cluster one was typified by students who
used all hypotheses to answer questions (and re-
ceived the lowest scores on the questionnaire);
cluster two was typified by students who used a
mix of hypotheses but also consistently followed
an ‘other’ hypothesis for Question 3. The final
two clusters included students who answered
questions largely consistent with the scientific
hypothesis. Cluster three students switched to fol-
lowing an ‘other’ hypothesis when answering
Questions 2 and 4g. Cluster four students in-
cluded the highest achievers on the questionnaire
(following the scientific hypothesis throughout),
but this group also consistently answered Ques-
tions 2 and 4g according to the proximity hy-
pothesis. Hence, cluster four was typified by stu-
dents who occasionally switched from the scien-
tific to the proximity hypothesis.

Taken together, the two forms of statistical
testing indicate that slightly more than half of the
students did tend to follow the scientific hypothe-
sis consistently. Some students consistently ap-
plied both the scientific and proximity hypotheses
together: these two hypotheses clustered together
in many students’ answers. However, very few
students answered using the proximity hypothesis
throughout the survey, so they did not consistently
interpret that the proximity of tips equals related-
ness. There were a few students who tended to
follow the primitive hypothesis in a consistent
manner across the survey, indicating that they are
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reading the cladogram from left to right and per-
ceiving organisms as branching off.

DISCUSSION

These results indicate that many students fre-
quently misread simple cladograms, even after
extensive classroom instruction. The majority of
students who strayed from the scientific hypothe-
sis tended to switch to the proximity hypothesis
for certain questions (Questions 2 and 4g in par-
ticular), but did not stick to this latter hypothesis
in a consistent manner across other questions.
Others that strayed from the scientific hypothesis
fell into the ‘other’ category, discussed further
below. A small percentage of students answered
using the primitive hypothesis across several
questions. An even smaller percentage answered
questions in ways that were consistent with all of
the hypotheses, including the ‘other’ category.

These response patterns indicate that most
students generally followed the scientific hy-
pothesis. However, many switched from the sci-
entific hypothesis to the proximity hypothesis for
a couple of questions, implying that they likely
have a misconception about the visual structure of
phylogenies. Instead of realizing that clades can
be rotated about the nodes without changing the
relationship depicted, they view clades that are
next to each other in a cladogram as more related,
independent of the underlying structure. This
finding is consistent with prior studies on reading
cladogram (e.g., Meir and Perry, 2007; Gregory
2008) as well as other studies that show that stu-
dents tend to focus their time on reading words,
but not examining diagrams that may help explain
those words (e.g., Busch, 2011).

A few students answered questions in ways
that were consistent with the primitive hypothesis,
and these students tended to be consistent in that
framework of interpretation. These students seem
to be more immured in that they will consistently
misinterpret cladograms, whereas students who
have a proximity bias will be more likely to
switch to the more appropriate scientific interpre-
tation of cladograms. The persistence of the
primitive hypothesis is not unexpected, given the
myriad of fundamental visual difficulties students
must overcome to read cladograms correctly.
Long lines, straight lines, unbroken lines, and
lines with fewer branches all conspire to lead stu-
dents to believe that change is not happening, so
those organisms are perceived as more primitive
(Meir and Perry, 2007; Novick and Catley, 2007;

Gregory, 2008).

To verify that students were not just answer-
ing haphazardly, we analyzed individual students
responses to Questions 2 and 4g on the question-
naire since they were nearly identical, asking stu-
dents if B was more closely related to A, D, or
both equally. Forty-three of the 51 students (84%)
answered the two questions the same. Of those 43
students, 24 students responded that B is more
closely related to A (proximity hypothesis), 11
students correctly responded that B is more
closely related to D (scientific hypothesis), and
eight students responded they are equally related.
The similar answers of students to both questions
indicate that most students are putting thought
into their responses, and even if they were guess-
ing, there is consistent reasoning behind their
guesses.

We further analyzed student responses that do
not fit into any of the hypotheses (the ‘other’
category). Questions 1, 2, 3, and 4g are the ques-
tions where more than 5% of responses were not
directly explained by one of the hypotheses (Table
4). This result can be explained in several ways:
1) students were simply guessing, 2) they were
confused by the answers, or 3) they have another
view not tested by the hypothesis. The similarities
of students’ answers to Questions 2 and 4g indi-
cate that it is not likely that they are guessing at
random. The answers to Questions 1 and 3 had
many possible permutations. Question 3 in par-
ticular had the most components as compared to
any other question, and it is possible that students
applied more than one hypothesis while answer-
ing this question: applying one hypothesis while
addressing one component of the question, and
applying another while addressing another.
Though we cannot identify this clearly, the many
answers to this question were consistent with a
blend of the scientific and proximity hypotheses.
Hence, this result may give further evidence that
students often confuse the scientific and proxim-
ity hypotheses while interpreting cladograms.

Recommendations for teaching cladograms
Our results indicate that students have a diffi-
cult time reading cladograms, even after consis-
tent use in the classroom. We therefore recom-
mend that instructors point out the common mis-
conceptions described in this paper that students
have when reading cladograms, and require stu-
dents to directly confront discrepancies between
their own ideas and the scientific interpretation in
order to effectively reduce or eliminate the mis-
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conception (e.g., Posner et al., 1982; Hewson and
Hewson, 1988; Chan et al., 1997; Guzzetti, 2000).
Other researchers also advocate for direct training
on reading cladograms, with explicit instruction
and practice (Morabito, 2010).

Lab exercises and activities that help students
to solve cladogram-interpretation problems have
been developed (e.g., Wiley et al., 1991; Gold-
smith, 2003; Flory et al., 2005; Cooper et al.,
2006; Julius and Schoenfuss, 2006; Kalinowski et
al., 2006; Burks and Boles, 2007). Most are based
in modern biology (few are explicitly paleonto-
logical), and activities mostly analyze information
from living organisms (including DNA), although
a few use non-living things as examples (Gold-
smith, 2003; Burks and Boles, 2007).

While these activities ultimately give students
some experience manipulating cladograms and
even a sense for the kinds of decisions that must
be made by systematists, there are shortcomings
associated with many of these activities. Many
require extra materials, extended periods of time,
such as a lab period or small discussion group,
and/or small class sizes, which make them diffi-
cult to complete in a large lecture class. Most im-
portantly, however, from the vantage point of this
study, they do not directly address the particular
misconceptions that beset students when working
with cladograms. In short, students can complete
these kinds of activities successfully, and then fail
to apply their conclusions to more familiar
groups. When asked about birds, for example,
students revert to familiar, Linnaean-based cate-
gories, and conclude that a bird could not be a
dinosaur because dinosaurs are reptiles.

When students are required to directly con-
front discordancies resulting from their miscon-
ceptions, they learn the scientific interpretation
more effectively, as long as they are given prac-
tice (e.g., Posner et al., 1982; Hewson and Hew-
son, 1988; Chan et al., 1997; Guzzetti, 2000).
That being the case, activities that are applied to
remedy the kinds of common misconceptions en-
gendered by cladograms should specifically target
those areas of confusion highlighted by this study.
Some examples are given below, and we empha-
size that we recommend giving students the op-
portunity to participate in hands-on activities, in
whose design the conflict between student pre-
conception and scientific usage is immanent.

Simple activities that can be added to lecture
easily are Think-Pair-Share activities and Con-
cepTest questions (Mazur, 1997; Crouch and Ma-
zur, 2001; McConnell et al., 2003; McConnell et

al., 2006). Both of these activities consist of ques-
tions posed during lecture with students respond-
ing individually, discussing their answer with
peers, and then reporting back on their answers
through a variety of means, such as a vote or an
instructor-lead discussion. These questions can
take as little as a few minutes of class time, but
can result in dramatic change in that they require
students to apply their knowledge. The questions
on the questionnaire designed for this study (Fig-
ure 2) as well as questions from the Lecture Tuto-
rials (described below) both provide a good set of
discussion questions. For example, Question 2 on
the questionnaire will help students confront the
proximity misconception directly, and Question
4d directly addresses the primitive misconception.
Initial questions should use letters or symbols in-
stead of taxa familiar to students to encourage
them to read the cladogram instead of make infer-
ences from their prior (correct or incorrect)
knowledge (Gregory, 2008; Morabito et al., 2010;
Bair, 2011; Novick et al., 2011). After students are
more comfortable with cladograms, organisms
with relationships that students likely have mis-
conceptions about, such as birds and dinosaurs,
can be introduced to challenge the students to
read the cladograms correctly.

Another possible solution is to design Lecture
Tutorials, short worksheets students complete in
groups during class, that address student miscon-
ceptions when learning a variety of topics (Kortz
et al., 2008; Kortz and Smay, 2010). These work-
sheets are more involved than Think-Pair-Share
activities and ConcepTest questions, and require
students to delve more deeply into the topic. In
the case of dinosaur phylogeny, focused Lecture
Tutorials have been written to address difficulties
students have when reading cladograms. An ex-
ample Lecture Tutorial is included (Figure 4; ad-
ditional Lecture Tutorials can be downloaded
from the webpage for Fastovsky and Weishampel,
2009;
http://www.cambridge.org/gb/knowledge/isbn/ite
m5708889/7site_locale=en_GB).

Another option is web-based supplementary
instruction questions that students complete out of
class, where students not only give their answers
but also a rating of the confidence in their answers
(Brewer, 2004). This latter suggestion lets the in-
structor adjust lectures beforehand by giving her/
him an appreciation for how deeply held any mis-
conceptions may be. These questions also could
be generated fairly simply in the same way as the
Think-Pair-Share activities and ConcepTest ques-
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Reading Cladograms

Reading Cladograms

Part 1: Different Depictions
In paleontology, cladograms are depicted in a variety of ways, all showing the same basic idea
of groups within larger groups.

A B C F G H K L M

\Tl

1) Which letter on each of the other diagrams shares the same position as A? (circle one letter
per diagram)
F G

H K L M

2) For each diagram, which two letters indicate branches that share the most characteristics, so
are most similar to each other? (circle two letters per diagram)
B C F G H K L M

3) For each diagram, which letter is most distantly related to the other two letters? (circle one
letter per diagram)
A B F G H K L M

4) For the center diagram, would the same information be conveyed if you switched G and H?
Explain your answer.

5) For the right diagram, would the same information be conveyed if you switched K and L?
Explain your answer.

6) For the left diagram, would the same information be conveyed if you switched B and C?
Explain your answer.

7) As shown above, the cladograms indicate groupings that are not about relationships. Now
we'll put some animals on the cladograms, arranged in a way to show relationship. If, for
example, you were to put earthworms, turtles, and dinosaurs on the diagrams, at which node
would earthworms be located on each of the three diagrams? (circle one letter per diagram)

A B C G H K L M

8) If you were to put earthworms, turtles, and dinosaurs on the diagrams, which of the letters
below is NOT a place you could put dinosaurs? (circle all that apply)
A B G H L

9) Check with another group of students that you have the same two letters circled for Question
8.

Part 2: Adding Animals
Examine the cladograms below showing relationships between beetles, cats and humans.

beetle  cat human beetle human cat

A B

10) Which cladogram, if any, is more correct? Explain your answer.

11) Two students are debating which cladogram is more correct.

Student 1: / think they’re both equally as correct. They both show that humans and cats are
more closely related to each other than to beetles.

Student 2: / think Cladogram A is more correct because it shows humans at the far end. Cats
are closer to beetles and humans aren’t closely related to beetles, so A is better.

With which student do you agree? Why?

12) Compare your answers to Question 10 and 11 to your answer to Question 6. Change any
answers as necessary.

13) Why does the order on the top of the cladogram not necessarily indicate how closely
organisms are related?

14) Draw two separate cladograms below, both showing the correct relationship between
jellyfish, dinosaurs, and pigs.

© KoRTz LECTURE TUTORIALS FOR DINOSAURS: A CONCISE NATURAL HISTORY

DRAFT EDITION, 2009

© KorTZ LECTURE TUTORIALS FOR DINOSAURS: A CONCISE NATURAL HISTORY

DRAFT EDITION, 2009

FIGURE 4.—Example Lecture Tutorial guiding students through reading cladograms; this and additional Lecture
Tutorials can be downloaded as a resource from the webpage for Dinosaurs: A Concise Natural History by Fas-
tovsky and Weishampel from Cambridge University Press at
http://www.cambridge.org/gb/knowledge/isbn/item5708889/?site locale=en GB.

tions.

Finally, we want to also discuss a recommen-
dation other authors have given. Although we did
not test for it directly in this study, we feel that we
would be remiss not to include a discussion of the
presentation of cladograms themselves. The use
of ‘ladder’ cladograms with straight diagonal lines
(e.g., Fig. 1) may partially lead to the misconcep-
tions observed in our study. In particular, ladder
cladograms make it more difficult to visualize the
clades as being able to rotate about the nodes
(leading to the proximity hypothesis), they have
long, straight lines (leading to the primitive hy-
pothesis), and they have branches off of a main
line (also leading to the primitive hypothesis)
(Morabito, 2010; Bair, 2011). Therefore, a ‘tree’
(or ‘goalpost’) diagram (e.g., Fig. 2, Question
3A-F) is recommended (Morabito, 2010; Bair,

2011). This diagram reduces the misconceptions
by appearing more like a mobile that can be ro-
tated, and the goalposts break up long lines with-
out having a single, main line.

CONCLUSIONS

Because we believe that phylogenetic systematics
ought to be used when teaching organismal rela-
tionships, and because, in this study, we have
identified the persistence of misunderstandings,
focused effort can now be devoted to helping stu-
dents to understand cladograms without the mis-
conceptions identified in this study. Our observa-
tions indicate that it is important to target the
proximity hypothesis and highlight why this read-
ing of cladograms is incorrect, especially by dis-
cussing the fact that clades can be rotated about
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the nodes without changing the relationships pre-
sented. Because students do not apply the ‘prox-
imity” hypothesis consistently, they likely can be
brought around more easily to the application of
the scientific hypothesis. Misconceptions illus-
trated by the primitive hypothesis appear to be
more deeply ingrained. However, both hypotheses
likely can be partially addressed by switching the
presentation of cladograms from ladder clado-
grams to tree or goalpost cladograms.

In order for students to read cladograms prop-
erly, instructors teaching this subject must be
keenly aware of these common, but fundamental
misconceptions. Our view is that phylogenetic
systematics cannot be effectively taught, particu-
larly in large, general-education settings, unless
these areas of misunderstanding and preconcep-
tion are confronted and explicitly remediated. Our
results indicate that although cladograms are ex-
cellent tools to convey knowledge to experts,
there are common misunderstandings that stu-
dents have about cladograms that require a sig-
nificant amount of focused teaching and explana-
tion to overcome.
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