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One goal of postsecondary education is to assist students in developing expert-level understanding.
Previous attempts to encourage expert-level understanding of phylogenetic analysis in college sci-
ence classrooms have largely focused on isolated, or “one-shot,” in-class activities. Using a deliberate
practice instructional approach, we designed a set of five assignments for a 300-level plant system-
atics course that incrementally introduces the concepts and skills used in phylogenetic analysis. In
our assignments, students learned the process of constructing phylogenetic trees through a series
of increasingly difficult tasks; thus, skill development served as a framework for building content
knowledge. We present results from 5 yr of final exam scores, pre- and postconcept assessments,
and student surveys to assess the impact of our new pedagogical materials on student performance
related to constructing and interpreting phylogenetic trees. Students improved in their ability to
interpret relationships within trees and improved in several aspects related to between-tree com-
parisons and tree construction skills. Student feedback indicated that most students believed our
approach prepared them to engage in tree construction and gave them confidence in their abilities.
Overall, our data confirm that instructional approaches implementing deliberate practice address
student misconceptions, improve student experiences, and foster deeper understanding of difficult
scientific concepts.

INTRODUCTION

One purpose of higher education is to engage students in
critical thinking: to move students beyond memorization
of terms, so they can construct relationships between con-
cepts, apply appropriate frameworks to problem solving, and
critique conclusions (Hackling and Garnett, 1992; National
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Research Council [NRC], 2000; Knight and Wood, 2005;
Tanner and Allen, 2005). Students who learn to think like
experts can see patterns in information, infer meaning in
those patterns, and transfer that meaning to novel situ-
ations and problems (NRC, 2000; Wiggins and McTighe,
2005). These expert skills are constructed at multiple scales
in a student’s education. At the curricular level, a learn-
ing progression spanning multiple years can help teams
of instructors uncover novice explanations of phenomena
and intentionally advance students’ expert-level, scientific
explanations (NRC, 2007; Duncan and Hmelo-Silver, 2009;
Mohan et al., 2009). At the course level, instructors must
implement activities and assignments to address the naı̈ve
theories, preconceptions, and misconceptions that can im-
pede understanding (Wiggins and McTighe, 2005). In addi-
tion, students must pay focused attention to and practice
extensively with several layers of knowledge: factual (termi-
nology), conceptual (categories), procedural (skills, methods,
and criteria), and metacognitive (self-knowledge; Ericsson
et al., 1993; Anderson et al., 2001).

Expert-level thinking is necessarily discipline specific
(Middendorf and Pace, 2004; Bauer-Dantoin, 2009; Chick
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et al., 2009). In the field of evolution, experts represent and
interpret evolutionary relationships through phylogenetic
trees, diagrams that structure our knowledge of biological di-
versity and represent evolutionary relationships among taxa
(“tree-thinking”; see Baum et al., 2005; Baum and Offner, 2008;
Meir et al., 2007). Yet undergraduate students, even those
with advanced course work in biology, struggle to construct,
interpret, and make comparisons among phylogenetic trees
(Anderson et al., 2002; Baum et al., 2005; Shtulman, 2006; Meir
et al., 2007; Perry et al., 2008; Lents et al., 2010; Halverson
et al., 2011). Such misunderstandings and lack of tree-thinking
skills can diminish students’ perception of science and the sci-
entific process in general; furthermore, these difficulties can
impede the ability of American students to contribute mean-
ingfully to the ongoing discussion surrounding the teaching
of evolution in the U.S. education system (Baum et al., 2005;
Lents et al., 2010; Berkman and Plutzer, 2011).

Instructional interventions to improve students’ tree-
thinking skills have incorporated a variety of course-level
teaching strategies, research designs, student populations,
and learning assessments (Goldsmith, 2003; Burks and Boles,
2007; Perry et al., 2008; Lents et al., 2010). These previous
studies provide support for targeted exercises that tackle
specific evolution misconceptions and thereby improve stu-
dents’ knowledge about phylogenetics and basic tree-reading
skills. However, research from the cognitive sciences suggests
that such instruction does not replace the naı̈ve theories held
by students; instead, the two tend to coexist (Shtulman and
Valcarcel, 2012). This observation may result, in part, from the
emphasis on “stand-alone” or “one-shot” exercises in current
pedagogy practice.

Deliberate practice may better cultivate expert-level un-
derstanding of a concept (Ericsson et al., 1993; van Gog et al.,
2005; Cepeda et al., 2009). The process of deliberate practice
involves allocating multiple sessions for relevant instruction,
increasingly complex activities, and frequent revision and
feedback opportunities as a means to improve students’ per-
formance (Ericsson et al., 1993; van Gog et al., 2005). While
increasing time on task alone has little effect on student aca-
demic achievement (Plant et al., 2005), students who engage
in deliberate practice have higher performance in problem-
oriented courses, such as accounting and chemistry (Crippen
and Brooks, 2009; Yu, 2011). Similar results have been ob-
served in college introductory biology courses. For example,
Lord (1997) improved student learning in an introductory
biology course using constructivist approaches that built in-
crementally upon students’ prior knowledge. Similarly, both
Freeman et al. (2011) and Haak et al. (2011) improved stu-
dents’ content knowledge in introductory biology class set-
tings using highly structured approaches that emphasized
consistent student preparation before class sessions; repeated
content exposure; frequent low-risk assessments; and regular,
required in-class exercises.

We implemented a deliberate practice instructional ap-
proach to improve our students’ tree-thinking skills in an
upper-level plant biology course. Specifically, we redesigned
a set of pre-existing laboratory assignments to include five
new, increasingly complex, tree-thinking exercises that fo-
cused on developing the skill of tree construction. These new
exercises placed content acquisition—the learning of relevant
vocabulary and concepts—within a framework of skill devel-
opment, while requiring little additional class time. While our

new teaching materials may be useful in college-level biology
courses that discuss evolutionary trees, the general approach
used in deliberate practice is relevant to a much broader con-
text in higher education. Specifically, we were interested in
the impact of our application of deliberate practice on the
ability of our students to interpret relationships within phy-
logenetic trees, compare among trees, and construct trees. In
this paper, we document the multiple measures of success of
our exercises in improving expert-level tree-thinking abilities.

MATERIAL AND METHODS

Study Context
Our investigation was conducted in the upper-level, lecture-
lab biology course B300, Vascular Plants. This course is of-
fered each Spring semester by the biology department at a
large, midwestern public research university. Course enroll-
ment varies from 60 to 70 students each semester. The course
is open to both majors and nonmajors, although typically 90%
or more of the students are biology majors. In this plant sys-
tematics course, students study the morphologies, life cycles,
classification, and economic importance of the major vascular
plant taxa. All students attend the course lectures taught by
the faculty instructor and then participate in one of the four
lab sections cotaught by pairs of graduate teaching assistants
(GTAs). These weekly, 3-h lab sections are intended to en-
gage students with hands-on experience with the organisms,
concepts, and skill sets discussed in the lecture.

The content of the course is organized around an evolu-
tionary framework, both in the progression in which taxa
are presented and in how knowledge of the various traits
and features is structured. In lecture, students see phyloge-
netic trees on a daily basis and are required to memorize the
inferred evolutionary relationships of major taxa. The labo-
ratory sections focus on developing both content knowledge,
such as vocabulary and concepts, and skill-based knowledge,
such as constructing and interpreting phylogenetic trees. His-
torically, content knowledge related to phylogenetic analysis
was introduced through a set of three homework assignments
consisting of questions based on readings from the course
textbook (Simpson, 2010), followed by in-lab discussions of
each assignment led by the GTAs (Figure 1A). Instructional
time for developing skill-based knowledge was restricted to
a single lab (lab 10, Figure 1A). In this lab, students were
expected to learn how to construct evolutionary trees both
by hand and by using the cladistic software package PAUP*
(Sinauer Associates, Sunderland, MA), interpret within-tree
relationships, and compare and contrast between competing
trees.

We observed several problems that resulted from separat-
ing the content and skill-based components of phylogenetic
analysis. This separation of content and skills was unlike
the instructional approach taken with most other lab top-
ics, which emphasized the concurrent development of both
forms of knowledge. For example, while attempting to iden-
tify a plant specimen to the species level, students also learned
the names and functions of new plant structures relevant to
the identification process. Because the laboratory homework
assignments focused entirely on terminology and basic con-
cepts, the in-lab discussions were largely dry and unengag-
ing. Further, the process of constructing realistic evolutionary
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Figure 1. Weekly schedule of B300 Vascular Plants lab sessions before (A) and after (B) the implementation of our new assignments. Items
coded blue represent content-based information, while orange represents skill-based information. The timing of the pre- and postconcept
assessments (red), student feedback survey (green), midterm exam, and final exam are also shown.

trees is complex, and students struggled to acquire this skill
within the confines of a single 3-h laboratory session. As a
result, it was not uncommon for students, as well as GTAs, to
comment that lab 10 was “the worst lab of the semester.” We
also noted that students performed poorly on final labora-
tory exam questions related to phylogenetic analysis. Finally,
students were never formally assessed for their ability to con-
struct phylogenetic trees outside of the lab 10 exercises. We
identified this problematic instructional approach as an op-
portunity to assess the effectiveness of deliberate practice ap-
proaches to teaching tree-thinking concepts and skills, while
simultaneously improving the course.

Beginning in 2010, we implemented five redesigned lab-
oratory assignments in Vascular Plants (Figure 1 and Table

1). The new assignments were used across all laboratory sec-
tions to maintain uniformity in the course and to not put any
sections at a disadvantage. Thus, all students enrolled in the
course for the 2010 and 2011 Spring semesters form our inter-
vention group (eight sections, 134 students). Our comparison
group comprises those students enrolled in the course during
the Spring semesters of 2007–2009, prior to the implementa-
tion of the new exercises (nine sections, 124 students). During
the data-collection period, the same faculty instructor taught
the lecture portion of this course; however, eight different
GTAs taught the lab sections, including two of the authors
(F.C.H. and D.J.J.). Our study was considered exempt by our
institution’s human research protections program, as we used
anonymous student course work in our analyses, which were

Table 1. Our approach to teaching phylogenetic analysis in the comparison and intervention groups

Category Comparison group Intervention group

Theoretical framework
Teaching approacha Content-centered Content learning through deliberate practice of skills
Learning objectivesb Remember Application and analysis

Student preparation per assignmentc

Textbook readings (×3) ∼10 pages ∼10 pages
Discussion questions (×3) ∼5 questions ∼5 questions
Tree-thinking exercises (×5) N/A 1 exercise

Time management in labc

Discussion questions (×3) 10 min 10 min
Tree-thinking exercises (×5) N/A 10 min
Other lab activities 2 h, 40 min 2 h, 30 min
Total lab time 2 h, 50 min 2 h, 50 min

Assessments
Midterm exam No phylogenetic questions Three-part question, 20% of exam grade
Final exam 7 questions, 14% of exam grade 7 questions, 14% of exam grade
Pre/postassessments N/A Yes, not graded
Student feedback survey N/A Yes, not graded

aEricsson et al., 1993; Knight and Wood, 2005; Tanner and Allen, 2005.
bAnderson et al., 2001.
c“Student preparation . . .” and “Time management . . .” describe the activities students performed for each lab session in which we addressed
a phylogenetic analysis assignment (discussions 1–3 and assignments 1–5 in Figure 1). Numbers in parentheses indicate the number of times
an activity was repeated in the course.
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conducted after the end of the semester (IRB study #08-13645).
In compliance with our institutional requirements for an ex-
empt investigation, students in the intervention group were
informed at the beginning of the semester about the study
through information sheets, which were also posted on the
course website. These information sheets did not contain spe-
cific information about what components of the course were
under examination.

Description of the Teaching Intervention
Our set of five new assignments progressed through the steps
of phylogenetic tree construction, beginning with basic skills
and culminating with relatively complex tasks (see Supple-
mental Material). The first three assignments each contained
two components: 1) a set of revised content-focused discus-
sion questions; and 2) a newly implemented skill-based exer-
cise. The final two assignments consisted entirely of new skill-
based exercises. The exercises in all five assignments were
intentionally designed to use the taxa and character states
encountered by our students in lecture and lab. Thus, our
exercises had the added benefit of familiarizing our students
with content they would need for nonphylogenetic questions
on the lecture and lab exams.

The discussion question component of the assignments was
based on assigned readings from the course textbook (Simp-
son, 2010) and covered the terminology and concepts related
to the skills of constructing and interpreting phylogenetic
trees. The sets of discussion questions used in the first three
assignments existed prior to our teaching intervention and
were used by all students in the comparison group; how-
ever, several of the discussion questions were revised prior
to implementing the assignments in our intervention group
(Figure 1A). The wording and content of these questions
were modified to emphasize higher-order cognitive skills
(Anderson et al., 2001; Crowe et al., 2008), which we expected
would better engage our students and enhance the in-lab
discussions (Table 1).

The skill-based component of the assignments was devel-
oped for our intervention group and formed the core of
our deliberate practice approach to teaching phylogenetic
analysis. This part of the assignment presented a hands-
on task for the student to complete, followed by a set of
reflective questions. These tasks became increasingly com-
plex and comprehensive as the assignments progressed. Stu-
dents first learned how to build a character-by-taxon matrix,
which was then used to organize the taxa and character traits
needed to construct a phylogenetic tree. In the second exer-
cise, students completed a larger character-by-taxon matrix,
and then mapped the character traits in this matrix onto a
blank “skeleton” tree that was provided to them. This exer-
cise reinforced the relationship between character traits and
the evolutionary patterns described by phylogenetic trees. In
the third and fourth exercises, students learned two different
techniques to construct phylogenetic trees by hand (“base-
to-tips” and “tips-to-base”), using the information contained
in character-by-taxon matrices and extant outgroups as ref-
erence taxa. These two exercises also introduced homoplasy
(the independent origin of a trait in two or more lineages),
polytomies (nodes that have three or more branches), and
the possibility that there may be more than one most-
parsimonious solution for a given data set. In the final exer-
cise, students constructed a relatively large and complex tree

from a matrix of 25 hypothetical DNA sequence positions
for 13 taxa. This exercise required the students to transfer
the logic they used in constructing trees from morphological
traits to a new situation, and challenged them to apply their
skill-based knowledge to organize a large quantity of data.
In these exercises, students worked with phylogenetic trees
that contained only information about an inferred evolution-
ary pattern of descent. In other words, the branch lengths of
these trees did not convey information about the amount of
time or the number of character state changes that had oc-
curred, thereby simplifying the process of constructing trees
by hand and allowing students to focus on the evolutionary
relationships, or topology, described in the tree.

While completing each assignment, students had multiple
opportunities to further their understanding of the concepts
and skills through individual work, small-group and class-
wide discussion, and revision. Students received each assign-
ment 1 wk in advance to allow them to work through it in their
own time. We encouraged student preparation for discussion
by requiring them to bring a printed hard copy of their an-
swers to the lab. During lab, students met in small groups for
10–15 min to discuss their answers to the discussion ques-
tions and the exercise, after which the GTAs led a class-wide
discussion on the assignment that emphasized student pre-
sentations. We allowed students to handwrite modifications
to their answers during the discussion time. The assignments
were submitted for grading following the discussion. The as-
signments were low-risk, comprising approximately 4% of a
student’s total course grade. Our new assignments required
little additional in-class time to be devoted to phylogenetic
analysis, as time had been previously set aside for discus-
sion questions in the course and students completed the new
assignments as homework (Table 1).

Assessments
Performance on Exam Questions. We compared student per-
formance on the final laboratory exam between the interven-
tion group (2010–2011, n = 134) and the comparison group
(2007–2009, n = 124) to assess the impact of our new as-
signments on overall student performance. This assessment
occurred 5 wk after the phylogenetic activities in lab 10. The fi-
nal laboratory exam for B300 was designed many years prior
to our study by the faculty instructor and included seven
questions related to phylogenetic analysis that remained un-
changed between 2007 and 2011 (see Supplemental Material).
Three of the phylogenetic questions on the final exam primar-
ily dealt with understanding and interpreting relationships
within trees. The other four phylogenetic questions on the
final exam focused primarily on the ability of students to
compare trees. Of the nonphylogenetic exam questions, the
25 that had not changed over the study period were used
in our analysis. All questions on the exam followed either
a multiple-choice or short-answer format. We classified the
phylogenetic content questions into the cognitive process cat-
egories of Bloom’s revised taxonomy (Anderson et al., 2001;
Krathwohl, 2002). One “remember” question required only
the ability to remember the definition of a term. Four “apply”
questions used students’ understanding of a term to apply
it to a given problem. Finally, two “analysis” questions fo-
cused on the ability of students to organize and differentiate
between the provided materials. Our classification is consis-
tent with that used by Crowe et al. (2008).
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Performance for each final exam question was defined
by the number of correct or incorrect answers in either the
intervention (2010–2011) or comparison (2007–2009) group.
We used logistic regression to statistically model student
performance on these exam questions, with comparison or
intervention group as the predictor variable for both the
overall performance and question-by-question performance.
Logistic regression provides estimates similar to linear regres-
sion with a constant term and coefficients for each predictor
variable. The coefficients can be transformed into odds ra-
tios by exponentiation of the coefficient. The odds ratio for
a binary predictor indicates how much more likely a suc-
cessful outcome is under one condition compared with an-
other condition. For our purposes, an odds ratio significantly
greater than one for the intervention group was considered
to be an indication of a significant effect of our teaching
intervention. We also performed a logistic regression anal-
ysis with the nonphylogenetic questions to test for signifi-
cant differences in student achievement between the com-
parison and intervention group independent of our teaching
intervention.

To further gauge student learning of tree construction skills
in the intervention group, we created a new item for the sec-
ond laboratory exam, which occurred after the completion of
our five assignments (Figure 1B). This new item is a phyloge-
netic tree construction problem with several questions cov-
ering terminology, within-tree metrics, and construction of a
phylogenetic tree from a provided character-by-taxon matrix.
This question was challenging, with the matrix consisting of
seven taxa and an extant outgroup and the most parsimo-
nious answer containing two instances of homoplasy, one
of which could be constructed using either convergence or
reversal of character traits. Student responses were assessed
according to tree topology and correct placement of character
state changes.

Pre- and Postconcept Assessment. We designed a pre- and
postconcept assessment that was implemented with the in-
tervention group to assess how our students’ abilities to
interpret and construct evolutionary trees developed over
the course of a semester (see Supplemental Material). The
design of our concept assessment was informed by both
Anderson et al.’s (2002) multiple-choice concept inventory
and Meir et al.’s (2007) open-ended assessment instrument.
Our concept assessment contained five questions that ad-
dressed key misconceptions commonly held by undergrad-
uate students when interpreting evolutionary trees and two
questions that assessed their ability to perform the skill-based
tasks of deducing ancestral traits and constructing a basic
phylogenetic tree (Baum et al., 2005; Meir et al., 2007). Stu-
dents in the intervention group completed the preconcept
assessment during the second week of classes, before the
first of the phylogenetic assignments. The postconcept as-
sessment was conducted in week 11 of the course, following
the completion of the five assignments and the phylogenetic
analysis lab (Figure 1B). The assessment did not contribute
to students’ grades in the course, although participation was
encouraged by setting aside class time to take the assessment.
Only those students who took both the pre- and postconcept
assessments were included in our analysis (n = 121). Two
versions of the assessment were created in order to minimize

test effects of student familiarity (Kennedy, 2005). We de-
signed the versions such that each question in version A had
a homologue in version B that addressed the same topic and
was nearly identical in content, but differed in wording and
graphics. The order of questions in the two versions was also
rearranged. The two versions were administered in a cross-
over design such that two class sections used version A for
the preconcept assessment and version B for the postconcept
assessment, while the other two sections did the reverse. A
post hoc test for difference in mean score between versions A
and B of the preconcept assessment indicates that there was
no significant difference in mean student score (t = −0.666,
p value = 0.2537); therefore, we considered versions A and B
identical in subsequent analyses.

A scoring rubric (see Supplemental Material) was devel-
oped by the authors (F.C.H. and D.J.J.) after examining 10%
of the 2010 preconcept assessments. The rubric defined cate-
gories of possible answers for each question and associated
scores; answers that demonstrated greater comprehension of
the concept or skill received higher scores. We intensively
analyzed the tree construction question (Q.7) by scoring re-
sponses in each of the four diagnostic categories used by
Meir et al. (2007): tree topology, placement of common an-
cestor, correct placement of character traits, and alignment
of extant taxa at branch tips. Thus, our concept assessment
consisted of 10 pre/post items, five focusing on conceptual
knowledge and five on skill-based knowledge. All student
responses to the pre- and postconcept assessments from 2010
and 2011 were scored separately by the authors (F.C.H. and
D.J.J.) using the rubric. Interrater reliability was determined
by calculating Cohen’s kappa (Cohen, 1960) for each year’s
pre- and postconcept assessments. The 2010 preassessment
kappa value was 0.80, with 92.1% agreement between raters.
The 2010 postassessment kappa was 0.89, with 93.4% agree-
ment between raters. The following year, the preconcept
assessment kappa was 0.83 (92.3% agreement), and the post-
concept assessment kappa was 0.78 (85.2% agreement). Any
student responses that were scored differently were reviewed
by both authors in order to arrive at a consensus. Using a
single-case research design (Kennedy, 2005), each student’s
pre- and postconcept assessment responses were matched,
and the scores for each question were compared using the
normalized change metric (c) (Marx and Cummings, 2007).
While similar to normalized gain (Hake, 1998), the normal-
ized change metric better quantifies the relative gains or
losses made by each student by excluding the scores of in-
dividual students who received full or no credit on a given
question in both the pre- and postconcept assessments (Marx
and Cummings, 2007).

Student Feedback Surveys Student feedback surveys were
conducted in 2010 and 2011 to assess students’ perceptions
regarding their preparation for the phylogenetic analysis ac-
tivities in lab 10. The surveys were conducted anonymously
in class the week after lab 10 and did not contribute in any
way to student grades. The survey consisted of two ques-
tions, neither of which referred directly to the phylogenetic
exerciseswe implemented:

� What prepared you the most for the phylogenetic exercises
of lab 10?
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Table 2. Summary of logistic regression analysis of student answers on final lab exam questionsa

Question Model terms Coeff. 95% CI SE Z value p value Odds ratio

All phylogenetic Constant 1.09 (0.94, 1.25) 0.08 13.96 < 0.001*
Intervention 0.44 (0.22, 0.67) 0.12 3.82 < 0.001* 1.56

All nonphylogenetic Constant 1.61 (1.52, 1.70) 0.05 33.39 < 0.001*
Intervention −0.04 (−0.17, 0.09) 0.07 −0.65 0.517 0.96

2a Constant −0.26 (−0.62, 0.09) 0.18 −1.43 0.152
Intervention 0.84 (0.35, 1.35) 0.26 3.30 < 0.001* 2.32

2b Constant 0.71 (0.34, 1.09) 0.19 3.70 < 0.001*
Intervention 0.15 (−0.38, 0.68) 0.27 0.56 0.579 1.16

11a Constant 1.01 (0.63, 1.43) 0.20 4.99 < 0.001*
Intervention −0.16 (−0.71, 0.38) 0.28 −0.58 0.564 0.85

17a Constant 1.65 (1.19, 2.16) 0.24 6.75 < 0.001*
Intervention 1.25 (0.39, 2.22) 0.46 2.73 0.006* 3.49

17b Constant 3.70 (2.72, 5.10) 0.58 6.33 < 0.001*
Intervention 1.19 (−0.88, 4.21) 1.16 1.03 0.304 3.30

20a Constant 1.43 (1.00, 1.9) 0.23 6.28 < 0.001*
Intervention 0.44 (−0.23, 1.11) 0.34 1.28 0.200 1.55

20b Constant 1.28 (0.87, 1.72) 0.22 5.88 < 0.001*
Intervention 1.04 (0.33, 1.80) 0.37 2.79 0.005* 2.83

aCoeff. = estimate of the model term or coefficient; 95% CI = 95% confidence interval; SE = and SE of the coefficient; Z value = the test statistic.
p values <0.05 are marked with an asterisk. Odds ratio = the exponentiation of the coefficient by the base e and indicates how much more
likely a successful outcome is in the intervention group.

� In what ways did you feel unprepared for the phylogenetic
exercises of lab 10?

Of the 134 students in the intervention group, 107 students
provided responses to the feedback survey. Student responses
to the survey were grouped into categories that were created
a posteriori by F.C.H. and reviewed by D.J.J. In instances in
which a student provided multiple responses to a question,
each response was grouped separately into a category. For the
first question, 127 responses were categorized; for the second
question, 103 responses were categorized. The frequency of
responses in each category was calculated.

RESULTS

Performance on Exam Questions
Students in the intervention group, those who experienced
the new laboratory assignments, performed significantly bet-
ter on final laboratory exam questions related to phylogenet-
ics than did students in the comparison group (Table 2 and
Figure 2). Results of the logistic regression indicate that stu-
dents in the intervention group were 1.56 times more likely to
answer questions correctly about phylogenetic content than
students in the comparison group. For nonphylogenetic ques-
tions, the log odds between comparison and intervention

Figure 2. Final exam results for the compari-
son (2007–2009) and intervention (2010–2011)
groups. The first two pairs of bars present the
average performance for all exam questions
grouped by phylogenetic or nonphylogenetic
content. The following seven pairs of bars are
individual phylogenetic exam questions. Phy-
logenetic questions are classified according to
Bloom’s revised taxonomy (Anderson et al.,
2001). Asterisks indicate statistically signifi-
cant (α = 0.05 level) differences between the
comparison and intervention groups.
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Table 3. Results of the normalized change analysis of the pre- and postconcept assessment, 2010 and 2011 combined

Pre- and postconcept assessment questions Cave SEMc nc

Pre-int.
(%)

Pre/post
100 (%)

Pre/post
0 (%) Cohen’s d

Concepts
1. Magnitude of evolutionary change 0.113* 0.044 119 42.7 0.8 0.8 0.413
2. Direction of time on a tree 0.048 0.223 21 82.6 74.4 8.3 0.022
3. Impact of homoplasy on shared traits, relatedness 0.433* 0.085 67 81.5 44.6 0 0.296
4. Ability of trees to rotate at nodes 0.273 0.304 11 94.2 90.9 0 0.120
5. Relatedness depends on common ancestry 0.032 0.041 92 67.4 23.1 0.8 −0.080

Skills
6. Deducing ancestral traits 0.227* 0.046 103 49.0 14.9 0 0.329
7. Constructing a basic phylogenetic tree

a. Constructing the branching pattern (topology) 0.020 0.141 51 72.7 52.1 5.8 0.003
b.Placement of the extinct common ancestor −0.714* 0.084 70 81.0 31.4 10.7 −0.171
c. Mapping character state changes 0.470* 0.062 80 39.7 17.4 16.5 0.141
d. Aligning extant taxa at branch tips 0.911* 0.062 45 55.4 53.7 9.1 0.117

Cave = average normalized change, which can range from −1 to 1; results significantly different from zero (p <0.05) are marked with asterisks.
SEMc = SEM for Cave; nc is the number of student scores (out of 121 possible) used in the Cave calculation. “Pre-int.” is the overall average score
in the preintervention concept assessment. “Pre/post 100” and “Pre/post 0” show the number of students who provided perfect or completely
incorrect answers, respectively, on both the pre- and postassessments. Cohen’s d = the raw effect size for each question where larger numbers
indicate less overlap in the distribution of pre/post data.

groups were not significantly different (Table 2), indicating
that our new assignments were the likely factor explaining
the higher performance of the intervention group.

With respect to individual phylogenetics questions on the
final laboratory exam, the difference in correct answers be-
tween the intervention and comparison groups varied consid-
erably (Figure 2). While our intervention group had a greater
proportion of the students with correct answers than the com-
parison group on all but one question, we saw significantly
different log odds only between comparison and intervention
groups in three of the seven phylogenetics questions (Table
2). These three questions required analysis or application of
knowledge concerning the interpretation of evolutionary re-
lationships on phylogenetic trees. For example, the most sub-
stantial improvement in odds of a correct answer involved
comparing and contrasting the traits of taxa across six similar
phylogenetic trees.

Most students in the intervention group were well pre-
pared to construct a phylogenetic tree in a high-stakes situ-
ation. Of the 135 intervention group students who took the
second laboratory exam, 57.8% of students received full credit
for constructing an error-free phylogenetic tree. Almost all
students (93.3%) received 75% or more of the possible points,
indicating that intervention group students were capable of
constructing complex phylogenetic trees.

Pre- and Postconcept Assessment
Results from the pre- and postconcept assessment indi-
cate that intervention group students improved during the
semester in their conceptual understanding of phylogenetic
trees and in their skill at constructing and interpreting phylo-
genetic trees. The overall Cave score for all questions was 0.139
± 0.006, indicating an overall improvement between pre- and
postconcept assessments. Of the five assessment items that
focused on conceptual knowledge, two items showed signif-
icant gains in understanding over the course of the semester.
These items addressed the common misconceptions that a

straight line in a phylogenetic tree is equal to no change in
the taxa (Q.1), and that proximity of branch tips implies close
relationships between taxa (Q.3) (Table 3 and Figure 3). A
majority of students maintained perfect scores between the
pre- and postconcept assessment questions concerning the
direction of time on a phylogenetic tree (Q.2) and the ability
of trees to rotate at their nodes (Q.4; 74.4% and 90.9%, re-
spectively), resulting in small effective sample sizes (nc = 21
and 11, respectively); the students whose scores changed be-
tween pre- and postconcept assessments on these questions
showed improvement on average, but not significantly. Fi-
nally, despite a large effective sample size (nc = 92), students
did not significantly improve on the concept question re-
garding the dependence of relatedness on common ancestry
question (Q.5).

Students showed significant improvements in three skill-
based items: inferring ancestral traits when provided with
information about the traits of extant taxa (Q.6), mapping

Figure 3. Normalized change scores from the pre- and postconcept
assessment. Error bars indicate the SEM for each question.
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Figure 4. Summary of student responses to the
question: “What prepared you the most for the
phylogenetic exercises of lab 10?” (n = 127; com-
bined 2010 and 2011).

character state changes while constructing trees (Q.7c), and
aligning extant taxa at branch tips while constructing trees
(Q.7d; Table 3 and Figure 3). Many students (52.1%) correctly
constructed the branching pattern of the most parsimonious
tree on both the pre- and postconcept assessments (Q.7a);
however, those students whose scores did change did not
show significant improvement. Finally, although a substantial
percentage of students (31.4%) continued to place the extinct
common ancestor correctly at the base of the tree, students
whose scores did change on this item showed a significant
decrease in ability in the postconcept assessment.

Student Feedback Surveys
Students in the intervention group overwhelmingly cited
our new exercises as the most effective preparation for the
lab 10 activities on phylogenetic tree construction and anal-
ysis (79% of responses; Figure 4). Of thisgroup, approxi-
mately one-third of responses specified that in-lab collab-
orative work, and discussion time in particular, was help-
ful for them. When asked in what ways they felt unpre-
pared for the phylogenetics lab, more than 60% of student
responses indicated that they felt prepared or had prob-
lems with the format of the lab itself and not with the
skills required to complete the lab (Figure 5). Some stu-
dent responses (13%) indicated a desire for more practice
with between-tree comparisons, while 11% of responses
indicated a desire for more focus on the terminology used in
the phylogenetics lab. Only a few students (6% of responses)
indicated that they felt insufficiently prepared to construct
phylogenetic trees.

DISCUSSION

Phylogenetic analysis and other evolutionary topics have
proven to be perennially difficult concepts for undergrad-

uates, who maintain persistent misconceptions and incorrect
reasoning (Anderson et al., 2002; Baum et al., 2005; Shtulman,
2006; Meir et al., 2007; Perry et al., 2008; Nehm and Ha, 2011).
We expected that repeated exposure to phylogenetic concepts
through increasingly difficult practice within an upper-level
plant biology course would be effective for developing re-
tention of knowledge, deep understanding of problems, and
transfer of skills (Ericsson et al., 1993; NRC, 2000; Billing, 2007;
Larsen et al., 2009; Chi and VanLehn, 2012). We implemented
a deliberate practice instructional approach (Ericsson et al.,
1993), using a series of exercises that encouraged the incre-
mental development of skills and content knowledge associ-
ated with phylogenetic analysis.

Our deliberate practice approach was effective in devel-
oping our students’ “tree-thinking” abilities. Final exam
scores for phylogenetic questions significantly increased,
while performance on nonphylogenetic questions remained
unchanged, thereby improving our students’ overall perfor-
mance in the course. In addition, students significantly im-
proved in five of the 10 pre- and postconcept assessment
questions. Finally, students found that our materials suffi-
ciently prepared them to apply their tree-thinking skills in
a culminating laboratory activity. Recognizing that students
struggle to read traits from a phylogenetic tree, deduce an-
cestral traits, and reconstruct phylogenetic trees (Meir et al.,
2007; Perry et al., 2008), our incremental approach addressed
three categories of tree-thinking skills: interpreting relation-
ships within trees, comparing among trees, and constructing
trees.

Student Skills in Tree Interpretation
Students who experienced our tree-thinking assignments
were better able to interpret relationships within trees. In
contrast to students in the comparison group, students in the
intervention group were better able to locate and identify

Figure 5. Summary of student responses to the
question: “In what ways did you feel unprepared
for the phylogenetic exercises of lab 10?” (n = 103;
combined 2010 and 2011).
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a source of homoplasy by discerning between the character
traits mapped on a tree (Figure 2, Q.20b). These students also
were more likely to correctly identify the extant outgroup of
a tree (Figure 2, Q.17a). Our new assignments reinforced both
of these skills through repeated exposure to constructing trees
that contained extant outgroups and instances of homoplasy.
In the pre- and postconcept assessment, students showed sig-
nificant improvements in their ability to perform within-tree
comparisons on three items (Table 3, items 1, 3, and 6). A
fourth item that addressed within-tree comparisons did not
show a significant improvement (Table 3, item 2). However,
similar to the results reported by Meir et al. (2007), the major-
ity of the students entering our class could already correctly
map the direction of time on a tree, greatly reducing the ef-
fective sample size of the normalized change metric. Both the
final exam scores and the pre- and postconcept assessment
strongly suggest that our new assignments significantly im-
proved our students’ ability to interpret relationships within
a tree.

Student Skills in Tree Comparison
The ability to compare between phylogenetic trees represents
a substantial component of the lab 10 exercises in our course.
In this lab, students are asked to evaluate the similarities
and differences between two competing trees that were con-
structed from independently derived character traits. Despite
the emphasis on this skill in lab 10, only one pre-existing fi-
nal exam question addressed between-tree comparisons. Stu-
dents in the intervention group performed significantly better
on this question, which requires their understanding of ho-
moplasy to be transferred to a novel situation that involves
comparing character state changes on six separate trees
(Figure 2, Q.2a). One question in the pre- and postcon-
cept assessment addressed between-tree comparisons, and
students did not show significant improvements on this ques-
tion (Table 3, item 4). However, in contrast to the results re-
ported by Meir et al. (2007), the vast majority of our students,
in both the pre- and postconcept assessments, understood
that rotating the branches of a tree at the nodes did not af-
fect the evolutionary relationships of the taxa located at the
branch tips, resulting in a small effective sample size for the
normalized change metric.

While our assessments provide some support that our stu-
dents’ skills in tree comparison improved as a result of our
new assignments, both the assignments and the assessments
could more directly address this skill in the future. While
the most common response to the student feedback survey
was that students felt prepared for the exercises of lab 10, the
second most common response was that students thought
they needed more preparation comparing between trees. Our
new assignments did engage students in between-tree com-
parisons to some extent, as the tree construction exercises
of the final three assignments were intentionally designed
to have multiple most-parsimonious answers. The possibil-
ity of obtaining several correct answers created opportuni-
ties for in-lab discussions about the methods for comparing
between competing phylogenetic trees, such as calculating
consistency indices. However, the assignments themselves
could have included more structured opportunities for our
students to compare between two or more trees.

Student Skills in Tree Construction
Student performance in tree construction tasks improved be-
tween the pre- and postconcept assessments on two of the
four tree construction items. However, there was no sig-
nificant improvement in our students’ ability to construct
the most parsimonious branching pattern (Table 3, item 7a).
This result was unexpected because correctly constructing the
most parsimonious tree, given a set of taxa and traits, forms
a primary component of our exercises. Furthermore, high
scores obtained in the challenging tree construction ques-
tion from the second laboratory exam, along with positive
reviews in the student feedback surveys, indicate that our
assignments did a better job at improving our students’ tree
construction skills than is conveyed by the pre-and postcon-
cept assessment data. One possible explanation for this result
involves the simplicity of the concept assessment question.
Although students in the comparison group struggled with
constructing the relatively complex trees in lab 10 prior to
the implementation of our exercises, the majority of students
in the intervention group (72.7%) obtained perfect scores on
this component of the tree construction problem in the pre-
concept assessment. The concept assessment question uses a
small number of taxa and traits, represented pictorially, and
results in a simple tree with only three nodes and no instances
of complicating factors, such as homoplasy or a polytomy.
In contrast, the trees constructed in our new assignments
and the lab 10 exercises contain six to 11 nodes and multi-
ple instances of homoplasy and/or polytomies. Interestingly,
18 students in the postconcept assessment unnecessarily in-
cluded instances of homoplasy in their answer to the tree
construction question, thus resulting in a tree that was not
the most parsimonious, while only one student made this
mistake in the preconcept assessment. In other words, stu-
dents received lower scores on the postconcept assessment
because they provided answers that were more complicated
than necessary.

Students’ ability to correctly place an extinct common an-
cestor decreased between the pre- and postconcept assess-
ments. In the postconcept assessment, students frequently
drew the extinct common ancestor as if it were an extant
outgroup. The intervention assignments and lab 10 exercises
presented only extant outgroups to the students, and the
familiarity students gained with extant outgroups between
the pre- and postconcept assessments may explain why so
many students would mistakenly place an extinct ancestor
at the tip of the tree. The decrease in student performance
on this component of tree construction appears to represent
a mismatch between our assessment and our teaching mate-
rials, a problem that could be easily remedied by modifying
the tree construction question in the pre- and postconcept
assessment.

CONCLUSION

Our application of the deliberate practice approach to im-
prove students’ tree-thinking skills responds to several cur-
rent issues in biology education. First, our exercises ad-
dressed common difficulties that students experience with
evolutionary concepts and taught students to think like sci-
entists in the creation of phylogenetic trees. Furthermore,
our intervention has the potential to increase undergraduate
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retention in the sciences because it focuses on improving the
experiences of undergraduates in a science lab course (O’Neal
et al., 2007). Finally, our skill-focused intervention responds
to criticisms of large science courses that are teacher cen-
tered and content heavy, with exams that represent indepen-
dent topics and require superficial understanding of content
and little demonstration of skills (Handelsman et al., 2004;
Alberts, 2005; Wood, 2009). Specifically, our study contributes
further support for student-centered approaches that encour-
age learners to connect new knowledge to prior knowledge
through conversation with colleagues (Lord, 1997) and prac-
tice with increasingly complex problem-solving tasks (NRC,
2000; Billing, 2007; Chi and VanLehn, 2012).

Overall, our findings confirm that a deliberate practice ap-
proach improves the ability of college students to understand
challenging concepts and acquire difficult skills. Part or all of
our new teaching materials should be adaptable to a range
of introductory through advanced biology courses that in-
clude a component of phylogenetics, such as evolution, sys-
tematics, or organismal biology courses. Our assignments
have been implemented in the classroom by six different
GTAs, four of whom were not involved in creating the as-
signments, and none of whom specializes in phylogenetics
as part of their doctoral studies. We recognize that most biol-
ogy laboratory experiences are tightly booked with a variety
of activities, and we designed our assignments to require lit-
tle additional class time or instructor resources. However,
an important component of class time was group discussion
of the assignments. These in-class discussions gave students
a solid grounding in the terminology underlying the con-
cepts and contributed to our students’ success on tree con-
struction tasks through active participation. Given our pos-
itive results with this method, we recommend a deliberate
practice approach to teaching difficult concepts in the life
sciences.
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