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ABSTRACT

Analyzing evolutionary relationships requires that students have a thorough
understanding of evidence and of how scientists use evidence to develop these
relationships. In this lesson sequence, students work in groups to process many
different lines of evidence of evolutionary relationships between ungulates, then
construct a scientific argument for a particular set of relationships as modeled
in a cladogram. Visual and verbal scaffolds are used throughout the lessons to
address common misconceptions and points of difficulty for students.

Key Words: Tree thinking; scientific argumentation; phylogeny; evolution; science
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O Introduction

Evolution continues to be the light that illuminates the study
of biology from a “pile of sundry facts” to a richly “satisfying and
inspiring science” (Dobzhansky, 1973). Biology teachers often try to
address students’ misconceptions about evolution by using fictional
or simplified data sets that allow students to quickly reach the desired
conclusions. However, imaginary organisms
and pruned data sets provide limited oppor-
tunities to meaningfully grapple with infor-
mation that is often incomplete, confusing, or
even misleading — common challenges faced by
real evolutionary biologists trying to generate
cladograms. In this activity, we provide stu-
dents an opportunity to explore authentic data
on evolution, challenging them to grapple with
complexity and draw conclusions in ways that
parallel the work done by scientists.
Analyzing evolutionary relationships,
including those depicted in phylogenetic trees,
is a critical skill for high school biology. To do this analysis mean-
ingfully, students need to structure their knowledge of evolutionary
processes and relationships into scientific explanations. The prac-
tice of scientific argument — a type of explanation that uses scientific
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evidence to create and justify a conclusion — improves learning and

engagement in science (Duschl et al., 2007) and supports students’
understanding of authentic scientific practice (National Research
Council, 2012).

It may seem daunting to give your students purposely confusing
data in a lesson on evolution — isn't teaching evolution hard enough?
Will sifting through ambiguous data give credence to the idea that
evolution is “just a theory”? To the contrary, we have found in
designing, teaching, and refining this lesson that students appreciate
the challenge of drawing the best conclusion they can from imperfect
data and, through doing so, come to understand how evolutionary
biologists study a process (like mammalian evolution) that cannot be
directly observed. In fact, we find that allowing students to wrestle
with real, rather than simulated, data will build their confidence that
evolutionary biology gives us useful tools for understanding life on
Earth.

This activity is the result of 4 years of collaboration as part
of our teaching fellowship with the Knowles Science Teaching
Foundation. Modeling our work on the Japanese practice of lesson
study (Stigler & Hiebert, 2009), we collaboratively planned and
refined instruction based on national stan-
dards, research into pedagogy, design proto-
cols, and video and work samples over 4 years.
We have each successfully implemented this
lesson at levels ranging from 9th-grade introduc-
tory classes to advanced 12th-grade AP and IB
biology classes. The instructions that follow give
suggestions for modifying the lesson for courses
from middle-grades life science to early college.

critical skill for high school

O Objective

Students will be able to describe major catego-
ries of evidence for evolutionary relationships and determine whether
evidence supports or refutes a hypothesized relationship in order to
compose and evaluate a scientific explanation about evolutionary
relationships among living things.
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Figure 1. Overview of lesson series and sample student work. This lesson was designed for three or more traditional class
periods but can be adapted for different schedules. Sample work (summary and line-drawing) has been reproduced in gray to
demonstrate the scaffolding that students use as they analyze data sets.

O Details of ACtIVIty data and compose a scientific argument to defend it. The lesson
In this lesson sequence (Figure 1), students begin by evaluating two  engages students in an iterative experience in which they receive
different (incorrect) phylogenetic hypotheses using multiple sources — additional data that provide evidence that may be contradictory
of data. Students then generate their own hypothesis to explain the  or supportive of previously identified relationships. Students must
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Figure 2. Progression of skills in scientific argumentation. This progression, along with included common misconceptions,

inspired the scaffolding developed in this lesson series.

rationalize these conflicting data sets to develop a phylogenetic tree
that represents the most likely evolutionary relationships.

Prerequisite Knowledge

Before engaging in this lesson sequence, students should have a
working knowledge of how phylogenetic trees are constructed to
represent relationships among organisms and their common ances-
tors. We use the activity featured in “Investigating Tree Thinking &
Ancestry with Cladograms” (in the previous issue of ABT) to lead
students to uncover the idea of common ancestry and develop skills
in reading phylogenetic trees. A more thorough review of the body of
research related to teaching and learning about evolutionary relation-
ships is included in that article.

Collaborative skills are also required for successful completion of
this lesson series. Compared to how we had taught this content in the
past, we found in teaching this lesson series in our classroom that stu-
dents were enthusiastic about discussion of and collaborative reasoning
about the data set and its implications. One AP student wrote that she
wasn't “sure [she] would have spent half the time thinking so carefully”
about her final tree without her groups discussion as they struggled
together to articulate their reasoning. If you are introducing your stu-
dents to this type of work, consider setting norms as a class or suggesting
specific behaviors (explain your thinking, ask questions, etc.) that will
foster student success. Acknowledge the discomfort that students may
feel working with data that are sometimes unclear or contradictory, and
encourage students to explore that uncertainty. To avoid anxiety about
“correct” answers, your assessment of student work should focus on
how students analyze data, draw conclusions, and revise their ideas, not
on how quickly they deduce the “correct” phylogeny.

Finally, it might be useful for your students, particularly those
new to biology, to have recent experiences in molecular genetics and

evolution and, therefore, a stronger scientific basis on which to pri-
oritize data. More experienced students might only need a well-timed
teacher question to prompt their thinking about these topics. See
“Assessments” below for sample questions.

Day 1: Representing Data Analysis Using Line
Drawing

Distribute the worksheet and describe the task to your students: Each
student group will receive a series of data that will provide informa-
tion on the evolutionary relationship of eight mammals. For each
data set, students first observe and summarize trends or relation-
ships. (This step is included because middle and high school students
often generate reasoning without substantial reference to evidence;
see Figure 2 for this and other design considerations.) Students must
then decide whether the data support, strongly support, contradict,
or neither support nor contradict two hypothetical trees. The pur-
pose of this activity is for students to think about how to determine
whether a particular datum supports a particular hypothesis, not
to identify the correct solution; in fact, both hypotheses shown are
incorrect. However, because the data are fragmentary, it is possible
that one piece of data supports one part of an overall incorrect cla-
dogram. Through this activity, students should come to understand
that, while pieces of a complex model may be supportable, they must
consider the totality of the evidence in their evaluation.

To visually represent these relationships and help students use
data specifically and holistically, students draw specific lines (as illus-
trated in Figure 1) in a structure first introduced to us by Ravit Golan
Duncan and colleagues (Chinn & Buckland, 2012). Consider mod-
eling lines for an unrelated data set and competing claims with the
whole class; you might also assign a homework assignment that fea-
tures this scaffold in analyzing other data sets and arguments.
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Figure 3. Materials required for this lesson series.

The first day’s data (skull shape, fur/skin color, and gait; see
Figure 3) are easily accessible to students. This lowers the cogni-
tive challenge of sense-making so that students can familiarize
themselves with the line-drawing task before working with the
more challenging molecular data on Day 2. We have found that
bright students in the class will quickly challenge the fur-color
data as irrelevant (as, of course, they are); if students do not bring
this up on their own, be sure to provoke the question yourself.
This may prompt conversations about how some explanations in
science are better than others — a conversation that grows richer
during Day 2.

Before engaging with more data, student groups discuss and pro-
vide written answers to questions that provide scaffolding for stu-
dents’ reasoning:

1. According to the lines you drew, which tree is more well
supported by the pieces of evidence?

2. Explain your choice.

3. Was there any evidence that made you confident that one
of the trees was scientifically valid (correct)? If yes, please
explain which data card and why. If no, please explain why
not.

These questions scaffold arguments by asking students for specific
data that support or do not support various trees and providing
explanations of why.

As students work, they will need frequent reminders of good
group behaviors and guidance in writing detailed summaries of the
data. After students have completed Day 1% reflection questions,
facilitate a whole-class discussion to model how data can be used to
support or contradict the trees, with a focus on citing specific data
and highlighting reasoning.

Day 2: Applying the Technique to “Modern” Data

To begin Day 2, students generate their own cladogram based on
Day 15 work. The tree structure is provided, so groups need only
arrange organisms on branch tips. In Day 2, students move through
new data, considering their own tree (which can change after each
data card) and two new hypothetical trees (neither of which repre-
sents the most parsimonious final answer). Students continue the
now familiar summarization and line-drawing protocol to determine
which tree features best represent relationships shown in the data
they select as evidence. As students progress through Day 2, you con-
tinue to facilitate as groups attempt to reconcile and revise existing
claims using new data.

Day 2% data cards are designed to challenge students to think
about what data are most important. The data are intentionally con-
tradictory and force students to make decisions about which support
the most reasonable and likely explanations of evolutionary relation-
ships. Data Card 5 shows foot and digestive-system morphologies
that, if interpreted without considering convergent evolution, suggest
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Data #1: Skulls

Elk skull

http://www.vallevanatomical.c
om/catalog/images/R-S378-
American-Elk-skull-(.jpg

Camel skull

http://www.dundee.ac.uk/mus
eum/_lib/img/zoology/skulls/D

http://upload . wikimedia.org/wikipedia

Humpback whale skull

http://www.rescast.com/Images/specim

Hippo skull

UNUC1929.jpg

[commons/7/71/Hippo_skull_dark.jpg

ens/Humpback_skull jpg

Data #2: Color -- Check out pictures online to see these animals’ colors.

Data #3: Videos of movement of selected animals
Check out the videos listed below (playlist at

http:// www.youtube.com/playlist?list=PL1wclsxSNFg4JOGpHSpVRICRkMGuyVcah) to see these

animals in motion!

Chacoan Peccary: http://www.youtube.com/watch?v=FDaplOWjBIM

Humpback Whale: http://www.youtube.com/watch?v=l 20-87BxJ8

Hippopotamus: http://www.youtube.com/watch?v=fDJ3L.NDdygY

Domesticated Pig: http://www.youtube.com/watch?v=--LeOoohGrM

Mouse Deer: http://www.youtube.com/watch?v=WTdNsC3Z30A

Dromedary Camel: http://www.youtube.com/watch?v=Svt5SBpwxAtk

Elk: http://www.youtube.com/watch?v=Knev7wPWC20Q

Bottlenose Dolphin: http://www.youtube.com/watch?v=mXtDgh[.PuZ0

Data #4: Range

Catagonus
Cervus canadensis (EIk) waeneri
http.//upload.wikimedia.org/wikipedia/c .1 i
ommons/thumb/e/e8/Range_map_cervu (Peccarles)

http://upload.wikimedia.org/wikipedia/co

Camelus dromedaries

(Camel) Moschiola indica

s_canadensis.svg/800px- http://upload.wikimedia.or

mmons/thumb/4/47/Dromedary_Range.pn

(Chevrotain)

Range_map_cervus_canadensis.svg.png | o/wikipedia/commons/d/d0
[Catagonus_wagneri_distri

bution_map.PNG

http://www.iucnredlist.org/apps/redlis
t/images/range/thumbs/136585.png

2/800px-Dromedary_Range.png

Figure 4. Data cards for Days 1 and 2.

that the camel and pecoran groups are most closely related. In Data
Card 6, however, students analyze DNA insert data derived from the
work of Nikaido et al. (1999; see Figure 4) that show which groups
of organisms share nine different noncoding DNA sequences. (Since
no protein or RNA is encoded, the presence of these sequences in
distinct groups can be explained on the basis of homology through
common descent and not by analogy resulting from selection for any
phenotype.) It is clear that the camel is an outgroup because it shares

none of the DNA inserts with any other group. Students must decide:
Is it more likely that the camel somehow lost six separate DNA insert
sequences that it should have in common with the pecorans, or that
the camel and pecoran feet are analogous and not actually indicative
of relatedness?

We have found that, at this point, students still prioritize data
that are more familiar or easier to understand. For example, despite
the DNA data clearly showing that hippos share all the DNA inserts

@ THE AMERICAN BIOLOGY TEACHER

VOLUME 77, NO. 4, APRIL 2015



Data #5: Foot and digestive morphology

A ruminant is a mammal that digests plant-based food by
initially softening it within the animal's first compartment of
the stomach, principally through bacterial actions, then
regurgitating the semi-digested mass, now known as cud, and
chewing it again. The process of re-chewing the cud to further
break down plant matter and stimulate digestion is called
"ruminating." The word "ruminant" comes from the Latin
ruminare, which means "to chew over again."

http://animaldiversity.ummz.umich.edu/site/resources/anatomi

cal_images/paraxonic_feetjpg/medium.jpg Adapted from http.//en.wikipedia.org/wiki/Ruminant
Animal Stomach types Foot types

Hippopotamus Non-ruminating 4 toes, slightly non-symmetrical
Camel 3-chambered ruminating stomach 2 toes, highly symmetrical

Pig Non-ruminating 4 toes, slightly non-symmetrical
Peccary Non-ruminating 4 toes, slightly non-symmetrical
Elk 3- or 4- chambered ruminating stomach 2 toes, highly symmetrical

http://animaldiversity.ummz.umich.edu/site/accounts/information/artiodactyla. html

Data #6: DNA insert data

This data can help us determine which animals have an insert
sequence at the KM 14 locus (in a non-coding DNA sequence) on
their largest chromosome.

If an animal has the inserted DNA, the DNA fragment that is
generated during PCR is larger.

DNA gel electrophoresis

Similar experiments were repeated for many different organisms.
Shaded areas show that an animal has the DNA insert (1-9).
1 2 3 4 5 6 7 8 9

Camel

Pig

Peccary

Toothed whale: dolphin
Baleen whale: humpback
Hippopotamus
Chevrotain

Pecorans

Adapted from http.//www.pnas.org/content/96/18/10261 fill
More information at http.//www.don-lindsay-archive.org/creation/dna_virus.htm!

Figure 4. Continued.

with whales and dolphins, students continue to group hippos students must reconcile that some of the other data are contradictory.
with pigs and peccaries on the basis of body form and locomotion.  Data Card 7 shows that one of the most popular proteins to use in
The entire tree can be constructed using only DNA insert data, and  tree construction, the beta chain of hemoglobin, is extremely well
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Data #7: Protein sequence for hemoglobin beta chain
Based on DNA sequencing from PubMed and a protein translation computer program called Clustal Omega (http.//www.ebi.ac.uk/Tools/msa/clustalo/)

Hemoglobin is the protein that is responsible for transporting oxygen in the blood. This function is
important to mammals, so mutations that lead to big shape changes that make the protein work less well
are often lost over time through natural selection. A * under the alignment shows an amino acid that is
identical in both species. Colors show similar chemical types of amino acid sidechains. A mutation
that encodes a similar amino acid (both hydrophobic, or both polar) might have less of an effect on a
protein’s function than a mutation that changes the sidechain to a different chemical type.

Graphic based on protein sequence data from PubMed and a protein translation computer program called Clustal Omega
(http://www.ebi.ac.uk/Tools/msa/clustalo/). Alignment based on BLASTp (http://blast.ncbi.nlm.nih.gov). Sequences used: P19016, NP_001138313, P68231,

P18990

Figure 4. Continued.

conserved throughout four of the sample organisms, and you can tell
students that the results within this group of organisms are similar
for other protein markers, such as cytochrome ¢ (Irwin et al., 1991;
see Figure 5). When asked to justify their trees using the given data,
however, students can find the flaws in their reasoning and are able
to make adjustments.

For more advanced students, you may choose not to provide
the blank phylogenetic tree and instead ask students to generate a
character matrix and then construct their own tree. (For the com-
plexity of relationships in this particular group of vertebrates, this
task was not sufficiently productive to justify the time spent by our
high schoolers.) Advanced students might also click through the
reference links on data cards or later search the Internet for more
information or context. For younger students, we spend more time
debriefing as a whole class after students have analyzed a piece of
data. It is also reasonable to remove some of the data, for example
the protein sequence data, for younger students; you could fur-
ther scaffold by simplifying the example trees so that students think

about a smaller grouping of organisms and their relationships at
one time.

Day 3: Writing Explanations

Once they have worked through the data, students draw a final tree
based on previous work. This tree becomes their “claim” in the con-
struction of a final written argument about evolutionary relationships in
this group of organisms. We use the claim—evidence—reasoning (CER)
framework (McNeill et al., 2006; McNeill, 2009; Sampson & Grooms,
2009; Berland & McNeill, 2010) to help scaffold our students’ learning
of scientific argumentation, but any structure that supports argumenta-
tion will work in this activity. This is detailed more fully below.

O Assessments

Formative Assessment

Teachers can monitor students’ developing understanding in several
ways. To begin, the written record generated as students summarize
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Figure 5. Trees used on Days 1 and 2.

evidence, draw lines, and construct responses on the handout means
that teachers can look over groups’ shoulders for a window into stu-
dent thinking throughout the lessons. If desired, you can collect
handouts at the end of a class to quickly review them. This will allow

you to determine what scaffolds or hints students might need at the

beginning of your next class period.

Our preferred way of analyzing student thinking, however, is

careful questioning as students are working in small groups. Probing
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questions whose answers require students to verbalize their thinking
process can provide useful information for group members and
instructors. Teachers might ask:

o Why did you decide to draw this type of line instead of that type of
line?

o Is either tree better supported by the data? Tell me why.

If your students are just starting out in biology, you might ask them
to describe the process of determining how evidence supports a
claim:

o Describe what this data card tells you about the animals featured.

o Are these data important for determining evolutionary relationships?
Why/why not?

* Does fur color really tell us about how closely animals are related?

Conversely, more advanced students are ready to clearly articulate
reasoning using appropriate scientific vocabulary, particularly for
ambiguous evidence or the later data cards that indicate the tree posi-
tions of the closely related pairs:

o What evolutionary phenomena or processes might explain why the
camel’s relatedness to other organisms looks so different in these two
evidence cards?

* You've identified pairs or sets of animals that are very closely related.
How can the DNA data be used as evidence to place those sets on the
tree? Why can you make these claims?

Follow-up questions or hints can allow scaffolding tailored specifi-
cally for individual groups’ needs and can allow for extension if a
group has worked particularly quickly.

Summative Assessment

As described above, we ask students to construct their final tree,
then write justifications for their choices using the CER framework.
We provide the data cards for student reference during the writing
process. The following assignment, given after students have assigned
the positions on a blank tree as letters A through H, shows one
example of how we've prompted students to develop claims about
particular nodes on the tree, rather than approaching the entire tree
all at once.

PROMPT 1: You are claiming that “B and C are more closely

related to each other than to any other animal on the tree.”

1. Restate your claim, using the sentence structure above,
replacing the names of the animals for B and C.

2. Describe the evidence that supports this claim — that is, tell
me what the data are.

3. Explain your reasoning about why evidence supports the
claim — in other words, convince me of your idea about
what the data mean. Why does that evidence lead you to
the conclusion that B and C are more closely related to each
other than to any other animal?

We prompt students to construct similar justifications for place-
ment of the other pairs/triads and the outlier; depending on your
context, you may choose to have students construct an argument that
focuses only on a subset of the organisms or provide further organiza-
tion to help support the argumentation process. We encourage more
advanced students to fully explain their reasoning about the evidence
they chose as the basis for their tree and why they prioritized that

evidence. Advanced students also might consider a 2011 AP Biology
exam prompt (College Board, 2011) that addresses relationships
between these organisms.

Using a technique described extensively in the Five Practices
approach (Cartier, 2013), we often preview student writing and,
during the next class period, run a discussion highlighting student
work samples. After this discussion, you may ask students to revise
work and resubmit. For example, a student in one of our courses
provided the following argument for positions of animals on the tree:
“The hippo and the dolphin share many identical amino acids in
hemoglobin C. The whale and dolphin live in the same environment,
they swim in the same way and have similar color.” After this argu-
ment was shared with the class, students identified it as partially cor-
rect. Students then revised this sample argument to either remove
the color and locomotion data or use the evidence as a counterclaim,
then shared these revisions with the class. After modeling this revi-
sion sequence with the whole class, using student work as examples,
all students were given the opportunity to revise their arguments for
credit. Through this discussion-and-revision format, students can
see a variety of explanations, varying in their thoroughness and elo-
quence, and get indirect feedback on their work as they prepare their
final justifications.

O Conclusions

Considering complex evidence about real organisms allows stu-
dents authentic experience with practicing the type of thinking —
and scientific communication — that actual biologists must
use to solve evolutionary puzzles. We developed and refined the
sequencing and scaffolds described in this article to give a wide
variety of students access to this important work, recommended
by national biology standards documents from middle school to
college, because we believe strongly that developing the practices
of science is vital for learners of any level. By intertwining science
content and skill development in our students’ classroom experi-
ences, we educators can help train the next generations of scien-
tists and scientifically literate citizens to think critically in a variety
of contexts.
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