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Many students do not recognize that individual organisms within populations vary, and this may
make it difficult for them to recognize the essential role variation plays in natural selection. Also,
many students have weak scientific reasoning skills, and this makes it difficult for them to recognize
misconceptions they might have. This paper describes a 2-h laboratory for college students that
introduces them to genetic diversity and gives them practice using hypothetico-deductive reasoning.
In brief, the lab presents students with DNA sequences from Africans, Europeans, and Asians,
and asks students to determine whether people from each continent qualify as distinct “races.”
Comparison of the DNA sequences shows that people on each continent are not more similar to one
another than to people on other continents, and therefore do not qualify as distinct races. Ninety-
four percent of our students reported that the laboratory was interesting, and 79% reported that
it was a valuable learning experience. We developed and used a survey to measure the extent to
which students recognized variation and its significance within populations and showed that the
lab increased student awareness of variation. We also showed that the lab improved the ability of
students to construct hypothetico-deductive arguments.

INTRODUCTION

Evolution is the unifying theory of biology (Dobzhansky,
1973) but is poorly understood by many biology students
(e.g., Gregory 2009). It is tempting to attribute this misun-
derstanding to religious beliefs, but a growing body of re-
search shows that personal beliefs have very little effect upon
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how well students learn evolution (Bishop and Anderson,
1990; Demastes et al., 1995; Ingram and Nelson, 2006). Sev-
eral facets of evolutionary theory appear intrinsically difficult
for students to grasp (e.g., Brumby, 1984; Nehm and Reilly,
2007; Catley and Novick, 2009). For example, natural selec-
tion, the principle cause of evolution, is frequently described
as a simple idea—even a “staggeringly” simple idea (Coyne,
2009, p. xvi)—but can be remarkably difficult for students to
understand. The reasons for this are diverse; three include:
typological thinking (Shtulman and Schulz, 2008), miscon-
ceptions regarding genetic inheritance (Gregory, 2009), and
poorly developed scientific thinking skills (Lawson, 2002).

A potential obstacle for students studying natural selec-
tion is a lack of appreciation for the extent and significance
of variation within populations. As Darwin documented
in the first two chapters of On the Origin of Species (Dar-
win, 1859), individuals of all species exhibit within-species
variation of almost all traits. Without such variation, evolu-
tion by natural selection would be impossible. Despite the
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importance and near ubiquity of such variation, many stu-
dents have a tendency to dismiss variation within species
as unimportant and focus their attention on traits that in-
dividuals in a species share (for a review, see Solomon and
Zaitchik, 2012). We shall call this tendency “typological think-
ing.” Other authors use the term “essentialism,” and if there is
clear distinction between the two, it is not commonly made in
the evolution literature. Typological thinking arises in child-
hood and is useful for predicting the characteristics of in-
dividuals from their species identity but is an obstacle for
understanding natural selection (Shtulman, 2006; Shtulman
and Schulz, 2008). The antidote for typological thinking is
population thinking, which Mayr (2004) defined as “the re-
alization that in biological populations. . . every individual is
unique.” Educators therefore frequently stress that evolution
instruction should emphasize the importance of individual
variation (e.g., Greene, 1990; Gregory, 2009; Shtulman and
Schulz, 2008)—just as Darwin did in On the Origin of Species.

Students often have misconceptions that impede learning.
One of the most common misconceptions held by introduc-
tory biology students is that evolution proceeds through the
transformation of individuals. Many students believe, for ex-
ample, that individuals evolve because they need to, because
they use or do not use specific body parts, or because the
environment directly induces changes (e.g., Brumby, 1979;
Bishop and Anderson, 1990; Jensen and Finley, 1996; Nehm
and Schonfeld, 2008). These misconceptions reflect a lack of
appreciation for the role of DNA in inheritance. To correct
these misconceptions, instructors need to help students un-
derstand how DNA sequences affect the ability of organisms
to survive and reproduce, and how variation in these abili-
ties changes the frequency of DNA sequences in populations
(Smith et al., 2009; Kalinowski et al., 2010). This may require
some initiative on the part of instructors, because most pop-
ular biology textbooks do not contain examples of DNA se-
quences (Kalinowski et al., 2010).

Misconceptions regarding inheritance and a lack of atten-
tion to variation within populations are two potential imped-
iments for students studying natural selection. Poorly de-
veloped scientific thinking skills present a third challenge to
many students. Evolution is difficult to observe—both be-
cause macroevolutionary changes are slow and because mi-
croevolutionary genetic changes are invisible to the naked
eye—and this makes the entire process difficult for students
to understand (Lawson, 2002). Hypothetico-deductive rea-
soning, one of the most common forms of scientific think-
ing, is useful for making sense of such processes (e.g., Platt,
1964; Feynman, 1984; Lawson, 2003). In brief, hypothetico-
deductive reasoning tests hypotheses by determining what
the hypothesis predicts should be observed in a test (Figure
1), and then performing the test to see whether the predicted
result is observed. This method for testing hypotheses is often
called “the scientific method,” but is, of course, only one way
in which scientists answer questions. Empirical evidence sug-
gests that improving students’ hypothetico-deductive rea-
soning improves student understanding of evolution (Lavoie,
1999) and decreases student misconceptions regarding natu-
ral selection (Lawson and Thompson, 1988). Not surprisingly,
recommendations for designing evolution curricula have fre-
quently stressed improving students’ scientific thinking skills
in general (e.g., Nelson, 2008) and hypothetico-deductive rea-
soning in particular (e.g., National Research Council, 1998).

IF 

A meteor impact caused the dinosaurs to go extinct… Hypothesis 

AND 
 
…we count the number of dinosaur fossils  Test 
and dinosaur species present in rock layers laid down 
before, during, and after dinosaurs went extinct… 

THEN  
…we should observe that dinosaurs disappeared abruptly  Prediction 
from the fossil record.  

Figure 1. An example of how hypothetico-deductive reasoning can
be used to test the hypothesis that a meteor impact caused the di-
nosaurs to go extinct. The elements of hypothetico-deductive reason-
ing are labeled on the right.

To understand natural selection, students need to overcome
typological thinking, genetic misconceptions, and poor scien-
tific thinking skills. These are relatively long-term goals that
are not likely to be achieved in a single lecture, lab, or home-
work assignment. Most students will need multiple lessons
to achieve these learning outcomes. Students learn best when
they actively participate in their learning (e.g., Hake, 1998),
so these lessons will be most effective if they actively engage
students. Unfortunately, there is a shortage of such learning
activities available from which instructors can select. In this
paper, we describe a 2-h laboratory exercise designed to pre-
pare students to learn about natural selection by introducing
them to genetic diversity in human populations. The specific
learning objectives of the lab were to:

� Reduce the extent to which students used typological
thinking.

� Improve students’ ability to use hypothetico-deductive
reasoning.

� Engage students in a laboratory exercise they enjoyed and
believed was useful.

As the learning objectives reveal, this lab was designed to
help prepare students to learn natural selection but not to actu-
ally teach students how natural selection works. Instructors
will need to use this lab in conjunction with other learning
activities (e.g., Kalinowski et al., 2006a; Andrews et al., 2011)
to teach natural selection.

METHODS

Participants and Context
We used this lab as the first lab of the semester in an intro-
ductory biology course on evolution and ecology for biology
majors. We collected data on the lab during two semesters.
In 2010, 59 students were enrolled in the course: 3% were
freshman, 53% sophomores, 34% juniors, and 9% seniors. In
2011, 41 students were enrolled in the course: 85% were fresh-
man, 12% sophomores, and 3% seniors. Virtually all reported
(by raised hands) that they were preparing for careers in
medicine.

The class met three times a week for a 50-min lecture and
once per week for a 3-h lab. Lectures made extensive use of
active learning (e.g., Andrews et al., 2011). Labs were guided-
inquiry exercises (Herron, 1971; Douglas, 2002) that students
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worked on in groups of three or four. At the beginning of
each lab, students were given a question to answer and the
materials they needed to answer the question, and they were
then set loose to answer the question on their own, with
assistance (as needed) from the instructor. (See Kalinowski
et al., 2006a,b, for descriptions of the second and third labs
used in this course.)

Lab Description
The human race lab requires approximately 2 h and, ideally,
a computer for every group of three or four students in the
course. The lab was divided into four parts: introduction,
project design, data analysis, and presentation of results. The
introduction to the lab consisted of a 10-min lecture that in-
troduced students to the focal question of the lab and the
resources students had available to answer it. We used the
following lecture, accompanied by PowerPoint slides, to in-
troduce the lab:

AIDS is a disease of the immune system caused by the
human immunodeficiency virus (HIV). Almost forty
million people from all around the world are currently
infected with HIV, and each year over two million peo-
ple die from AIDS. This includes hundreds of thou-
sands of children. Antiviral drugs have been developed
that increase the life expectancy of patients with AIDS,
but there currently is no cure.

Recent research has shown some people become in-
fected by HIV very quickly after being exposed to HIV
but that others do not become infected despite repeated
exposure. In addition, some people infected with HIV
rapidly develop symptoms of AIDS, while others do
not. Not all of these differences are understood, but it
is clear that some of this variability is caused by ge-
netic differences among people. For example, people
who have a 32–base pair deletion in their CCR5 gene
are highly resistant to HIV infection.

In the future, doctors may tailor their treatments to
the specific genetic characteristics of their patients. At
this point, however, the genetic basis of most diseases,
or the way genes affect treatment, is poorly understood.
Therefore, it is usually impossible to use the specific ge-
netic characteristics of patients to select effective treat-
ments.

Some medical researchers have proposed that until
we are able to use the specific genetic characteristics of
individual patients to select treatments, a patient’s race
may be useful for selecting treatments. The logic behind
this suggestion is that there may be predictable genetic
differences between different races of people, and that
people of the same race may respond to treatments in
a similar manner.

For the purpose of this investigation, let us assume
that you are working for a pharmaceutical company
developing new drugs to treat AIDS. Your specific as-
signment is to help design drug trials. The company
you work for is concerned that the drugs it develops
will work differently in different races. You have been
assigned to a research team to study genetic differences
among humans from different parts of the world.

The entire concept of race is immensely controver-
sial. This includes scientific controversy regarding what
race is and political and social controversy regarding
how people should be treated. Racial theories have
been used to justify discrimination, exploitation, and
genocide. Because of this cultural and historical con-
text, we need to proceed with great caution and respect.

Many different racial classifications have been pro-
posed, and there is no consensus regarding which one,
if any, is most appropriate. One of the most commonly
proposed classifications is that peoples on different
continents belong to different races. For example, it
has frequently been proposed that Africans, Europeans,
and Asians are three different races. The specific goal
of your laboratory investigation is to evaluate this hy-
pothesis. By the end of today’s lab period, you will be
expected to answer the question “Are Africans, Euro-
peans, and Asians different races?”

To answer this question, you will analyze genetic
data from indigenous peoples sampled from Africa,
Europe, and Asia [Table 1; Figure 2]. Specifically, eight
individuals were sampled from each continent. The mi-
tochondrial genome of each individual was sequenced.
This includes over 15,000 nucleotides of DNA se-
quence. You may have forgotten that mitochondria
have DNA and may be wondering why mitochondrial
DNA was selected for this study. The answer is that
mitochondrial DNA has a high mutation rate and no
recombination, but this is not something you need to
worry about. For our purpose, mitochondrial DNA se-
quences can be considered a representative sample of
the genome of each individual. For example, if two in-
dividuals have genetically similar mitochondrial DNA
sequences, we will assume that their entire genomes
are similar.

As I just mentioned, you will be analyzing DNA
sequences that are 15,000 nucleotides long. Long DNA
sequences are difficult to analyze without the assistance
of specialized software. Therefore, you will have the
computer program Sequence Viewer for Students to
assist you.

At this point, the instructor showed the class the com-
puter program Sequence Viewer for Students (available at
www.montana.edu/kalinowski/Software/SequenceViewer
.htm) and explained how it could be used to view and
compare DNA sequences (available in the Supplemental
Material). This completed the introduction phase of the lab.

The class was then instructed to open up the DNA se-
quences in the program, take a look at them, and develop
a strategy for answering the focal question of the lab. This
initiated the project design phase of the lab. The goal of this
phase of the lab was to figure out how to answer the focal ques-
tion of the lab. Many students had very little idea how to get
started, either because they do not recognize that the question
required hypothetico-deductive reasoning or because they
do not know how to apply hypothetico-deductive reasoning.
Therefore, the instructor sat down with each group, asked
them how they were going to answer the question, and helped
guide their thinking as necessary. The following dialogue was
typical:

INSTRUCTOR: How is it going? Have you figured out
how to answer the question?
STUDENT: No, we’re lost. I don’t get it.
INSTRUCTOR: OK. Let’s talk about this. I see that you
are looking at the DNA sequences. Have you observed
anything that might be useful for answering our ques-
tion?
STUDENT: Well, we can see there are differences between
people, but I don’t know if this means that these people
are different races are not. I don’t see any patterns.
INSTRUCTOR: The purpose of this lab is to test a
hypothesis. . . the hypothesis that Africans, Europeans,
and Asians are different races. Do you remember from
lecture how scientists test hypotheses?
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Figure 2. Map of the ethnic groups sampled for this lab. Locations are approximate or representative.

STUDENT: Yeah, we need to make a prediction. My pre-
diction is that Africans are a different race.
INSTRUCTOR: In this context, a prediction isn’t what you
personally think is true, but is something the hypoth-
esis predicts will be observed. Therefore, you need to
figure out what the hypothesis you are testing predicts
you will observe in these DNA sequences. If Africans,
Europeans, and Asians are different races, what should
you observe in the DNA sequences that we have?
STUDENT: You mean, something like. . . Africans should
be genetically similar to each other.
INSTRUCTOR: Yes, that is right. Now tell me, when you
say that our hypothesis predicts that Africans should
be genetically similar to each other, what to do you
mean? Genetically similar compared to what?
STUDENT: If Africans are a distinct race, they should
be genetically more similar to each other than to Euro-
peans and Asians. The same would be true for people
in Europe and Asia.
INSTRUCTOR: Exactly. Now take a look at the DNA se-
quences to see if you find this pattern or not.

Notice that testing the hypothesis that Africans, Europeans,
and Asians are different races requires classic hypothetico-
deductive reasoning (Figure 3). In our experience, the hardest
part of this lab for students was realizing that hypothetico-
deductive reasoning is useful and figuring out how to use it.
Once students realized they could use hypothetico-deductive
to test their hypothesis, most rapidly figured out how to use
it. If the comments made by the instructor in the dialog above
are not sufficient for getting students thinking along the right

track, it can be useful to focus student attention on the DNA
sequence of a single individual in the data and to ask, “What
does the hypothesis predict about the DNA sequence of this
individual?” Students should recognize that the chosen indi-
vidual should be more similar to other individuals from the
same continent than to individuals from other continents.

Although figuring out how to answer the focal question of
the lab is the hardest part of this investigation, the data anal-
ysis also forces students to deal with some observations that
appear ambiguous. The computer program students use to
analyze DNA sequences can count the number of nucleotide
differences between the individuals included in the analysis
(Table 2). Some of the results of this simple analysis clearly

IF  
Africans, Europeans, and Asians are different races… Hypothesis 

AND 
 
…we count the number of nucleotide differences between  Test 
each pair of individuals, and compare the number of  
differences  between people living on different continents… 

THEN  
…we should observed there are fewer nucleotide    Prediction 
differences between people living on the same continent 
than between people living on different continents.  

Figure 3. The hypothetico-deductive reasoning used in the lab de-
scribed in this paper. The elements of hypothetico-deductive reason-
ing are labeled on the right.

Vol. 11, Summer 2012 145



S. T. Kalinowski et al.

Table 1. Summary information for mitochondrial DNA sequence used in the lab described in this papera

Continent Populations Country Latitude/longitude GenBank

Africa Biaka Republic of Congo 0, 16 E AF346968
Ewondo Cameroon 2 N, 11 E AF346980
Hausa Nigeria 12 N, 8 E AF346985
Mandenka Senegal 13 N, 13 W AF346995
Mbuti Democratic Republic of Congo 2 N, 29 E AF346998
Mkamba Kenya 1 S, 38 E AF347000
San Namibia 21 S, 20 E AF347008
Yoruba Nigeria 6 N,6 E AF347014

Europe Dutch Netherlands 52 N, 5 E AF346975
English United Kingdom 52 N, 2 W AF346978
French France 46 N, 3 E AF346981
Georgian Georgia 42 N, 44 E AF346982
German Germany 51 N, 10 E AF346983
Italian Italy 42 N, 13 E AF346988
Saami Norway 70 N, 23 E AF347006
Tatar Ukraine 48 N, 33 E AF346974

Asia Buriat Russia (near Mongolian border) 52 N, 107 E AF346970
Chinese China 33 N, 102E AF346972
Chuckchi Russia (extreme northeast) 66 N, 172 E AF346971
Evenki China (extreme northeast) 49 N, 120 E AF346979
Indian India 22 N, 78 E AF382013
Inuit Russia (Siberia) 71 N, 142 E AF347010
Japanese Japan 36 N, 138 E AF346989
Uzbek Uzbekistan 40 N, 65 E AF347011

aThe countries, latitudes, and longitudes listed for each population are representative.

Table 2. Number of mitochondrial DNA differences between individuals belonging to 24 populations arranged by continent

Populationa 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

1. Biaka — 62 62 65 71 74 77 65 60 57 59 66 62 62 57 59 67 69 59 71 58 66 65 57
2. Ewondo 62 — 60 41 67 34 75 29 26 23 25 32 26 28 25 25 29 33 27 33 20 28 27 25
3. Hausa 62 60 — 63 14 72 45 61 60 57 59 66 60 62 59 59 63 67 59 67 52 64 63 59
4. Mandenka 65 41 63 — 70 51 74 46 43 38 42 47 43 45 42 42 46 48 44 50 37 45 44 42
5. Mbuti 71 67 14 70 — 79 54 66 67 64 66 73 67 69 66 66 70 74 66 74 59 71 70 66
6. Mkamba 74 34 72 51 79 — 87 41 38 35 37 44 38 40 37 37 41 47 39 45 32 40 39 37
7. San 77 75 45 74 54 87 — 76 75 72 74 81 75 75 74 74 78 80 74 82 69 79 78 74
8. Yoruba 65 29 61 46 66 41 76 — 31 28 30 37 31 33 30 30 34 38 32 38 25 33 32 30
9. Dutch 60 26 60 43 67 38 75 31 — 9 7 22 18 18 13 7 31 25 19 35 22 30 29 15

10. English 57 23 57 38 64 35 72 28 9 — 8 17 15 15 10 8 28 22 16 32 19 27 26 12
11. French 59 25 59 42 66 37 74 30 7 8 — 21 15 17 12 6 30 24 18 34 21 27 26 14
12. Georgian 66 32 66 47 73 44 81 37 22 17 21 — 18 24 21 21 37 31 25 41 28 36 35 21
13. German 62 26 60 43 67 38 75 31 18 15 15 18 — 20 17 15 31 27 21 35 22 28 27 17
14. Italian 62 28 62 45 69 40 75 33 18 15 17 24 20 — 17 17 33 27 21 37 24 32 31 17
15. Saami 57 25 59 42 66 37 74 30 13 10 12 21 17 17 — 12 30 24 18 34 21 29 28 14
16. Tatar 59 25 59 42 66 37 74 30 7 8 6 21 15 17 12 — 30 24 18 34 21 29 28 14
17. Buriat 67 29 63 46 70 41 78 34 31 28 30 37 31 33 30 30 — 40 32 8 19 27 26 30
18. Chinese 69 33 67 48 74 47 80 38 25 22 24 31 27 27 24 24 40 — 28 44 31 37 38 24
19. Chuckchi 59 27 59 44 66 39 74 32 19 16 18 25 21 21 18 18 32 28 — 36 21 31 30 18
20. Evenki 71 33 67 50 74 45 82 38 35 32 34 41 35 37 34 34 8 44 36 — 23 31 30 34
21. Indian 58 20 52 37 59 32 69 25 22 19 21 28 22 24 21 21 19 31 21 23 — 18 17 21
22. Inuit 66 28 64 45 71 40 79 33 30 27 27 36 28 32 29 29 27 37 31 31 18 — 15 29
23. Japanese 65 27 63 44 70 39 78 32 29 26 26 35 27 31 28 28 26 38 30 30 17 15 — 28
24. Uzbek 57 25 59 42 66 37 74 30 15 12 14 21 17 17 14 14 30 24 18 34 21 29 28 —

aPopulations 1–8 are Africans, populations 9–16 are European, and populations 17–24 are Asian.
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Table 3. Sixteen traits used in a multiple-choice survey to assess the extent to which students were thinking typologicallya

Trait Pretest average Posttest average

Length of femur bone in male lions 2.31 2.44
Have a tail 0.86 0.92
Strength of jaw muscles in male lions 2.61 2.75
Size of the mane in male lions 2.42 2.50
The DNA sequence of MRC1, a gene that affects fur color in lions and other mammals 2.39 2.58*
Hunting skill of female lions 2.92 2.92
Have canine teeth 0.75 0.97*
Mating behavior in male lions 2.22 2.33
DNA sequence of IGF, a gene that affects the growth rate of mammals 2.58 2.81*
Length of tail 2.22 2.19
Hunt other animals for food 0.97 1.08
Number of cubs a female lioness has in a litter 2.58 2.75*
Volume of roar in male lions 2.53 2.61
Length of canine teeth 2.83 2.64
Testosterone levels in adult male lions 2.61 2.81*
Amino acid sequence of hemoglobin protein 1.54 1.80*

aStudents were asked whether each trait varied and were given four possible choices: cannot vary (0), could vary but does not (1), varies but
differences do not affect individuals (2), and varies and differences affect individuals (3). The pre- and posttest columns show the average
response (on the 0 to 3 scale) before and after the lab described in this investigation. The traits are listed in the order given to students.
*P < 0.05 (one-tailed, paired t test).

differ from what the African/European/Asian race hypoth-
esis predicts. For example, several Africans in the sample are
genetically more similar to Europeans than to other Africans
(Table 2). Likewise, some of the Asians are genetically more
similar to Europeans than they are to other Asians. Neither of
these observations would be predicted by the three-races hy-
pothesis. However, some of the other results do match what
the three-races hypothesis predicts. For example, Europeans
are genetically more similar to one another than they are to
Africans.

Many students will wonder what to do with results that
they perceive to be ambiguous or contradictory. This pro-
vides a good opportunity to remind students that a wrong
hypothesis can make some “correct” predictions. For exam-
ple, the geocentric model of the solar system correctly pre-
dicts that the sun will rise in the east, travel across the sky
during the day, and set in the west. However, the geocentric
hypothesis does not correctly predict the path that planets
follow through the night sky over the course of a year and,
therefore, was rejected by Copernicus. What this shows is that
it is not sufficient for some of the genetic data examined by
students to match the prediction of the three-races hypothe-
sis predicts. For a hypothesis to be supported, all data must
agree with the predictions made by the hypothesis. There-
fore, students should conclusively reject the hypothesis that
Africans, Europeans, and Asians are different races.

The final part of the lab was data presentation, in which
students reported to the full class their results and discussed
the implications of their results for medical trials. Our stu-
dents had no difficulty concluding that Africans, Europeans,
and Asians do not appear to be distinct races. The primary
implication of this is that the geographic origin of patients is
unlikely to be a good predictor of how patients will respond
to medical treatments. Some students noticed that there is
much more genetic diversity within Africans than within Eu-
ropeans or Asians and suggested that if a pharmaceutical

company was conducting drug trials, extra effort might be
made to sample this diversity.

Assessment
We performed three types of assessment to measure the lab’s
outcomes. First, we used a survey to assess students’ views
and reactions to the lab. Second, we developed a multiple-
choice survey to quantify the degree to which students were
typological thinkers and used this to look for changes after
the class had completed the lab. Finally, we created and used
two short-answer questions to measure how well students
could construct a hypothetico-deductive argument.

Students learn more from tasks they find interesting (Ren-
niger et al., 1992), useful, and important (Zusho et al., 2003).
Therefore, we gave students an anonymous survey to get
their views about the lab after they completed it. Students
were asked to indicate their level of agreement with a se-
ries of statements, using a five-point Likert scale (strongly
agree, agree, neither agree nor disagree, disagree, strongly
disagree). In 2010, 47 students out of 59 students completed
the survey, and we calculated the proportion of responses in
each category.

We used a multiple-choice survey (see Table 3) immediately
before and immediately after the lab in 2011 to measure the
degree to which students recognized variation within pop-
ulations and the significance that this variation has to sur-
vival and reproduction. The survey listed 16 morphological,
behavioral, and genetic traits that could potentially vary in
lions, and students were asked to indicate whether each of
the traits: cannot vary, could vary but does not, varies but dif-
ferences do not affect individuals, or varies and differences
affect individuals. We scored the extent to which students
perceived variation in populations on a scale of 0 to 3, with 0
being assigned to the “cannot vary” response and 3 being as-
signed to the “varies and differences affect individuals,” etc.
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We analyzed student responses in a few ways. In our primary
analysis, we averaged each student’s response (on the 0 to 3
scale) for all of the questions on each survey, used these aver-
ages as an estimate of how strongly each student recognized
variation within populations, and performed a paired sam-
ple t test to determine whether scores increased after the lab.
We also calculated the effect size for the lab using Cohen’s d.
While calculating Cohen’s d, we calculated the pooled stan-
dard deviation from the average score of all of the students
on the pre- and posttests. Finally, we used paired t tests to
conduct a post hoc analysis that compared results for indi-
vidual questions and for subsets of the data. These subsets
included: genetic traits, presence/absence traits (have a tail,
have canine teeth, hunt other animals for food), quantitative
morphological traits (length of femur bone, size of mane in
male lions, length of tail, length of canine teeth, and behav-
ioral traits (hunting skill of female lions, mating behavior in
male lions).

In addition to assessing how much this lab affected the
degree to which students recognized variation within popu-
lations, we tested in 2011 for an improvement in hypothetico-
deductive reasoning skills. We used a pre/posttest study de-
sign to do this, in which all students in the class answered
a question requiring hypothetico-deductive reasoning imme-
diately before instruction and another question immediately
after instruction. Each student answered the same two ques-
tions (Supplemental Material) but the order in which students
answered the two questions varied. Approximately half the
class answered the “triceratops” question (Supplemental Ma-
terial) first and approximately half answered the “asteroid”
question first. These questions were intended to require the
same type of hypothetico-deductive reasoning. We graded
student responses to these questions on a scale of 0 to 3.
We assigned 3 points to answers that contained a complete
hypothetico-deductive argument (e.g., “If an asteroid impact
caused dinosaurs to go extinct, and I counted the number of
dinosaur fossils in each rock layer, then I should find that
dinosaur fossils abruptly end at a single rock layer.”). We
assigned 2 points to answers that identified specific observa-
tions that could be used to test the hypotheses and 1 point
to answers that vaguely described some type of observations
that could be informative for testing the hypotheses. Finally,
we assigned no points to answers that did not begin to answer
the question.

RESULTS

Results from the survey of student views showed almost uni-
versal positive attitudes toward the lab. Ninety-four percent
of the class agreed or strongly agreed with the statement that
“The lab was interesting” and 79% agreed or strongly agreed
with the statement “The lab was a valuable learning experi-
ence.”

The survey of typological thinking showed students were
more likely to recognize variation within populations and
view it as important after completing the lab (Table 3). The
average response on the entire survey before instruction was
2.14 (SD = 0.32, n = 36). This corresponds to “Varies, but dif-
ferences do not affect individuals.” After instruction, the class
average increased to 2.26 (SD = 0.37, n = 36). This increase

was modest in magnitude (Cohen’s d = 0.35) but statistically
highly significant (P = 0.007).

Our assessment of typological thinking was not designed
to study how students viewed different types of variation
within populations. However, there has been very little re-
search on how university students view variation within
species, so we will report results from a few post hoc anal-
yses that may be useful for guiding future research. First,
we noted there was a wide variation in the degree to which
students perceived variation in lions (Table 3). The three
traits with the lowest scores were “Have canine teeth,”
“Have a tail,” and “Hunt other animals for food.” Note
that these are presence/absence traits (for a body part or
a behavior). These were the only presence/absence traits
in the study. We included these traits in our survey be-
cause they are similar to the traits that Shtulman and Schulz
(2008) used in their analysis. The average student score
on these traits was 0.86 on pretest, which means that stu-
dents generally believed these traits could potentially vary
in lion populations, but did not. The average pretest stu-
dent response on the other 13 traits was 2.44, which is
much higher. This illustrates that students applied typo-
logical thinking much more strongly for some traits than
others.

We also noted in our post hoc analysis that the lab changed
student views more for some traits than others. The average
response increased for 13 out of the 16 traits on the survey,
and six of these increases were statistically significant at the
0.05 level (Table 3). These six traits included the three ge-
netic traits on the survey (MRC1, IGF, hemoglobin). An anal-
ysis of subsets of the questions showed students suggested
that responses to the genetic traits increased most strongly.
The average student response on the three genetic traits on
the pretest was 2.15. After the lab, the average was 2.42
(P = 0.0004). None of the other subsets of the data showed
a statistically significant increase. However, when all of the
nongenetic traits were considered together, the increase was
statistically significant at the 0.05 level (the average value in-
creased from 2.10 to 2.19, P = 0.03), but not if we account for
the number of tests that we conducted.

Before instruction, the average score on the hypothetico-
deductive reasoning questions was 2.05 (n = 38). The aver-
age scores for the “triceratops” question and the “asteroid”
question before instruction were exactly the same. After in-
struction, the averages for these two questions were not the
same, but the difference was not statistically significant (t test:
P = 0.49). We interpreted this as evidence that the questions
were equally difficult, and therefore made no distinction be-
tween questions in subsequent analysis.

Our analysis of learning gains for hypothetico-deductive
reasoning was complicated by a ceiling effect in the ques-
tions we used. Twelve of our 38 students scored a 3 on their
hypothetico-deductive reasoning question before instruction.
This was the highest score possible. These 12 students, there-
fore, could not show any improvement after instruction. In-
cluding these students in our analysis would decrease the ap-
parent effectiveness of this aspect of the lab, so we dropped
these test scores from subsequent consideration.

When we excluded the twelve students with perfect pre-
instruction scores, the average on the pretest was 1.62 (SD =
0.62, n = 26). After instruction, the average was 2.15 (SD =
0.66, n = 26). This increase was highly statistically significant
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(one-tailed, paired t test: P = 0.001). We interpret this as strong
evidence that the 2-h laboratory exercise improved students’
ability to construct a hypothetico-deductive argument.

DISCUSSION

We designed this lab to reduce the extent to which students
were thinking typologically, to improve the ability of stu-
dents to construct hypothetico-deductive arguments, and to
engage students in an activity they believed was useful and
interesting. Our assessment suggests that we accomplished
all three goals. This is the first learning activity that we are
aware of that reduces typological thinking.

Integrating Lab and Lecture
Any instructional activity is likely to be most effective when
it is thoughtfully integrated into the rest of the course. This
lab is easy to incorporate into introductory biology courses,
because students entering the lab require very little prepa-
ration. The only prerequisite knowledge for this lab is a ba-
sic understanding of DNA sequences and familiarity with
how scientists use hypothetico-deductive reasoning to test
hypotheses. Hypothetico-deductive reasoning is explained in
the first chapter of many introductory biology tests, but many
students may need a review of how hypotheses are tested by
making predictions. As part of this lesson, we try to convince
students that hypotheses cannot be proven correct but that
they can be proven wrong. We use hypothetico-deductive
reasoning throughout our course, so the practice students get
during this lab is useful in future lessons.

We used this lab as the first part of an instructional unit
on natural selection that consisted of two labs (including this
one) and six lectures. After students completed this lab, we
used two lectures to introduce natural selection and to de-
fine the requirements for evolution by natural selection. After
these two lectures, students began a second instructional lab
(Kalinowski et al., 2006a) that was focused on natural selec-
tion. Our third lecture was a 50-min discussion of human evo-
lution designed to elicit and refute common misconceptions
regarding selection (Andrews et al., 2011). In these first three
lectures, we emphasized the genetic basis of selection (Kali-
nowski et al., 2010) and repeatedly used the DNA sequences
presented in this lab as examples. Our fourth, fifth, and six
lectures explored sexual selection, the evolution of complex
traits, and the evolution of altruistic behavior, respectively.

Genetic Diversity in Humans
The genetic analysis that students perform in this lab contra-
dicts popular conceptions of race, and although our students
were able to answer the focal question of this lab, they fre-
quently had other questions regarding genetic diversity in
humans. Therefore, we will briefly review the current state of
knowledge of human genetic diversity.

The mitochondrial DNA sequences that students analyzed
in this lab are from the seminal study of Ingman et al. (2000).
Their data included 53 DNA sequences from all over the
world; we selected 24 representative sequences from three
continents to make the analysis easier. Ingman and colleagues
used the 53 DNA sequences to conclude that all humans share
a common mitochondrial ancestor who lived approximately
171,000 yr ago in Africa. They noted that some Africans are

genetically more similar to Europeans and other non-Africans
than to other Africans. Their explanation for this was that
the Africans who are genetically similar to non-Africans are
living descendants of the Africans who left Africa and settled
the rest of the world in the past 100,000 yr.

One of the most common questions students asked after
they analyzed their data was “If Africans, Europeans, and
Asians are not different races, why do people from each con-
tinent look so different?” This question has not been defini-
tively answered in science, but a likely answer is that highly
conspicuous traits like skin color are regulated by a small
number of genes (Valenzuela et al., 2010) and, therefore, are
not a good measure of overall genetic similarity. Differences
in skin pigmentation in human populations appear to have
evolved through natural selection. Dark skin may be an adap-
tation in the tropics to prevent cellular damage from UV radi-
ation, and light skin may be an adaptation in higher latitudes
to allow the formation of vitamin D (Yuen and Jablonski,
2010). Sexual selection and genetic drift could also explain
some of the genetic and morphological differences among
human populations.

The mitochondrial DNA sequences the students analyzed
in this lab showed that people on each continent are not more
similar to one another than to people on other continents.
Several students have asked us, “So how is genetic diversity
in humans distributed?” This is another complex question.
Rosenberg et al. (2002) published the first description of hu-
man genetic diversity based on a large number of genetic
markers and concluded—in contrast with the data presented
in this lab—that genetic diversity in humans clusters by con-
tinent. Subsequent work challenged this conclusion and has
shown human genetic diversity is distributed clinally, that
is, genetic differences between human populations tend to
be proportional to the geographic distance between popula-
tions (Manica et al., 2005; Rosenberg et al., 2005). For exam-
ple, Rosenberg et al. (2005) showed that geographic distance
explained 69% of genetic differentiation among human pop-
ulations and that barriers between continents explained only
an additional 5%.

While developing this lab, Kalinowski (2011) reanalyzed
the data of Rosenberg et al. (2002) that originally had been
interpreted as showing human genetic diversity clustered by
continent and showed this conclusion may be an artifact of
using an inappropriate statistical algorithm to analyze the
data. Kalinowski (2011) showed that the genetic similarities
among Africans and Europeans that are so evident in the mi-
tochondrial data of Ingman et al. (2000) are also present in the
largest databases of nuclear genetic data. These relationships
had apparently not been noticed before.

Directions for Future Research
The lab described in this paper was designed to help prepare
students to learn natural selection. Unfortunately, we were
not able to quantify the impact the lab had on how students
learned natural selection. The best way to do that would be
to have a control group that did not do the lab, and we were
not able to do this. Previous work has shown that typological
thinking (Shtulman and Shulz, 2008) and poor hypothetico-
deductive reasoning skills (Lawson and Thompson, 1988)
are obstacles to student learning. We have shown that this
lab increases student awareness of variation in populations
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and improves their ability to construct hypothetico-deductive
arguments, so it is reasonable to conclude that this lab should
be helpful to students learning natural selection, but, we were
not able to evaluate whether it did.1 This would be a logical
question to address in future research.

A higher priority for future research would be additional
study on why students have such a hard time understanding
natural selection. Experts view natural selection as a rela-
tively simple process, but scores of studies in the past three
decades (for a review, see Gregory, 2009) have shown that
students often have a very hard time understanding it. These
studies have documented that many students have miscon-
ceptions regarding how evolution works and that miscon-
ceptions regarding inheritance are common, but almost no
research has examined why students have these misconcep-
tions, which students are likely to have them, and what other
challenges students face while learning natural selection. It
would be easier to design activities to help students under-
stand natural selection if we better understood why natural
selection is so difficult for students to understand.

There are two notable exceptions to this lack of research
on why students have difficulty learning natural selection
(or why they have misconceptions that cause difficulty learn-
ing natural selection). As discussed in the Introduction, typo-
logical thinking and weak hypothetico-deductive reasoning
skills have been implicated in difficulty understanding nat-
ural selection (Lawson and Thompson, 1988; Lavoie, 1999;
Shtulman, 2006; Shtulman and Schulz, 2008). These are im-
portant findings that deserve more attention, because if they
are true—and further study is warranted—they have ob-
vious and immediate implications for curriculum design.
For example, if typological thinking really is a common
obstacle to student learning, instructors should target such
thinking with activities similar to the lab described in this
investigation.

We can only speculate as to why so little work has been
done to understand why students have such a hard time un-
derstanding natural selection, but a lack of instruments to as-
sess student thinking has probably been a contributing factor.
We are not aware, for example, of a validated instrument to as-
sess typological thinking that is appropriate for students in an
introductory biology course. This makes understanding how
typological thinking affects student learning and how instruc-
tion affects typological thinking difficult—and was why we
developed our own instrument for this lab. There has been a
growing movement to create better instruments to assess stu-
dent thinking in the biological sciences (e.g., Anderson et al.,
2002; Smith et al., 2008; Nadelson and Southerland, 2010), and
we hope these efforts will include developing better tools to
assess typological thinking and hypothetico-deductive rea-

1Although we did not evaluate how well the lab described in this
paper helped students understand natural selection, we did evaluate
the effectiveness of the entire natural selection unit encompassing
this lab. As discussed above, this unit was composed of two labs
and six lectures. In 2011, we used a 10-question abbreviated version
of the Conceptual Inventory of Natural Selection (Anderson et al.,
2002; Andrews et al., 2011) to assess student understanding of natural
selection before and after our instructional unit on natural selection.
The normalized gain (Hake, 1998) for the unit was 0.72. The average
normalized gain for this test among randomly selected introductory
biology classrooms in the United States is 0.26 (Andrews et al., 2011),
so 0.72 is an excellent result.

soning. Having better tools to identify and quantify these
ways of thinking will make it easier to more clearly define
specific learning goals and to construct learning activities to
achieve them. We hope the lab described here furthers these
efforts.
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