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ABSTRACT

In response to calls for curricular materials that integrate molecular genetics and evolution
and adhere to the K-12 Next Generation Science Standards (NGSS), the Genetic Science
Learning Center (GSLC) at the University of Utah has developed and tested the “Evolution:
DNA and the Unity of Life” curricular unit for high school biology. The free, 8-week unit il-
luminates the underlying role of molecular genetics in evolution while providing scaffolded
opportunities to engage in making arguments from evidence and analyzing and interpret-
ing data. We used a randomized controlled trial design to compare student learning when
using the new unit with a condition in which teachers used their typical (NGSS-friendly)
units with no molecular genetics. Results from nationwide testing with 38 teachers (19 per
condition) and their 2269 students revealed that students who used the GSLC curriculum
had significantly greater pre/post gain scores in their understanding of evolution than stu-
dents in the comparison condition; the effect size was moderate. Further, teacher imple-
mentation data suggest that students in the treatment condition had more opportunities
to engage in argumentation from evidence and have in-class discussions than students in
the comparison classes. We consider study implications for the secondary and postsec-
ondary science education community.

INTRODUCTION
Evolution is a unifying, fundamental topic for secondary and postsecondary science
students. “The core ideas in the life sciences culminate with the principle that evolu-
tion can explain how the diversity that is observed within species has led to the diver-
sity of life across species” (National Research Council [NRC], 2012, p. 140). However,
K-12 and postsecondary students’ difficulty understanding evolution is well docu-
mented (e.g., Gregory, 2009; Flanagan and Roseman, 2011; Borgerding et al., 2015).
One promising area of research in evolution education involves teaching and learn-
ing strategies that provide opportunities for students to think “across organizational
levels.” This includes distinguishing between different levels of organization, interre-
lating concepts at different levels of organization, and being able to think back and
forth between these levels (reviewed in Jordens et al., 2016). While thinking across
levels has been identified as necessary for understanding evolutionary principles,
research has shown it to be challenging for students (e.g., Ferrari and Chi, 1998).
Engaging students in thinking across levels, particularly at the level of genetic varia-
tion by grounding evolutionary phenomena in genetics concepts, has been shown to
help in evolution understanding (reviewed in Jordens et al., 2016). Using ideas from
molecular genetics, in which the focus is on variation at the level of DNA and protein
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sequences rather than at the trait level, has been shown to fos-
ter deeper learning of evolution topics (e.g., Kalinowski et al.,
2010; White et al., 2013; Jordens et al., 2016). Student learning
also showed significant improvement when genetics was taught
before—rather than after—evolution, particularly for low-per-
forming students (Mead et al., 2017).

Further, K-12 researchers have called for evolution instruc-
tion that uses the principles of the Next Generation Science Stan-
dards (NGSS; NGSS Lead States, 2013), based on the seminal
document A Framework for K-12 Science Education (NRC,
2012). Enacting the vision in these documents promotes sci-
ence teaching and learning that foster deep, integrated student
understanding of science and scientific processes. In addition, it
promotes an understanding of connections across the disci-
plines of science and the integration of science practices into
science instruction. Both documents advocate for instruction
that includes the practices of analyzing and interpreting data
and arguing from evidence. Studies have reported student con-
tent knowledge gains when argumentation is taught and prac-
ticed explicitly in the classroom (Bell and Linn, 2000; Zohar
and Nemet, 2002; Asterhan and Schwarz, 2007) and when stu-
dents are provided opportunities to analyze and interpret data
(e.g., Bray Speth et al., 2009; Beardsley et al., 2011).

Instructors require high-quality curricular materials aligned
with NGSS to achieve student learning in evolution (NRC,
2012). Curricula that provide students with opportunities to
make relevant scientific conceptual connections and to use sci-
ence practices lead to positive student learning outcomes
(Glaze and Goldston, 2015). However, few educational
resources, textbooks, or other curricular materials at the high
school and undergraduate levels integrate NGSS science prac-
tices and the content areas of both evolution and genetics. With
regard to integrating evolution and genetics, existing materials
often present these topics as disparate (Kalinowski et al., 2010;
White et al., 2013). This creates some uncertainty for educators
in how to structure their courses for optimal student learning
and leaves it to educators to make the connections in their
classes. White et al. (2013) argued that, without integrated
frameworks or perspectives, student learning is inherently com-
partmentalized and disconnected, preventing the development
of a deep understanding of evolution. To meet this need, a call
has been issued for development of additional, integrated cur-
ricular resources and for empirical data to explore this relation-
ship and its effectiveness for learning (e.g., Jordens et al.,
2016). In response, we are investigating ways to help educators
leverage vertical thinking while adhering to the principles of
NGSS through the development of new curricular materials.

The study reported here addresses these gaps in evolution
curricula. The Genetic Science Learning Center (GSLC) at the
University of Utah has developed “Evolution: DNA and the
Unity of Life,” a freely available 8-week replacement unit for
high school biology that uses the principles of NGSS by incor-
porating the science practices of arguing from evidence and
analyzing and interpreting data while integrating molecular
genetics and evolution throughout the unit. The unit maps each
evolution learning goal directly back to DNA (e.g., natural
selection acts on heritable variation in DNA that confers a
reproductive advantage, causing a change in the characteristics
of populations over time). Because thinking across levels is
challenging for students (Ferrari and Chi, 1998), the GSLC used
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research-based learning progressions and relevant learning the-
ories to inform this conceptual integration (for a full description
of the theoretical and conceptual framing, see Homburger et al.,
2019). This study was conducted as the final efficacy phase of a
multiyear curricular evaluation process.

In this research, we examine differences in student learning
outcomes and teacher-reported implementation of evolution
curricular units at the high school level. This study was con-
ducted using a randomized controlled (RCT) study design
involving 38 teachers from across the United States and their
2269 students. To our knowledge, the efficacy of high school
evolution units has not been studied using this type of design
with large participant numbers. We compared the new unit
with a comparison condition composed of teachers’ regular evo-
lution units that used the same NGSS science content standards
as the treatment condition but did not include molecular genet-
ics topics; both conditions used NGSS science practices. We use
these data to offer insights into the differences between the con-
ditions and the factors that may have contributed to the assess-
ment and implementation results.

Research Questions

The research studies summarized earlier show the importance
of teaching across organizational levels to provide a context for
student learning of evolution concepts. In this study, we sought
to add to this literature by conducting a national RCT that com-
pares a cohesive, integrated evolution unit with teachers’ typi-
cal evolution units. We hypothesized that a cohesive evolution
unit that uses the principles of NGSS and integrates across bio-
logical organizational levels will foster better learning outcomes
and teacher experiences than teachers’ typical curricula (busi-
ness as usual).

We based our investigation around two research questions:
First, what is the difference in student learning outcomes
between two curricular conditions: 1) the treatment condition,
which is a cohesive evolution unit that integrates NGSS evolu-
tion and molecular genetics science content and relevant sci-
ence practices, particularly argumentation; and 2) the compar-
ison condition, which is an aggregate of teachers’ typical
evolution units that incorporate the same NGSS evolution sci-
ence content, include science practices, but do not use mole-
cular genetics concepts to teach evolution? Because one area of
interest was the impact on student learning of incorporating
molecular genetics in the study of evolution, it would have been
preferable to compare the new unit with and without the mole-
cular genetics content (or to have a three-armed study compar-
ing these conditions with a unit without molecular genetics).
However, removing molecular genetics from the unit was not
possible, as these topics are so closely integrated throughout the
entire unit.

Second, what did implementation of curricula look like
across the two conditions, and what were the key similarities
and differences? We unpack and compare curricular features
from both conditions to speculate on what may have contrib-
uted to student learning and to teacher implementation and
satisfaction.

This work provides high school biology educators with effi-
cacy data for a cohesive replacement evolution and molecular
genetics curricular unit that incorporates the principles of
NGSS. It also offers biology education writ large empirical data
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around the question of which curricular elements may contrib-
ute to student learning of evolution. We discuss study implica-
tions for secondary and postsecondary curriculum developers,
researchers, and educators.

METHODS—UNIT EFFICACY TESTING

Research Design

This classroom field test used an RCT design to compare pre/
post evolution learning gains between students whose teachers
were randomly assigned, by an external evaluator, to one of
two conditions. The treatment condition (the new unit) inte-
grated evolution and molecular genetics concepts, while the
comparison condition used evolution-only concepts (teachers’
regular evolution units). Comparison teachers were asked to
refrain from teaching molecular genetics that year until after
the field test. Teachers in both conditions could use classical
genetics concepts (trait-level ideas) before the field test; it was
the integration of the molecular genetics concepts that we were
examining in this research.

Similarities between the Treatment and Comparison
Units. The units in both conditions were required to adhere to
the principles of the national K-12 science standards, the Next
Generation Science Standards (NGSS Lead States, 2013). The
NGSS promote science teaching and learning that foster deep,
integrated student understanding of science and scientific pro-
cesses. NGSS-aligned classrooms include opportunities for stu-
dents to learn and practice each of three dimensions of learn-
ing: disciplinary core ideas (key ideas in science), science practices
(what scientists do to investigate the natural world), and cross-
cutting concepts (making connections across the disciplines of
science). Additionally, NGSS curricular materials must articu-
late investigable questions that address core ideas and must
build instruction and student tasks around real-world phenom-
ena (NRC, 2015).

Teachers in both conditions used the same NGSS disciplinary
core ideas for biological evolution, which included:

Evidence of Common Ancestry and Diversity (HS-LS4.A)

* Genetic information provides evidence of evolution. DNA
sequences vary among species, but there are many overlaps;
in fact, the ongoing branching that produces multiple lines
of descent can be inferred by comparing the DNA sequences
of different organisms. Such information is also derivable
from the similarities and differences in amino acid sequences
and from anatomical and embryological evidence.

Natural Selection (HS-LS4.B)

* Natural selection occurs only if there are both 1) variation in
the genetic information between organisms in a population
and 2) variation in the expression of that genetic informa-
tion—that is, trait variation—that leads to differences in per-
formance among individuals.

* The traits that positively affect survival are more likely to be
reproduced, and thus are more common in the population.

Adaptation (HS-LS4.C)

* Evolution is a consequence of the interaction of four factors:
1) the potential for a species to increase in number, 2) the
genetic variation of individuals in a species due to mutation
and sexual reproduction, 3) competition for an environ-
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ment’s limited supply of the resources that individuals need
to survive and reproduce, and 4) the ensuing proliferation of
those organisms that are better able to survive and repro-
duce in that environment.

* Natural selection leads to adaptation, that is, to a population
dominated by organisms that are anatomically, behaviorally,
and physiologically well suited to survive and reproduce in a
specific environment. That is, the differential survival and
reproduction of organisms in a population that have an
advantageous heritable trait leads to an increase in the pro-
portion of individuals in future generations that have the
trait and to a decrease in the proportion of individuals that
do not.

* Adaptation also means that the distribution of traits in a
population can change when conditions change.

e Changes in the physical environment, whether naturally
occurring or human induced, have thus contributed to the
expansion of some species, the emergence of new distinct
species as populations diverge under different conditions,
and the decline—and sometimes the extinction—of some
species.

The science practices and crosscutting concepts that are used
in the treatment condition are discussed in the next section.
These curricular components varied across the units in the com-
parison conditions and will be discussed in the Results section.

The Treatment Unit. The new unit, “Evolution: DNA and the
Unity of Life” (GSLC, 2018a,b), is a free, 8-week replacement
curricular unit for introductory high school biology students. It
includes both technology-based and paper-based materials for
teachers and students. Technology is used to introduce phe-
nomena and engage students’ interest in them, to depict
dynamic or molecular-level processes, to address misconcep-
tions, and to provide summaries of key concepts. In some cases,
it is used to enable students to explore topics in depth in a less
time-consuming way. Paper-based materials support students in
data analysis and sense-making and in organizing and connect-
ing concepts and provide manipulatable models.

The GSLC’s evolution unit integrates molecular genetics
throughout, building from simpler to more complex levels of
understanding. Students analyze data that connect molecular
and evolution ideas. Scaffolded practice builds students’ ability
to develop arguments based on molecular evidence. The GSLC’s
goal was to provide students with a rich understanding of evo-
lution through a unit that is coherent (Fortus and Krajcik, 2012;
NGSS Lead States, 2013) in its content and science practices,
learning goals and objectives, assessments, language, visuals,
and teacher supports. While molecular genetics and evolution
are integrated throughout the 8-week unit, the evolution con-
tent comprises approximately 5 weeks.

In developing the unit, the GSLC unpacked the relevant
evolution and heredity/genetics disciplinary core ideas and
grouped the resulting components into topics that support the
integration of these content areas; the evolution ideas are
listed in the previous section. The GSLC incorporated only the
components of the NGSS genetics ideas necessary for explain-
ing the molecular concepts that underlie evolution and that
were useful in creating a common “molecular genetics
language” through which to convey evolution concepts. These
NGSS ideas include:
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Structure and Function (HS-LS1.A)

e All cells contain genetic information in the form of DNA
molecules. Genes are regions in the DNA that contain the
instructions that code for the formation of proteins, which
carry out most of the work of cells.

Inheritance of Traits (HS-LS3.A)

* Each chromosome consists of a single very long DNA mole-
cule, and each gene on the chromosome is a particular seg-
ment of that DNA. The instructions for forming species’
characteristics are carried in DNA.

Variation of Traits (HS-LS3.B)

* In sexual reproduction, chromosomes can sometimes swap
sections during the process of meiosis (cell division), thereby
creating new genetic combinations and thus more genetic
variation. Although DNA replication is tightly regulated and
remarkably accurate, errors do occur and result in muta-
tions, which are also a source of genetic variation.

Five modules emerged from the GSLC’s grouping of evolu-
tion and genetics ideas, with the enduring understanding for
each mapping directly back to DNA:

* Shared Biochemistry of Life: DNA and the proteins it encodes
shape the characteristics of all living things.

e Common Ancestry: DNA underlies all evidence for common
ancestry.

* Heredity: DNA mutations and allele shuffling during sexual
reproduction give rise to variation in populations.

* Natural Selection: Natural selection acts on heritable varia-
tion in DNA that confers a reproductive advantage, causing a
change in the characteristics of populations over time.

* Speciation: Mutation (DNA), allele shuffling (DNA), and nat-
ural selection acting on multiple traits over many genera-
tions in reproductively isolated populations cause the
divergence in characteristics of living things.

The GSLC also incorporated into the unit what it determined
to be the most relevant science practices and crosscutting con-
cepts. As described earlier, the science practices of making argu-
ments from evidence (Bell and Linn, 2000; Zohar and Nemet,
2002; Asterhan and Schwarz, 2007) and analyzing and inter-
preting data (e.g., Bray Speth et al., 2009; Beardsley et al.,
2011) have been shown to increase students’ evolution content
understanding. The GSLC therefore selected these as the unit’s
target practices. Specifically, the unit provides students with
opportunities to analyze and interpret skill level-appropriate
data from published scientific research about phenomena, and
it engages students in the construction of evidence-based argu-
ments based on these phenomena. The crosscutting concepts of
patterns and of cause and effect fit into discussions across both
evolution and genetics.

See Homburger et al. (2019) for a comprehensive descrip-
tion of the unit, its theoretical underpinnings and design princi-
ples, and its development process. That work also reports on
the unit’s feasibility and usability for teachers and on results
from a national pilot test with students in grades 9 and 10 intro-
ductory biology that found significant gains in students’ learn-
ing and skill in identifying claims, evidence, and reasoning in
scientific arguments. The unit can be accessed at:
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e Teacher site: http://teach.genetics.utah.edu/content/evolution
e Student site: http://learn.genetics.utah.edu/content/evolution

The Comparison Units. Comparison teachers used their regu-
lar NGSS-type evolution units/curricula, but they did not pro-
vide students with instruction on the NGSS disciplinary core
ideas of genetic inheritance and genetic variation until after the
field test was complete. Teachers’ applications to participate in
the study showed that their evolution units were between 3 and
6 weeks (one of the selection criteria, discussed in more detail
later, was trying to match the approximately 5 weeks of evolu-
tion in the treatment unit). Eighty-four percent of the teachers
used textbooks for teaching evolution topics. Eighty-four per-
cent typically taught genetics (molecular or Mendelian) before
evolution, while the rest (16%) typically taught evolution
before genetics. The science practices and crosscutting concepts
used in teachers’ regular units varied among the different units.
We describe the comparison units, including their use of science
practices and crosscutting concepts, in greater detail in the
Results section.

RCT Procedures

Participation Inclusion Criteria. We recruited 46 high school
teachers (22 treatment, 24 comparison) via the GSLC’s email
list of more than 20,000 educators nationwide. Participants rep-
resented 23 states and diverse teaching contexts, diverse stu-
dent demographics (socioeconomic, linguistic, ethnic, and racial
diversity), and teaching schedules (alternating vs. daily). Teach-
ers were included in the study if they met the following criteria:

e Teaching in an NGSS-oriented classroom, school, and/or
district

* Teaching at least two introductory or honors biology (grades
9 or 10) sections

* Willingness to participate regardless of assignment to treat-
ment or comparison condition

* Ability to access Internet-enabled computers or tablets, one
per student, for pre/posttesting and portions of the unit

* Willingness to teach their heredity/genetics unit after evolu-
tion, if assigned to the comparison condition

Permissions and Randomization. The project’s external eval-
uator assigned teachers randomly to a condition, and we noti-
fied teachers about their assignments by email. We secured
written permission from principals and, when applicable, sup-
port from the district’s external research committee. We also
received university Institutional Review Board and school/dis-
trict approval before conducting the research. Communications
between the teachers and project staff occurred regularly
throughout the year.

Field Test Procedures. During the summer before field-test-
ing, teachers in each condition took part in a condition-specific
webinar that included training on the RCT procedures. During
their webinar, teachers assigned to the treatment condition also
received brief training on how to use the unit materials in their
classrooms. Teachers then proceeded with the field test during
the academic year. Before beginning their units, all teachers
administered an online student content knowledge pretest.
Next, teachers in the treatment condition taught the entire new
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unit in each of their biology sections with no external materials.
Teachers in the comparison condition taught their regular evo-
lution units in each of their biology sections. While they were
teaching their units, all teachers were asked to complete online
logs detailing their daily teaching activities (see Teacher Imple-
mentation Data section for more details). At the conclusion of
their respective units, all teachers administered an online stu-
dent content knowledge posttest and completed an end-of-unit
survey in which they were asked to provide information about
their experiences with the unit and their perceived impact of
the unit on themselves and their students (see Teacher Imple-
mentation Data section for more details). When all steps were
complete, teachers were compensated for their participation.

Data Inclusion Criteria. The results represent data from
38 teachers (n = 19 treatment, n = 19 comparison) who
completed the research requirements and remained in the ana-
lytic sample and their 2269 students (n = 1165 treatment, n =
1104 comparison) who completed both the pre- and posttests.
Student demographics were 50% female and 50% male or not
indicated, 9% English not primary language, 36% free or
reduced-price lunch, and 36% underrepresented ethnic or racial
groups. There were no significant differences in demographic
categories between conditions. See Appendix A in the Supple-
mental Material for a summary of student demographics for
each teacher and Appendix B in the Supplemental Material for
a summary of demographic statistics for treatment and compar-
ison groups. The overall study attrition was 17%, with 14%
attrition from the treatment condition and 21% attrition from
the comparison condition. The differential attrition rate of 7%
compared with the overall attrition of 17% meets the optimistic
boundary for attrition by the What Works Clearinghouse
(WWC, 2017). See Appendix C in the Supplemental Material
for numbers of teachers and students in each condition and the
differential attrition rates.

Student Assessment

Assessment Development. Student pre/postassessment items
were developed by AAAS Project 2061, which nationally pilot-
tested and revised the items according to established proce-
dures (NRC, 2014). The assessment team began item construc-
tion by reviewing NGSS standards and identifying the evolution
constructs to be measured. Next, they identified relevant stu-
dent misconceptions by reviewing published literature and
interviewing high school students. Using this information, they
drafted multiple-choice (MC) and constructed-response (CR)
items that incorporated the targeted ideas and used published
scientific data. Designing the assessments in this way reduced
the likelihood of the assessments being biased and overly
aligned to the curriculum. The items were piloted with middle
and high school students (Homburger et al., 2019).

The project’s evaluators analyzed the alignment between the
assessment items and the curriculum’s NGSS learning goals.
The analysis indicated a need for additional assessment items
targeting the practice of argumentation and the topic of specia-
tion. The assessment team developed an additional 20 items
and pilot-tested them with 6191 high school students in 44
teachers’ classrooms.

The GSLC curriculum development team did not see the
items during the assessment development process or during
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any phase of curriculum testing. This helped ensure that the
new unit was not unfairly aligned with the assessment and,
thus, that the assessment was fair for both treatment and
comparison conditions.

In the final version of the assessment, items were distributed
across four online test forms, which were used for both pretest-
ing and posttesting. Students were randomly assigned one form
as a pretest and randomly assigned one of the three remaining
forms as a posttest. Each form contained 26 MC items and two
CR items, which assessed students’ ability to write an argument.
All test forms were designed to have the same average test dif-
ficulty, and each test had approximately the same number of
items on each topic (see Appendix D in the Supplemental Mate-
rial for the number of MC and CR items by topic). Student pre/
posttests contained one common ancestry CR item and one nat-
ural selection CR item. The common ancestry CR item was
the same on students’ pre/posttests, while the natural selection
CR item was different and asked students about slightly differ-
ent scenarios in which natural selection occurred. Students
could earn up to 12 points for each CR item. The 12-point
rubrics evaluated the specificity, sophistication, and clarity of
students’ claims, evidence, and reasoning. The reliability of a
rubric was evaluated a priori by three scorers independently
scoring a subset of student responses. Scorers met to revise and
clarify the rubric elements until they were able to obtain high
interrater reliability (>0.80) for each rubric element. Additional
information on the assessments, including the items, test forms,
and summary results for each item for the treatment and
comparison groups, can be found at http://assessment.aaas
.org/topics/3.

Data Analysis. Only items that measured NGSS disciplinary
core ideas for biological evolution (HS-LS4.A, B, C, D) were
included in the assessment data that were analyzed for this
study. The associated science practices of argumentation and
analyzing data also were included in this analysis. No items that
measured NGSS ideas for heredity/genetics (LS1.A, LS3.A, and
LS3.B) were used in the data analysis, as students in the com-
parison group did not receive instruction on those topics. Com-
parison between the treatment and comparison groups involved
a combination of Rasch modeling and hierarchical linear mod-
eling (HLM).

Rasch Modeling. Rasch modeling was used first to evaluate the
reliability of the assessments and whether or not they were suit-
able for making inferences about students. Second, Rasch mod-
eling was used to obtain student ability measures for each stu-
dent. In the Rasch model, the higher the student ability measure,
the more likely a student is to answer a question correctly.
Because these ability measures are obtained from a set of items,
they give a measure of students’ ability, or knowledge, associ-
ated with a set of items (Boone, 2016). Rasch analysis was con-
ducted using the software package WINSTEPS (Linacre, 2019).

To evaluate the reliability of the items on the pre/posttest,
we fit the pretest, posttest, and combined pre/posttest data to
three separate Rasch models. After fitting each data set, we
checked each item’s fit to the model and the overall reliability of
the model.

To obtain student ability measures on the pretest and posttest
for each student, we combined the pre/posttest data by
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“stacking” them. Stacking the data allows for pre/posttest stu-
dent measures to be measured on the same scale. This allows
for a direct comparison of student measures on the pre/posttest,
even though students completed different items on the tests.

Rasch analysis of the CR data was done by treating each
element of the CR rubric as a dichotomous item. Initially, all
rubric elements were included in the model. However, we
found that some rubric elements had a poor fit. Specifically,
rubric elements that gave students points for explicitly stating
or defining evolution ideas did not fit to the model. Students
typically did not describe natural selection or common ancestry
and then apply those ideas. Because these rubric elements did
not fit to the model, they were removed. The CR data were
therefore modeled using only rubric elements that related to
stating claims, citing evidence, and applying reasoning that
links students’ evidence to their claims.

Hierarchal Linear Modeling. Next, we evaluated the effect of the
curriculum on students’ posttest Rasch measures compared
with the comparison group. Because student and classroom
performance varies and depends on many factors, we fit stu-
dent measures from the MC and CR items to an HLM model.
This approach allowed us to determine the significance of the
treatment on students’ gains while accounting for the variation
in student and classroom performance. We used a random
intercept HLM model with a fixed treatment effect and pretest
covariate. Students’ pretest performance and whether their
class was in the treatment condition were treated as fixed
effects, while the unexplained variation in performance
between different classes was treated as a second-level random
effect. MC and CR measures were each fit to the model sepa-
rately to obtain individual treatment effects for these two mea-
sures. The mathematical representation of the model is shown
below.

Level 1—Student
Posttest, = B, +P, *Pretest, +r,

Level 2—Class
By = Yoo + Yor “TREAT; + u,

4= Yo
J

Teacher Implementation Data

We used two data sources—daily teacher logs and an end-of-
unit survey—to understand and compare the critical features of
the new and comparison units. Teachers in both conditions
received slightly different daily teacher logs (see Appendices E
and F in the Supplemental Material). However, parallel ques-
tions allowed us to compare the critical features of the different
curricula used. Both versions of the logs asked which lesson(s)
were taught and the level of emphasis (major, minor, touched
on slightly, or none) placed on the NGSS practices and crosscut-
ting concepts that day. The comparison teachers’ logs also
included fixed-choice questions about the content they taught
and the materials they used in their lessons (i.e., textbook, read-
ings outside the textbook, videos, online interactives, and other
online materials). In addition, both logs included checkboxes
with 15 options for the types of activities students participated
in that day (e.g., making arguments using evidence, using digi-
tal technology, having small-group discussions about lesson
content).
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Treatment and comparison teachers received slightly differ-
ent end-of-unit surveys. Both surveys asked open-ended ques-
tions about teachers’ attitudes toward the units they taught
(e.g., favorite and least favorite parts). The comparison condi-
tion survey included a question about whether students
directly engaged with phenomena (e.g., through laboratory
experiences). The treatment condition survey asked teachers
about their intentions to use the unit in future years and how
the unit differs from other units they have used to teach similar
content.

We reviewed the teacher logs and end-of-unit surveys for evi-
dence of content and activity implementation that would differ-
entiate the treatment from comparison lessons. We defined
“program” differentiation as the presence or absence of “critical
features that distinguish the program from the comparison con-
dition” during implementation (O’Donnell, 2008, p. 34). Content
was one key factor, as we asked the comparison teachers to cover
only evolution topics in their instruction, and not molecular
genetics. We also hypothesized that the instructional activities
would vary across conditions. For example, the new unit scaf-
folds students through the science practice of argumentation and
includes activities on bar and line graphs. We asked: Would the
comparison lessons provide opportunities to engage in the prac-
tice of argumentation or work with data? To answer these ques-
tions, we conducted an exploratory analysis of the teacher logs.

Log Selection. The treatment teachers submitted 424 logs
(range 3-54 logs) and the comparison teachers submitted 315
logs (range 2-33 logs; see Appendix G in the Supplemental
Material). These logs serve as a proxy for the amount of time
teachers spent on their curricula. Because the logs varied by
lesson content and in number per teacher, we reduced the sam-
ple to conduct a fair comparison. Similar to our approach with
the student assessments, we tried to keep the content consistent
across conditions. To do this, we restricted the treatment lessons
to only those that addressed evolution topics (common ances-
try, natural selection, and speciation) and excluded logs that
focused only on molecular genetics topics. Second, to focus on
the instruction, we eliminated logs in both conditions that
1) did not include any teaching (e.g., snow day, special event),
2) included only unit review, and 3) included only pre/posttest-
ing. After restricting the sample, the number of logs per teacher
still varied substantially within study conditions. However, log
frequency did not vary significantly between groups, t(36) =
1.54, p = 0.133, suggesting that, as a group, the treatment and
comparison teachers spent equal amounts of time on their evo-
lution lessons.

Finally, we standardized the number of logs per teacher after
establishing a minimum expectation for sampling. This ensured
that the sample would not be weighted in favor of teachers with
the largest number of lessons. We set the minimum number of
logs per teacher at nine. While we asked teachers to complete
one log for each lesson they taught, we expected that, at a min-
imum, teachers would complete two or three logs per week for
at least 3 weeks. Some teachers taught in block schedules and
did not meet with their students every day, making our estimate
that much more realistic.

We eliminated eight teachers (four from each condition)
with fewer than nine logs. Then we randomly selected nine
logs from each remaining teacher using an online program
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(Urbaniak and Plous, 2013). Our total lesson log sample was
270 (9 logs x 15 teachers per condition x 2 conditions).

Log Analysis. We conducted chi-square analysis to compare
teachers’ responses about the four science practices and cross-
cutting concepts emphasized in the treatment condition and
the checkbox list of classroom activities (the 15 options for the
types of activities students participated in that day). These
analyses helped us to understand the frequency of each type of
practice, crosscutting concept, and instructional activity in the
treatment and comparison conditions. We made Bonferroni
corrections to account for multiple comparisons, setting the p
value 0.013 for the science practices and crosscutting concepts
(0.05 divided by four comparisons), and 0.003 for the class-
room activities (0.05 divided by 15 comparisons). We obtained
Cramér’s v and phi coefficients as measures of effect size. These
coefficients are measures of association for 2 x 3 and 2 x 2
contingency tables, respectively. Their values range from —1 to
1, with absolute values of 0.2, 0.5, and 0.8, which generally
indicate small, medium, and large effects (Ferguson, 2009).
We chose to compare the effect sizes within the sample, identi-
fying relatively larger and smaller effects among the surveyed
items.

End-of-Unit Survey Analysis. We used three open-ended
questions from the end-of-unit survey as a second method of
differentiating the treatment and comparison units. Unlike the
log analysis, these responses provided us with qualitative data.
We asked teachers:

* How would you describe this unit to other biology
teachers?

* What did you like the most about the unit you taught?

* What did you like the least about the unit you taught?

We assumed that teachers would mention the most salient
features of the instructional materials. By analyzing their
responses, we hoped to gain insights into what teachers might
consider to be the distinguishing features of the treatment and
comparison curricula as a whole.

Multiple choice Pre/Post Percentage Correct

Bl Comparison (n=1,104)
[ Treatment (n=1,165)

1
80
p < 0.000
1
60
4
2
0

Pretest Posttest

p < 0.000

Percentage Correct
o

o

RCT Evolution Unit

We analyzed the three questions as a set through a combina-
tion of a priori codes and ones that emerged from the data. We
generated codes for the content, practices, and activities, along
with the positive and negative attributes of the curriculum. One
primary rater (KMB) coded all responses (n = 36 total, 18 per
condition). A second rater (DD-E) coded a random 25% sample
to establish interrater reliability, defined in this study as per-
centage of exact agreement (Stemler and Tsai, 2008). Rater
agreement for all three questions exceeded the 80% minimum
reliability threshold.

RESULTS

Student Assessments

Figure 1 shows the MC and CR pre/posttest percentage correct
for the treatment and comparison groups. There was a signifi-
cant difference in percentage correct on MC items for treatment
and comparison groups on the pretest, t(2267) = 3.5, p <
0.000, and posttest, t(2267) = 8.6, p < 0.000. Similar differ-
ences were observed for the pretest, t(2267) =-3.4, p < 0.000,
and posttest, t(2267) = 5.5, p < 0.000, on the CR items.

These findings indicate that students in the treatment and
comparison groups differed in their understanding of evolution
concepts both before and after instruction. To better account for
these differences and to determine whether the curriculum had
an impact on student performance, we first used Rasch model-
ing to obtain scaled student measures for each student based on
performance on the MC and CR items. We then used HLM mod-
eling to control for variability in the student’s posttest perfor-
mance, including controlling for their pretest performance.

Rasch Modeling

All items had infit between 0.7 and 1.3, indicating a good fit to
the Rasch models (Boone, 2016). In both models, a few items
had outfit values larger than 1.3, likely due to some low-per-
forming students correctly guessing the item. After examining
the items with larger outfit values, we did not see any obvious
reason for their slight overfitting. As the items had good infit
statistics and including items with outfits values higher than 1.3
but lower than 2 was not degrading to the overall measurement

Constructed Response Pre/Post Percentage Correct

p < 0.000
p < 0.000
1
Pretest Posttest

FIGURE 1. Percentage correct on the MC and CR tests for the treatment and comparison groups. Error bars indicate 1 SD.
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TABLE 1. Results from HLM model fit to MC measures

Fixed effects Coefficient Standard error t-ratio Approx. df p value
Intercept, v,, 0.238 0.109 2.19 2230 0.029
Treatment, v, 0.355 0.154 2.31 36 0.027
Pretest, v,, 0.562 0.024 23.2 2230 <0.001
Random effects Standard deviation Variance

Intercept, u, 0.447 0.200

level 1, r 1.000 1.000

(Linacre, 2002), we kept the items as part of the assessment.
However, the person separations and reliabilities were rela-
tively low, indicating the items may not be sensitive enough to
distinguish between multiple strata of performers.

Hierarchical Linear Modeling

Tables 1 and 2 summarize the fit of the MC and CR student
measures to the HLM model. Each fit of the student measures to
the model indicated there was a significant difference (p <
0.05) in the posttest measures between the treatment and com-
parison groups. This indicates that students in the treatment
group performed statically better on MC items, t(2231) = 2.31,
p = 0.027, and on the CR items, t(2231) =2.23, p = 0.032. We
estimated a treatment effect size for each set of measures by
dividing the treatment coefficient by the pooled SD in the
posttest measures. This gave a Cohen’s d effect size of 0.28 +
0.12 for the MC posttest measures and 0.29 + 0.13 for the CR
posttest measures. Overall, these results indicate that students
in the treatment group improved more in their performance
than students in the comparison group on both the content
knowledge—focused MC items and the argumentation-focused
CR items.

Teacher Implementation

We report two sources of information about program differenti-
ation: 1) teachers’ activity records from their lesson logs and 2)
teachers’ descriptions of their units from their end-of-unit
surveys.

Log Analysis. Recall that, in the lesson logs, teachers noted the
types of instructional activities they did each day, selecting from
a list of 15 choices (e.g., use computers or online lessons,
engage in small-group discussion, analyze and interpret data).
We hypothesized that, consistent with the curricular design
principles, teachers in the treatment condition would give stu-
dents more opportunities to engage in the science practices of
engaging in argumentation from evidence and analyzing and
interpreting data. We also expected that the treatment teachers

TABLE 2. Results from HLM model fit to CR measures

would use educational technology more frequently by virtue of
their access to the unit’s videos, interactives, and simulations.

As expected, chi-square analysis revealed that teachers who
used the new curriculum had their students use computers or
online lessons and view videos more often than the teachers in
the comparison condition (Table 3). Analyses of these activities
generated statistically significant differences with small effect
sizes. In contrast, differences between conditions in the fre-
quency of argumentation and data analysis were not statisti-
cally significant. We found the largest difference between the
two conditions in the amount of large- and small-group discus-
sions. These occurred in ~90% of the treatment lessons and
60% of the comparison lessons.

Teachers also rated the level of emphasis they placed on the
two science practices and two crosscutting concepts featured in
the treatment materials. While the frequency of opportunities to
engage in argumentation did not vary by study condition, the
relative emphasis on that practice did vary. A “great deal” of
emphasis on argumentation was included in 61.4% of the treat-
ment lessons compared with 38.5% of the comparison lessons.
This small effect was statistically significant (Table 4).

General Unit Descriptions. We coded the content, practices,
activities, and resources teachers mentioned in their responses
as a way to identify what they may have considered to be the
key components of the units (Table 5).

Across the three questions (i.e., unit description, like most
and like least about the unit they taught), we found differences
in the kinds of details teachers in the treatment and comparison
conditions shared about their units. Nearly all (94.4%) of the
comparison teachers described the evolution topics they taught,
including natural selection, fossil evidence for evolution, and
Darwin’s theories. Only about three-fifths of the treatment
teachers wrote about the content, representing a statistically
significant, moderately-sized difference between conditions;
x*(1) = 5.79, p = 0.016, effect size (¢) = 0.401. Conversely,
treatment teachers were twice as likely as the comparison
teachers to report the NGSS science practices in their unit

Fixed effects Coefficient Standard error t ratio Approx. df p value
Intercept, vy,, -2.078 0.198 -10.5 2230 <0.001
Treatment, v, 0.625 0.280 2.23 36 0.032
Pretest, v,, 0.511 0.019 26.5 2230 <0.001
Random effects Standard deviation Variance

Intercept, u, 0.823 0.677

level 1, r 1.658 2.749
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TABLE 3. Frequency of instructional activities by study condition

RCT Evolution Unit

% Yes, treatment % Yes, comparison Effect size

Activity (n=135lessons) (n=135lessons) 2 (1) P (@)
Have large-group discussions about today’s lesson topic 90.2 58.2 35.32  0.000*  0.364
Have small-group discussions about today’s lesson topic 87.9 62.2 23.37  0.000*  0.296
Work with bar graphs 40.8 18.8 15.21  0.000*  0.241
Use computers or online lessons 49.6 30.1 10.52  0.001*  0.200
View a video or film 66.7 47.7 10.10  0.001 0.194
Work with line graphs 33.1 17.3 8.71  0.003 0.182
Read a handout or assigned text 83.3 68.9 7.64  0.006 0.169
Analyze or interpret data 82.6 68.2 7.37  0.007 0.167
Make arguments using evidence 72.7 60.4 4.50 0.034 0.130
Collect data 38.6 28.8 2.87 0.091 0.104
Evaluate their own arguments 53.0 43.0 2.71  0.100 0.101
Evaluate their peers’ arguments 36.4 29.9 1.29  0.257 0.070
Do a hands-on activity (e.g., in a lab or by observing or working with 40.3 39.8 0.006 0.939 0.005

organisms)
Develop or interpret models (e.g., a picture or animation of a food chain, 46.9 48.1 0.04 0.846 -0.012

or a drawing of an atom)
Do an assessment (e.g., test, quiz, exit ticket) 26.9 41.5 6.23 0.013  -0.153

ap value is equal to or smaller than the Bonferroni-adjusted alpha = 0.003.

(66.7% vs. 27.8%), with argumentation from evidence being
the most frequently mentioned.

Consistent with the lesson logs, we found no statistically sig-
nificant difference between frequency of hands-on activities
across conditions; x2(1) = 1.78, p = 0.182. References to class
discussions, a prominent feature of the individual lesson logs,
appeared only three times in the end-of-implementation
responses, and only in the treatment teacher responses (16.7%
of the study group).

Many of the positive and negative curricular attributes that
teachers reported focused on the integration of molecular
genetics and evolution, or the lack thereof. (As a reminder, the
comparison teachers were restricted from teaching a molecular
genetics unit during the school year until after the posttest.)
Eight of the treatment teachers (44.4%) wrote about the unit’s
coherence. Five of these explicitly described the advantages of
teaching evolution with a grounding in molecular genetics. As
two teachers noted,

“The Evolution unit is a really interactive, novel approach to
teaching evolution through genetics. Genetics play such an
important role in evolution and this unit really showcases that
fact so well.”

TABLE 4. Comparison of level of emphasis on science practices
and crosscutting concepts by study condition

Effect size

Lesson emphasis n x> (3) P (Cramér’s v)
Engaging in argument from 267 14.34  0.002*  0.232

evidence
Analyzing and interpreting 265  7.72 0.052  0.171

data
Patterns 263 6.43 0.092 0.156
Cause and effect 263 3.88 0.275 0.121

*p value is equal to or smaller than the Bonferroni-adjusted alpha of 0.013.

CBE—Life Sciences Education « 20:ar50, Fall 2021

“I would describe this unit as a NGSS-aligned curriculum that
focuses on big ideas and skills in science through real life data
analysis. It aligns content that you wouldn’t necessarily teach
under the umbrella of evolution, like transcription and transla-
tion, but does it in a seamless way that allows students to fully
understand the mechanics of evolution on a micro and macro
level.”

Seven of the comparison teachers (38.9%) bemoaned stu-
dents’ difficulty understanding evolutionary concepts without a
background in molecular genetics. As one teacher wrote,

“I would not recommend teaching evolution before having
taught about DNA or heredity. There were times the students
got caught up on some of the terminology and did not always
have a deeper understanding. I could tell they struggled with
the idea of genetic variation because they did not yet know
about genetic recombination, alleles, etc. Although I think
they did okay, but not with as deep of an understanding as I
would like.”

The treatment teachers’ survey also asked whether they
planned to teach the unit or parts of it the following year, and,
if so, in what way:

e All (100%) of the teachers indicated that they will use the
unit in some way;

* 62% planned to teach it in sequence with the addition of
other curricular materials, including labs such as DNA
extraction, fossils, and descriptions of Darwin’s voyage;

* 28% planned to teach select parts of the unit;

* 5% planned to teach the entire unit but in a different
sequence; and

* 5% planned to teach the entire unit in sequence but divided
into parts during the year.

Collectively, the lesson log and end-of-implementation sur-
vey results suggest that the new evolution unit varies from the
comparison units in several ways. While the frequency of
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TABLE 5. Frequency of curricular features by study condition

% Yes, treatment % Yes, comparison Effect size
Activity (n = 18 responses) (n = 18 responses) x> (1) p (@)
Description of evolution content 58.8 94.4 5.79 0.016 —-0.401
Description of any NGSS science practices 66.7 27.8 5.46 0.019 0.389
Engagement in argumentation from evidence 50.0 0.0 12.00 0.001 0.577
Use of hands-on activities 61.1 38.9 1.78 0.182* 0.222

“p value is equal to or smaller than the Bonferroni-adjusted alpha = 0.0125.

opportunities to engage in argumentation from evidence was
similar across conditions, teachers in the treatment condition
placed a greater emphasis on this practice. In addition, the new
unit enabled students to make sense of phenomena through
discussion (the teacher guides provide discussion questions
related to the phenomena explored in each lesson). These dis-
tinctions may be associated with the differential gains in stu-
dent performance.

DISCUSSION

The findings from this study with 2269 students and their 38
teachers provide support for our hypothesis that a cohesive evo-
lution unit that uses the principles of NGSS and integrates across
biological organizational levels fosters better learning outcomes
and teacher experiences than teachers’ typical evolution curric-
ula. In addition, the results offer insight into evolution teaching
and learning and selection of curricular materials for both sec-
ondary and postsecondary educators and researchers.

Comparison of the Conditions

Multiple, interrelated curricular components likely contributed
to the observed results. The GSLC developed a three-dimen-
sional curricular unit that intertwined evolution content with
the science practices of argumentation and data interpretation
and the crosscutting concepts of patterns and cause and effect.
While we randomly assigned teachers to include (treatment) or
exclude (comparison) molecular genetics content, we cannot
attribute score differences to that content alone. The implemen-
tation surveys revealed some additional key differences in
instructional activities, suggesting that how teachers taught was
as relevant as what they taught. We consider three of the most

TABLE 6. Key similarities and differences between conditions

distinct, measured differences between the two conditions,
while acknowledging that the complex interaction of these fac-
tors likely contributed to student performance.

The implementation data, summarized in Table 6, showed
that students in the treatment condition engaged in science
practices and whole- and small-group discussions more often
than students in the comparison condition. Treatment students
used technology-based lessons more frequently, while compari-
son students completed more assessments. Both conditions
placed approximately equal emphasis on crosscutting concepts,
use of hands-on activities, evaluating arguments, and collecting
data. These similarities and differences and their potential
impact on student learning are discussed in the next four
subsections.

Integrating Molecular Genetics. Our study findings support
those from other research, which has shown increased student
understanding of evolution when molecular genetics was part
of an evolution curriculum compared with when it was not
(e.g., Jordens et al., 2016). The qualitative data from our
end-of-implementation teacher survey complement our quanti-
tative results. Many of the treatment teachers reported on the
advantages of grounding evolution in molecular genetics for
understanding the mechanics of evolution. The comparison
teachers, in turn, described the difficulty of teaching evolution
without a background in molecular genetics.

Opportunities for Science Practices. We found that the treat-
ment lessons emphasized argumentation from evidence more
than the comparison lessons. Treatment students also worked
with bar and line graphs (related to analyzing and interpreting

Treatment Comparison
Element condition condition
Time spent on evolution topics ~ 5 weeks 3-6 weeks
Disciplinary core ideas for evolution Yes Yes
Disciplinary core ideas for molecular genetics Yes No
Classical genetics No No
Science practice: analyzing and interpreting data through working with line and bar graphs? More often Less often
Science practice: evidence-based argumentation? More often Less often
Technology-based lessons (computers, online lessons, videos)? More often Less often
Topic-relevant discussions (whole and small group)?® More often Less often
Crosscutting concepts: patterns, and cause and effect Equal Equal
Use of hands-on activities Equal Equal
Evaluate own or peers’ arguments Equal Equal
Collecting data Equal Equal
Assessments (tests, quizzes) Less often More often

aStatistically significant differences.
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data) more frequently. We speculate that increased opportunities
to carry out these practices contributed to student learning.

No significant differences were found in providing students
opportunities to evaluate their own arguments, evaluate one
another’s arguments, or collect data. Both conditions used these
practices, which are important in scientific sense-making. This
suggests that the processes of collecting data and evaluating
one’s own or another’s arguments may not advance evolution
understanding as much as arguing from evidence and analyzing
and interpreting data.

The significant differences between the conditions are
revealing and potentially tell a story of practices that may ben-
efit student learning of evolution. This supports previous
research that has shown students’ understanding of evolution
improves when they use curricula that incorporate argumenta-
tion (e.g., Bell and Linn, 2000; Zohar and Nemet, 2002;
Asterhan and Schwarz, 2007) and provide opportunities to ana-
lyze and interpret data (e.g., Bray Speth et al., 2009; Beardsley
et al., 2011). Based on these findings, the GSLC unit developers
selected argumentation and working with data as the unit’s tar-
get practices. Each module includes multiple opportunities for
students to analyze and interpret skill level-appropriate data
about phenomena from published scientific research. Students
learn how to construct evidence-based arguments based on
these phenomena, using a scaffolded approach that builds
across all five modules. For example, in the first module, to
establish that all living things share the same basic biochemis-
try, students evaluate arguments about bioengineering
approaches, insulin produced by yeast, and the use of green
fluorescent protein from jellyfish in other animal models for
research. In the second module, students complete arguments
about the ancestry of cetaceans by selecting relevant evidence
from four lines: anatomy, fossils, embryos, and DNA. By the
fifth module, students independently write an argument about
a potential speciation event in flies using evidence they exam-
ine from observational and genetic studies.

Opportunities for Discussion and Assessment. Another sig-
nificant difference between the conditions was around class dis-
cussion. Treatment students engaged in large- and small-group
discussions in nearly every lesson (90% and 88%, respectively),
which was significantly more often than the comparison stu-
dents (58% and 62%, respectively).

In the treatment unit, each module is organized around
overarching and guiding questions with the idea that teachers
will use them as discussion prompts to check for understanding
as they progress through the unit. The overarching questions
connect the core ideas explored in each module to molecular
genetics concepts, while the guiding questions in each module
support the overarching question. For example, the overarching
question for the module that explores the shared biochemistry
of living things asks: “What shapes the characteristics of all liv-
ing things?” The supporting questions that guide the lesson
sequence are: “Why can living things decode the information in
each other’s genes?” and “If organisms build proteins the same
way, do they build the same proteins?” The module’s lessons
guide students in discovering that DNA and the proteins it
encodes are responsible for the characteristics of all living
things and that there are protein-level similarities among even
vastly different organisms.

CBE—Life Sciences Education « 20:ar50, Fall 2021

RCT Evolution Unit

The necessity of breaking up large data analysis tasks into
smaller chunks naturally builds in small-group discussion
(doing the analysis task) and sharing in large-group settings.
Also, in some cases, whole-group discussion questions are sug-
gested as a way for teachers to do a quick check for understand-
ing before moving on to topics that build on the content that
was just learned. The discussion prompts require students to
use molecular genetics to make sense of evolution. We specu-
late that the GSLC unit may have provided opportunities for
student-centered discussion and sense-making of evolutionary
phenomena in this way.

The results showed no statistically significant association
between study condition and frequency of assessment practices
such as tests, quizzes, or exit tickets. It is possible that the treat-
ment teachers may have interpreted the question as assess-
ments in addition to those already in the curriculum (the curric-
ulum has formative assessments embedded in each module and
an end-of-unit summative assessment). Further, as described
earlier, the treatment condition showed significantly more
large- and small-group discussions than the comparison condi-
tion, which teachers may have used as formative assessments to
help uncover student thinking.

Opportunities for Technology Use. Finally, the implementa-
tion data revealed that students in the treatment condition used
computers or online lessons and viewed videos significantly
more often than students in the comparison condition. In the
comparison condition, teachers most frequently used videos
and online interactives from HHMI Biointeractive (HHMI, nd)
and PBS (PBS, nd).

In the treatment unit, videos are used to introduce phenom-
ena and engage students’ interest in them. Animations depict
dynamic or molecular-level processes. “Click-through” interac-
tive lessons provide summaries of key concepts or address mis-
conceptions, allowing for discussion pauses, checks for under-
standing, or the opportunity to review.

Our finding of increased student learning with the treatment
unit aligns with the literature on computer technologies pro-
moting student-centered learning (Ertmer et al., 2012; Hechter
and Vermette, 2014). These technologies allow students to
observe or interact with complex and dynamic biological pro-
cesses. In addition, video can be a rich and powerful medium,
because it can present information in an attractive manner
(Wieling and Hofman, 2010). We speculate that production of
videos specifically designed for the treatment unit, as well as
the opportunities to observe dynamic and molecular-level pro-
cesses through interactive multimedia, slideshows, and videos
likely benefited student learning in the treatment condition.
Further, technology-based lessons are sometimes more time
effective than paper-based lessons (e.g, Miller et al., 2018). The
GSLC unit’s technology pieces may have helped teachers cover
more information in each class period. We speculate that the
delivery of information was more efficient than in the compari-
son lessons, which may have contributed to increased learning
gains in the treatment group.

The Effect of Curricular Coherence

We speculate that the overall coherence of the GSLC’s unit may
also have supported student learning. Coherent instructional
materials take what would otherwise be disconnected pieces
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of information and unite them (NGSS Lead States, 2013). A
coherent unit builds knowledge and skills over lessons, units,
and time (Fortus and Krajcik, 2012) and aligns target science
ideas and varying depths of those ideas (Schmidt et al., 2005).

In the “Evolution: DNA and the Unity of Life” unit, the devel-
opers used the principles of curricular coherence to achieve
their goal of effectively bringing molecular genetics and evolu-
tion together. They carefully selected their methods of integrat-
ing molecular genetics and evolution topics based on learning
progression literature (see Homburger et al., 2019). Key mole-
cular genetics concepts and processes are repeated or referred
to in lessons throughout the unit at relevant points. In this way,
the unit establishes a common “molecular genetics language”
through which to convey evolution concepts. As described in
the introductory section of Homburger et al. (2019), the GSLC
team’s science content experts, along with scientists and teach-
ers, determined which molecular concepts reflected the litera-
ture on student sense-making while learning evolution.

The developers used the approach advocated by Fortus and
Krajcik (2012) around building curricula that progress from sim-
pler to more complex levels of understanding and specifying
how students should use these understandings. Lessons in the
final module of the unit (“Speciation”) bring together the key
concepts from the previous four modules while tasking students
with connecting those concepts to explain the divergence in
characteristics of living things. Key module-level learning goals
inform embedded formative assessments in each module. Fur-
ther, the developers embedded these assessments strategically to
measure student learning while teachers still had time to use the
feedback to inform instruction. This speaks to the frequent use of
discussion in the treatment condition. Finally, it is likely that the
development team’s multiple rounds of classroom testing and
iterative revision processes streamlined the treatment unit and
contributed to its coherence (Homburger et al., 2019). Perhaps
as a result, nearly half of the treatment teachers in our study
mentioned the coherence of the content in the end-of-implemen-
tation survey. While we did not directly examine the coherence
of the comparison conditions, the treatment teachers’ comments
suggest that they found this to be a distinctive feature.

Study Limitations

As with most RCT designs in educational settings, this study has
several limitations worth highlighting. First, the research design
and the treatment unit do not allow us to definitively separate
the effects of integrating molecular genetics on student learning
outcomes. To understand this effect, our design would have
needed to include a comparison condition in which the new
unit was taught without the integrated molecular genetics com-
ponents. However, this was not possible to do with a unit in
which these concepts are so tightly interwoven. Another
approach to testing this would have been to create subtests in
order to obtain separate measures for each topic. We could have
used these measures in regression or path analysis models to
examine how the different measures correlate with one another.
However, we determined that these measures have poor reli-
ability and are not distinct. These regression models would
result in a large error in the fit statistics. Another possibility to
control for molecular genetics more tightly would have been to
provide comparison teachers with a unit for everyone to use
that did not include molecular genetics. However, this approach
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would have involved developing an additional unit, which was
outside the scope of funding for this project.

Second, identifying a fair comparison or comparison group
is difficult and often problematic (Drits-Esser et al., 2014). As
such, we had to consider what constituted a fair comparison
group that was practical for teachers. We determined that we
could come close by aligning the treatment unit’s NGSS connec-
tions to the requirement for the comparison connections. Our
definition of an NGSS comparison unit was limited to “using the
same evolution disciplinary core ideas as the treatment unit.”
We based our guideline for establishing an NGSS comparison
unit on teachers’ answers to questions on the application about
their current use of NGSS.

Our review of the literature suggested that most RCT studies
that investigate the efficacy of NGSS-oriented curricula used
teachers’ standard curricula (also called business as usual) as
comparison conditions (e.g., Hand et al., 2018; Taylor et al.,
2015; Batiza et al., 2016; Llosa et al., 2016; Rachmawati et al.,
2019; Kim et al., 2020; Schiefer et al., 2020). This type of com-
parison condition is common, because it can provide evidence
that the innovative treatment was superior to what is currently
considered standard practice. While identifying a fair compari-
son group is difficult and no solution is perfect, our decision to
compare the GSLC’s innovative NGSS-friendly curriculum with
existing NGSS comparison curricula is an accepted method of
conducting an RCT study.

A third limitation revolves around the problematic nature of
measuring implementation. We had to develop a reasonable,
cost-effective research design that would measure implementa-
tion in classrooms across the United States. Teacher self-report
includes bias and cannot capture everything that may be
important to note. However, for our study, this method of data
collection was the most practical, as we were unable to conduct
classroom observations in multiple states.

Finally, additional implementation factors may have
influenced the results. First, the treatment group used one
set of curricular materials, while the comparison group used
many different types of textbooks and other materials. Thus,
there was more variation in the comparison group, which
likely led to an underestimation of effect size (Kraft, 2020).
Second, there may have been a practice effect in favor of the
comparison group. The treatment teachers were using a new
curriculum, while the comparison teachers were using units
they had previously implemented. Ideally, we would have
conducted the study a year after treatment teachers first
implemented the new unit to at least partially stave off the
practice effect. Third, there may have been a Hawthorne
effect, or an effect of being monitored or observed on out-
comes. The teachers knew they were participating in a
research study and were self-reporting their practices, which
may have caused them to do the “best” implementation of
the curricular materials that they could. This could favor
both conditions equally.

Future Research

Additional research is needed on molecular genetics and evolu-
tion in curricula using different research designs, methods, and
comparison groups. While the treatment unit provides one
model for successful integration, there are other methods to
study. This growing field still has much to learn.
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The limitations in this study leave the door open for interested
investigators to conduct further research into many aspects of the
“Evolution: DNA and the Unity of Life” unit. For example, further
investigation into the implementation results would add to our
understanding of the unit’s effects. This could include under-
standing the specific differences in the types of conversations that
occurred during large- and small-group discussions. What did
students discuss, and what science practices did those discussions
reflect (argumentation, explanation, computational thinking,
etc.)? How—if at all—do students incorporate information from
prior modules and lessons into their discussions? What evidence
do these discussions provide about the progression of students’
evolutionary reasoning? What is the instructional experience of
students who are members of groups that are underrepresented
in evolutionary science (Mead et al, 2015; Barnes et al., 2020)?

In our study, teachers implemented the treatment unit under
closely prescribed conditions. We asked them to teach the cur-
riculum strictly in sequence, and not add, delete, or substitute
activities. When asked how they would teach the curriculum in
the future, however, some respondents indicated that they
would supplement it with other materials or somewhat alter
the sequence. It is expected and even desired for teachers to
adjust their instruction to accommodate the prior knowledge
and experiences of their students. However, the extent to which
these adaptations maintain the activities’ core cognitive
demands and facilitate the integration of molecular genetics
and evolution is unknown (Tekkumru-Kisa et al., 2020). Future
research could investigate these variations to determine their
effect on students’ evolution knowledge and reasoning. It also
would be helpful to identify professional development that can
best support teachers in integrating molecular genetics and
evolution in their instruction.

CONCLUSIONS

The results from this national randomized controlled trial study
revealed that students exposed to the “Evolution: DNA and the
Unity of Life” curriculum outperformed students who learned
with their teachers’ regular evolution curricula. This was true
for both measures of evolution content and for argumentation
from evidence. Our findings suggest that this outcome could be
due to a combination of cognitive advantages from using a cur-
ricular unit that emphasizes and scaffolds constructing argu-
ments from evidence, involves analyzing and interpreting skill
level-appropriate data about phenomena, provides frequent
opportunities to engage in large- and small-group discussions,
and incorporates technology. Further, the unit was developed
using principles of curricular coherence to integrate mole-
cular genetics and evolution throughout.

The comparison units provided fewer opportunities for stu-
dents to engage in these NGSS science practices, to participate
in large- and small-group discussions, and to utilize technol-
ogy. While the tightly integrated nature of the unit prevented us
from teasing out the effects of each of these curricular compo-
nents on student learning, our findings lend themselves
to opportunities for further research into the ways in which
these curricular elements support evolution learning.
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