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Abstract

To realize the promise of the Next Generation Science Standards, educators require new three-dimensional, phenom-
enon-based curriculum materials. We describe and report on pilot test results from such a resource—Evolution: DNA
and the Unity of Life. Designed for the Next Generation Science Standards, this freely available unit was developed for
introductory high school biology students. It builds coherent understanding of evolution over the course of seven to
8 weeks. Based around multiple phenomena, it includes core ideas about evolution, as well as pertinent core ideas
from heredity. The unit integrates relevant crosscutting concepts as well as practice in analyzing and interpreting
skill-level-appropriate data from published research, and constructing evidence-based arguments. We report results
from a national pilot test involving 944 grade nine or ten students in 16 teachers’ classrooms. Results show statistically

significant gains with large effect sizes from pretest to posttest in students’ conceptual understanding of evolution
and genetics. Students also gained skill in identifying claims, evidence, and reasoning in scientific arguments.

Keywords: Evolution, NGSS, Curriculum, Secondary, Teaching, Molecular genetics, Argumentation, Data analysis

Introduction

The Framework for K-12 Science Education (National
Research Council 2012) and the Next Generation Sci-
ence Standards (NGSS) (NGSS Lead States 2013) derived
from the Framework delineate a vision for K-12 science
education that integrates disciplinary core ideas, science
practices, and crosscutting concepts. Our project team
has responded to the Framework’s call for new curricu-
lum materials and assessments on evolution that inte-
grate these three dimensions. The materials are freely
available and easily accessible online at http://teach.genet
ics.utah.edu/content/evolution/.

Evolution is fundamental to understanding biology
(Dobzhansky 1973; National Research Council 2012),
and it is widely accepted as a unifying, cross-disciplinary
concept in science (Gould 2002). According to Glaze
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and Goldston (2015), “For a person to be truly scien-
tifically literate and able to make logical choices based
on an understanding of scientific concepts, they must
understand and be able to apply the concepts of evolu-
tion directly and indirectly to problems. Evolution is in
essence the defining feature of living things that differ-
entiates us from the nonliving matter of the universe” (p.
501). The NGSS similarly consider evolution to be foun-
dational in biology and incorporate aspects of evolution
across grade levels (Krajcik et al. 2014; NGSS Lead States
2013).

Yet elementary through postsecondary students,
and the general public, have a poor grasp of this essen-
tial science idea (reviewed in Gregory 2009). Research
has documented that evolution is difficult to teach and
learn (Borgerding et al. 2015). A national assessment
of students’ ideas about evolution and natural selection
found that misconceptions related to common ancestry
were among the most prevalent (Flanagan and Roseman
2011). Barnes et al. (2017) found that cognitive biases
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significantly interfere with student learning of concepts
in evolution. Specifically, teleological reasoning impairs
student understanding of natural selection. Students
have a poor understanding of evolutionary time (Cat-
ley et al. 2010), and they misinterpret evolutionary trees
(Meir et al. 2007). They also have difficulty applying their
knowledge of evolution to everyday issues (Catley et al.
2004). The most common student-held alternative con-
ceptions about natural selection are rooted in misunder-
standings about heredity (Bishop and Anderson 1990;
Kalinowski et al. 2010; Nehm and Schonfeld 2008). The
genetic mechanisms of mutation and random variation—
key to understanding evolution—are particularly difficult
for students to grasp (Morabito et al. 2010). Therefore,
researchers have called for a stronger genetics compo-
nent in students’ study of evolution (Catley et al. 2010;
Dougherty 2009).

Research (two studies with high school and one with
undergraduate students) on curricula that integrate
genetics and heredity suggests that this approach reduces
students’ alternative conceptions about evolution (Banet
and Ayuso 2003; Geraedts and Boersma 2006; Kalinow-
ski et al. 2010). Other research has shown that teaching
genetics before evolution significantly increased high
school students’ evolution understanding compared to
when genetics was taught after evolution (Mead et al.
2017). This difference was especially evident in lower-
achieving students, where evolution understanding
improved only when genetics was taught first. Some liter-
ature has described practitioners integrating these topics
in their classroom (e.g., Brewer and Gardner 2013; Heil
et al. 2013). Yet few widely available curriculum materi-
als foster this integration, preventing students from eas-
ily making conceptual connections (e.g., Biggs et al. 2009;
Miller and Levine 2008; Hopson and Postlethwait 2009).

Researchers have advocated for evolution instruction
that not only integrates genetics, but also includes sci-
ence practices, such as analyzing and interpreting data
(Catley et al. 2004; Beardsley et al. 2011; Bray et al. 2009)
and arguing from evidence, to foster student learning.
Several studies have shown that students’ content under-
standing increases when argumentation is an explicit
part of instruction (Asterhan and Schwarz 2007; Bell and
Linn 2000; Zohar and Nemet 2001).

Finally, researchers in science education have called
for embedded formative assessments in curricu-
lum materials (Achieve, Inc. 2016). Teachers can use
these assessments to uncover student thinking and
inform further instruction (Ayala et al. 2008; Furtak
et al. 2016). The well-documented benefits of forma-
tive assessments in supporting student learning (e.g.,
Kingston and Nash 2011) include narrowing achieve-
ment gaps between high and low performing students
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(Black and Wiliam 1998). Performance-based forma-
tive assessment tasks provide opportunities for stu-
dents to explain their thinking though written activities
(Kang et al. 2014). They can take many forms, including
constructed response (Ayala et al. 2008) and multiple
choice with written justification (Furtak 2009), among
others.

Research has shown that high-quality curricular inter-
ventions play an important role in student learning. In a
review of 213 studies on evolution teaching and learning,
researchers found that curricula that provide students
(and teachers) with appropriate conceptual connections
and opportunities to use science practices positively
impact student understanding (Glaze and Goldston
2015).

In response to the calls for new curricula that integrate
the three major dimensions of NGSS, and for materials
that address widespread misunderstandings related to
biological evolution, the project team has developed and
pilot tested an evolution curriculum unit for introduc-
tory high school biology. The unit fosters coherent stu-
dent understanding of evolution through the integration
of pertinent heredity core ideas, relevant crosscutting
concepts, opportunities to analyze and interpret skill-
level-appropriate data from published scientific research,
and opportunities to construct evidence-based argu-
ments. Further, the unit uses high-quality multimedia
pieces to bring molecular-scale process and other diffi-
cult-to-understand concepts to life. Key molecules, such
as DNA, mRNA, and proteins, are illustrated in a similar
visual style across the module’s materials. This consistent
visual language adds a level of cohesion, helping students
make conceptual connections across topics.

This article describes the Evolution: DNA and the Unity
of Life unit (Genetic Science Learning Center 2018a, b),
and outlines the unit’s development and national pilot
testing processes. The curriculum pilot test corresponds
to the Design and Development phase of educational
research (IES and NSF 2013) requiring a theory of action,
articulation of design iterations, and initial evidence of
effectiveness (i.e., To what extent does the new unit show
promise for increasing student achievement?). The pri-
mary goals of the pilot test were to

1. Evaluate and improve the usability of the materials
for teachers and students;

2. Gauge teachers’ perceptions of the educational value
of this unit compared to the evolution curriculum
materials they have used in the past; and

3. Gather initial evidence of student learning gains from
the unit.
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This work sets the stage for further field testing of the
unit using a randomized controlled trial, which is beyond
the scope of this paper.

The pilot testing process, including iterative revisions
and re-testing, is an essential component of our cur-
riculum development process. The feedback from each
goal informed curriculum revisions, most of which we
re-tested with a different group of students and teachers
in the second half of the school year. Here, we describe
the curriculum experiences of 20 pilot teachers (16 of
whom completed all research requirements), and present
assessment results from 944 students.

Evolution: DNA and the Unity of Life curriculum unit
Unit overview
Evolution: DNA and the Unity of Life is a 7- to 8-week,
comprehensive curriculum unit. Available for free, the
unit’s paper-based and interactive multimedia lessons
were designed for the NGSS. Namely, they engage stu-
dents in high-interest phenomena and provide opportu-
nities for students to ask scientific questions, use models,
analyze skill-level-appropriate data from published sci-
entific studies, and construct evidence-based arguments.
The unit incorporates the crosscutting concepts of pat-
terns, systems and system models, and cause and effect.
Lessons are organized into five modules, each struc-
tured around a guiding question and age-appropriate
phenomena. Table 1 outlines this structure, as well as
the components of the NGSS featured in each module.
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The disciplinary core ideas (DCls) listed there are the
ones whose components are most strongly featured. In
some cases, to better integrate heredity and evolution
concepts and to accommodate the featured phenom-
ena, we unpacked the components of each DCI and
arranged them more fluidly across several modules.

While the unit does not directly address the NGSS
performance expectations (PEs) for LS4, Biological
Evolution, it does incorporate most of the relevant
DClIs, science practices (SEPs), and crosscutting con-
cepts (CCs) contained within those PEs—as well as
those from LS3, Heredity. Thus, the unit should help
to progress students toward being able to complete the
PEs. One reason we decided to address the Biological
Evolution PEs indirectly was that they did not integrate
concepts from heredity as fully as we set out to do in
our unit. We decided that this indirect fulfillment of the
PEs would make the unit consistent with NGSS while
also maintaining its flexibility for teachers in states that
have not adopted NGSS. We also anticipated that this
will help to maintain the unit’s relevance in the com-
ing years as teaching standards and practices continue
to change.

Rather than taking a historical perspective, the unit
begins with some of the newest, strongest, and most
compelling evidence of shared ancestry: all life on earth
shares a set of genes and processes required for basic
life functions. The unit’s lessons continue to revisit the
molecular basis of observable phenomena, highlighting

Table 1 Guiding questions, phenomena, and NGSS connections for each module

Module Driving question Phenomena used DCls SEPs CCs
Shared biochemistry ~ What shapes the characteris- Glowing fish HS-LST.A Using a model Systems and systems
tics of all living things? Firefly tails HS-LS3.A° Analyzing and interpreting models
HS-LS4.A data Patterns
Argumentation from
evidence
Common ancestry What is the evidence that Cetacean fossils, anatomy, HS-LS4.A  Analyzing and interpreting  Patterns
living species evolved embryos, and DNA data Cause and effect
from common ancestral Number of shared genes Argumentation from
species? between organisms evidence
Heredity How do the differences arise  Canine trait similaritesand ~ HS-LS3.A° Using a model Cause and effect
in DNA that lead to differ- differences HS-LS3.B Argumentation from
ences in characteristics? Highly variable pigeon traits evidence
Natural selection How do species change over Rock pocket mice coloration HS-LS4B  Analyzing and interpreting  Patterns
time? Variable lateral plate number HS-L54.C data Cause and effect
in stickleback fish Argumentation from
Evidence
Speciation How does natural selection  Species is a human con- HS-LS4.C  Analyzing and interpreting ~ Cause and effect

lead to the formation of
new species?

struct

Hawthorn fly speciation

data
Argumentation from
evidence
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the connections between DNA, protein synthesis, and
inherited traits. Thus, the unit explicitly connects these
causative mechanisms with the types of observations and
inferences that scientists began making in the 1850s. It
features DNA as both a source and a record of the unity
and the diversity of life.

The modules, and most lessons within, can be used
individually or together in sequence (Table 1). With
the exception of Shared Biochemistry, each module
features one phenomenon that students explore in
depth. To illustrate that the principles apply broadly,
each module incorporates several additional examples.

When used in sequence, the modules first estab-
lish DNA as a blueprint for all living things, and then
carry the DNA theme throughout. Later modules
highlight DNA’s underlying role in variations in her-
itable traits, which are shaped through natural selec-
tion into diverse life forms. So that the materials would
be widely usable across student and teacher popu-
lations, the modules on common ancestry, natural
selection, and speciation focus on non-human exam-
ples—though they leave room for human examples,
should teachers feel comfortable using them. Through-
out the unit, a scaffolded claims-evidence-reasoning
framework (Berland and McNeill 2010; Kuhn 2015;
Osborne 2010; Toulmin 1958) is designed to gradu-
ally build students’ skills in constructing arguments
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from evidence. The descriptions below offer a gen-
eral outline of the conceptual flow of the modules and
describe sample lessons.

Shared biochemistry: what shapes the characteristics
of all living things?

The unit’s first module, Shared Biochemistry, establishes
DNA and the process of protein synthesis as common
and essential to all life. The module’s lessons address the
universal structure and function of DNA and proteins. A
series of online and paper-based lessons engage students
in modeling the process of protein synthesis at three dif-
ferent levels of detail (two of these are shown in Fig. 1).
After establishing that all living things make proteins the
same way, lessons task students with comparing amino
acid sequences from a variety of organisms. Students
identify patterns in the sequence data to reveal that even
vastly different living things have proteins in common.
Finally, this module introduces argumentation. A video
describes scientific argumentation as a method for com-
batting natural human cognitive biases, and it introduces
the claim, evidence, and reasoning components of an
argument. Students compare and contrast sample argu-
ments, one well-written and one poorly written, for each
of two bioengineering phenomena: whether insulin is
better medicine for people with diabetes when it is iso-
lated from animals or bioengineered in bacteria or yeast,

Do this with your model:

Put the window of the Trans-
lation machine over the first
AUG on the mRNA strand.

Look at the Amino Acid Co-
don Chart; notice that AUG
codes for methionine (M). M
is already marked in the first
square on your protein strip.

s | Slide the window of the

g |Translation machine to the

e next group of 3 bases (codon).
on | Look up the codon on the
Amino Acid Codon Chart, and
t write the one-letter code in )
me |the nextsquare on the protein
strip.

nd TIP: To use the chart, find the
first letter of the codon in the
center and read outward to
find the right amino acid.
- Continue sliding the Transla-
A tion machine along the mRNA
Hons |strip, looking up each codon
ds to | on the table, and writing the
amino acids’ one-letter code
on the protein strip.
When you reach a codon that
codes for STOP in the Table,

foialad

hain.

me

connections across lessons

Fig. 1 “How a Firefly’s Tail Makes Light” animated video (right) provides an overview of transcription and translation, showing it in the context
of an organism and a cell. The paper-based “Paper Transcription and Translation”activity (left) provides a model of the process at the molecular
level. These and other activities use consistent visual depictions of molecules involved in cellular processes, helping students make conceptual
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and whether mouse cells can make functional firefly lucif-
erase protein. Students practice identifying each compo-
nent in the sample arguments and evaluate the merit of
the arguments according to the inclusion or exclusion of
these components. By the end of the module, students
should understand that living things are similar at the
molecular level, and that these similarities are rooted in
DNA—strong evidence that all living things share a com-
mon ancestor.

Common ancestry: what is the evidence that living
species evolved from common ancestral species?
The next module, Common Ancestry, explores the four
lines of evidence for common ancestry, as specified in
the NGSS: fossils, anatomy, embryos, and DNA. Through
a comprehensive case study (Fig. 2), students analyze
data from each line of evidence to deduce the ancestry
of cetaceans (whales, dolphins, and porpoises). DNA
is presented as underlying all of the other lines of evi-
dence. Within the case study, students continue build-
ing argumentation skills as they practice identifying the
evidence that supports claims and reasoning about ceta-
cean ancestry. The lessons introduce tree diagrams as a
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system for organizing information and hypotheses about
relationships. Finally, students use an interactive phylo-
genetic tree (Fig. 2) to identify patterns in genetic data
that help indicate the relationships among sample organ-
isms. Through this module, students learn that multiple
lines of evidence corroborate hypotheses about common
ancestry, similarities among organisms suggest related-
ness, and DNA underlies the similarities and differences
in each line of evidence.

Heredity: how do the differences arise in DNA

that lead to differences in characteristics?

The Heredity module examines the genetic processes that
generate variation among individual organisms. Focus-
ing first on the source of variation in genes, multime-
dia presentations introduce the process and outcomes
of DNA mutations. Next, students use a paper-based
model to make a random mutation in the Human Leu-
kocyte Antigen-B (HLA-B) gene (Fig. 3). They learn how
the mutation affects the gene’s protein product, and they
compare their mutation to known variants. Having estab-
lished how mutation generates different versions of genes
(i.e., alleles), the module lessons next demonstrate how

,
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MOUSE (M. musculus)

The house mouse is a vertebrate and a
mammal. Like other mammals, it has an
internal skeleton with a backbone, it grows
fur, and it makes milk for its babies.
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Fig. 2 Common Ancestry's paper-based series “Fish or Mammals?” (right) leads students on a data-based exploration of the four lines of evidence
for common ancestry: fossils, anatomy, embryos, and DNA. Each new piece of evidence leads to a more-detailed understanding of cetaceans’
relationship with other species, finally revealing that their closest living land-dwelling relative is the hippopotamus. In the online “Interactive
Phylogenetic Tree” (left), students explore DNA, which is both a source and a record of evolutionary relatedness. Students choose pairs of organisms
on the tree to reveal the number of genes they share (based on published data). This activity reveals the pattern that more closely related
organisms, which share a more recent common ancestor, have more genes in common than more distantly related ones
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Fig. 3 Two paper-based activities in the Heredity module model the two sources of genetic variation. In “Mutate a DNA Sequence” (left), students

Mark your mutatior

introduce a random mutation into a gene and see its effect on the protein product. In“Build-a-Bird” (right), students use paper models of
chromosomes to carry out the crossing-over step of meiosis. They randomly combine chromosomes from two parents and decode the alleles
to draw a pigeon with the appropriate traits. As a class, they see how recombination and the random combining of parental chromosomes can
generate offspring with a variety of trait combinations that were not present in the parents

the shuffling of alleles during sexual reproduction gener-
ates variation in a population. Students use a paper-based
model of this process in pigeons (Fig. 3), generating a
population of birds with an array of characteristics based
on known alleles. The model concentrates specifically on
recombination and the random combining of gametes
rather than the mechanics of meiosis, focusing on the
points at which variation is generated. The argumenta-
tion practice built into this module tasks students with
identifying the appropriate reasoning that links evidence
to claims about the source of genetic variation. From
this module students learn that two processes increase
genetic variation in a population: mutation gives rise to
variations in genes (alleles), and sexual reproduction gen-
erates new combinations of these alleles.

Natural selection: how do species change

over time?

The Natural Selection module focuses on the process by
which genetic traits become more or less frequent over
time, gradually leading to changes in the characteristics

of a population. As species-level changes come about
through the same mechanisms, this population-level view
prepares students for learning about speciation later. A
simulation demonstrates an intuitive example: selection
of coat color variants in rock pocket mice in two differ-
ent environments. Several lessons are centered around
a real population of stickleback fish in which research-
ers have observed a change in body armor. Beginning at
a virtual lake (Fig. 4) based on the actual lake), the web-
based interactive and associated lessons guide students
in analyzing published scientific data. Lessons introduce
three criteria for natural selection: variation, heritability,
and reproductive advantage. Students analyze relevant
data, and then evaluate the extent to which the observed
change in the stickleback population meets these criteria.
Students organize evidence on a checklist (Fig. 4), which
they use to write a supported argument. As reinforce-
ment, students evaluate other examples of changes in
characteristics over time. They analyze data, then apply
the same three criteria to decide whether the examples
meet the requirements for natural selection (some do
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Fig. 4 Several lessons in the Natural Selection module explore a population of stickleback fish. In the “Loberg Lake Stickleback Data Collection”
simulation (left), students gather samples of fish at three time points and arrange them on a graph according to their numbers of lateral plates. An
accompanying teacher website (not shown) randomly distributes the data to each student, controls students’ progression through the simulation,
and aggregates the data from all students to generate a class bar graph for each sampling period. The “Natural Selection Checklist”argumentation
scaffold (right) helps students organize evidence from this activity and others in the module, preparing them to write an evidence-based argument

and others do not). At the module’s conclusion, students
should understand that natural selection acts on exist-
ing heritable trait variations that confer a reproductive
advantage, and that this process causes a DNA-based
variation to become more or less frequent in a population
over time.

Speciation: how does natural selection lead

to the formation of new species?

The final module, Speciation, investigates what hap-
pens when natural selection acts on genetic variation in
isolated populations over longer time scales. The mod-
ule begins by introducing the concept of “species” as a
human construct, with a definition that varies accord-
ing to what scientists are studying and for what pur-
pose. Through the lens of the biological species concept,
which focuses on reproductive isolation, students explore
several ambiguous examples. These examples demon-
strate that species are not always distinct, nor are they
fixed—setting the stage for students to understand spe-
ciation as a process. Next, students delve into a data-rich

case study of Rhagoletus flies, again based on published
research (Fig. 5). These flies may be diverging into two
species based on their preferences for different host fruit:
apples or hawthorn berries. Students analyze data about
the flies’ life cycles, allele frequencies, and host fruit
preferences.

An organizing worksheet guides students in compil-
ing the various lines of evidence, helping them decide
whether the flies are reproductively isolated, and whether
different heritable characteristics are being selected for in
each population. Weighing the evidence, students deter-
mine where the populations fit on a continuum between
“same species” and “different species.” Using their organ-
ized evidence, students write a supported argument that
justifies their chosen placement along the continuum.
The module (and unit) concludes with a video that con-
nects multiple processes—genetic variation, natural
selection acting on multiple traits over many genera-
tions, and reproductive isolation—to explain the con-
tinuous branching of genetic lineages and the divergence
of life over time. Through this module, students should
understand the processes that cause characteristics of
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the populations are one species or two, or somewhere in between

Fig. 5 In the Speciation module, students investigate two populations of Rhagoletis flies that are potentially diverging into two species. The
“Hawthorns to Apples”video (left) introduces the example. In the paper-based “New Host, New Species?” activity, groups of students analyze data
about life cycles, host fruit preference, and allele frequencies. The Speciation Organizer (right) helps students organize their evidence and evaluate it
according to four criteria for speciation: reproductive isolation, differential selection, hybrid viability, and allele mixing. Students then argue whether
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living things to diverge, and that species differ from one
another across multiple heritable traits.

Built-in assessments

Formative assessments (Fig. 6) are embedded in the les-
son sequence of each module. The tasks provide oppor-
tunities for students to explain their thinking though
written activities and other forms of work, eliciting and
revealing complex student cognitions (Coffey et al. 2011;
Kang et al. 2014). The assessments are designed to help
teachers quickly and efficiently evaluate students’ pro-
gress and refocus instruction as needed. The highly vis-
ual tasks use short writing prompts and multiple-choice
items with written justification. They evaluate students’
conceptual understanding, data analysis and interpreta-
tion skills, and argumentation skill. At the end of the unit,
teachers may administer one of two optional open-ended
summative assessments, both of which ask students to
reflect on their understanding of evolution using evi-
dence-based justifications for their responses. One of the
assessment options uses two items from the ACORNS
instrument (Nehm et al. 2012), which assesses students’
written explanations of evolutionary change and can
be scored using the related online, free EvoGrader tool
(Nehm 2011).

Accessing the unit

The unit’s materials are freely available and hosted on two
parallel websites: one for students (http://learn.genetics.
utah.edu/content/evolution/), and the other an enhanced
version for teachers (http://teach.genetics.utah.edu/conte
nt/evolution/). The teacher site contains a wealth of sup-
port materials. It includes guiding questions and learn-
ing objectives; short videos that summarize each module;
at-a-glance lesson summaries that include connections
to NGSS SEPs and CCs; in-depth guides with sugges-
tions for implementation; copy masters; answer keys; and
discussion questions. Video guides support teachers in
implementing some of the more complex lessons.

The suggested lesson sequence and implementation
instructions are consistent with the NGSS topic arrange-
ments. But because education standards vary by state, the
unit’s lessons were designed to be used flexibly. They may
be used in whole or in part, with or without the addition
of outside materials. The unit’s lessons are designed to
be easily accessible and cost effective. Hands-on activi-
ties use only low-cost materials that are readily available
in most classrooms. Teacher instructions include tips for
minimizing and re-using material resources. Nearly all of
the online components work across platforms, including
on tablets and smartphones.


http://learn.genetics.utah.edu/content/evolution/
http://learn.genetics.utah.edu/content/evolution/
http://teach.genetics.utah.edu/content/evolution/
http://teach.genetics.utah.edu/content/evolution/
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silk protein. Why is this so? Evaluate the models.

Scientists can put spider genes into yeast. The yeast can decode the spider genes to make spider

MODEL 1 1. The yeast transcription
machine cannot read the
spider gene, so yeast uses

e a machine from a spider to
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2. The yeast translation
machine cannot read the
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Machine
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need extra practice

Fig. 6 In this assessment task, students choose a model that best describes why yeast can decode spider genes to make spider silk protein. The
teacher website (not shown) includes other ideas for assessments, which teachers may choose if they have more time available or if their students

Unit development and early testing

The Evolution: DNA and the Unity of Life unit was devel-
oped by the Genetic Science Learning Center (GSLC) at
the University of Utah. The team included curriculum
developers, instructional designers, biology education
specialists, science writers, multimedia producers, visual
designers, animators, computer programmers, videogra-
phers, a music composer and audio engineer, web devel-
opers, and education researchers, along with significant
input from teachers and scientists with relevant exper-
tise. Pre/post assessments for evaluating student learn-
ing of the target science ideas were developed by AAAS
Project 2061.

Theoretical framing of the curriculum

Each stage of unit development was informed by the
GSLC team’s theory of change. We posited that students
will better understand the disciplinary core ideas about
biological evolution when curriculum materials and
instruction:

« Integrate pertinent topics in heredity;

+ Provide opportunities to analyze and interpret data;

+ Engage students in argument from evidence;

+ Include consistent visual depictions of key molecules
and processes.

Our development framework drew on constructiv-
ist, conceptual change, and situated cognition theories
of learning. The curriculum guides students in con-
structing knowledge about evolution through a process
of hypothesis testing and interacting with phenomena
(Driver 1995). During these processes they have oppor-
tunities to access their current understandings and
evaluate them in light of the learning experience(s) in
which they are engaged. The resulting cognitive disso-
nance supports students in modifying their conceptual
structures (Strike and Posner 1992). Social interactions
and communication with other students that involves
explicating, exploring, and exchanging ideas contribute
to this process and reinforce learning that is congruent
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with the scientific ideas and theories that have been
socially constructed by the scientific community. Stu-
dents use authentic scientific tools and practices to gain
new knowledge and skills, while their teachers pro-
vide scaffolds to support student learning (Brown et al.
1989).

Our development framework was informed by several
learning progressions. Catley et al. (2004) developed an
evolution learning progression for elementary and mid-
dle school grades that “unpacks” AAAS Benchmarks
(1993). While they did not extend their learning progres-
sion to the high school level, we reviewed the progression
they developed for earlier grades and attended to their
assertion that evolution education needs to focus on
“big ideas” that integrate across the multiple disciplines.
As they recommend, we decided to engage students in
analyzing data and in constructing evidence-based argu-
ments, making these the two primary SEPs for the unit.

We also consulted the genetics learning progression
developed by Duncan et al. (2009), and identified the core
ideas for high school that are relevant to understand-
ing evolution. In addition, we looked at the core ideas
for middle grades and considered ways to briefly review
and remind students about these ideas. While develop-
ing the unit SEPs, we considered Berland and McNeill’s
scientific argumentation learning progression (Ber-
land and McNeill 2010). Our alpha testing of the Natu-
ral Selection module showed that most students needed
more scaffolding for learning how to construct evidence-
based arguments. We therefore incorporated a scaffolded
approach to constructing arguments using the claims,
evidence, and reasoning framework, taking into account
the components of the learning progression.

Unit development and early testing

Development and testing of the unit followed an itera-
tive, multi-step, multi-year process. The Natural Selec-
tion module was developed first, and underwent several
rounds of development, classroom testing, and revision.
It was then beta-tested with over 1200 students taught
by seven teachers across the U.S. and revised again (Stark
et al. 2016).

We next developed the outline and sequence for
the remaining four modules. We identified appropri-
ate, engaging phenomena and associated published
data to draw from. The unit-wide argumentation scaf-
fold was drafted, along with paper and multimedia les-
sons and activities for two of the modules. These were
tested locally in one teacher’s classroom. Researcher
observations, teacher interviews, and student infor-
mal interviews provided data for lesson revisions.
They also provided proof-of-concept evidence for the
evolving unit’s conceptual flow, classroom utility, and
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effectiveness for learning. We completed drafts of les-
sons and activities for the remaining modules, along
with drafts of embedded formative assessments. To
establish the degree of alignment to the NGSS, an
external reviewer (AAAS Project 2061) conducted an
alignment evaluation of components of the unit using
the Educators Evaluating the Quality of Instructional
Products (EQuIP) rubric (Achieve Inc. 2016). The
analysis provided feedback on parts of the curricu-
lum that claimed to have alignment to specific science
practices and crosscutting concepts but were insuffi-
cient for robust alignment. We removed these claims
of alignment. This process prompted us to make more
explicit the parts of the materials that did have robust
alignment.

Unit pilot testing

Participants and professional development

We conducted the curriculum unit pilot test in the 2016-
2017 school year to evaluate the unit’s classroom util-
ity, usability, and effectiveness for student learning. We
invited teachers to submit an application to participate
in the pilot study through the GSLC’s email list of over
24,000 educators. From the 372 applicants, we recruited
20 biology teachers from 11 states (AR, CA, KS, LA, OH,
OR, MD, PA, NJ, NM, UT) and Canada. Inclusion crite-
ria included teaching at least two sections of introductory
or honors biology (grades nine and ten). Selected teach-
ers represented broad ranges of students across ethnic,
socioeconomic, and geographic categories. The sample
included special education, honors, and general edu-
cation students. Teachers represented both public and
private schools in urban, suburban, and rural settings,
block and daily instruction schedules. Years of teaching
experience ranged from 6 to 31. Five local teachers were
recruited to allow for in-person classroom observations.

The demographics for student participants (the stu-
dents of the pilot teachers) were as follows: 54% of the
sample were female; English was not the primary lan-
guage for 6%; 4% were special education students; and
49% were eligible for free or reduced lunch. Racial and
ethnic demographics were 54% White, 13% Hispanic
or Latin American, 8% Black/African American, 7%
Other, 6% Asian, 5% American Indian or Alaskan Native,
and < 1% Native Hawaiian or Pacific Islander.

In summer 2016, the teachers came to the University
of Utah for a 3.5-day in-person training institute. They
practiced using the draft lessons, received instruction
in implementation, and provided feedback. This feed-
back informed unit revisions and further development.
Of note, the majority of these teachers told us that they
felt there were significant barriers to their using human
examples in evolution instruction. Thus, we decided to
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focus our efforts on non-human examples that every-
one could use. We included optional human examples in
some lessons, and there is room for teachers to add their
own examples.

Pilot test data collection and results

The remainder of this section describes the data col-
lection and results around each of the goals of the pilot
study:

1. Evaluate and improve the usability of the materials
for teachers and students.

2. Gauge the perceived educational value of this unit
compared to the evolution curriculum materials
teachers have used in the past.

3. Gather initial evidence of student learning gains from
the unit.

Goal 1: Classroom usability

After the summer training, the 20 teachers imple-
mented the unit in their introductory biology classrooms
(2016-2017 school year). GSLC staff conducted daily
observations in 5 classrooms in local schools and had
conversations with the teachers. To capture implementa-
tion data from the remaining classrooms and additional
reflections from the observed teachers, the GSLC’s inter-
nal and external evaluators developed logs for the teach-
ers to complete after each day of teaching the unit. GSLC
staff and pilot test teachers vetted the instruments, and
each was revised by the evaluators. We used the data to
gauge teachers’ classroom experiences with the materi-
als, including issues or problems. Daily log questions
included the following:

+ Regarding implementation, student engagement,
timing, or instructions:

+ What worked well today?
+ Did you encounter any unforeseen problems?
+ Do you have any suggestions for improvement?

Evaluators received 365 total logs from the 20 teach-
ers (range 11-29 logs per teacher, average = 18.25). Three
teachers completed most but not all of the unit, due to
time constraints. Two teachers completed approximately
half of the unit; one could not be reached for follow-up
and the other indicated the reading level was challeng-
ing for his special education students. Evaluators sent
the pertinent teacher feedback to curriculum developers
daily to inform revisions. Further, the evaluators together
reviewed teacher logs to develop initial patterns and
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themes (Miles and Huberman 1994). We used the class-
room observation data to provide support for the themes.

Based on this feedback, we revised many lessons
(sometimes substantially), removed a few and made some
optional, and developed new lessons. For example, in
response to teachers’ feedback that their students seemed
to be getting bored with the cetacean and stickleback fish
lessons, which extended across several class periods, we
streamlined some of these lessons significantly by mak-
ing them more concise. Other examples include revising
the estimated implementation time of activities; reducing
the number of worksheets; making some of the formative
assessments more visual to decrease reading and scoring
time for teachers; adding alternative paper-based ver-
sions of some web-based activities; and adjusting lesson
sequences.

Ten teachers implemented the lessons in the fall and
the other ten implemented in the spring. This allowed for
re-testing modified activities, testing new activities, and
development and testing of some of the teacher support
materials. On average, the fall teachers spent 10 weeks
teaching the unit. Our primary revisions were stream-
lining and trimming materials while keeping the key,
integral aspects of each activity. Therefore, the unit main-
tained the key aspects of each activity for spring testing.
The spring teachers spent approximately 6.5 weeks on
the unit. We present student gain results comparing fall
students to spring students in the Student assessment
results section.

Additional teacher support materials were developed
after the spring pilot testing, including instructional vid-
eos and additional formative assessment items. These
support materials were informed by pilot teacher feed-
back, and they aimed to clarify suggested implementa-
tion instructions in the places where teachers had the
most questions and challenges. In many cases, the draft
teacher support materials did include all of the neces-
sary information, but teachers were either not reading it
or not recalling it at key moments. To address this issue,
we made several changes, including moving copy instruc-
tions from teacher guides or online text to the pdf docu-
ments to be copied, trimming peripheral information
from teacher guides in order to emphasize key details,
re-writing and formatting instructions to make them
easier to scan, and arranging instructions so that teach-
ers would see key information closer to the time that they
would need to implement it.

Goal 2: Educational value

The evaluators created an end-of-implementation sur-
vey for teachers to complete on the final day of pilot test-
ing. We used the survey data to assess the overall appeal
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of the unit and teachers’ perceptions of the educational
value of the unit compared to current practices. As with
the teacher log, GSLC staff and pilot test teachers vetted
the instruments, and each was revised by the evaluators.
Questions included the following:

+ What did you like best and least about the unit?

+ Do you plan to use this unit or parts of this unit in
future years?

+ How did the unit compare to other units you have
used to teach similar content?

The evaluators reviewed the surveys independently and
identified broad themes that focused on initial patterns
and perceptions of critical issues (Miles and Huberman
1994). Next, we engaged in a cooperative, cyclical process
of analyzing the data, “refining and modifying the data at
multiple levels of complexity in order to locate the main
essence or meaning” (Stake 2005, p. 389). We narrowed
our themes and used the teacher log data and informal
conversations with teachers during classroom observa-
tions to provide further support for the findings. Eight-
een teachers completed the survey (the two who did not
complete the survey were not available for follow up).

The data showed that twelve teachers (66.7% of
respondents) reported that the unit was better than cur-
riculum materials they had used in the past and three
(16.67%) noted that it was as good as their current mate-
rials. The remaining three (16.7%) indicated that some
parts of the unit were better than materials they had
used in the past, and that some parts were not as good.
Teachers indicated that the unit was superior to others
they have used in the following ways: the use of real-
world data, the CER scaffold and opportunities to build
the practice of argumentation, unit design that allows
students to take ownership over their learning, and the
scientific research that went into designing the activities.
Teachers preferred other materials for their lower read-
ing levels, which they said were more appropriate for
their special-education and low-achieving students. Sev-
eral of these teachers, however, indicated that the mate-
rials are straightforward enough to modify to a lower
reading level.

Among the aspects that teachers liked most about
the unit were that it builds conceptual understanding of
evolution by starting with the biochemistry underlying
evolution and ending with speciation, that the unit was
thoughtfully and carefully designed to tell the story of
evolution in a way that resonated with students, and that
students were engaging with phenomena and analyz-
ing data from published scientific research studies. Fur-
ther, every teacher who completed the survey indicated
appreciation for the argumentation framework and the

Page 12 of 17

scaffolding used in the unit. Comments included that it
simplified and structured what could be a very compli-
cated process, it built students’ capacity to argue from
evidence, and it provided opportunities to hear other stu-
dents’ perspectives. As one teacher explained, The area
that I think the students grew the most in was the CER—
claim, evidence and reasoning technique. This really
allowed them to start to think more for themselves.

Key challenges reported were that the unit was longer
than they typically spend teaching evolution (particu-
larly fall semester teachers who used the unit before we
modified the length), that the amount and level of read-
ing proved especially challenging for some students (as
described earlier), and the large number of worksheets
and the associated printing and reading required. For
example, It was too long—most of our units last a max-
imum of 2—3 weeks because of all the topics we have to
cover during the year; Some of the reading examples were
difficult for some of the students, especially those with
learning disabilities and for English Language Learn-
ers; and I did not like how much of the unit was done via
worksheets.

In spite of these concerns, all 18 teachers indicated
that they would use all or parts of the unit in the future.
Nearly half (n=28) planned to teach the unit in sequence,
but add labs or other hands-on activities. One-third
(n=6) would teach select elements of the unit. Three of
those teachers planned to teach all of the modules, but
not all of the activities in each. One teacher expected to
use all of the materials except for the heredity module,
This is only because I usually cover much of this earlier in
the year, and go into a lot more detail with my students.
The remaining two teachers planned to teach the Natu-
ral Selection and Speciation, and the Shared Biochemis-
try and Natural Selection modules, respectively. Overall,
results from the data sources illustrate the feasibility and
perceived educational value of the curriculum materials.

Goal 3: Initial evidence of student learning

Multiple-choice student assessment items were created
in parallel to the curriculum by AAAS Project 2061. The
assessment items were written to be aligned to the same
NGSS DCIs and SEPs as the curriculum. Items were not
written to be directly aligned with the curriculum but
rather indirectly through the NGSS learning goals that
the curriculum was addressing. For most items, students
were expected to apply their knowledge of basic science
ideas to phenomena that were different from what they
experienced in the curriculum. Thus, the items were
more “distal” to the curriculum than the items that char-
acterize most classroom tests. The assessment items were
pilot tested nationally with 4588 middle and high school
students. Based on student answer choice selection and
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written pilot test feedback, 84 items were judged to be
acceptable for assessing students’ understanding of the
ideas and practices targeted in the unit.

Items assessing the argumentation practice were lim-
ited to assessing students’ ability to identify claims, evi-
dence, and reasoning in the context of evolution. In the
topic-level summaries of learning gains, students’ scores
on the argumentation items were counted toward both
argumentation and the relevant evolution sub-topic.
Items assessing the practice of data analysis did so in con-
junction with assessing evolution content knowledge and
were limited in their number; therefore, we do not report
results on student’s understanding of this practice. See
Additional file 1 for sample assessment items.

To evaluate the pilot curriculum, the 84 items were dis-
tributed across four test forms. Each test contained 25
items, including seven linking items. Items were distrib-
uted such that each test had a similar number of items
per topic (i.e., Shared Biochemistry, Common Ances-
try, Natural Selection, etc.), and equivalent average test
difficulties. The pre- and posttests were administered
online, and students in a given classroom were randomly
assigned one of the four test forms so that results from
all forms were available from each classroom. On the
posttest, each student received a different form than
their pretest, to minimize test-retest effects. Teachers
were asked to administer the pretest immediately before
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starting the pilot test and the posttest immediately after
ending the pilot test.

Rasch modeling using WINSTEPS (Linacre 2016) was
used to examine test, person, and item reliability in order
to assess the reliability of the assessment instrument.
Overall test and person reliability were high (.97 and .79
on the pretest and posttest, respectively), and each item
had positive point-measure correlations and acceptable
fit (between .7 and 1.3) to the Rasch model (Bond and
Fox 2013). All items were modeled together to measure
the students’ overall knowledge of evolution. A Princi-
ple Component Analysis (PCA) (Linacre 1998) of the fit
residuals did not show significant loading on multiple
dimensions, suggesting the test was substantively uni-
dimensional and could be treated as measuring a single
trait (i.e., evolution). These results, in combination with
care taken in developing and aligning the assessments to
the pertinent NGSS learning objectives, provide evidence
that the pre/posttest assessments were a reliable and
valid measure of students’ understanding of evolution.

Student assessment results Assessment data from the
curriculum pilot test represent 944 students who com-
pleted both pretests and posttests (Table 2). An additional
120 students experienced the curriculum but did not
complete their assessments.

Table 2 Pilot teachers’ (n=16) classroom demographics and pre/post gains

Gender (%) Primary language (%) Ethnicity (%) Pre/post gain (%)

Teacher Female Male English Non-english Al AS BL HI PI oT WH Mean Standard
deviation

A 52 48 86 14 0 17 2 29 2 10 40 10 15

B 68 32 96 4 0 2 2 0 0 7 89 26 13

C 20 80 40 60 0 0 0 40 40 0 20 29 9

D 59 4 93 7 1 1 2 18 2 16 50 15 16

E 39 61 96 4 0 2 78 4 0 4 13 4 14

F 69 31 95 5 93 0 0 2 0 2 2 10 14

G 42 58 94 6 2 2 1 8 0 6 80 14 17

H 63 37 100 0 0 0 95 0 0 5 0 5 13

I 73 27 97 3 2 2 0 8 0 3 86 20 13

J 41 59 80 20 0 2 12 57 0 10 19 15 15

K 51 49 94 6 3 3 3 17 0 3 71 26 14

M 52 48 93 2 2 7 18 0 14 57 6 13

N 55 45 98 2 2 5 2 12 0 2 77 10 15

) 69 31 98 0 3 3 2 3 3 85 22 14

p 50 50 86 14 0 14 0 0 0 36 50 22 16

Q 54 46 100 1 8 3 3 0 14 71 21 15

Four teachers were not included in our final analysis because they either did not administer the post assessment, they administered the assessments incorrectly, or we
did not receive permission to share their assessment results (see Additional file 3 for a discussion of the variance in gains between teachers)

Al, American Indian or Alaskan Native; AS, Asian; BK, Black/African American; HI, Hispanic or Latin American; PI, Native Hawaiian or Pacific Islander; OT, other or

multiple ethnicities selected; WH, white
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Fig. 7 Average pre/post student test results for the Evolution unit.
Error bars represent standard deviations

Bonferroni-adjusted paired ¢ test results revealed a
statistically significant increase in student scores from
pretest to posttest (Fig. 7), with an average gain of 17%
points: #(943) =29.6, p<.001, Cohen’s d=.96. We also
observed an increase in the number of students getting a
majority of the test items correct (see Additional file 2 for
a histogram of students’ percentage correct scores on the
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pre/posttests). An analysis of performance differences
across demographic subgroups indicated that gender,
primary language, and special education status did not
result in statistically significant differences in improve-
ment from pretest to posttest; however, small margin-
ally significant effects on performance gains were found
for some ethnicity comparisons (see Additional file 3 for
demographic details).

Paired ¢ tests on subscale results indicated statistically
significant knowledge gains for four of the five modules
(p<.01-.001) and for identifying the CER components
of an argument (p<.001) (Fig. 8). The p value for the
Shared Biochemistry module, at .06, was not statistically
significant; we discuss possible reasons for this result in
the limitations section. Students increased between 14
and 16% points from the pretest to the posttest on each
module.

Even though the spring students spent on average
3.5 weeks less time on the unit, we found no statistical
difference between the gains of students in the fall and
spring (p=.79). These results suggest that our end-of-fall
revisions that included streamlining and trimming were
effective in keeping the integrity of each activity while
reducing time spent on the unit. In other words, the
materials we removed were not integral to student learn-
ing of the tested concepts from NGSS.
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Fig. 8 Average pre/post student test results for each of the five Evolution modules and the argumentation practice. Error bars represent standard
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At the end of the testing year, AAAS Project 2061
provided the curriculum development team with a list
of student misconceptions that were represented in the
multiple-choice items, and the percentages of students
who incorrectly chose them as answers on the pretests
and posttests (see Additional file 4 for a list of miscon-
ceptions and percentage of students who chose them as
answers on the posttest). The curriculum development
team used this information to inform revisions of the les-
sons, making an effort to address the misconceptions that
students chose at high frequency.

Conclusions

The goals of the curriculum pilot test, conducted in
2016-2017, correspond to the Design and Develop-
ment phase of educational research (Institute of Educa-
tion Sciences, U.S. Department of Education, National
Science Foundation. Common Guidelines for Education
Research and Development: A Report from the Institute
of Education Sciences, U.S. Department of Education,
and the National Science Foundation 2013) requiring
a theory of action, articulation of design iterations, and
initial evidence of effectiveness. We accomplished our
three primary goals for this stage of curriculum develop-
ment and testing. First, in fall pilot testing, we gathered
and analyzed extensive teacher feedback through daily
teacher logs and conversations, and made (sometimes
substantial) revisions and refinements to the curriculum
based on the feedback. Key revisions included stream-
lining some activities to reduce overall unit time and to
enhance pacing, reducing text on teacher support mate-
rials and developing short teacher-support videos, and
adding figures to the formative assessments to reduce
writing requirements. We then re-tested the materials in
the second half of the school year.

Second, teacher survey data provided us with an under-
standing of teachers’ perceptions of the educational value
of the materials. These findings showed teachers’ appre-
ciation for the unit’s use of real-world data, the CER scaf-
fold and opportunities to build this skill, the building of
conceptual understanding of evolution, and student own-
ership over learning. The majority of teachers indicated
that the unit is superior to others they have used in the
past, despite their concerns over high reading levels that
are challenging for some students. These findings illus-
trate that the unit is feasible for teachers to implement,
and that teachers view it as having educational value.
Third, results from student pre/posttesting revealed that
students who experienced the unit learned the DCIs for
evolution and heredity, and gained skill in identifying
claims, evidence, and reasoning in scientific arguments.

Overall, this research suggests that teaching hered-
ity and evolution in an integrated unit, combined with
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exposure to numerous sources of evidence and practice
in constructing arguments, facilitated student under-
standing of evolution. This is consistent with our theory
of change. We conclude that the Evolution: DNA and the
Unity of Life is an example of a unit that was designed for
the NGSS and that demonstrates initial evidence of effec-
tiveness—which we defined at this stage as feasibility and
usability for teachers, and statistically significant student
learning gains.

The results reported here set the stage for a larger ran-
domized controlled trial, which was conducted during
the 2017/2018 school year. This trial compares learning
gains made by students whose teachers were assigned to
either the treatment (our unit) or control (NGSS-aligned
“business as usual”) condition. Because treatment teach-
ers used only the online teacher support and received
no additional training, it is also a test of those materials’
effectiveness. Once data analysis is complete, the effi-
cacy trial will enable us to explore new questions about
the mediating factors that might influence the observed
outcomes. It will contribute to knowledge of the criti-
cal components of effective instruction in evolution
(Ziadie and Andrews 2018), which is a gap in educational
research. In the meantime, educators can use the free
Evolution: DNA and the Unity of Life curriculum with
confidence in the materials’ feasibility and educational
value.

Limitations

This work had several limitations that should be acknowl-
edged. First, regarding the student pre/post assessments,
items were aligned to NGSS learning goals that the cur-
riculum targeted, not to the unit directly. As such, some
of the unique features of the unit that are not specifically
mentioned in the NGSS were not assessed. For exam-
ple, the curriculum developers saw transcription and
translation as central to understanding the molecular
underpinnings of evolution. But because this connec-
tion is not explicit in NGSS, it was not assessed. Thus,
we do not know what students may have learned beyond
what is included in NGSS. An additional limitation to
the assessment is that the items were pilot tested along
with the curriculum. Thus, some of the assessment items
described here were still in draft form. In January of the
pilot test year, the evaluators analyzed the alignment
between the NGSS learning goals of the assessment items
and the NGSS learning goals of the curriculum. Although
the teams had developed the goals collaboratively at the
onset of the project, results indicated that only a small
number of assessment items satisfactory aligned to the
learning goals targeted in the Shared Biochemistry mod-
ule, in addition to other areas of incomplete alignment.
This may explain why the Shared Biochemistry module
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did not show statistically significant learning gains at the
p<.05 threshold. Subsequently, new items were devel-
oped and pilot tested to be used in the randomized con-
trolled trial of the curriculum.

Regarding the curriculum, its learning objectives do
not include every aspect of HS-LS4, Biological Evolu-
tion—namely human impacts on biodiversity (LS4.D).
Additionally, the unit includes most of HS-LS3, Inherit-
ance and Variation of Traits, but it excludes the pieces
that are not necessary for understanding the connections
between heredity and evolution—namely the influence
on traits of the environment, the role of regulatory DNA
sequences, and environmentally induced mutations. Fur-
thermore, integrating pertinent heredity concepts in a
way that supports understanding of core evolution ideas
necessitated some re-arranging of concepts contained
in the DCIs as outlined by the NGSS. Finally, while we
recruited teachers from a diversity of contexts, they are a
self-selected group that may not be representative of high
school biology teachers as a whole. Participating teach-
ers were open to using a new curriculum, and they were
interested in implementing evolution curriculum materi-
als that were NGSS-aligned, that integrated heredity and
genetics, or both.

Additional files

Additional file 1. Sample assessment items.

Additional file 2. Histogram of students’ percent correct on the pretest
and posttest.

Additional file 3. Regression analysis of pre- to posttest gains by student
demographic characteristics.

Additional file 4. Table of evolution misconceptions and the percentage
of students on the posttest who chose a multiple-choice answer aligned
to that misconception.
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