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ABSTRACT

Modern biology has become increasingly molecular in nature, requiring students to un-
derstand basic chemical concepts. Studies show, however, that many students fail to
grasp ideas about atom rearrangement and conservation during chemical reactions or the
application of these ideas to biological systems. To help provide students with a better foun-
dation, we used research-based design principles and collaborated in the development of
a curricular intervention that applies chemistry ideas to living and nonliving contexts. Six
eighth grade teachers and their students participated in a test of the unit during the Spring
of 2013. Two of the teachers had used an earlier version of the unit the previous spring. The
other four teachers were randomly assigned either to implement the unit or to continue
teaching the same content using existing materials. Pre- and posttests were administered,
and the data were analyzed using Rasch modeling and hierarchical linear modeling. The
results showed that, when controlling for pretest score, gender, language, and ethnicity,
students who used the curricular intervention performed better on the posttest than the
students using existing materials. Additionally, students who participated in the interven-
tion held fewer misconceptions. These results demonstrate the unit’s promise in improving
students’ understanding of the targeted ideas.

INTRODUCTION
While all of science has become more interdisciplinary in nature, modern biology is
perhaps the most integrative. Cutting-edge research in biology requires knowledge
and expertise from physics, chemistry, computer science, engineering, and mathemat-
ics to pursue answers to some of society’s most challenging problems of food, energy,
health, and climate (National Research Council [NRC], 2009). A more integrated
approach to science teaching and learning is also central to recommendations in the
NRC’s (2012) A Framework for K-12 Science Education (Framework) and in the Next
Generation Science Standards (NGSS; NGSS Lead States, 2013), which is based on the
Framework. Envisioning a progression of learning across three dimensions: 1) disci-
plinary core ideas, 2) science and engineering practices, and 3) crosscutting concepts.
These documents call for students to develop an integrated understanding of core
ideas from physical, life, and earth sciences and engineering and ideas that transcend
disciplinary boundaries and be able to use them along with science and engineering
practices to make sense of phenomena and solve problems across these disciplines.
Integration of the three dimensions of science learning presents multiple chal-
lenges to curriculum developers and teachers alike, not least of which are the per-
sistent problems that many students have in applying basic physical science ideas
about chemical reactions to phenomena that occur in life science contexts (Anderson
et al., 1990; Marmaroti and Galanopoulou, 2006). Students’ misconceptions about
these phenomena have been well documented in the science education research liter-
ature, as reviewed by Driver et al. (1985), Driver et al. (1994), Andersson (1990), and
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Krnel et al. (1998) and confirmed in more recent assessment
research by the American Association for the Advancement of
Science (AAAS, 2015) and others.

Currently available curricular materials are unlikely to help
students develop the chemical foundation that is needed for
building new knowledge in biology. In studies of textbook
quality across more than a decade (e.g., Morse, 2001; Kesidou
and Roseman, 2002; Stern and Roseman, 2004; AAAS, 2005),
researchers found that most textbooks pay insufficient atten-
tion to students’ prior knowledge and misunderstandings, use
representations that reinforce common misconceptions, and
present too few phenomena to connect abstract ideas to the
real world. Most textbooks in these studies offer little guid-
ance for helping students make sense of their experiences
with phenomena or understand that a seemingly diverse array
of phenomena can be explained by a small number of interre-
lated ideas.

In a follow-up review of materials published after its 2005
evaluation of high school biology textbooks, AAAS found little
evidence of improvement in more recent biology materials
(Roseman and Klein, unpublished data). While some newer
textbooks provide teachers with a list of possible misconcep-
tions, these are often general in nature, rarely linked to specific
phenomena students could experience, and not accompanied
by questions or activities designed to help teachers probe their
students’ ideas more deeply or to help students overcome their
misconceptions. In addition, AAAS found other problems that
make it difficult for students to construct a coherent under-
standing of essential chemistry concepts and apply them to life
science phenomena:

* Most materials are organized around topics, such as physical
or chemical change, chemical equations, conservation of
mass, and balancing chemical equations in physical science
and photosynthesis, cellular respiration, and chemical diges-
tion in life science, rather than organizing ideas according to
a coherent content story line that is developed from the per-
spective of novice learners. While the topic-based organiza-
tion may make sense to scientists who already have a
conceptual framework for organizing new information, it
may not help novices organize new information or recognize
how ideas fit together. Presenting details in the context of
seemingly isolated topics may make it difficult for students
to relate those details to the fundamental ideas. Studies
have shown that such seductive detail negatively impacts
learning (e.g., Harp and Mayer, 1998; Sanchez and Wiley,
2006).

e Materials rarely integrate physical and life sciences exam-
ples when presenting chemical reactions. The only life sci-
ence chemical reactions consistently shown are the equations
for photosynthesis and cellular respiration. These are often
used as examples of balanced equations or to emphasize the
role of energy. No attempt is made to help students under-
stand the role of chemical reactions in producing substances
needed to build body structures for the growth of organisms.

* Most importantly, materials rarely, if ever, engage students
in using ideas and practices to make sense of phenomena
or challenge their misconceptions. For example, students
are not asked to examine data that provide evidence that
new substances are produced during chemical reactions,
to model atom rearrangement, or to explain why atom
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rearrangement results in the production of substances with
properties different from those of the starting substances.

With the increased student expectations called for in the
NGSS, it is more important than ever for curriculum developers
to address problems like these. To do so, developers must
begin to draw not only on the recommendations of the new
standards themselves but also on findings from multiple areas
of research that can inform the curriculum development pro-
cess (Clements, 2007). According to Clements, “describing and
categorizing possible research bases for curriculum develop-
ment and evaluation is a necessary first step” toward counter-
acting an approach to curricular design that has emphasized
market research above all else (p. 36).

As recommended in Clements’ curriculum research frame-
work (CRF), developers can now draw on more than two
decades of cognitive science research to gain insights into how
people learn across content areas (NRC, 2000; Pashler et al.,
2007; Deans for Impact, 2015) and to distill fundamental cog-
nitive principles for guiding the development of curricular
materials in every subject area. For science learning in particu-
lar, research on specific misconceptions, as noted earlier, can
shed additional light on likely student difficulties. Theoretical
and empirical work on learning progressions can provide guid-
ance on integrating content from different science domains
with appropriate science practices and on sequencing activities
over time (AAAS, 2001, 2007; Corcoran et al., 2009; NRC,
2012). Finally, a curriculum development framework, such as
that proposed by Clements (2007) can help developers coordi-
nate the multiple lines of research that contribute to and are
undertaken as part of the curriculum development process.

To respond to the need for a more effective approach to
helping middle school students build a strong conceptual foun-
dation for high school biology, our team of researchers and
curriculum developers designed a 6-week replacement unit
that takes advantage of existing knowledge and addresses the
vision of NGSS. We hypothesized that students would improve
their understanding when given opportunities to 1) observe
and analyze data related to physical and life sciences phenom-
ena that explicitly target the ideas to be learned and address
specific misconceptions and 2) interpret and explain those
phenomena in light of relevant science ideas and crosscutting
concepts about atom rearrangement and conservation. A field
test conducted in year 3 of the development project used a
randomized control trial to compare outcomes for students
who used the Toward High School Biology (THSB) unit with
outcomes for a matched comparison group. This paper reports
on those results and provides data to answer the following
questions:

1. To what extent does the THSB unit improve students’ under-
standing of the targeted science ideas when compared with
the business-as-usual curriculum?

2. To what extent and in what ways does the THSB unit
decrease students’ misconceptions related to the targeted
science ideas?

We also discuss the curricular design principles that guided
the development of the unit, consider implications of the
project’s findings that may have wider applications for other
developers, and point to promising directions for further
research.
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A THEORETICAL FRAMEWORK FOR CURRICULAR
DESIGN

Clements (2007) contends that the isolation of curriculum
development and educational research is one reason curricular
materials have not improved and describes a multiphase CRF
that couples the two. According to Clements’ CRF, initial curric-
ular design is based on the coherence of the subject matter and
on both general and subject matter—specific research on how
students learn, which Clements refers to as “a priori founda-
tions” and “learning model.” The initial design is then subjected
to multiple rounds of testing in which data collected on class-
room feasibility and student learning informs revisions, which
Clements refers to as “evaluation.” The process exemplifies the
design research approach proposed by Brown (1992) and
Collins (1992) as a way to carry out research to test and refine
educational designs based on prior research.

A Priori Foundations

The first three phases of the CRF focus on 1) a subject matter a
priori foundation that guides the selection of the content to be
covered by the unit, 2) a general a priori foundation that draws
on learning theories to establish general goals and directions
for the unit, and 3) a pedagogical a priori foundation that
informs the development of unit activities.

The subject matter covered by the THSB unit consists of sci-
ence ideas that are central to the domains of physical and life
sciences, based on their inclusion in AAAS’s Science for All Amer-
icans (1989) and Benchmarks for Science Literacy (1993, 2009)
and, more recently, the NRC’s Framework (2012) and the NGSS
(NGSS Lead States, 2013). In these documents, the selection of
domain-specific ideas was based on the consensus of scientists
across disciplines about the knowledge that would be most
important for making sense of the natural world and serve as a
lasting foundation on which to build more knowledge over a
lifetime. The ideas targeted in the middle school unit are age-ap-
propriate steps, based on their inclusion for eighth grade stu-
dents in both Benchmarks and NGSS. In addition, the Frame-
work and NGSS emphasize the importance of having students
use science practices as they make sense of phenomena relevant
to the science ideas targeted.

Regarding the general a priori foundation, the design of the
THSB unit was influenced by constructivist and metacognitive
theories of learning. Constructivist theory posits that students’
existing knowledge is used to build new knowledge (e.g.,
Piaget, 1954; Vygotsky, 1978). Each chapter in the THSB unit
starts with phenomena in both nonliving and living systems
that are directly observable and then engages students in using
Lego and ball-and-stick models to make sense of their observa-
tions in terms of invisible events, namely atom rearrangement
and conservation. Metacognitive theory posits that student
engagement increases with increasing knowledge of and ability
to monitor their learning (Brown, 1975; Flavell, 1979). Each
lesson in the THSB unit elicits students’ initial ideas and actively
engages students in reflecting on how their ideas have changed.

The design of the THSB unit’s pedagogical strategies were
grounded in conceptual change, situated cognition, and knowl-
edge-transfer theories of instruction. Conceptual change is the
theory that knowledge develops over time within a specific
domain as students reconcile naive ideas having limited explan-
atory power with more robust scientific ideas (Posner et al.,
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1982). The THSB unit engages students in observing and mak-
ing sense of phenomena that challenge common misconcep-
tions about where new substances come from and why changes
in mass do not violate conservation principles. Knowledge
transfer relates to the idea that 1) concepts transfer when stu-
dents are given opportunities to apply them in multiple con-
texts and 2) generalizations (two or more concepts stated in a
relationship that experts have found to possess explanatory
power) can help organize information within and across con-
texts (Perkins and Salomon, 1988). THSB organizes and
sequences lessons to present a coherent content story line of
interrelated ideas about changes in matter in physical and life
sciences, expresses the ideas making up the story line so as to
reinforce connections among related ideas, engages students in
generalizing across contexts before being introduced to the
“correct” science ideas and then in using the science ideas to
explain familiar and then novel phenomena. Situated cognition
is learning to use ideas in context through cognitive apprentice-
ship with a master (Brown et al., 1989; Collins et al., 1989).
This includes strategies such as having an expert explicitly
model the use of knowledge, coaching novices as they practice
using the knowledge, scaffolding students’ practice, having stu-
dents make their thinking visible to expose and clarify thinking,
and decreasing support as students’ become more competent in
their use of knowledge. THSB engages students in analyzing
data to provide evidence for the production of new substances
during chemical reactions; modeling atom rearrangement and
conservation to make sense of why new substances are formed;
and reasoning from evidence, science ideas, and modeling
activities to explain phenomena.

Learning Model

This category focuses on the domain-specific models of learn-
ing. Activities within the unit are consistent with empirically
based models of students’ thinking and learning, and the
sequence of activities is based on learning trajectories. The
THSB lessons and activities are sequenced to progress 1) from
less to more sophisticated data analysis, 2) from using simple to
more complex models and modeling tasks, and 3) from con-
texts involving simpler to more complex systems. Data analysis
in THSB begins with direct observations about the production
of substances with different properties from the starting sub-
stances, then progresses to observations of changes in mea-
sured properties, and then to inferences from patterns in data.
Modeling in THSB starts with modeling chemical reactions
involving simple molecules that can easily be modeled with
Legos and progresses to those producing complex molecules
needed to build plant and animal body structures that can only
be modeled with sophisticated ball-and-stick models. THSB
starts with chemical reactions involving pure substances in sim-
ple physical systems in which the production of new substances
from starting substances can be directly observed and then pro-
gresses to chemical reactions occurring in the bodies of living
organisms in which inferences from radioactive-labeling exper-
iments are required to document the production of new
substances from starting substances.

Evaluation

This category involves the collection of empirical evidence to
evaluate the curriculum. It includes market research, formative
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research, and summative research. The THSB project focused
on formative and summative research. In the first year of the
project, the curricular materials were tested with small groups
of students and whole classes, with the research staff coteach-
ing. Classroom feasibility tests were conducted in year 2 to see
whether teachers could carry out and manage the activities
(Herrmann-Abell et al., 2013; Kruse et al., 2013). The results of
these tests were used to inform revisions to the unit. The sum-
mative research includes the small-scale randomized control
trial described in this paper. Future studies would involve large-
scale summative research as described in phase 10 (Clements,
2007, pp. 52-53).

Design Principles for the Development of THSB

Four design principles emerged from the learning research.
First, related to the subject matter and general a priori foun-
dations, the unit should present a coherent set of science ideas
and make explicit the connections among them. Second,
related to the general and pedagogical a priori foundations,
the unit should take account of students’ existing science
knowledge and misconceptions. Third and fourth, related to
the pedagogical a priori foundation and learning model, the
activities in the unit should provide students with experiences
with relevant science phenomena and provide support for stu-
dents’ interpretation and explanation of the phenomena. The
domain-specific research basis for these design principles is
summarized below.

Design Principle 1: Present a Coherent Set of Science Ideas
and Connections among Them. Because science knowledge is
richly interconnected, understanding one idea often depends
on understanding a set of prerequisite and related ideas. Never-
theless, research has indicated that, for many students, science
knowledge exists as bits and pieces of often naive and conflict-
ing ideas (Clough and Driver, 1986; diSessa, 1988; diSessa
et al., 2002; Demastes et al., 1996; Clark and Linn, 2003) and
that students have difficulties in making necessary connections
between their observations and relevant science ideas (Bagno
and Eylon, 1997) and in making the kinds of inferences needed
to fill in gaps found in science texts that lack coherence (Best
et al., 2005). DiSessa (1988) described how physics students’
problem-solving strategies involved piecemeal explanations
rather than a coherent theory (pp. 56-60). And work by Chi
and Slotta (1993) and Bagno and Eylon (1997) has suggested
that students do not spontaneously make connections such as
those involved in relating phenomena to relevant scientific
ideas; such connections must be brought out explicitly during
instruction. Researchers at AAAS identified essential aspects of
coherence in science textbooks that include 1) focusing on a set
of interrelated and age-appropriate scientific ideas and making
the connections among them explicit, 2) clarifying the ideas
and connections with effective representations, 3) illustrating
the power of the ideas in explaining phenomena, and 4) avoid-
ing the use of unnecessary technical terms or details that are
likely to distract students from the main story (Roseman et al.,
2010). Several research and development teams applied this
lens to look systematically at both the structure and narrative of
their materials and how the individual pieces fit together
(Heller, 2001; Krajcik et al., 2008). Work by Roth et al. (2009)
provides evidence for the importance of a coherent story line
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for student learning and identifies six key aspects: 1) establishing
the learning goal, 2) selecting and sequencing activities based
on relevant phenomena and representations that support the
learning goal, 3) linking science ideas to the activities, 4) con-
necting science ideas within and across lessons, 5) adapting
learning experiences to students’ contributions, and 6) present-
ing accurate and age-appropriate science content.

Design Principle 2: Take Account of Students’ Existing
Science Knowledge and Beliefs. According to Anderson et al.
(1990), “students’ difficulties in understanding biological pro-
cesses are rooted in misunderstandings about concepts in the
physical sciences, such as conservation of matter and energy,
the nature of energy, and atomic-molecular theory [that] were
not addressed in instruction” (p. 775). Even those students who
appear to grasp the fundamentals of middle school chemistry
often exhibit difficulty applying molecular principles to living
organisms (DeBoer et al., 2009; Mohan et al., 2009). For many
students, the basic life functions of plants and animals seem
unrelated to the inert molecular examples given in chemistry
class. For example, in an assessment of middle school students’
understanding of photosynthesis, Marmaroti and Galanopou-
lou (2006) found that a great majority of students do not realize
that photosynthesis is a chemical reaction. Even when students
are able to make the link, past assessment research has shown
that students’ misconceptions about concepts in the physical
sciences, such as atomic-molecular theory and conservation of
matter and energy, limit their ability to develop a coherent
understanding of the molecular basis of biology (Anderson
et al., 1990). More recent assessment studies have shown that
misconceptions related to these concepts are prevalent at both
the middle and high school levels (Karatas et al., 2013; AAAS,
2015). Table 1 provides a list of the most commonly held mis-
conceptions related to chemical reactions, conservation of
mass, and biological growth and, when applicable, the percent-
age of students selecting distractors aligned to the misconcep-
tions as their answer choices during the AAAS Project 2061
assessment study (DeBoer et al., 2009; AAAS, 2015).

Research has also shown the strength and persistence of
many misconceptions about specific biology concepts. For
example, fewer than 20% of a national sample of ~3000 middle
school students correctly answered items testing the link
between matter transformation and growth, and performance
on these items did not significantly improve for high school
graduates (DeBoer et al., 2009). Additional research has shown
that even undergraduate biology majors are likely to hold the
same misconceptions as younger students. Coley and Tanner
(2015) report that 93% of undergraduate biology majors and
98% of nonmajors agreed with at least one of several biology
misconception statements, with nearly half (49%) of biology
majors agreeing with the statement that “Plants get their food
from the soil.” And research conducted by Hartley et al. (2011)
suggests that the difficulty college students have with biochem-
ical accounts of processes in living systems stems from their
long-standing inability to apply appropriate explanatory sci-
ence principles at levels other than the organismal. Such prob-
lems begin well before college and, as Hartley and colleagues
argue, are often exacerbated by science textbooks and instruc-
tion that fail to support “principle-based scientific reasoning”
(p. 65).
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TABLE 1. Commonly held student misconceptions used as distractors during the AAAS Project 2061 assessment study and the percentage

of students selecting them

Misconception Grades 6-8  Grades 9-12

The atoms of the reactants of a chemical reaction are transformed into other atoms (Andersson, 1986; DeBoer 44% 36%
et al., 2009).

When mold grows in a closed system, the mass of the system must have increased (DeBoer et al., 2009). 56% 50%

Mass increases during chemical reactions because new atoms are created (DeBoer et al., 2009). 46% 33%

Mass decreases during chemical reactions because atoms are destroyed (DeBoer et al., 2009). 39% 32%

Food is either used for energy or eliminated as waste; it is not used to build or repair body parts (Smith and 60% 69%
Anderson, 1986; Leach et al., 1992).

Most of a plant’s mass comes from minerals that it takes in from the soil, not from CO, from the air (Vaz et al., 54% 58%
1997).

Cell division alone can account for plant and animal growth (Kriiger et al., 2006; Riemeier and Gropengiefer, N/A N/A

2008).#

atems in the AAAS Project 2061 assessment study did not include distractors that targeted the cell division misconception.

Considerable evidence exists that students’ understanding
improves when curriculum and instruction take account of and
build on students’ existing ideas (Lee et al., 1993; Lehrer and
Chazan, 1998; White and Frederickson, 1998).

Design Principle 3: Provide Experiences with Relevant
Science Phenomena. Understanding science means being able
to make sense of a wide variety of events and processes in the
natural world (phenomena) in terms of a small number of
interrelated principles (science ideas). Appropriate phenomena
can help students see where science ideas come from and
enhance students’ sense of the usefulness of those ideas (Cham-
pagne et al., 1985; Strike and Posner, 1985; Anderson and
Smith, 1987).

Curricular materials can support teaching and learning of sci-
ence ideas by enabling students to experience phenomena that
have been carefully chosen to illustrate a range of relevant real-
world events and processes in different contexts. For the THSB
unit, that means experiencing related phenomena in the context
of both the life and physical sciences. Because most students are
novice learners in science topics and can learn more readily
about things that are tangible and accessible to their senses
(Boulanger, 1981; Wise and Okey, 1983; Kyle et al., 1988), the
phenomena should, whenever possible, be directly observable
by students or require only simple inferences from data.

Phenomena can also play an important role in helping stu-
dents view science ideas as useful. Curricular materials can
begin to support teaching and learning of a coherent set of
ideas by including a set of phenomena that have been carefully
chosen to efficiently illustrate a range of relevant real-world
events and processes. Efficiency can come from focusing on
explaining those phenomena that are particularly problematic
for students. Surprising phenomena that contradict students’
predictions can be helpful in motivating students to consider
differences between their own ideas and scientific ideas. Appro-
priate phenomena can help students see where science ideas
come from and enhance their sense of the usefulness of those
scientific ideas (Champagne et al., 1985; Strike and Posner,
1985; Anderson and Smith, 1987).

Middle school science ideas often involve phenomena that
are difficult to observe and ideas that are abstract. Well-chosen
representations—illustrations, tables and graphs, diagrams,
models, and simulations—can help to make these phenomena
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accessible to students (Champagne et al., 1985; Strike and
Posner, 1985; Feltovich et al., 1989). When phenomena
involve events that occur at too small a scale to be seen, repre-
sentations can be used to enlarge the phenomena for students;
when phenomena involve events that occur over too short or
too long a time frame, representations can be used to slow
down or speed up the processes. The representations should be
comprehensible and accurately depict salient aspects of the
phenomena. Because middle and high school students tend to
see models as actual copies of reality (Grosslight et al., 1991),
representations should correspond to the real thing as closely
as possible, and students should be asked to consider which
aspects of the real thing are being represented and which are
not (Thagard, 1992). Multiple representations can increase the
likelihood of engaging a range of students (Ainsworth, 1999)
and may be useful in helping students to distinguish critical
attributes of the phenomena or processes being represented
from irrelevant attributes of the representation. Indeed,
instruction using multiple modes of linked representations was
shown to be more effective in promoting students’ understand-
ing of the particulate nature of matter than was comparable
instruction without multiple representations (Adadan et al.,
2009).

Design Principle 4: Support Students’ Interpretation and
Explanation of the Science Phenomena. Constructing expla-
nations of phenomena is considered to be an important learn-
ing goal for its own sake as well as a means by which students
can improve their understanding. It is one of the science prac-
tices articulated in the NRC’s Framework and in NGSS:

Asking students to demonstrate their own understanding of
the implications of a scientific idea by developing their own
explanations of phenomena, whether based on observations
they have made or models they have developed, engages them
in an essential part of the process by which conceptual change
can occur. (NRC, 2012, pp. 68-69)

But having students experience phenomena and representa-
tions on their own is rarely sufficient to promote understanding
of fundamental science ideas. Students need to be actively
engaged in thinking about the phenomena and representations
and interpreting them in light of basic principles of science
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(Driver, 1983; Anderson and Smith, 1984). With guidance, stu-
dents are able to consider the strengths and limitations of rep-
resentations as models of the real world, consider how their
own ideas compare in explanatory power to scientific ideas,
connect new ideas to what they already know, and link related
ideas into a coherent story.

To foster this process, instruction should be organized around
a range of structured tasks that are designed to help students
relate the phenomena and representations to the science ideas,
reconcile their own ideas with the science ideas, and use the
science ideas to explain other relevant phenomena (Eaton et al.,
1984; Minstrell, 1984; Osborne and Freyberg, 1985; McDermott,
1991; Roth, 1991). Carefully chosen and sequenced questions
can be particularly powerful in supporting students’ sense mak-
ing (Anderson and Smith, 1987; Anderson and Roth, 1989;
Arons, 1990). Activities that make students’ thinking about
experiences and ideas overt to themselves, to the teacher, and to
other students can allow those ideas to be examined, ques-
tioned, and shaped (Needham, 1987; Clement, 1993; Linn and
Burbules, 1993; Glaser, 1994; Flick, 1995; Roth, 1996). Work
by Sandoval (2003) and Sandoval and Reiser (2004) points to
the interaction between conceptual learning and the practice of
explanation and demonstrates the need for scaffolding, such as
an explanatory framework, to guide students in developing
more complete and evidence-based explanations and in evaluat-
ing the quality of their explanations.

To verify that these design principles were indeed manifest
in the THSB unit and that it was well aligned with the vision of
NGSS, we analyzed the unit at multiple stages using 1) criteria
developed by AAAS Project 2061 for analyzing the alignment of
curricular materials to standards and the quality of their
instructional support (AAAS, 2005) and 2) the Educators Eval-
uating the Quality of Instructional Products (EQuIP) rubric for
evaluating the fit of science materials to NGSS (Achieve, 2014).
Data from these analyses provided important formative feed-
back to the curricular design over several cycles of develop-
ment, classroom trials, and revisions (Roseman et al., 2013,
2015, 2016).

METHODS

Guided by the curricular design principles described above, the
research team developed the THSB unit, revised it based on
findings from pilot tests in diverse classrooms, and then com-
pared it with the “business-as-usual” curriculum in a random-
ized control trial (RCT). The RCT was part of a field test of the
unit in the Spring of 2013 in two districts in the Mid-Atlantic
United States. This paper reports on the results from a study of
one of those districts.

In year 1 of the effort, a “backward-design” strategy was
used to develop an initial draft of the student materials (Wig-
gins and McTighe, 2005). Following an iterative design pro-
cess, the draft student materials were pilot tested by research-
ers in a small number of schools, and data from the pilot test
were used to revise the student materials and to develop teacher
resources and professional development. In year 2, the revised
materials and formal professional development were imple-
mented by classroom teachers in six schools. The purpose of
this round of testing was to examine student learning gains and
the feasibility of implementing the curricular materials in a
range of classrooms, using data collected to inform revisions. In
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year 3 of the development process, the curriculum and profes-
sional development materials were revised to address issues
that surfaced during pilot testing.

Content Focus of the THSB Unit
The THSB unit tested in year 3 consists of 20 lessons organized
into four chapters. As recommended in the NRC Framework
and NGSS, the THSB unit addresses core disciplinary ideas, sci-
ence practices, and crosscutting concepts in the context of mak-
ing sense of relevant phenomena in nonliving and living
systems. The overarching goal of the THSB unit is for students
to use ideas about what happens to atoms and molecules during
chemical reactions to explain growth and repair in living things.
Chapter 1 develops the central concept that, during chemi-
cal reactions, the atoms that make up the starting substances
rearrange to form molecules of the new substances with differ-
ent properties (ideas 1 and 2 in Table 2). Chapter 2 develops
the concept that, regardless of how atoms are rearranged
during a chemical reaction, the number of each type of atom
stays the same and the mass of each atom stays the same; there-
fore, the total mass stays the same (idea 3 in Table 2). Chapter
3 applies the concepts of atom rearrangement and conservation
to animal growth and repair (idea 4 in Table 2), and chapter 4
applies these concepts to plant growth and repair (idea 5 in
Table 2).

Disciplinary Core Ideas and Crosscutting Concepts. The sci-
ence ideas to which the THSB unit and assessments were
aligned are shown in Table 2. These statements were adapted
from grade band endpoints for grade 8 articulated in sections
PS1.A, PS1.B, and LS1.C from the NRC’s Framework (see
Supplemental Table S1). The crosscutting concept Energy and
Matter: Flows, Cycles, and Conservation is addressed by the
unit as well, specifically the concept that “matter is conserved

TABLE 2. Science ideas targeted by the THSB unit

1. Pure substances are made from a single type of atom or molecule;
each pure substance has characteristic properties that can be used
to identify it. (from PS1.A)

2. Many substances react chemically in characteristic ways. In a
chemical reaction, the atoms that make up the molecules of the
original substances are regrouped into different molecules, and
these new substances have different properties from those of the
starting substances. (from PS1.B)

3. The total number of each type of atom is conserved during
chemical reactions, and thus the mass does not change. If the
measured mass changes, it is because atoms have entered or left
the system. (from PS1.B)

4. Animals obtain food from eating plants or eating other animals.
Within individual organisms, food moves through a series of
chemical reactions in which the molecules that make up food are
broken down and the atoms are rearranged to form new
molecules to support growth. (from LS1.C)

5. Plants make glucose from CO, from the atmosphere and water
through a chemical reaction that releases oxygen. Within
individual organisms, glucose molecules undergo chemical
reactions in which the atoms that make up the glucose molecules
are rearranged to form new molecules to support growth. (from
LS1.C)
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because atoms are conserved in physical and chemical
processes” (NGSS Lead States, 2013, appendix G). All of these
science ideas are also found in the grade 7 or grade 8 state
science curriculum for the state in which this study was
conducted.

Traditionally, these life and physical sciences ideas are taught
separately, with the life science being taught in the seventh
grade and the physical science in the eighth grade. The THSB
unit takes a different approach, treating ideas about chemical
reactions and conservation of matter in both living and nonliv-
ing contexts together and taught by the same teacher, so that
connections among the ideas can be readily made. This integra-
tion of physical and life sciences content is consistent with rec-
ommendations of the NGSS in general and in particular with its
crosscutting concepts related to matter and energy.

Science Practices. The THSB unit focuses on five of the eight
science practices recommended by the NRC’s Framework:
1) analyzing and interpreting data; 2) developing and using
models; 3) constructing explanations; 4) engaging in argument
from evidence; and 5) obtaining, evaluating, and communicat-
ing information (NRC, 2012).

Design of the THSB Unit
The following section discusses the ways in which the THSB
unit embodies the curricular design principles described above.

Design Principle 1: Present A Coherent Set of Science
Ideas and Connections among Them. The science ideas
listed in Table 2 were broken down into smaller ideas that
unfold in a coherent content story line as the THSB unit pro-
gresses (Roseman et al., 2013). Figure 1 shows a map of
these ideas. The map is similar to maps in the Atlas of Science
Literacy (AAAS, 2001, 2007) in the way that it lists ideas in
text boxes, represents connections among ideas with arrows,
and displays how more sophisticated ideas (at the top of
map) might develop from less sophisticated ideas (at the
bottom of map). However, the map in Figure 1 differs from
Atlas maps in its purpose and, therefore, its curricular speci-
ficity. The map in Figure 1 includes only the ideas and arrows
that indicate connections that are relevant to the THSB unit.
For example, science ideas 12-16 are targeted in chapter 3
of the unit after students have encountered prerequisite sci-
ence ideas 1, 3, 6, and 7 in chapter 1. Furthermore, the pre-
requisite ideas shown in the map are somewhat curriculum
specific; other curricular materials might reverse the order of
ideas in some cases.

Design Principle 2: Take Account of Students’ Existing
Knowledge and Beliefs. Many of the phenomena and model-
ing activities included in the unit were selected because they
contradict commonly held student misconceptions presented in
Table 1. For example, to challenge the misconception that food
is either used for energy or eliminated as waste, students exam-
ine data showing that 20% of radioactively labeled carbon
atoms from the brine shrimp they eat (food) become incorpo-
rated into the bodies of young herring fish that eat the food.
And to challenge misconceptions that atoms are created,
destroyed, or changed into other atoms during chemical
reactions, students build Lego models of reactant molecules
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and then rearrange the same bricks to form models of the prod-
uct molecules.

The set of misconceptions targeted were chosen because past
research has documented their prevalence with middle school
students and their persistence into high school. The list of mis-
conceptions was also included in the teacher edition of the
THSB unit so that teachers were made aware of them, how they
might be manifested in student work, and the activities designed
to address them. Each lesson asked students to respond to a key
question that gave the students the opportunity to present their
initial ideas and activate their thinking and provided the teacher
with information about students’ naive ideas and potential
learning difficulties. At the end of each lesson, students revisit
the key question and reflect on how their thinking has changed.
The teacher edition also provided teachers with follow-up ques-
tions they could use to probe and challenge student ideas during
small-group and whole-class discussions.

Design Principle 3: Provide Experiences with Relevant
Science Phenomena. The THSB unit includes a wide range of
phenomena that students observe and make sense of through-
out the unit. Tasks and questions within each lesson are
designed to ensure that students make the intended observa-
tions, guide students to relate the instances they observed to
the generalizations in the science ideas, and then apply the
science idea to novel contexts.

The unit starts with phenomena in which the production of
substances with different properties can be directly observed or
at least require minimal inferences from data and moves toward
phenomena that require more sophisticated inferences from
data. Because the link between reactants and products is not
obvious in living systems, in which hundreds of reactions are
occurring simultaneously, the developers also took advantage
of the rich scientific literature using radioactively labeled atoms
to determine the products of a chemical reaction. After analyz-
ing the data to provide evidence for the reactants and products,
students use model-based reasoning to make sense of how the
products could have been produced from the atoms making up
the reactant molecules.

All phenomena were initially tested with students for
engagement and comprehensibility and then to see whether
students could use the practices to make sense of the phenom-
ena. It is important to note that, although the THSB unit intro-
duces students to a variety of phenomena involving chemical
reactions—some of them quite complex—the purpose of these
phenomena is to illustrate specific science ideas and their appli-
cation across physical and life sciences contexts. Students are
not presented with and are not expected to learn every detail
about every reaction. The THSB unit specifies in the student
and teacher materials exactly what its goals for student learn-
ing are, and these are the goals that students are held account-
able for in the unit’s assessments.

The set of phenomena used to develop the science ideas is
shown in Table 3. The iron and oxygen and hexamethylenedi-
amine and adipic acid phenomena are physical science
phenomena that are introduced in the first two chapters and
then used as analogies to life science phenomena such as
growth in the last two chapters. The vinegar and baking soda
phenomenon is used to start students thinking about the role of
gases in chemical reactions.
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#16. When animals grow or repair, they
increase in mass. This increase in measured
mass comes from the incorporation of
atoms from molecules that were originally
outside of the animals’ bodies.

#22. When plants grow or repair, they increase in mass.
This increase in measured mass comes from the
incorporation of atoms from molecules that were
originally outside of the plants’ bodies.

#15. The process by which proteins
from food become part of animals’
body structures involves chemical
reactions in which the proteins from
food are broken down into amino

#11. The measured mass of reactants and products is
not always the same as the total mass. The measured
mass changes if reactants or products (often gases)
enter or leave an opened container. This is because
atoms that make up reactants or products enter or leave
the opened container. When measured mass changes, it
is because we have not measured the mass of all of the #2L. In plants, glucose monomers can react to form
atoms involved in the chemical reaction. cellulose polymers and water. The cellulose
polymers are used to build body structures during

\ growth and repair.

#10. Because the mass of a particular atom stays the

same and because the number of each type of atom

stays the same, the total mass of the matter stays the #18. Carbohydrate

same even though atoms are rearranged during polymers are made
from glucose

monomers.

chemical reactions. We say that mass is conserved.

acid monomers, and these
monomers are used to build
different protein polymers that
make up body structures.

)

#9. Atoms are neither created #8.The mass of a

nor destroyed during chemical particular atom does

reactions, so the total number not change, so a given

of each type of atom remains number of that type of #17. Plant body
the same. We say that atoms atom will always have structures are

are conserved. the same total mass. made up largely of

carbohydrate
molecules.

#20. Plants take
carbon dioxide and
water in from their
environment and
these substances
react to form
glucose monomers

#7. Some small molecules (monomers),
often containing carbon atoms arranged in
chains or rings, can link together during
chemical reactions to form large molecules
(polymers) and water molecules.

#13. Proteins are
polymer molecules
made from amino

#12. Animal body acid monomers.

Monomers usually have groups of atoms at
two places on the molecule that are
important for linking many monomers
together in a chain.

and oxygen
molecules.

structures are
made up largely
of proteins.

#6. During chemical reactions, atoms that make up molecules
of the starting sut (called re ) from
one another and connect in different ways to form the

#19. Different
carbohydrate molecules
have different
characteristic properties,

#14. There are many different proteins, which
have different characteristic properties, and
are therefore different substances.

and are therefore different
substances.

lecules of the ending sub (called products).

#5. The properties of a substance are

determined by the different type,
number, and arrangement of atoms that
make up the molecules of the substance.

\

#2. Changes during which

starting substances interact to

form new substances are called #3. Amolecule is made

chemical reactions. The ending up of two or more

substances of a chemical atoms connected

reaction can be recognized as together in a specific

new substances because they arrangement. For many #fl. Atoms are the smallest

have different properties from substances, a molecule pieces of all matter. There

the starting substances. is the smallest part of are many different t_ype_s
that substance. of atoms that combine in

different ways to make up

the molecules of different

Chemical reactions in animal growth

substances.
#1. Every substance has a unique set of characteristic properties, such as color, odor, density,
melting point, conductivity and solubility, and how it behaves during certain tests (like
limewater and glowing splint tests). These properties can be observed or measured and used
to decide if two substances are the same or different.
Chemical reactions in physical science Chemical reactions in plant growth

FIGURE 1. Map of science ideas targeted by the THSB unit.

The lessons within each chapter of the

unit also engage stu-  formulas. Using and relating multiple models helps students

dents in modeling underlying molecular events, particularly  appreciate critical attributes of molecules and to make abstract
atom rearrangement and conservation during chemical ideas about atom rearrangement and conservation concrete.
reactions, using Lego bricks and ball-and-stick models, and in ~ For example, using Lego bricks to model the formation of rust
relating these to conventional two-dimensional representations  in an open container allows students to see that atoms are
such as space-filling models and chemical and structural conserved even though the measured mass increases, which
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TABLE 3. Key phenomena for each THSB chapter

Toward High School Biology

Chapter number and science ideas

Students observe, model, and explain these phenomena

1. New substances form during chemical reactions because

atoms rearrange to form new molecules. .

L]

L]

Mass is conserved in chemical reactions because atoms are
conserved.

L]

L]

L]

. Animals build body structures for growth through chemical

reactions, during which atoms rearrange and are conserved.

Plants build body structures for growth through chemical
reactions, during which atoms rearrange and are conserved.

Why substances with different properties form when:

Vinegar is mixed with baking soda
Iron is exposed to oxygen in the air
Hexamethylenediamine is mixed with adipic acid

Why the measured mass of a system can change even though atoms are not

created or destroyed when:

Vinegar is mixed with baking soda

Iron is exposed to oxygen in the air
Hexamethylenediamine is mixed with adipic acid

How animals produce proteins for growth of their body structures that are

different from what they eat when:

Egg-eating snake eats only eggs but can replace its shed skin
Humans eat muscles but can also make tendons

Herring fish eat *C-labeled brine shrimp and make '“C-labeled body
structures (mostly muscle)

How plants produce carbohydrates for growth of their body structures that

are different from substances they take in from their environment when:
Algae produce *C-glucose from *C-carbon dioxide and they produce
80-oxygen (not *O-glucose) from 80-water

Mouse-ear cress plants make more *C-cellulose from *C-glucose when
grown without herbicide than with it

prepares students for making sense of increases in mass that
accompany biological growth. Using the same models across
chemical reactions in living and nonliving systems highlights
the crosscutting concept of atom rearrangement and conserva-
tion underlying phenomena in both disciplines.

Design Principle 4: Support Students’ Interpretation and
Explanation of the Science Phenomena. The THSB unit pro-
vides scaffolds that familiarize students with using evidence and
reasoning from science ideas and models to explain phenomena
and justify their explanations. Initially, students are introduced to
the parts of a complete explanation, which were adapted from
the claim, evidence, reasoning framework (McNeill and Krajcik,
2012), and they examine examples of explanations. In the next
explanation activity, students use a table to help them organize
their thinking and writing and to remind them about the neces-
sary elements. The scaffolds fade as the unit progresses, and by
the end of the unit, students are expected to write an explanation
without a table or reminders about the elements.

Business-as-Usual Curriculum

Teachers in the comparison group followed the business-as-
usual curriculum for the school district in which the study took
place. The district’s middle school science program is aligned
with the state curriculum in science, which expects students to
develop an understanding of the science ideas included in
Table 2 by grade 8. Teachers were expected to choose and
teach 6 weeks of activities that are aligned with the science
ideas and practices. At the end of the unit, comparison-group
teachers provided the research team with a summary of the
activities their students completed that aligned with the science
ideas included in Table 2 and, when possible, copies of those
lessons. One teacher relied heavily on activities from a physical
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science textbook published in 2001. The other teacher designed
her own worksheets and labs.

An analysis of the teachers’ summaries showed that, while
the activities were topically aligned to the science ideas,
the instructional strategies used differed considerably from the
strategies used in the THSB unit. First, while students in the
comparison group did use molecule kits and make Lewis dot
models of metal ions, the modeling activities were not used to
make sense of phenomena. Second, while students did observe
examples of chemical reactions, the focus was mainly on writ-
ing balanced chemical equations rather than making sense of
observations about mass conservation and changes in mea-
sured mass. Third, the business-as-usual curriculum made few
explicit connections between physical and life sciences ideas
and phenomena. While the eighth grade chemical reactions
unit engages students in balancing equations in both physical
and life sciences contexts (e.g., iron rusting and the reaction
between baking soda and vinegar in physical science, photosyn-
thesis and cellular respiration in life science), the equation bal-
ancing does not contribute to explaining any phenomena.
Finally, lessons in the business-as-usual curriculum are not
organized around a coherent story line; each lesson is on a dif-
ferent topic with no connections made to previous lessons.

RCT Study Design

Research Setting. Six teachers from six schools in a suburban
district participated in the study in the Spring of 2013. Two of
the teachers had participated in the year 2 pilot test of the cur-
ricular intervention (Spring of 2012) and were returning in
year 3 to implement the revised unit with their classes. The
classes of these teachers comprise what we will refer to as the
“experienced group.” Four teachers were new to the project and
were matched in pairs based on school characteristics such as
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eighth grade state test scores in math and science and student
demographic variables such as ethnicity.

One teacher in each pair was randomly assigned to use the
intervention with all of his or her classes (from this point for-
ward referred to as the “novice group”), and all of the classes of
the other teacher were assigned to the comparison group.
Treatment assignment within each pair of schools was done
randomly by Abt Associates, who used the Stata statistical soft-
ware package (StataCorp, 2009) to assign random numbers to
each school. Within each pair, the school with the smaller num-
ber was assigned to the novice group. In both the experienced
and novice groups, the THSB unit replaced the students’ usual
curricular materials, and the unit’s lessons were taught by the
classroom teacher after the teacher participated in 3 days of
face-to-face professional development. Regarding completion
of the unit, five out of the nine classes in the experienced group
completed all of the lessons compared with none of the classes
in the novice group. The average number of completed chapters
out of four and the range of completion are shown in Table 4
for both groups. The students in the comparison group used the
business-as-usual curriculum, which targets the same science
ideas shown in Table 2, as described earlier.

Participants. A total of 594 students participated in the study,
but the data reported here are from the 574 students who com-
pleted both the pretest and the posttest and responded to at least
25% of the items on both tests. Student demographic data indi-
cated that 55% of the students were male and 45% were female;
~9% of the students stated that English was not their primary
language; and ~43% of the students were white, 16% were Afri-
can American, 26% were Asian, 8% were Hispanic, and 7% were
two or more ethnicities. A breakdown of the demographic data

TABLE 4. Summary of class and student-level variables

THSB
Comparison THSB novice experienced
Number of classes 9 10 9
Gifted and talented classes  67% 50% 44%
Number of students 196 194 184
Average pretest score -0.15 -0.45 -0.70
(logits)
Chapters of THSB
completed
Range 0 2.8-3.3 3.2-4
Mean 0 2.9 3.7
Gender
Male 56% 55% 55%
Female 44% 45% 45%
Ethnicity
White 45% 41% 42%
Asian 27% 29% 22%
Black 14% 11% 23%
Hispanic 9% 10% 6%
Two or more 6% 9% 7%
ethnicities
Primary language
English 89% 92% 93%
Other 11% 8% 7%
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by group is presented in Table 4 and a breakdown by class is
presented in Supplemental Table S2. Data on students’ socioeco-
nomic status were not made available by the school district.

Student Content Knowledge Test. To determine how stu-
dents’ understanding of the targeted learning goals changed as
a result of instruction using either the THSB unit or the school
district curriculum, we administered a test before and after
instruction. The items on the test were developed using a pro-
cedure designed to ensure the items’ match to the targeted
ideas and their overall effectiveness as accurate measures of
what students do and do not know about those ideas (DeBoer
et al., 2007, 2008a,b). Each item was aligned to one or two of
the targeted science ideas or crosscutting concepts listed in
Table 2, and item distractors were designed to probe for rele-
vant student misconceptions (Sadler, 1998). As part of the item
development procedure, the items were pilot tested with 532
students from another county in the same state in which the
study was conducted. A Rasch analysis of the pilot test data was
performed, and the item separation reliability was 0.96. The
pilot-test data were used to inform revisions to the items and
the selection of the items for the final pre/posttest.

The final student content knowledge test included 36 items,
which were a mix of distractor-driven multiple-choice items
and two-tiered items. Three of the items required students to
interpret models of atoms and molecules and four of the items
required students to analyze data about substances’ character-
istic properties. There were four two-tiered items that consisted
of a multiple-choice item followed by two open-response ques-
tions. The open-response questions asked the students to
explain in writing why they thought the answer choices they
selected were correct and why they thought the other answer
choices were not correct.

All of the multiple-choice items were scored dichotomously.
A rubric was developed for each of the two-tiered items. The
students’ written explanations for why they selected or rejected
the answer choices were evaluated together against the ideal
response included in the rubric. Each response was rated by
two researchers, and any disagreements were resolved by
consulting a third researcher. When Krippendorff’s alpha
(Krippendorff, 2004) was calculated as an estimate of interrater
reliability, results before reconciliation showed reliabilities of
0.71, 0.83, 0.83, and 0.92. The students received one score for
these two-tiered items that summed their scores on the
multiple-choice part and the written explanation.

Description of Rasch Modeling. Student-level scale scores
were created using Rasch modeling (Liu and Boone, 2006;
Boone et al., 2014; Bond and Fox, 2007). The “partial credit”
model was used because the test included both dichotomous
and polytomous items (Masters, 1982). When the data fit the
Rasch model, the student scale scores and item difficulties are
expressed on the same interval scale, are mutually indepen-
dent, and are measured in the unit of logarithm called log odds
or logits, which can vary from —eo to +cc. Winsteps Rasch mea-
surement software was used to estimate student scale scores
and item difficulties (Linacre, 2013). The control variable
ISGROUPS was set to zero, which indicates that each item has
its own response structure. The average item difficulty was set
at zero.
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Measuring Change Using Rasch Modeling. In this paper, we
apply the stacking method to the pretest and posttest data
(Wright, 2003). Stacking allowed us to create two scale scores
per person: a pretest score and a posttest score. The stacked
analysis was done by first preparing a data file that contained
two rows of data per student. One row contains their responses
during the pretest and the second row contains their responses
during the posttest. This analysis results in two measures per
student: a pretest scale score and a posttest scale score. The
difference between these scale scores represents the change in
the students’ understanding as a result of instruction.

Hierarchical Linear Modeling. Once the pretest and posttest
scale scores were created using Rasch modeling, the posttest
scale scores were modeled as outcome measures in two-level
hierarchical linear models (HLMs) with students at level 1 and
classes at level 2. Classes were used at level 2 instead of teach-
ers, because we had evidence that student posttest scores var-
ied between classes of the same teacher. Student-level vari-
ables included pretest scale scores, gender, ethnicity, and
language. Class-level variables included whether or not the
class was part of the novice group of a matched pair, whether
or not the class was part of the experienced group, and
whether or not the class was designated as a gifted and tal-
ented class. Using an intent-to-treat approach, all classes were
included in the analyses regardless of whether or not they
completed all of the lessons in the THSB unit.

A fully unconditional model containing only the posttest out-
come variable and no independent variables, except an inter-
cept, was estimated first. This was followed by a conditional
model in which pre-test scale score, gender, language, and eth-
nicity were included as controls and modeled as fixed effects.
HLM 7 software was used in this study (Raudenbush et al.,
2011). The method of estimation was restricted maximum like-
lihood. Effect sizes were calculated by dividing the coefficient by
the square root of the pooled student-level unadjusted SD.

RESULTS

Rasch Fit

The fit statistics presented in Table 5 show how accurately the
stacked field-test data fit the Rasch model. The separation indi-
ces and corresponding reliabilities were 16.66 and 1.00 for the
items and 2.67 and 0.88 for the students. Both of the separation
indices are considered acceptable—that is, greater than 2,
according to Wright and Stone (2004). Additionally, the SEs for
the items and students were small (see Table 5). The infit and
outfit mean-square values for the majority of the items and
students were within the acceptable range of 0.7-1.3 for
multiple-choice tests (Bond and Fox, 2007). Because the fit

TABLE 5. Rasch fit statistics for the stacked data

Toward High School Biology

statistics are within the acceptable ranges, we conclude that the
data have a good fit to the Rasch model.

Fully Unconditional HLM

A fully unconditional HLM with no independent variables at
either level was run to calculate the intraclass correlation coef-
ficient. The results of the model are shown in Table 6. The
intraclass correlation coefficient represents the proportion of
variance in posttest scores that could be the result of class char-
acteristics, such as the curriculum used. In this case, almost half
(48%) of the variance in posttest score could be the function of
class characteristics. Therefore, the proportion of the variance
in posttest scores that exists at the individual level is 52%. A
chi-square test indicated that posttest scores varied significantly
between classes (x*=482.34, p < 0.001).

Conditional HLM
The mixed-model for the conditional HLM is

POSTI'ESTU‘ =Yoo+7Yo1* NOVICEj +Yo2 ¥ E)Q)ERIENCEDJ' +
Yo3 * GT]' +7Y10 * PRETESTij + Y20 * FEMALEU + Y30 * BLACKU +
Y40 * HISPANICU +7Ys0 * ASIANij + Y60 * 2ORMOREU‘ +

Y70 * ENGLISHU +Uoj +1Ij

where POSTTEST, and PRETEST are the post- and pretest scale
scores for the student i within class j, respectively. GT is a dummy
variable indicating whether or not the class is designated as a
gifted and talented class. Two dummy variables were created for
the instruction used in the class; NOVICE is a dummy variable
indicating whether or not the teacher of the class was a first-
year implementer of the THSB unit; EXPERIENCED is a dummy
variable indicating whether or not the teacher of the class was
an experienced implementer of the THSB unit. The comparison
group, which was using the business-as-usual curriculum, was
used as a reference group. FEMALE is a dummy variable indicat-
ing the gender of student i in classj (female = 1; male = 0). Four
dummy variables were created for ethnicity (BLACK, HISPANIC,
ASIAN, and 20RMORE), and white was used as a reference
group. ENGLISH is a dummy variable indicating whether or not
English is the primary language of student i in class j (English =
1; other language = 0). All of the student-level variables were
grand-mean centered and all of the class-level variables were
uncentered. The terms u, and r, are the error terms associated
with the classes and students, respectively. The results of the
conditional HLM are shown in Table 7.

According to the coefficients shown in Table 7, the average
posttest score for students in the non-GT comparison group

Item Person
Minimum Maximum Median Minimum Maximum Median

SE 0.03 0.10 0.07 0.32 1.04 0.35

Infit mean-square 0.82 1.23 0.98 0.19 4.85 0.98
Outfit mean-square 0.70 1.53 0.97 0.05 9.90 0.93
Point-measure correlation coefficients 0.26 0.68 0.46 -0.28 0.78 0.46
Separation index (reliability) 16.66 (1.00) 2.67 (0.88)
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TABLE 6. Fully unconditional HLM

Variable Value
Within-classroom variance (62) 0.86
Between-classroom variance (1) 0.80
Between-classroom SD 0.95
Reliability (1) 0.94
Intraclass correlation (p) 0.48

classes is —0.31 logits (controlling for pretest score, gender, eth-
nicity, and primary language). The coefficients for the NOVICE
and EXPERICENCED variables indicate that, on average, stu-
dents in the non-GT classes in the novice group score 0.92 logits
higher than students in the non-GT comparison classes, and stu-
dents in the non-GT classes in the experienced group score 1.19
logits higher than students in the non-GT comparison classes.
Therefore, the average posttest score for students in the non-GT
novice classes is 0.61 logits and the average posttest score for
students in the non-GT experienced group classes is 0.88 logits
(controlling for pretest score, gender, ethnicity, and primary lan-
guage). Compared with the business-as-usual curriculum, the
effect size for the THSB unit being implemented for the first time
(novice group) is 0.84, and the effect size for the THSB unit being
implemented by teachers with prior experience with THSB (expe-
rienced group) is 1.10. Additionally, the model shows that being
in a GT class increases the posttest score by 0.41 logits.

Because not all of the classes completed the entire THSB
unit, a second conditional HLM model was run. In this model,
the number of chapters completed was used as a level 2 vari-
able instead of the NOVICE and EXPERIENCED dummy vari-
ables. The mixed model is

POSTTESTij =%Yoo +Yo1 * CHAPTERJ' +Yo2 * GTJ' +
Y10 ¥ PRETEST; + Y20 * FEMALE ; + v30 * BLACK; +
Y40 * HISPANICij +7Ys0 * ASIANij + Y60 * ZORMOREU +

Y70 * ENGLISHij +Upj + Ij

TABLE 7. Results from the conditional HLM

All of the student-level variables were grand-mean cen-
tered, and all of the class-level variables were uncentered. The
results of this conditional HLM are shown in Table 8.

According to the coefficients from the second conditional
HLM model shown in Table 8, the average posttest score for
students in the non-GT comparison group classes is —0.30 logits
(controlling for pretest score, gender, ethnicity, and primary
language). The coefficients for the CHAPTER variable indicate
that, on average, students in the non-GT classes using THSB
score 0.32 logits higher than the students in the non-GT com-
parison classes for each chapter of THSB they complete. There-
fore, the average score for non-GT students who completed two
chapters of THSB is 0.34 logits. Non-GT students who com-
pleted three chapters of THSB score, on average, 0.66 logits,
and non-GT students who completed all four chapters score, on
average, 0.98 logits.

Analyzing Distractors for Misconceptions

An analysis of students’ selection of distractors in the pre- and
posttest items was performed to gain insight into the effects the
THSB unit had on students’ misconceptions related to the tar-
geted science ideas. As discussed earlier, past research has iden-
tified several misconceptions that students hold about chemical
reactions and growth. Many of the distractors of the items on
the pre- and posttest targeted these misconceptions. Looking at
the frequency with which these distractors were selected pro-
vides more detailed information about how student thinking in
each group changed after receiving instruction. The following
summarizes results of distractor analyses focused on common
student misconceptions.

Misconception: Atoms Are Transmuted during Chemical
Reactions. As shown in Table 1, a common misconception
about chemical reactions is that, during a reaction, the atoms
that make up the reactants are transformed into different types
of atoms (Andersson, 1986; DeBoer et al., 2009). Five items on
the pre- and posttest included distractors that probed this mis-
conception. One item included two distractors aligned to this
misconception, and the other four items include one distractor

Fixed effects Coefficient SE t Ratio Approximate df p Value
Class-level variables
Intercept, v,, -0.31 0.14 -2.26 24 0.03
Novice, ¥,, 0.92 0.15 3.13 24 <0.001
Experienced, y,, 1.19 0.15 7.86 24 <0.001
GT, v, 0.41 0.13 3.13 24 0.005
Individual-level variables
Pretest, v, 0.80 0.05 17.81 539 <0.001
Female, v, 0.04 0.06 0.79 539 0.43
Black, v,, -0.37 0.10 -3.90 539 <0.001
Hispanic, v, -0.21 0.12 -1.75 539 0.08
Asian, v, 0.11 0.08 1.38 539 0.17
Two or more, v, -0.12 0.12 -1.06 539 0.29
English, v, 0.23 0.12 1.99 539 0.05
Random effects SD Variance df x? p Value
Intercept, u, 0.27 0.08 29 107.74 <0.001
level-1, r 0.68 0.46
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TABLE 8. Results from the conditional HLM with the number of chapters completed as a class-level variable

Fixed effects Coefficient SE t Ratio Approximate df p Value
Class-level variables
Intercept, v,, -0.30 0.12 -2.53 25 0.02
Chapter, v, 0.32 0.03 9.56 25 <0.001
GT, 7, 0.38 0.12 3.21 25 0.004
Individual-level variables
Pretest, v,, 0.80 0.04 17.88 539 <0.001
Female, v, 0.04 0.06 0.77 539 0.44
Black, v, ~0.37 0.09 -3.90 539 <0.001
Hispanic, v,, -0.21 0.12 -1.75 539 0.08
Asian, y,, 0.11 0.08 1.44 539 0.15
Two or more, y,, -0.13 0.12 -1.09 539 0.28
English, v, 0.24 0.12 2.03 539 0.04
Random effects SD Variance df X p Value
Intercept, u, 0.24 0.06 25 88.89 <0.001
level-1, r 0.68 0.46

aligned to this misconception. Table 9 shows the frequency at
which these distractors were selected on the pre- and posttests
along with the overall percent correct on these items. On the
pretest, this misconception was very popular; the selection of
these distractors represented more than half of the incorrect
responses on these items. Overall, these distractors were
selected on the pretest 31% of the time by students in compar-
ison classrooms and 33% of the time by students who used the
THSB unit (in classrooms of both novice and experienced users;
%x%(1) =1.51, n.s.; Cramer’s V effect size = 0.02). On the posttest,
the percentages decreased to 23% for the comparison group
students and 14% for students who used the unit. The posttest
percentage for THSB users is significantly lower than the per-
centage for the comparison group (x2(1) = 30.72, p < 0.001;
Cramer’s V effect size = 0.11).

Misconception: Atoms Are Created during Chemical
Reactions. It is well known that students have difficulty pre-
dicting that mass will be conserved, especially for systems in
which there appears to be an increase or decrease of “stuff”
(Mitchell and Gunstone, 1984; Hesse and Anderson, 1992; Lee
et al., 1993; DeBoer et al., 2009). Students may explain this
apparent increase or decrease by saying that atoms can be cre-
ated or destroyed during chemical reactions, a common mis-
conception as shown in Table 1. Three items in the pre- and
posttest each included one distractor aligned to the misconcep-
tion that new atoms are created during chemical reactions; two
items each included one distractor aligned to the misconception

that atoms are destroyed, and one item included three distrac-
tors that aligned to misconceptions about the destruction and/
or the creation of atoms misconceptions. The results from these
items are summarized in Table 10.

As indicated in Table 10, on the pretest, distractors involving
atoms being created were selected 26% of the time by the stu-
dents in the comparison group and 31% of the time by students
who used the THSB unit (in classrooms of both novice and
experienced users; x2(1) =5.19, p < 0.05; Cramer’s V effect size
= 0.05). On the posttest, the percentages dropped to 16% for
the comparison group and 21% for the students using the THSB
unit (x2(1) = 7.43, p < 0.01; Cramer’s V effect size = 0.06).
Distractors involving matter being destroyed were selected 15%
of the time on the pretest by the students in the comparison
group and 20% of the time by students who used the THSB unit
(x*(1) =6.77, p < 0.05; Cramer’s V effect size = 0.07). On the
posttest, the percentages dropped to 9% for the comparison
group and 8% for the students using the unit (}2(1) =0.03, n.s.;
Cramer’s V effect size = 0.01).

Misconception: Food Is Excreted as Waste and Does Not
Become Part of the Body. Past research has shown that some
students do not think that any of the food animals eat becomes
part of the animals’ bodies; instead, they think the food is either
eliminated as waste or used for energy (Smith and Anderson,
1986; Leach et al., 1992). Two items tested the idea that some
of the food becomes part of the body. One of these items
included two distractors that included the misconception that

TABLE 9. Frequency of selecting the correct answer and distractors targeting the misconception that atoms are transmuted (based on six

distractors in five items)

Comparison THSB
Answer choice? Pretest Posttest ¥ (p value)  Effect size Pretest Posttest  x2 (p value) Effect size
Atoms are rearranged. 47% 59% 24.95 0.17 37% 65% 288.72 0.28
(<0.001) (<0.001)
Atoms are changed into 31% 23% 14.31 0.09 33% 14% 175.82 0.22
other atoms. (<0.001) (<0.001)
“The correct answer choice is in italics.
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TABLE 10. Frequency of selecting the correct answer and distractors targeting the misconceptions that atoms can be created or destroyed

(based on seven distractors in six items)

Comparison THSB
Answer choice® Pretest Posttest  y2 (p value) Effectsize  Pretest Posttest 2 (p value) Effect size
Atoms are neither created nor 52% 62% 23.21 0.10 41% 55% 86.25 0.14
destroyed. (<0.001) (<0.001)
Atoms are created. 26% 16% 24.45 0.13 31% 21% 39.97 0.12
(<0.001) (<0.001)
Atoms are destroyed. 15% 9% 9.77 0.09 20% 8% 65.59 0.17
(<0.01) (<0.001)

aThe correct answer choice is in italics.

none of the food becomes part of the body and the other item
included four distractors. The results of these items are shown
in Table 11. On the pretest, the distractors were selected 34%
of the time by the students in the comparison group and 37% of
the time by students who used the THSB unit (in classrooms of
both novice and experienced users; x2(1) = 1.25, n.s.; Cramer’s
V effect size = 0.04). On the posttest, the percentages dropped
to 22% for the comparison group and 11% for the students
using the unit. The posttest percentage for the THSB users is
significantly lower than the percentage for the comparison
group (x%(1) =23.82, p < 0.001; Cramer’s V effect size = 0.15).

Misconception: Cell Division Alone Can Account for Growth.
Some students think that living organisms grow merely because
the cells that make up their bodies divide, not because the
organisms take in additional matter that becomes part of their
bodies (Kriiger et al., 2006; Riemeier and Gropengiefer, 2008).
Six items on the pre- and posttest each included one distractor
aligned to this misconception. Table 12 shows the frequency at
which these distractors were selected and the overall percent
correct on the pre- and posttests. On the pretest, these distractors
were selected 34% of the time by students in the comparison
group and 28% of the time by students who used the THSB unit
(in classrooms of both novice and experienced users; x%(1) =
12.92, p < 0.001; Cramer’s V effect size = 0.06). On the posttest,

the percentage decreased to 26% for the comparison group and
7% for the novice and experienced groups. The posttest percent-
age for the THSB users is significantly lower than the percentage
for the comparison group (¥*(1) = 244.12, p < 0.001; Cramer’s
V effect size = 0.27).

Misconception: Most of Plants’ Mass Comes from Minerals.
Studies have shown that students have difficulty accepting that
most of the mass of a plant comes from CO, in the air. They
commonly believe that the mass comes from minerals in the soil
(Vaz et al., 1997), mostly because they think that gases have
negligible mass (Mas et al., 1987) and therefore cannot contrib-
ute significantly to the mass of a tree. There were four items
that each included one distractor aligned to this misconception,
and the results from these items are presented in Table 13. The
table presents the answer choice selections for the novice and
experienced groups separately, because the activities that
targeted this misconception were part of the lessons that the
novice group did not complete. The distractors were selected
on the pretest 42% of the time by the comparison group, 50%
of the time by the novice group, and 41% of the time by the
experienced group (x?(2) = 12.63, p < 0.01, Cramer’s V effect
size = 0.08). On the posttest, the comparison and novice groups
did not show a significant decrease in percentage of times these
distractors were selected (see Table 13). The experienced

TABLE 11. Frequency of selecting the correct answer and distractors targeting the misconception that food does not become part of the

body (based on six distractors in two items)

Comparison THSB
Answer choice? Pretest Posttest  y2 (p value) Effectsize  Pretest Posttest %2 (p value) Effect size
Atoms from food become part 60% 74% 15.82 0.15 56% 87% 170.65 0.34
of the body. (<0.001) (<0.001)
Atoms from food do not 34% 22% 13.39 0.14 37% 11% 144.30 0.31
become part of the body. (<0.001) (<0.001)

aThe correct answer choice is in italics.

TABLE 12. Frequency of selecting the correct answer and distractors targeting the misconceptions that cell division alone can account for

growth (based on six distractors in six items)

Comparison THSB
Answer choice? Pretest Posttest 2 (p value) Effectsize  Pretest Posttest %2 (p value) Effect size
Incorporation of atoms from 45% 54% 16.92 0.09 43% 68% 271.67 0.25
food accounts for growth. (<0.001) (<0.001)
Cell division accounts for 34% 26% 16.02 0.09 28% 7% 349.38 0.28
growth. (<0.001) (<0.001)

aThe correct answer choice is in italics.
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TABLE 13. Frequency of selecting the correct answer and distractors targeting the misconceptions that plants’ mass comes from minerals

(based on four distractors in four items)

Comparison THSB novice THSB experienced
2 2 XZ

Answer choice? Pretest Posttest (p value) Effect size Pretest Posttest (p value) Effect size Pretest Posttest (p value) Effect size
Plants’ mass does 32% 40% 10.82 0.09 31% 39% 10.91 0.09 30% 71% 244.17 0.41

not comes from (<0.01) (<0.01) (<0.001)

minerals.
Plants’ mass comes  42% 39% 1.19 0.03 50% 50% 0.01 0.00 41% 16% 116.93 0.29

from minerals. (n.s.) (n.s.) (<0.001)

aThe correct answer choice is in italics.

group, however, showed a very large decrease from 41% on the
pretest to 16% on the posttest.

DISCUSSION

Research Question 1

To evaluate the overall promise of the THSB unit in increas-
ing students’ understanding of the targeted science ideas, we
modeled the posttest scale scores as outcomes in HLMs. The
results of the conditional HLM models indicate that the THSB
unit shows great promise in increasing students’ understand-
ing of ideas related to chemical reactions in living and nonliv-
ing systems. When dummy variables for the novice and expe-
rienced groups were used, the results show that the novice
group significantly outperformed the comparison group on
the posttest, and the experienced group significantly outper-
formed the novice group. The effect sizes for both the novice
group and experienced group compared with the comparison
group are considered to be large (i.e., >0.80; Cohen, 1988).

The larger effect size for the experienced group (1.10) may
be due to teachers’ increased familiarity and comfort with the
THSB unit and to their increased completion rate. Feedback
received from the teachers in the experienced group at the end
of the study suggested that during the year 3 implementation of
the THSB unit, they better understood the story line of the unit
and the science content and were more comfortable facilitating
students’ use of the molecular models. More of the classes of the
experienced group teachers completed the unit, and the HLM
model using the number of chapters completed did show that
higher posttest scores are associated with higher completion
rates. As shown in Table 8, there is a 0.32 logit increase in
posttest scores for each chapter completed.

These results provide evidence that the THSB unit has
promise in increasing students’ understanding of foundational
science ideas and their ability to use those ideas to explain
phenomena. They also suggest that the unit may require mul-
tiple implementations by a teacher before reaching its full
potential.

Research Question 2

In answer to the second research question about the THSB
unit’s promise in reducing students’ misconceptions, fin-
er-grained analyses of students’ answer choice selections for
specific sets of items revealed differences in the extent to which
students in the different groups had changed their thinking
after instruction. We also identified the design principles that
guided the selection of phenomena and activities aimed at help-
ing students overcome specific misconceptions.

CBE—Life Sciences Education « 15:ar74, Winter 2016

Atoms Are Rearranged Not Transmuted during Chemical
Reactions. On the pretest, the transmutation misconception
that atoms are changed into different atoms was prevalent in all
of the groups, and distractors aligned to this misconception
were selected almost a third of the time. While both the com-
parison and THSB groups showed a decrease in the frequency
of selection of the transmutation distractors from pre- to
posttest, the THSB group showed a significantly larger decrease,
as indicated by the larger effect size (see Table 9). This indi-
cates that the THSB unit was more successful at reducing this
misconception than the business-as-usual curriculum.

This success may be due to students’ experiences with the
modeling activities during which the unit pushes students to
notice that the products of chemical reactions they model are
made from only the atoms that made up the starting substances.
The students had experiences with a variety of chemical reac-
tions in both nonliving and living systems throughout the THSB
unit (see Design Principles 1 and 3). For most of these reactions,
students built models of the reactant molecules, rearranged the
“atoms” to build models of the product molecules, and were
asked to consider what happened to the numbers and types of
“atoms.” At no point during the modeling of the reaction did
the students have to go back to the box of models and exchange
“atoms” for other types. From this, students could infer that no
“real” atoms changed into other types of atoms during these or
any other chemical reactions.

Atoms Are Not Created or Destroyed during Chemical Reac-
tions. From the distractor analysis of the misconceptions about
atoms being created or destroyed during chemical reactions,
the groups showed similar reductions in frequency of selection
(see Table 10). In this case, the THSB unit and the business-as-
usual curriculum were equally successful in reducing students’
misconceptions about the creation and destruction of atoms.

The phenomena selected for the THSB unit purposefully
included chemical reactions during which the amount of mat-
ter being measured either increases or decreases (see Design
Principle 2). The modeling activities were used to show stu-
dents that, even when the measured mass changed, the num-
ber of atoms did not change if they took account of atoms
entering and/or leaving the system. Students modeled the
observed changes in measured mass by weighing Lego models
of reactants and products in closed and open systems and
noticed that in neither case were any Legos created or
destroyed. The unit also included scaffolding to support the
students in constructing written explanations of these phe-
nomena (see Design Principle 4).
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The comparison group, which did not experience the mod-
eling activities, had a similar reduction in misconceptions. It is
possible that the assessment items probing this misconception
could be correctly answered simply by knowing that “atoms
cannot be created or destroyed.” All of these items used the
terms “created” and “destroyed” in distractors, which students
could eliminate if they had merely memorized the phrase. It is
possible that these multiple-choice items were not sufficient
probes of students’ conceptual understanding of conservation.
However, a difference in the quality of student explanations
was observed between treatment and comparison groups.
Analysis of students’ written explanations from the two-tiered
items showed that students in the THSB group were better
able to use their understanding of conservation to explain
novel phenomena. Almost a third of the students in the novice
and experienced groups used ideas about atom rearrange-
ment and conservation in their posttest explanations com-
pared with only 1% of the comparison group. To illustrate the
improvement in the quality of explanations of THSB users, we
show sample pre- and posttest explanations from two students
who used the THSB unit in Table 14. The item asked the stu-
dents to predict how the mass of the sealed bag containing a
piece of bread would change after mold grew on the bread,
and then they were asked to explain their answers. The stu-
dents who wrote the explanations in Table 14 selected the cor-
rect answer choice on both the pre- and posttests: the mass of
the sealed bag containing the bread would not change after
the mold grew. In each example, the student wrote a sub-
stance-level explanation on the pretest and an atomic-level on
the posttest.

Nonetheless, a significant percentage of THSB students
(21%) selected answer choices aligned to the misconception
that atoms are created during chemical reactions on the
posttest. It is possible that these students are still confused
about the distinction between molecules, which are created
during chemical reactions, and atoms, which are not. But it is
also possible that these students are not yet reasoning with a
mental model of atom rearrangement and conservation. As a
result, we revised the questions in the conservation activities
throughout the unit to press students to acknowledge that,
although different molecules were created, atoms were not. We
also added suggestions in the teacher edition to have students
model their written responses to explanation tasks.

Food Becomes Part of an Animal’'s Body during Growth.
The students who experienced the THSB unit were less likely

than the comparison group to think that food an animal eats
does not become part of the animal’s body (see Table 11). The
misconception that atoms from food do not become part of an
animal’s body was equally selected by both groups on the pre-
test. On the posttest, the misconception was only selected
11% of the time by the students who participated in the THSB
unit but was still selected by 22% of the comparison group.
The effect size for the comparison group is considered to be
small (i.e., around 0.10) and the effect size for the THSB
group is considered to be medium (i.e., around 0.30; Cohen,
1988). These results suggest that the THSB unit more effec-
tively targeted this misconception than the comparison
curriculum.

The larger reduction of this misconception in the treatment
groups may be attributed to carefully sequenced activities that
provided evidence from phenomena and reasoning from mod-
els to contradict this misconception (see Design Principles 1, 2,
and 3). Students using the THSB unit observed the “growth” of
nylon thread and modeled the polymerization reaction to pre-
pare them to make sense of polymerization reactions required
for animal and plant growth. Students then examined data on
the composition of animal body parts that would serve as evi-
dence that animal bodies are mostly made up of protein poly-
mers that would have to be made for animals to grow. Students
examined data showing that the proteins an animal eats have
different properties and, hence, are different substances from
the proteins making up animal body structures. To provide evi-
dence that animals actually do convert proteins from food into
proteins making up their body structures, students 1) exam-
ined data from radioactive-labeling experiments showing that
herring fish incorporated 20% of “C atoms from the brine
shrimp they ate into their bodies and 2) modeled the processes
of protein digestion and protein synthesis to explain how the
incorporation could have occurred. Throughout these activi-
ties, students responded to questions to guide them to make
the intended observations and link the substance-level observa-
tions to atomic/molecular events (see Design Principle 3).

Growth Requires the Incorporation of New Atoms, Not Just
Cell Division. One of the more prevalent misconceptions about
both animal and plant growth is the idea that cell division alone
explains the growth of organisms. Students holding this mis-
conception seem to view growth merely as “getting bigger,” not
as increasing in mass. Students who do not link getting bigger
to increasing in mass have no need to account for it. As a result,
an explanation of growth that involves chemical reactions and

TABLE 14. Sample explanations for the moldy bread item from students in the experienced group

Pretest explanation

Posttest explanation

“The bread chemically changed to mold, but the mass
did not change.”

“The bag is a closed container. The total and measured mass stay the same inside
closed containers. The atoms that start in the plastic bag cannot change mass or

escape. No new atoms can be created, so the mass stays the same.”

“I think the bag weighed the same because nothing
could get in or out of the bag, so theoretically the
weight should not change.”

“The bag and its contents weighed the same because in the closed container, nothing
can get in or out. This means that atoms that make up the bread cannot slip out of
the bag, and atoms outside cannot get in, so the weights won’t be changed. The

mold absorbed molecules in the bread and, through chemical reactions, rearranged
the atoms to incorporate them in the mold. Throughout the process, the number of
total atoms in the bag stayed the same, so the measured mass of the bag will stay
the same also.”
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the incorporation of atoms is unnecessary. Table 12 shows that
students who experienced the THSB unit selected distractors
targeting this misconception <10% of the time. In the compar-
ison group, these distractors were selected more than a quarter
of the time after instruction. Based on the effect sizes shown in
Table 12, the THSB unit had a medium effect (i.e., around 0.30)
on this misconception, and the business-as-usual curriculum
had a small effect (i.e., around 0.10; Cohen, 1988).

This finding suggests that the THSB unit was more effective at
convincing the students that cell division alone, without the
incorporation of additional atoms, cannot account for the increase
in mass that accompanies growth. Modeling of phenomena such
as iron rusting that involve mass conservation (in closed systems)
and increases in measured mass (in open systems) helped stu-
dents recognize that the only way for the mass of a system to
increase is to add atoms from outside the system (see Design Prin-
ciple 3). This idea is built upon in the chapters on animal and
plant growth (see Design Principle 1). Students are guided to see
that animals and plants are open systems and to recognize that
the incorporation of new atoms into an organism’s body is essen-
tial for an increase in mass and, therefore, growth to occur. The
explanation scaffolding also supported students in interpreting
and explaining growth phenomena (see Design Principle 4).

Plants’ Mass Increase Comes from CO, Not from Minerals.
On the plant growth items, only the experienced group showed
a decrease in the frequency of selection of the misconception
that most of a plant’s mass comes from minerals in the soil (see
Table 13). The difference in performance on these items
between the students of experienced and novice THSB users
may have been caused by differences in the number of lessons
teachers completed: whereas most of the experienced THSB
users completed all of the lessons targeting plant growth ideas,
none of the novice THSB users did. The effect size for the expe-
rienced group suggests that the unit had a medium effect (i.e.,
around 0.30) on this misconception (Cohen, 1988).

During the plant growth lessons, which come at the end of
the THSB unit, students participated in activities that directly
contradict the misconception that plants’ mass comes from min-
erals while providing students with evidence for where the
material that makes up plants does comes from (CO, in the air;
see Design Principle 2). The students were shown data from
radioactive-labeling experiments that proved that 1) the carbon
and oxygen atoms of glucose molecules in plants come from
CO, molecules in the air and 2) plants can make cellulose from
glucose. Then they modeled the chemical reactions involved,
tracing the **C and 'O atoms from CO, to glucose and then
from glucose to cellulose.

Study Limitations
There are several limitations to the study. First, the number of
participating teachers was small, and they were all from one
relatively well-performing district. Therefore, we view this
study as an evaluation of the unit’s promise and not its efficacy.
Alarger RCT including a larger and more representative sample
is needed to explore the unit’s efficacy.

Additionally, not all of the classes completed the entire unit.
In fact, none of the classes in the novice group and only five
classes in the experienced group finished all of the lessons. It is
possible that more improvement in understanding would have
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been achieved if the students had been able to experience the
unit in its entirety.

Another limitation is that the comparison group instruction
devoted less time to the life science contexts and the science
practices. This may inflate the effect size due to a difference in
time spent on these areas.

Furthermore, although the comparison group teachers
received a list of the science ideas, they did not receive profes-
sional development on aligning activities to those ideas,
whereas the treatment teachers did. In future studies, the addi-
tion of professional development on alignment to the science
ideas and practices targeted should be provided to both groups.

Implications for Curriculum Development and
Implementation

Although the findings reported in this paper are specific to our
experiences with the THSB unit, they likely have implications
for the design and implementation of other science curriculum
materials, particularly those being developed to support the
NGSS vision and a more learner-centered approach to science
education.

Alignment with the NGSS requires that curricular materials
do much more than simply “cover” a set of specified ideas and
skills. Some developers and publishers are attempting to modify
their materials, while others are already making claims of align-
ment. To date, however, there has been little guidance available
for understanding what it means to align with NGSS or to sup-
port students in achieving the NGSS performance expectations.
The EQuIP rubric seeks to fill that gap (Achieve, 2014).

The study described in this paper may be one of the first to
cite empirical evidence that a curricular material aligned to the
NGSS as articulated in the EQuIP rubric has the potential to
improve students’ understanding of important science ideas
and practices. Nevertheless, it is important to note that, while
the EQuIP rubric provided formative input to the revision of the
THSB unit, it was not used in the initial development of the unit,
so this study does not address how effectively the rubric on its
own would serve as a curricular design tool. As a result, our
findings with regard to NGSS alignment suggest that the
research-based design principles described in this paper and
used to guide the development of the THSB unit may have
wider applications by other curriculum developers seeking to
align their materials to NGSS.

While there is general agreement that the NGSS vision is
laudable, most educators acknowledge that it is also highly
ambitious and will be challenging to implement. For example,
one of the main goals of the NGSS effort was to focus on a
smaller set of core ideas so that students could learn them more
deeply and use them with a range of science practices to make
sense of phenomena across disciplines. After working with
many excellent teachers throughout the development and
testing of the THSB unit, however, it is clear that helping stu-
dents use core ideas and practices to make sense of phenomena
will require much more instructional time than schools cur-
rently provide. Indeed, after analyzing data from the year 2
pilot test of the THSB unit, we found that, because of the diffi-
culty of the ideas being taught, the time students needed to
learn those ideas well and the need to improve the overall
coherence and comprehensibility of the unit, it was necessary to
streamline the unit (Roseman et al., 2013). This required some
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significant design trade-offs, such as focusing on only parts of
core ideas and providing fewer phenomena as examples in
order to provide students with the additional scaffolding and
experience they needed to explain them well. Other developers
will make other choices, of course, but the point is that curricu-
lar design in the era of NGSS must be more evidence-based than
ever and attend closely to the realities of the classroom, such as
the amount of instructional time available and the conceptual
difficulties that many students are likely to have.

Finally, although this paper does not deal with the teacher
support provided in the THSB unit, it is clear to us that materials
designed to take the NGSS vision seriously will require much
more extensive and ongoing support for teachers than has pre-
viously been provided. As noted earlier in this paper, teachers’
prior experience with the THSB unit was a significant variable
in predicting student performance. While this is likely to be
true of any curriculum, truly addressing the three dimensions
of learning called for in NGSS require teachers to take on con-
tent and instructional practices for which they have had little
preparation. Providing teachers with adequate time to under-
stand new materials and improve their skill in using them to
best advantage in their classrooms is essential to the NGSS
vision and to all improvements in science education.

CONCLUSIONS

This paper reports on data from the year 3 field test of a new
curricular unit, Toward High School Biology, which is designed
to help students explain biological growth and repair in terms
of atom rearrangement and conservation during chemical
reactions. Guided by a set of research-based design principles,
the unit was developed to improve on currently available
materials and breaks new ground by engaging students in
making sense of phenomena that occur in both nonliving and
living systems using science ideas, crosscutting concepts, and
science practices and supporting their ability to do so. This
support includes carefully sequenced data analysis and mod-
eling tasks and scaffolded questions that help students con-
nect phenomena to a coherent set of science ideas, confront
differences between their own ideas and science ideas, and
relate the science ideas targeted in each lesson to other sci-
ence ideas and phenomena. This approach aligns well with
the three dimensions of learning recommended in the NRC
Framework and NGSS.

A study was conducted to investigate the overall promise of
the unit in increasing students’ understanding of the science
ideas and reducing their misconceptions. Three groups of stu-
dents were compared during the study: 1) classes of teachers
implementing the intervention for the first time (novice group),
2) classes of teachers who had implemented an earlier version
of the intervention in the previous year (experienced group),
and 3) classes of teachers using the school district curriculum
that targets the same science ideas. Rasch modeling was used to
create scale scores for both the pre- and posttests. These scale
scores were then modeled as outcomes in a two-level HLM to
investigate effects of the intervention controlling for pretest
score, gender, language, and ethnicity. The results of the model
showed a significantly positive correlation between using the
THSB unit and posttest score. Large effect sizes were found for
both the novice group and the experienced group. A distractor
analysis showed that the unit was also successful in reducing
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the prevalence of commonly held student misconceptions. In
most cases, students who took the THSB unit were less likely to
select misconceptions aligned to distractors than students in the
comparison group. This suggests THSB was more successful at
reducing the misconceptions than the business-as-usual curric-
ulum. These results provide evidence of the promise of the
THSB unit for increasing students’ understanding of chemical
reactions and conservation of mass in living and nonliving sys-
tems and for the unit’s feasibility, which improves in the hands
of experienced teachers.
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