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Inquiry-based course in physics and chemistry for preservice K-8 teachers
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We describe an inquiry-based course in physics and chemistry for preservice K-8 teachers developed at
California State University Fullerton. The course is one of three developed primarily to enhance the
science content understanding of prospective teachers. The course incorporates a number of innovative
instructional strategies and is somewhat unusual for its interdisciplinary focus. We describe the course
structure in detail, providing examples of course materials and assessment strategies. Finally, we provide
research data illustrating both the need for the course and the effectiveness of the course in developing
student understanding of selected topics. Student responses to various questions reflect a lack of under-
standing of many relatively simple physical science concepts, and a level of performance that is usually
lower than that in comparable courses serving a general education audience. Additional data suggest that

course activities improve student understanding of selected topics, often dramatically.
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L. INTRODUCTION

In the midst of ongoing national debates about educa-
tion, there has been increased attention to the role of
science departments in the preparation of preservice teach-
ers. In the recent past, preparation of teachers, particularly
those in lower grades, focused on general teaching strat-
egies or “‘methods” without specific attention to the sub-
ject matter context in which they would be implemented.
Science departments rarely paid any special attention to
preservice teachers, viewing their preparation as the duty
of education programs, and these students were rarely
tracked or even noticed in courses serving broader student
populations. However, as concerns arose about the general
state of science education in K-12, many in the science
disciplines have pointed out the importance of content
knowledge for teachers, and the fact that science depart-
ments are best qualified to influence this content knowl-
edge. In California, as elsewhere, teaching science content
is the responsibility of science departments, not of the
college of education. And yet, until recently, most science
content departments paid little attention to the special
needs of preservice teachers. The role of science depart-
ments in the preparation of teachers has grown to be an
important focus of professional societies and faculty in the
physical sciences [1].

It should be noted that there is little conclusive evidence
of the impact of teacher content knowledge on student
achievement in science. The published research is at best
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ambiguous, as noted by Wilson et al. [2], and what research
there is typically does not directly measure teacher content
knowledge, rather using markers like courses and degrees
completed [2]. For example, Goldhaber and Brewer per-
formed an econometric analysis on the NELS:88 data set
that linked students to specific classes and teachers, finding
that teachers with baccalaureate degrees in science
were associated with higher student science test scores
[3]. In a later study, though, Goldhaber and Brewer re-
ported no impact of science degrees on student achieve-
ment. Other studies provide similarly contradictory signals
[4]. In one widely cited study, Monk found a positive and
statistically significant relationship between the number of
science and math courses taken by teachers and gains in
student performance, though with diminishing marginal
returns or threshold effects [5]. Confounding this result,
Monk also reported for sophomore students enrolled in a
high school physical science course a negative relationship
between the count of undergraduate physical science
courses taken by a teacher and student performance on
the National Assessment of Educational Progress in
science.

Several authors have also suggested that preparing
teachers requires more than just content knowledge, but
also attention to pedagogical issues that are discipline-
specific. Shulman supports the importance of subject mat-
ter knowledge in the preparation of elementary teachers,
but further argues that subject matter knowledge must be
integrated with discipline-specific ‘“pedagogical content
knowledge [6].” In the context of mathematics, Ball and
others have developed this idea further, with one study
showing connections between teacher scores on a measure
of “mathematical knowledge for teaching” and student
gain scores [7].
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In light of the importance of subject matter knowledge,
it is troubling to note how little experience many K-8
teachers have with certain disciplines, particularly math
and the physical sciences [8]. We have performed surveys
of students in courses for preservice teachers at our uni-
versity in which they were asked to report all high school
science courses (N = 124). While the data do not consti-
tute a formal study of student content knowledge, they do
give some sense of student science preparation. About 20%
of the students reported a strong background including
three or more years of science with at least one honors or
advanced placement (AP) course. Only a third of the
students reported taking any high school physics course.
In addition, 40% reported only two years of high school
science, the bare minimum to satisfy requirements. A
review of courses taken by multiple-subject credential
candidates at our university between Spring 2005 and
Spring 2009 shows similar trends, revealing that at best
20% had completed a college physics or chemistry course
[9]. Even if preservice teachers do take science content
courses, the research on what most students learn in those
courses is not encouraging [10]. In this paper we describe
one local response to these issues.

II. LOCAL ENVIRONMENT AND
CONSTRAINTS

Any curricular change is of necessity situated in a local
context, and the context will impose constraints and chal-
lenges. In some cases, the issues will be of a general nature
so that solutions can be widely generalizable. Other con-
straints are likely to be idiosyncratic and a function of local
circumstances that are not likely to be repeated in other
institutions. California has a number of specific require-
ments for preservice teachers that may be unusual.

A. California State University
Fullerton (CSUF) environment

California State University Fullerton (CSUF) is a re-
gional comprehensive university in southern California.
CSUF primarily serves students from Orange, Los
Angeles, and San Bernardino counties. With 36262 stu-
dents as of Fall 2009, CSUF has the largest enrollment of
the 23 campuses in the California State University (CSU)
system, and the second-largest enrollment of all California
universities. Until recently, the CSU system by state law
did not offer doctoral degrees; a joint doctoral program
offered by San Diego State University in partnership with
University of California San Diego is a notable exception.
In 2005, a state law was passed that allows the CSU system
to offer Ed.D. degrees, and CSUF is one of several cam-
puses that offers the Ed.D. in educational leadership.
CSUF, like most of the CSU campuses, offers bachelor’s
and master’s degrees in a wide variety of fields including
all of the sciences and mathematics.

B. State requirements for teacher preparation

In California, students seeking to teach grades K-8
pursue what is known as a multiple-subject credential.
Undergraduate students do not major in education.
Rather, they complete a bachelor’s degree in a content
discipline, typically Liberal Studies or Child and
Adolescent Studies, and then enter a postbaccalaureate
credential program. In order to qualify for the credential
program, prospective teachers are required to master a
series of content standards as articulated in a series of state
documents [11]. Mastery of these standards is demon-
strated by completion of a series of courses and/or stand-
ardized multiple-choice examination(s) [12]. Typically
students complete lower-division courses in several disci-
plines, with each university offering different courses that
meet these requirements. Most of these courses exist so
that students may fulfill general education (GE) require-
ments and are not particularly targeted toward preservice
teachers. The courses tend to be traditionally taught in
large lecture settings, with little opportunity for interaction
or discussion.

At CSUF, general education requirements for all stu-
dents include one course in biology, one in a physical or
Earth science, and one lab in any science. Students prepar-
ing for a multiple-subject credential have to satisfy addi-
tional requirements and typically take three lower-division
courses, one each in biology, physical science, and Earth
and space science, plus one upper-division course in either
life or physical science. Students admitted to the fifth-year
multiple-subject credential program often come from other
four-year schools with different requirements and may not
have completed all of the science courses. These three
science content areas do not perfectly match the depart-
mental structure in most universities, but they are tailored
to California’s K-12 science standards, particularly those
for grades 6, 7, and 8, which cover Earth science, life
science, and physical science, respectively. In particular,
physical science standards include both physics and chem-
istry content, a matter that has particular implications for
this work.

C. Undergraduate reform initiative

The willingness of science content faculty at CSUF to
focus on nontraditional instructional strategies did not
develop overnight. A gradual evolution of interest began
in the early 1990s, with an increasing awareness of the
results of discipline-based education research and the re-
formed pedagogy resulting from this research. Several
members of the faculty of the College of Natural
Sciences and Mathematics (NSM) at CSUF developed an
interest in reforming the teaching of lower-division science
courses. The Physics Department participated in several
NSF-funded projects in this vein: CSUF shared oversight
with Cal Poly Pomona for the Southern California Alliance
of Mentors for Physics Instruction [13], was a test site for
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the Physics in Context curriculum developed as part of the
Introductory University Physics Project (IUPP) [14], and
was a participating site for the NSF-funded Constructing
Physics Understanding Project (CPU) directed by Dr. Fred
Goldberg at San Diego State University [15].

As the interest in the teaching and learning of science
developed, several faculty in the College of NSM sought a
means of institutionalizing reform. The College was
awarded a grant from the National Science Foundation
for the Undergraduate Reform Initiative (URI). The URI
sought to reform the teaching and learning of science for
GE and preservice teacher education courses as well as
courses taken by science majors. Working groups were
created to focus on these different student populations.
At the same time, the entire university underwent a multi-
year reevaluation of its GE program, leading to student
learning goals in science, math, and technology that were
phrased in terms of objectives more closely linked to
assessment (as opposed to broader and more vague state-
ments of purpose). This effort created an opportunity to
revise existing courses and develop new ones that were
aligned with the newly developed learning goals. The
initial efforts of the URI working group to reform founda-
tion courses led to the nationally recognized reform of
the entire curriculum in the Department of Biological
Science [16].

D. Project ConCEPT

Coincident with the URI, Roger Nanes developed an
NSF-funded project titled Contextual Coursework for
Elementary Pre-Service Teachers (ConCEPT). ConCEPT
was a collaborative effort with five local community col-
leges to develop inquiry-oriented lab-based courses in the
sciences for future elementary teachers that would be
better matched than traditional lecture courses to the spe-
cial needs of this unique population. The primary peda-
gogical goals of ConCEPT were (1) to focus on the nature
of scientific inquiry, i.e., how to pose questions, gather
evidence and draw conclusions based on evidence, (2) to
model collaborative instructional methods adaptable to the
elementary classroom, and (3) to break from traditional
theoretical and abstract science courses and focus on teach-
ing science in the context of real-world, interdisciplinary
problems.

The three ConCEPT courses were intended to serve as a
required nine-unit cross-disciplinary package that would
fulfill science content requirements for entry to a multiple-
subject teaching credential and provide a strong disciplin-
ary background in biology, Earth science, physics, and
chemistry. Two of the courses, “Biology for Future
Elementary Teachers” and ‘‘Earth/Astronomical Science
for Future Elementary Teachers” were developed as
single-discipline courses, but Physics/Chemistry 102,
“Physical Science for Future Elementary Teachers™ (here-
after referred to as Phys/Chem 102), is taught jointly by

two departments, Physics and the Department of
Chemistry and Biochemistry. This structure was motivated
by the fact that GE science requirements at CSUF are, as
noted above, divided between the categories physical sci-
ence, Earth and astronomical science and life science, and
that content standards for teachers and K-12 students fol-
low a similar split. In Phys/Chem 102, one instructor from
each department is typically assigned to the course, though
one or both may be a part-time lecturer. In a few instances
at CSUF, graduate students with career goals as teachers
have been assigned to teach the course, but have been
paired with a faculty member with experience in the
course.

Each of the three ConCEPT courses is taught in a weekly
six-hour lab format. There is typically no lecture; rather,
students work in small groups on carefully structured
learning activities. Because of the lab format, enrollment
is limited to 26 students per section, compared to the
75-125 student lectures common to the more traditional
general education courses in these departments. Some
content for these courses was adapted from national cur-
ricula and some was developed locally, often in collabora-
tion with two-year college faculty from the partner
institutions [17]. While the biology and geology courses
have their own compelling story lines, the focus for the
remainder of this paper will be on the physical science
course, Phys/Chem 102 [18].

ConCEPT emphasized learning science in context, a
focus that was influenced by the Physics in Context thread
of TUPP as well as the American Chemical Society’s
Chemistry in Context curriculum [19]. Each of the courses
was developed to include two or more story lines that
would motivate the introduction of relevant science con-
tent. The intention is that students will see science as an
interconnected discipline with real-world implications
rather than a collection of facts and equations. For Phys/
Chem 102 three contexts were chosen: global warming,
focusing on the physics and chemistry of climate change,
including heat and temperature as well as the interaction of
light and matter; kitchen science, focusing on everyday
aspects of chemistry and some additional topics from
thermal physics, such as phase transitions and specific
heat; and the automobile, focusing on kinematics, dynam-
ics, and electricity and magnetism. Each topic is rich with
difficult content, and could easily occupy a full semester or
more, but the units focus on introductory science that
meets the California content standards. The duration of
the units vary according to the topics that the course
instructors select.

In order to maintain a balance between some of the
more difficult concepts demanded by the story line and
teaching scientific fundamentals, the curriculum proceeds
with simple first attempts at answering basic questions.
As concepts are introduced and developed, the story line
is refined by adding more sophisticated concepts. For
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example, the story line for the global warming context
begins with a diagrammatic approach to energy
storage, transfer, and transformation using multiple repre-
sentations [20]. It then proceeds to simple water mixing
experiments, the analysis of which leads students to the
fundamental differences between heat and temperature
[21]. Students then conduct an important experiment that
serves as a benchmark for later activities. They heat a black
can containing water with a 100-W light bulb and record
the temperature of the water from room temperature to
thermal equilibrium, constructing a temperature-time
graph. They also conduct a related experiment to
produce a temperature-time graph for cooling of nearly
boiling water in the same can. Students analyze the two
graphs in order to generate the idea that the can must be
radiating energy even in the heating experiment and for-
mulate the concept of a dynamic equilibrium as a balance
between the rates of energy input and radiated energy
output.

After this benchmark experiment, students imagine how
the experiment would differ if, for example, an insulator
were wrapped around the heated can. The story line now
spirals back and uses the black can experiment as a model
in order to examine the thermal equilibrium of a ‘““naked”
Earth with no atmosphere—the light bulb is analogous to
the Sun and the water can is analogous to the radiating
Earth.

The story line then introduces the electromagnetic spec-
trum and attempts to refine the model attained thus far by
considering the effects of spectral absorption by the
atmosphere. Students first consider color formation by
plastic filters as a simple model for spectral absorption.
The atmosphere can then be compared to the insulator
around the can considered in an earlier activity.
Atmospheric absorption by greenhouse gases is related to
prior activities involving absorption by colored plastic
filters, leading to discussion of the greenhouse effect and
its effect on global energy balance.

In principle, the contextual approach has the advantage
of presenting concepts as needed, and we feel that the
approach closely emulates the scientific process, with con-
tinual refinement of explanatory models. Consequently,
students can more readily perceive the evolutionary and
empirical nature of scientific endeavor. On the other hand,
the context does sometimes require the introduction of
content that is quite difficult for students. Previous research
on the IUPP courses suggested that many students lost
track of the story line or were dissatisfied at the level of
resolution provided [22].

III. PHYSICS/CHEMISTRY 102

In this section, we will describe the course in some
detail, including the course structure, pedagogical ap-
proach, course materials, and assessment strategies.

A. Course structure and pedagogy

Phys/Chem 102 is different from standard lecture
courses, but is similar in structure to other lab-based
inquiry-oriented courses. Students meet for six hours in
either three two-hour or two three-hour meetings per week.
(In the discussion that follows, one “hour” is really 50
minutes of class time.) The class is designated by the
university as an activity format, so students receive three
units, or one for every two class hours. This format is
intermediate between lecture (1 credit per class hour) and
lab (1 credit per 3 class hours). As noted above, GE
requirements for all students include one course in biology,
one in a physical or Earth science, and one lab in any
science; Phys/Chem 102 can be an attractive option for
students as the one course fulfills both the physical science
and laboratory requirements.

All class activities take place in a dedicated lab class-
room. There are six fixed tables in the room; each seats four
or five students and has its own sink, gas, and electrical
connections. The course does not formally incorporate any
lecture instruction, and the intention is that most classroom
time will involve students working together in small
groups; the tables naturally group students into pairs but
are angled to allow pairs to discuss as a whole table group.
At the same time, the shape and orientation of the tables,
and the fact that student seats are on wheels, allow students
to face the front of the room, allowing short lectures or
whole-class discussions. Enrollment in each class is
capped at 26, divided equally between students enrolled
in a section designated as Chemistry 102 and one desig-
nated as Physics 102, both scheduled for the same time and
room. There is no practical difference between the two, as
either satisfies the physical science GE requirement. In its
inaugural semester, Spring 1999, only one class was of-
fered, and enrollment increased steadily to a steady state of
four classes per semester until Fall 2008, when two were
cut due to severe statewide budget cutbacks.

While Phys/Chem 102 is not a methods course, the
course does seek to model the way science can be taught
in the elementary school where lecture is not a desirable
option, i.e., with small-group hands-on activities and dis-
cussion, with very little whole-class lecture or discussion.
The pedagogical philosophy of the course was influenced
by curricula like Physics by Inquiry, and Powerful Ideas in
Physical Science [23] as well as state and national stan-
dards for science education [24]. Activities include experi-
mental measurements and other hands-on activities, as well
as small-group discussions of pencil-and-paper activities.
In a variety of activities, student groups prepare white-
boards to present their analysis of a situation or experiment
to the entire class. Course activities emphasize conceptual
understanding and science process skills, i.e., having stu-
dents learn how to ask questions, make predictions, gather
evidence, and make inferences. The emphasis in the ma-
terials is on conceptual understanding and science process
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skills rather than on definitions of terms or theory and
computations.

The course does not claim to be a methods course, but
many aspects of the course instruction reflect a view to-
ward the needs of future teachers and the development of
pedagogical content knowledge. The instructors explicitly
inform students that the inquiry-oriented classroom is de-
signed as a model of the way in which K-8 teachers might
teach science. The equipment used for most course activ-
ities is simple and readily available, and some former
students have indicated that they have used similar activ-
ities in their own K-8 classrooms [25]. The hands-on nature
of the course is intended to give students experience in
using and troubleshooting simple equipment, as well as
being mindful of safety procedures, particularly important
in the chemistry portions of the course. As will become
clear in subsequent sections, several course assessments
are designed to cause students to reflect on their own
learning. For example, the students are assigned a
MERIT essay in which they examine the change in their
thinking on particular course topics (the term MERIT is an
acronym and will be described more fully in Sec. III C,
below). The essay and accompanying peer review process
are intended to stimulate thinking about the process of
learning.

B. Instructional materials

At the time that this project was started, there was no
existing inquiry-oriented course that encompassed both
physics and chemistry topics. (Since that time, other ma-
terials have been developed that also satisfy this need [26].)
As a result, a new course and text were developed locally.
The text used for the course is Inquiry Into Physical
Science: A Contextual Approach, by Nanes [27]. The text
follows a lab manual format and questions guide students
through making predictions, observations, and explana-
tions. Narrative text is not designed to be all-inclusive as
it might be in a traditional textbook but, rather, is intended
to provide the background material necessary to be able to
understand and interpret in-class activities. It is intended
that the majority of student learning will take place in the
activities, not by reading the text. In fact, many new ideas
are encountered in the activities that are not explicitly
discussed in the text itself. Activities are integrated into,
and work in tandem with, the narrative text. In order to give
a detailed view of how the activities are structured, a
sample activity from the Underpinnings chapter entitled
“Understanding Density” is reproduced in the Appendix.
This is a two-part activity designed to help students to
understand mass, volume, and density, and part II of the
activity is examined in detail in Sec. VC as one of the
research questions discussed later in this paper. A CD is
available with ancillary instructor materials that include
complete question-by-question discussion of all student
activities as well as complete equipment lists, an exam

question database, sample syllabi, schedules and other
course-related materials.

As discussed above, a contextual approach is used to
develop the course content. A separate volume of the book
is devoted to each of the three content units (global warm-
ing, kitchen science, and the automobile), and a context or
theme is established through a real-world problem or issue
to provide a story line. The story line is established by a
leading question that defines the broad scope of the con-
tent. The science concepts that are covered are those
necessary to contemplate an answer to the leading ques-
tion, but are also chosen to reflect the physical science
content standards for preservice teachers in California. The
three volumes of the book would be well suited for a full
year course in physical science but few universities have
that luxury, and the separate volumes can be used indepen-
dently in the more typical one-semester course. At CSUF,
the course typically covers selected activities from two of
the three volumes each semester. One of those two has
always been the Kitchen Science volume (where much of
the chemistry resides), with Vol. 1 or Vol. 3 chosen depend-
ing on the instructors’ preferences. If Vol. 1 is not included,
students begin the semester with the introductory
Underpinnings and Energy chapters from that volume,
which are included as appendices to Vols. 2 and 3.
A one-semester physics-only course could use Vols. 1 or
3 or a combination of activities from both volumes.

A brief discussion follows of the course content included
in each of the volumes. A detailed table of contents for each
volume is included in the Appendix. The content of the
“Global Warming” unit (Vol. 1) focuses on the thermal
equilibrium of the Earth and is built around the leading
question: “Is global warming really occurring?” The first
chapter of this volume, entitled Underpinnings, provides
fundamental ideas that are important throughout much of
the content in all three units such as density, graphical
analysis skills, ratios, and proportional reasoning. As noted
above, the unit examines energy, heat and temperature, and
thermal equilibrium. The last chapter uses experiments with
colored plastic filters to learn about light and color, and
extends these ideas to spectral absorption as a basis for
understanding the greenhouse effect. The chapter ends with
three paper-and-pencil capstone activities that highlight
some of the key issues in the global warming debate. These
activities present numerous graphs of global historical tem-
perature and CO, data that aim to give students experience
with interpreting graphical representation of data.

Volume 2, titled “Kitchen Science,” includes much of
the chemistry in the curriculum, with the leading question,
“Will science be a guest at your next dinner?” After
activities about the nature of matter, students consider
atomic structure and the periodic table. Also, this volume
revisits heat transfer, initially examined in Vol. 1, and
students study how conduction, convection, and radiation
provide different ways to cook foods. Chemical bonding
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and the shape of molecules are included in this volume as
well. In the last chapter of the unit, students perform
activities to discover properties of water including latent
heats of fusion and vaporization and specific heat. This
chapter also covers the chemistry of carbohydrates, fats
and proteins.

Volume 3 is titled “The Automobile” and the leading
question is, ““Will the gas-driven automobile ever become a
thing of the past?” Chapters 1 and 2 focus on one-
dimensional kinematics and dynamics, respectively, and
end with impulse, momentum, and momentum conserva-
tion. The leading question comes into greatest focus in
Chap. 3, Making Our Car Move, which examines various
mechanisms for propulsion systems, from the internal
combustion engine to electromagnetism to fuel cells. The
chapter begins with activities to introduce students to
combustion chemistry, heat of combustion, and the energy
content of fuels. Students then study dc circuits, beginning
with lighting a bulb, and then develop a model of electric
current in a single bulb circuit before moving on to simple
series and parallel circuits. Multiple battery circuits and the
internal chemistry of batteries using electrochemical gal-
vanic cells are the subject of some activities that follow.
Finally, concluding experiments in which students study
the compass needle galvanometer, dc motor, solenoid elec-
tromagnet, and electric generator inform about electro-
magnetism. In the final section of the unit, students
perform paper-and-pencil activities covering air pollution,
electric and hybrid vehicles, and fuel cells.

It is worth considering the ways in which the course
curriculum contrasts with other research-based curricula
for this population. In some ways, our course is more
traditional, with more explanatory text accompanying the
materials than is the case for comparable materials, and a
coverage of larger number of topics, with the necessary
corresponding decrease in depth. Physics by Inquiry [23],
for example, is a very thorough and self-contained curric-
ulum in which students build a deep understanding of
target concepts almost entirely through their own experi-
mentation and reasoning. Despite a deep admiration for
this approach, we chose an alternative that is much less
pure inquiry, in part due to state content requirements for
courses for prospective teachers, which cover a much
broader scope of material than Physics by Inquiry courses
are typically able to do. Another comparable curriculum is
Physical Science and Everyday Thinking (PSET) [26],
which was developed after this course was already in place.
In addition to the topic coverage, PSET differs from our
course in its close adherence to a learning cycle and its
explicit attention to themes of the nature of science and
learning about learning.

C. Course assessments

Because the Phys/Chem 102 course has a different set of
goals than more traditional courses, we have constructed

course assessments in such a way as to measure and re-
inforce those goals. Student grades are based on course
examinations, ‘“Making Connections” homework assign-
ments, MERIT essays, in-class performance tasks, and
miscellaneous measures of class participation such as at-
tendance and spot checks of activity sheets. Each of
these assessments and the ways in which they complement
course goals are discussed below. Specific examples of
assessment instruments from each category are given in
the Appendix.

Examinations.—To discourage any motivation to memo-
rize content, all course examinations are given in an open
book format—students are allowed to have their books,
completed activities, and any additional notes that they
may have taken during instructor presentations, white-
board presentations, etc. Exams generally have two parts:
explanatory multiple-choice and free-response questions.
Multiple-choice questions always require that students
provide an explanation for their choice, with a significant
portion of the question score dependent on the quality of
the explanation. Free-response questions require more de-
tailed analysis and generally build upon the experiences
that students had while doing in-class activities. These are
often multipart questions that integrate target concepts
that students are expected to have learned from the activ-
ities. An example of each question type is given in the
Appendix.

Homework: Making Connections.—Homework assign-
ments are called ‘““Making Connections” and, as the name
implies, are intended to make connections with previous
activities and to provide additional exercises that reinforce
and extend understanding of the current material. All of
these exercises are provided in the text and examples are
given in the Appendix.

MERIT essay.—The term “MERIT” essay is an acro-
nym derived from the five goals of the assignment and is
defined below in the following description taken directly
from the course syllabus.

(1) Metacognition. A student who is metacognitive
pays attention to the way they learn things. A MERIT essay
should provide a brief commentary that traces and docu-
ments your learning of a new concept that you have learned
in the laboratory. The essay is designed to force you to
think about your own learning of a concept and how you
learned it rather than demonstrating what you learned
(which is the purpose of the other assessments in the
course).

(2) Evidence. An important component of the MERIT
essay will be to use scientific evidence from your own in-
class work to document your learning.

(3) Reflection. The MERIT essay is intended to force
you to go back over and reflect on what you have done to
reach an enhanced understanding of your chosen topic.

(4) Inference. Making inferences from experimental
data is essential to the learning process in science. The
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MERIT essay should describe how you reached conclu-
sions from your experimental data.

(5) Transmission. It is one thing to think that you
understand something, it is yet another to transmit that
understanding to someone else in writing. The MERIT
essay will encourage written expression of your learning.

Although the definitions of ‘“metacognition” and “‘re-
flection” may seem to overlap, our intention was to make
connection between the five parts of the MERIT acronym
and the five main categories for the assessment rubric. (See
the Appendix.) In this scheme, what we label as metacog-
nition is intended to focus on the student thinking itself,
and what we label as reflection is intended to focus on what
activities and exercises the students did (‘‘what you have
done”’) that might influence that thinking. Since that initial
articulation of the assignment, we have added the peer
review process, which typically provides students with an
opportunity to reflect in a different way, by considering the
learning pathway described by a peer.

The MERIT essay is a maximum of two typewritten
pages, in which a student describes their learning pathway
for a self-selected topic chosen from several instructor-
defined topics. The development of this assignment was
strongly influenced by the “Learning Commentary” as-
signment used by Fred Goldberg at San Diego State
University. Students are asked to identify which activities
helped to change their understanding and to specifically
identify the questions and tasks in those activities and
describe how the sequence of those activities and questions
were key to their learning. This aspect of the essay is
specifically intended to have students think about the rela-
tionship between their observations, written responses, and
class discussions, and the ways in which these influence the
development and modification of their models of the physi-
cal world. Students are required to attach to the essay
copies of their work from the relevant activities, pretests
and posttests, Making Connections assignments, and ex-
ams that document and trace the evolving changes in their
thinking about the newly learned concept.

This assignment proves to be very difficult for
students—they are more accustomed to trying to prove to
the instructor what they have learned on an exam or in a
descriptive term paper rather than performing a self-
evaluation of how they have learned it. To help understand
the focus of the essay, students are given at the outset a
copy of an actual MERIT essay that had been turned in by a
prior student, annotated with suggestions as to what the
student might have done to make the essay more consistent
with the goals of the assignment. A copy of an annotated
essay is included in the Appendix, and, it is noted that this
essay relates to the density activity that is reproduced in the
Appendix.

The MERIT essay assignment includes three phases over
an approximately three-week period—a first draft, a peer
review, and a final draft. Students are given a week to write

a first draft of their essay. This draft is then given anony-
mously to a classmate to review. At the time that they are
given an essay to evaluate, students are given a list of
criteria and a rubric (see the Appendix) that the instructor
will use to assess the final draft of the essay when it is
turned in. Using these criteria, the student takes one week
to review their classmate’s essay, to make comments and
suggestions, and to assign what they would give as a grade
for the assignment. This is a useful exercise for students
who will be future teachers. This peer review is then
returned to the original author and the instructor retains a
copy of the peer review. Students then have an additional
week to evaluate the comments made by the peer reviewer
and choose the extent to which they wish to revise their
essay. The revised essay is then submitted in final form to
be graded by the instructor, using the same criteria and
rubric used by the students in the peer review process.

In doing their peer review, students are instructed to make
a careful and honest appraisal of their classmate’s essay, but
are told that the grade they assign their peer will not figure
into the essay author’s grade. The effort and care taken by
the student in doing the peer review, as gauged by the
instructor review of the retained copy of the peer-reviewed
essay, does, however, affect the reviewer’s MERIT grade. A
student who merely identifies typographical and spelling
errors will not score as high on the review component of the
grade as a student who makes a serious effort to identify
departures from the goals of the essay and makes serious
efforts at suggesting improvements. Retaining the peer-
reviewed essay also enables the instructor to note how
serious an effort the essay author makes to evaluate and
incorporate the suggestions made by the peer reviewer.

Performance tasks.—Performance tasks are an attempt
at authentic assessment rather than paper-and-pencil tasks.
As an example, the following task is given to students after
they have completed studies of electric current and electric
circuits. At this point in the course, students should under-
stand that the intensity with which a bulb lights is a
measure of the amount of electric current through the
bulb. They have studied series and parallel circuits and
are expected to understand that bulbs in series reduce and
bulbs in parallel increase the total current drawn from
the battery. Students are also familiar with a series battery
and bulb combination configured as a ““circuit tester’” with
test leads and its use to test for open, closed, and short
circuits. This activity expects students to extend their
thinking and use the brightness of the bulb in the circuit
tester as a way to compare the current in several “mystery”
circuits and to use this information to identify the circuits.
The detailed instructions given to students to perform the
task is given in the Appendix.

Another performance task requires students to deter-
mine the temperature of a sample of very hot water
using a thermometer that has a scale with a maximum
temperature of 50 °C. Students are required to first write
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down their plan and then execute the plan to determine the
water temperature based on their prior experience in ana-
lyzing mixtures of hot and cold water. Since heat loss is a
major source of error, students are not graded on the
accuracy of their results. Rather, they are assessed based
on the feasibility, simplicity, and uniqueness of their de-
vised procedure, clarity of their written description, care in
recording data, and their calculations and data analysis
used to obtain their results. After completion of the task,
in an instructor-led discussion, students are told the actual
temperature of the hot water. The large difference between
their measured temperature and the actual temperature
allows for a discussion of the error introduced by heat
loss and how it could have been minimized.

Class participation.—A small portion of a student’s
grade is based on attendance and on spot checks of the
activity worksheets that students complete as they work
through experiments in class. Although these activity
sheets are not graded, they are periodically collected and
reviewed for completeness. Students are thus encouraged
not to leave questions unanswered as they work through the
activities. Each individual activity in a batch of completed
worksheets is given a small point allocation that is
weighted with the attendance into the student’s grade.

Grading.—All of the primary assessment instruments
discussed above require the evaluation of written responses
from students. Needless to say, this type of assessment is
much more time-consuming than merely testing students
with rapid response ‘‘short answer’ types of questions. As
noted above, each section of the course has a cap of 26
students, a number that makes assessment manageable for
the grading tasks such as exams, performance tasks, and
MERIT essay that occur relatively infrequently during the
semester. Exams are constructed to have, typically, ap-
proximately three to five multiple-choice questions (each
requiring a short written explanation of the chosen answer)
and three or four multipart questions, with each part re-
quiring a short free response. Experience has been that
careful grading of 26 exam papers of this type might take
about 10-12 hours. This is comparable to the time that
would likely be required to grade four or five computa-
tional problems on a traditional physics exam where care-
ful review is necessary to give students ““partial credit” for
their solutions. Performance tasks can be graded relatively
quickly (1-2 hours for the entire class) because of a narrow
focus on a single outcome from the students’ in-class
measurements. Because of the subjective nature of the
MERIT essay, careful grading of a class set of essays can
be very time-consuming, taking perhaps 15-20 hours. The
strict requirement of a maximum length of two pages helps
to keep the reading time manageable, but the most difficult
aspect of grading the MERIT essays is maintaining con-
sistency and adhering to the grading rubric provided to the
students. This is addressed further below. The heaviest
grading burden arising from the different assessments

used in the course arises from the ‘‘Making
Connections” homework assignments that students are
required to turn in every 1-2 weeks. As for any physics
course, if an instructor wants to include homework as part
of the total course assessment, self-grading these regular
assignments could require a prohibitive effort unless grad-
ing assistance is available. As discussed below (Sec. IVA),
we have been fortunate so far to receive financial support
for “peer assistants” in each section to grade homework
assignments with the help of detailed answer keys and
explanations provided in the instructor materials for the
text. In many cases we have sample rubrics indicating how
much credit should be assigned for common incorrect or
incomplete answers. Our use of grading assistance has
been only to grade homework—exams, performance tasks,
and MERIT essays have always been graded by the
instructor.

In addition to the labor-intensive aspect of the assess-
ment instruments used in a course like Phys/Chem 102, one
must be concerned with students’ view of consistency and
fairness in grading. As with all assessment procedures,
transparency is crucial to develop trust in the grading
process. Returning graded work in a timely way, indicating
clearly the reason for assigned scores, and encouraging
students to clarify questions about graded work in class or
in office hours all help to develop trust. For the MERIT
essay, which is more subjective than other assessment
instruments, a sense of fairness is greatly facilitated by
the way the assignment is administered. The fact that the
students have the grading rubric in advance so that they are
very clear about the grading criteria, the fact that they
receive a sample essay that is annotated to help understand
the nature of the assignment, and the fact that they receive
feedback from a peer and are given the opportunity to make
changes if they choose to all enhance student perception of
fair assessment. In assessing the MERIT essay another
strategy that enables the instructor to feel that the grades
are reasonable while at the same time contributing to
student perception of fairness is to read through all the
essays while annotating with comments that are aligned
with the rubric before putting point scores on any paper.
Then, on a second pass, one can divide the papers into
groups that fulfilled the goals of the assignment from best
to worst and grades can then be recorded. Of course, the
second pass takes much less time than the first because
written comments are already on the paper, but this ap-
proach obviously adds to the time burden of assessing
the MERIT essays. However, with all of the above
considerations, we have not had student complaints about
fair grading.

IV. QUALITATIVE AND PROGRAMMATIC
MEASURES TO ASSESS THE COURSE

In a subsequent section we will describe research ques-
tions that we have posed in the context of Phys/Chem 102.
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First, however, we will describe qualitative and program-
matic measures of the success of the course and describe
ongoing challenges.

A. Measures of success

The course is locally perceived to be a strong success
and has achieved a number of important benchmarks:
dissemination of course materials, increased enrollments,
and acceptance by faculty in the College of Education.
The course materials have been tested or adopted by sev-
eral other institutions and are currently in use at three: Cal
Poly Pomona, Santa Ana College, and Santiago Canyon
College [28].

An important measure of success in the CSU system is
enrollment, as revenues follow students. Student demand
for the course has been strong, and the course has grown
from only one 26-student section in Spring 1999 to four
sections serving approximately 100 students per semester,
until budget constraints as described below. Phys/Chem
102 has become institutionalized as one of the courses
that satisfy the lower-division requirements for a Natural
Science minor.

Our colleagues in the College of Education have re-
ceived the course enthusiastically, seeing the course peda-
gogy as the preferred way to teach science content to future
teachers. It is one of the required courses for students in the
Streamlined Teacher Education Program (STEP), an inte-
grated teacher education program that allows students to
simultaneously earn a bachelor’s degree and the prelimi-
nary teaching credential within 135 units (compared to the
usual 120 units for a bachelor’s degree plus 35 or more
units for the preliminary teaching credential). As with the
inclusion in the Natural Science minor, the STEP require-
ment bodes well for the continuing existence of the course.

The support from local sources has extended to signifi-
cant financial commitments. The CSUF department of
Chemistry and Biochemistry renovated an existing labora-
tory classroom to suit the instructional methods of Phys/
Chem 102, and this room is now dedicated exclusively to
the course. The course has received approximately $21 000
in support from a variety of intramural sources to purchase
equipment and supplies. In particular, the College of
Education allocated $10000 from a Stuart Foundation
grant to purchase notebook computers used for data ac-
quisition in some of the experiments done in the classroom.

After the first year of Phys/Chem 102, a Peer Instructor
program was created, with initial support coming from the
Stuart grant in the College of Education. Each semester
high performing students in Phys/Chem 102 were selected
and hired to be peer instructors for the course the following
semester. These students attended class on a regular basis
as teaching assistants, interacting with students as they
worked in their collaborative groups and also helping
with administrative and logistical tasks including equip-
ment setup. In contrast to a more formal Learning Assistant

model, the training for these peer instructors was typically
limited to a weekly meeting with course faculty focusing
on course content and suggested instructional strategies
[29]. This experience has proven to be extremely beneficial
to the participating students, who improve their own under-
standing of the course material and have a chance to
practice their teaching skills. Further, these students serve
as useful role models and resources for students who are
taking the course for the first time. Often students find the
perspective of a peer who has recently learned material to
be a useful supplement to that of more experienced
instructors.

The Departments of Physics and Chemistry and
Biochemistry continued to share support for the Peer
Instructor program for two more years after the expiration
of the Stuart grant. In 2005, we secured grant funding from
the Boeing Corporation, which has totaled $47 000 over
three years. This grant funded the purchase of additional
equipment and supplies as well as the continuation of the
peer instructor program.

The peer instructor program has attracted a number of
strong students and influenced some of them to change
their career goals. For example, one student who served as
a peer instructor for several semesters graduated and is now
a full-time fifth grade teacher. She completed the Master of
Arts in Teaching Science (MAT-S) degree at CSUF in part
in order to be able to teach an evening section of the 102
course as a part-time instructor.

B. Challenges

While the course has largely been successful, there have
been a number of challenges, some ongoing, that in some
cases threaten the very existence of the course. The most
significant issue is the cost of the course. Compared to the
large lecture format, the small-group collaborative peda-
gogy makes the course very labor intensive and very ex-
pensive to run. As already noted, California has entered
another cycle of budget cuts, and the cost of the course has
made it a target for cuts.

Staffing the course can be difficult. Many full-time
faculty are unwilling or unable to teach the course because
they are not comfortable with the inquiry-based pedagogy.
In addition, the joint nature of the course can be problem-
atic for potential instructors. Though the content is rela-
tively elementary, some instructors are not comfortable
outside their own discipline: chemists are not used to
teaching about electric circuits and physicists are not
used to using glassware and teaching about chemical re-
actions. In some cases, assignment of part-time faculty has
led to compromising pedagogical issues and the continuity
of student experience.

Another staffing difficulty is related to student ratings
of instruction. Some faculty in the course have found
that average scores on student evaluations are lower
than for other lower-division courses. Students are often
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unreceptive to the science content to start with and are not
comfortable having to take a greater responsibility for their
own learning. Strategies such as passive listening in a
lecture, memorization, and reading and underlining in a
textbook that may work in a traditional lecture class do not
work well in this course. Students often express this dis-
satisfaction by saying: “I do not like it when the instructor
answers a question with another question.” This type of
student response is similar to that reported in the literature
on reform efforts in science education [30]. Halpern and
Hakel [31] reported that, although active learning strat-
egies may result in significantly greater learning gains, the
learning tasks may take longer and require greater student
effort, may be less enjoyable for the student, and may lead
to lower student ratings of their instructor. At CSUF, the
retention, tenure, and promotion process for faculty relies
heavily on student ratings of instruction, making Phys/
Chem 102 a potentially risky teaching assignment for
untenured faculty. Even experienced instructors may
have a steep learning curve to adapt to the pedagogical
demands of guided inquiry and some have experienced
more student dissatisfaction than in comparable traditional
courses.

V. RESEARCH QUESTIONS

As we have taught the course, we have sought to exam-
ine several aspects of the course in terms of physics and
chemical education research. Data on students in the
course have been presented as part of numerous presenta-
tions and papers. For the purpose of this paper, we will
describe a subset of the research that we have conducted,
with a view to research questions whose results will inform
instructors and departments that are considering develop-
ing or adopting courses of this nature.

The primary research questions that we consider in the
paper are as follows.

To what extent have prospective teachers entering uni-
versity science courses mastered the K-8 California physi-
cal science standards that they will be expected to teach?

To what extent does student understanding of science
content change as a result of instruction in this format?

How does the initial level of understanding for prospec-
tive teachers in this course compare to those in more
traditionally taught physical science courses serving
broader student populations?

In the sections below we will examine data bearing on
these questions. While we have not performed strictly
controlled experimental studies of student learning, we
have gathered data on pretest and posttest instruments in
this course and, where possible, given matched questions
in Phys/Chem 102 and the comparable general education
courses offered in physics and chemistry. A colleague has
collected data on student responses to pretest and posttest
questions while using this curriculum at another university
[28]. Those data show conceptual gains in six different

content areas and are broadly consistent with those that we
report below.

In several of the examples below, we show comparison
data from a CSUF general education physics course taught
at a similar level. This course, which we describe as
“Survey of Physics™ or “’the survey course,” is a fairly
typical lecture course intended for a general education
audience. Particularly important is to note that this course
is often taken by prospective teachers instead of Phys/
Chem 102 [8]. The course includes 3 hours per week of
lecture instruction with either two or three weekly meet-
ings. Currently there are two sections each semester of
70-90 students each. The course text is a locally produced
set of lecture notes produced by R. Nanes, so it shares some
influences with Phys/Chem 102 as well as the Conceptual
Physics courses common for such a course level [32]. The
course emphasizes conceptual understanding and covers
much of the same material as the physics portion of Phys/
Chem 102: underpinnings, energy, heat and temperature,
global warming, kinematics and dynamics, and electricity
and magnetism. The survey course does not require calcu-
lus or high school physics, and the most difficult mathe-
matics used is ratio reasoning or very simple algebra. The
majors of students taking this course span the university,
though there are very few science, math, or engineering
majors. Approximately a third of the students take a cor-
responding lab course.

The corresponding general education course offered in
the Department of Chemistry and Biochemistry is also a
survey course. There are usually two to three sections of
the course taught each semester in a traditional lecture
format for 60—100 students three hours per week in two
or three weekly class sessions. The pedagogy for survey
chemistry is fairly traditional and the preparation of pro-
spective K-8 science teachers is not necessarily a factor in
its curriculum. Prerequisites for the survey chemistry
course are the equivalent of high school algebra and high
school science required for admission to the university. The
survey chemistry course does not fulfill requirements in
chemistry for science majors; thus, most of the students are
nonscience majors from across the university. A corre-
sponding lab course fulfills the general education labora-
tory requirement, but its curriculum is not linked to the
survey lecture course.

A. Example: Entering students’ understanding
of mass, volume, and density

As we teach the various content areas in the course, we
make an effort to document the initial level of student
understanding, particularly of those topics from the
California science standards that prospective teachers are
likely to teach in their future classrooms. As an example,
we present a small selection of sample data from questions
on mass, volume, and density that we pose on an ungraded
pretest given on the first day of class, as students begin
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An aluminum block, block A, and a brass Water level
block, block B, are placed into identical Water unknows
graduated cylinders. The blocks are the level
same size and shape, but block B is
heavier. After block A is placed into the
graduated cylinder, the water level is as
shown. The initial water levels in the
cylinders are the same.

Is the water level in the graduated
cylinder containing block B higher than,
lower than, or at the same height as the
water level in the graduated cylinder
containing block A? Explain. Sketch the
water level in the diagram at right.

L) LE

FIG. 1. Water displacement problem posed before instruction
on an ungraded quiz in Phys/Chem 102 as well as a comparison
course.

their study of the Underpinnings section. This pretest
comes before any instruction in Phys/Chem 102, so it
reflects the incoming knowledge of students. The
California Science Standards require that students in
grade 4 understand how to measure volume, and that
students in grade 8 understand density and its relationship
to sinking and floating behavior, so any high school gradu-
ate would certainly be expected to know this material [33].

The question illustrated in Fig. 1 is the first part of the
ungraded pretest. Students are asked to compare the vol-
ume of water displaced by two blocks of the same size and
shape but different mass. In order to avoid potentially
memorized responses, the question is not phrased in terms
of displaced liquid, but rather asks students to sketch the
water surface in a container. The results on the water
displacement problem are shown in Table I and are roughly
consistent with those from previous studies [34]. A little
more than half of the students answer correctly, with a
large fraction of the students stating that the heavier block
will cause a greater change in the water level. We also see a
significant edge in performance among the students in the
Survey of Physics course, which will be discussed in
Sec. VD below.

Another portion of the first pretest is shown in Fig. 2. In
this question, adapted from a similar problem on electric
charge density, a solid block of plastic is cut into two
smaller pieces [35]. Students are asked to compare the
masses of the original block and the two parts, then to

TABLE I. Student responses to the water displacement
problem (Fig. 1).

Phys/Chem 102  Survey of Physics

CSUF CSUF
9 sections 3 sections
N =222 N =151
Same water levels (correct) 56% 72%
Heavier block displaces 39% 21%
more liquid
Other incorrect or blank 5% 7%

Asolid piece of plastic of mass M, is cut into two pieces

as shown. Piece A has twice the width of piece B. 7
Place the following quantities in order from largest to ’
smallest. If any are equal, state so explicitly. (You may
wish to use greater than, less than and equal to signs.)

A— a—
The masses of the original piece (M), piece A (M,), ’ ’

and piece B (M)

The densities of the original piece (D), piece A (D,),
and piece B (Dg)

Explain your rankings.

FIG. 2. “Broken-block™ density problem posed before instruc-
tion on an ungraded quiz in Phys/Chem 102.

compare the densities of the three pieces. Students are
expected to recognize that density is the ratio of mass to
volume, and a characteristic property of materials, so that
the three pieces will all have the same density.

As shown in Table II, the broken-block problem in Fig. 2
is quite challenging for students. Only approximately a
third answer correctly. The largest group of students give
answers in which the larger pieces have larger densities
(i.e., Dy > D, > Dp). The explanations given by students
in this category typically refer to the size of the object: “D,
is the most dense because it is the largest piece.” A
significant fraction of the students give exactly the opposite
answer, in which smaller blocks have a greater density. A
sample student response reads, ““Dj is more dense than D,
because it is smaller in size and thus weighs less as well.”
In addition, a number of the explanations supporting cor-
rect answers were incomplete or incorrect, seemingly re-
flecting a failure to recognize the definition of density as
the ratio of mass to volume: “Dy= D, = Dg. The
size does not change the density. It is the weight that
changes it.”

After the pretests, students complete several in-class
activities on mass, volume, and density. (See the
Appendix.) Students perform an activity that is essentially
identical to the water displacement question in Fig. 1. In
most semesters, we give additional ungraded quizzes after
instruction including the questions from Figs. 1 and 2, to
help students to document the progression of their under-
standing for the MERIT essay. After seeing a demonstra-
tion and observing the water displaced by two metal bars of
the same volume but different mass, approximately 100%
of the students answer the water displacement question

TABLE II. Student responses to the broken-block density
problem (Fig. 2).

Phys/Chem 102

9 sections

(N =222)
All densities equal (correct) 30%
Larger piece has greater density 54%
Smaller piece has greater density 12%
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correctly. That is reassuring, but the demonstration is
essentially the same physical situation as the pretest and
posttest. The activity on density is not as closely related to
the pretest question in Fig. 2. Students measure mass and
volume for several objects constructed from a set of plastic
cubes and measure masses and volumes for various
samples of the same liquid, finding in each case that the
ratio is very similar for samples of a given material. Shortly
after completing these activities, approximately 80% of
students answer the density question in Fig. 2 correctly.

In addition, we have posed a number of multiple-choice
and free-response questions testing these concepts on
course examinations, after students have completed home-
work on this material and used the idea of density in later
activities. In several exam questions, students were asked
to compare the density of a small chip removed from an
object to the density of the larger object from which the
chip was removed. In others, this concept was extended to
the sinking and floating behavior of the objects. For ex-
ample, see the multiple-choice question in the Appendix.
Student performance on these questions in course exami-
nations suggests very strongly that student understanding
has improved. For example, on several different density-
only questions posed over the course of three sections
(N =178), 94% of students answered correctly that the
densities of a small piece and the larger body would be
the same. Given the improvement over the success rate on
the pretest, these data indicate that the Phys/Chem 102
course has a positive impact on student understanding of
this topic. On the more involved questions involving sink-
ing and floating (N = 54), 74% of students answered
correctly that the larger and smaller objects would behave
in the same way. Although we have not asked this sinking
and floating question directly on a pretest, results in the
next section illustrate that the connection between density
and sinking and floating were quite difficult for students
before the corresponding activities, with pretest success
rates of under 35%.

B. Example: Student understanding of
sinking and floating

In this section we refer to a study of student under-
standing of sinking and floating, described in greater detail
elsewhere [36]. On a written pretest, students are asked a
series of questions about a small sealed bottle containing
pieces of metal shot. The pretest begins by asking students
to consider a situation in which the bottle floats in a beaker
of water. They are then asked to predict what would happen
if a piece of metal were removed and the bottle were
returned to the water. The problem continues with the
question shown in Fig. 3, which we describe as the Shot
problem. These questions were posed in Phys/Chem 102 as
well as the Survey of Physics course, again at a point in the
course before any explicit classroom instruction on the
topic of sinking and floating (but after the instruction on

(a)

A glass bottle is partly filled with small
pieces of metal and sealed. Assume that
the seal is good (no air or water can enter
or leave the bottle). Assume that several
pieces of metal are removed, and the bot-
tle is placed beneath the surface of the
water in the container and released.
Sketch the resulting position. Explain
your reasoning.

bottle sealed

metal pieces

(b)
Now several pieces of metal are added to the
bottle. The bottle is placed in a container of

water and is observed to BARELY float as
shown.

Assume that one more piece of metal is added
and the bottle is placed beneath the surface of
the water in the container and released.
Sketch the resulting position. Explain your

reasoning.

FIG. 3. The Shot problem. Panel (a) gives the initial setup and
a preliminary question. Panel (b) is the part referred to in the text
and data tables. This problem is given on an ungraded quiz in
Phys/Chem 102 and a comparison course after instruction on
density but before instruction on sinking and floating. This task
is also now used as an instructional activity.

density described above). Results from the second part of
Shot problem [Fig. 3(b)] are shown in Table III.

In contrast to most of the examples in this paper, student
performance in Phys/Chem 102 and the survey course was
very similar, with about a third of the students in each class
answering correctly and about half giving the same com-
mon incorrect answer.

After some initial research, the curriculum for the
Underpinnings section of Phys/Chem 102 was altered to
include an activity based on the Shot task (see part 2 of
activity 1.6.1 in the Appendix). First, the students examine
the bottle filled with shot as it barely floats and predict how
the system would behave in the water after a single piece of
metal was removed. After discussion the instructor per-
forms the demonstration. Very few students are surprised
by this result. Then the students are asked to consider the
question in the written version of the task. They predict the
behavior of the system after one additional piece of shot is
added, and then discuss their prediction with peers. As
indicated in the pretest results, many students predict that
the bottle will float just below the surface of the water. The
instructor then performs this demonstration. If the initial

TABLE III.  Student responses to the second part of the Shot
problem [Fig. 3(b)] in Phys/Chem 102 and Survey of Physics.

Phys/Chem 102 Survey of Physics

12 sections 4 sections

N =316 N =177
Sink to bottom (correct) 33% 35%
Float below surface 53% 49%
Other (e.g., make no 14% 16%

difference)
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my <mp <m3z<my<ms

Five blocks of the same size and shape but
different masses are shown at right. The
blocks are numbered in order of increasing
mass (i.e. mj <my <mg < my <msg).

Water level

All the blocks are held approximately
halfway down in an aquarium filled with '/

water and then released. The final positions
of blocks 2 and 5 are shown. @

On the diagram, sketch the final positions
of blocks 1, 3, and 4. Explain your
reasoning.

(Assume that the water is incompressible.)

S

FIG. 4. The Five Blocks problem.

state of the system is indeed just barely floating, the
addition of even a small piece of paper is enough to
make the bottle sink to the bottom. This outcome is typi-
cally surprising for many students and provokes a rich and
thoughtful discussion.

As a posttest for this activity, we have posed the Five
Blocks problem (Fig. 4) developed in previous studies [37].
As students have not seen this problem before, we feel it is
a more rigorous test of student understanding than a re-
peated administration of the Shot task. Results are shown
in Table IV. Before the revision of the activity on sinking
and floating, the Phys/Chem 102 course included a hands-
on lab activity on sinking and floating including a
Cartesian diver demonstration. In these sections of the
course, only about 15% of the students answered the Five
Blocks question correctly after all instruction on density
and sinking and floating. In the unmodified lecture-based
Survey of Physics course, the success rate is somewhat
greater, but still low. In sections of Phys/Chem 102 com-
pleting a revised activity including the Shot task, success
on the Five Blocks question after instruction was over 70%.
For completeness, we include data from sections of the
Survey course using a lecture demonstration version of
the Shot activity. This activity was similar in structure to
the activity in Phys/Chem 102, with the cycle of prediction,
observation, discussion, but did not include written
worksheets for students to record predictions and explan-
ations; the success rate on the Five Blocks question in
these sections was also high but a bit below that of
Phys/Chem 102.

The results on these problems provide a strong signal
that the instructional strategies used in Phys/Chem 102 can

help to improve student learning as compared to traditional
lecture instruction, as students would encounter in the
Survey of Physics course. However, they also suggest
that hands-on activities by themselves do not necessarily
improve student learning; the sections of Phys/Chem 102
using the early version of the density activity showed
results that were less successful than the traditional course.
Thus we believe that the details of the activities in a course
of this type are crucial and often require an iterative
development cycle including repeated classroom tests, as-
sessment, and revision of the materials [38].

C. Example: Student understanding of
physical and chemical changes

State science standards for fifth grade include the idea
that chemical reactions require that atoms rearrange to
form substances with different properties [39]. As part of
ongoing research into student understanding of physical
and chemical changes, students in six sections of Phys/
Chem 102 (N = 157) were given an ungraded ten-question
survey, the Physical-Chemical Change Assessment (PCA),
during the first few weeks of the course. The PCA includes
a variety of representations of substances undergoing
changes, including text, chemical symbols, and macro-
sopic and particulate-level illustrations (see sample items
using each of these four representations in the Appendix).
Entering students had an average success rate of 67% prior
to instruction, again suggesting deficiencies in the entering
content preparation of students. The questions involving
the particulate-level representations were the most difficult
for students, with a success rate of 62%.

Physical and chemical change is a topic that is specifi-
cally addressed in an activity in the Kitchen Science vol-
ume of the Phys/Chem 102 curriculum. In order to measure
the extent of student learning of this topic, the PCA was
administered again at the end of the semester. Student
performance was significantly better, with an average suc-
cess rate of 79%, including 76% correct responses for the
problems involving particulate representations [40].

D. Comparison of student population to
general education science courses

As noted above, if Phys/Chem 102 were not available,
preservice teachers would likely end up taking more
traditional lecture-based courses to satisfy their science

TABLE IV. Percentages of students giving correct answers on the Five Blocks problem after all instruction on density and its
connection to sinking and floating, for different course types and instructional interventions. Each row in the table below except the

first includes at least two different instructors.

Phys/Chem 102 (4 sections) Hands-on lab-based including Cartesian diver 15% N =94

Phys/Chem 102 (12 sections) Shot demonstration with worksheet 71% N =316
Survey of Physics (2 sections) Standard lecture 36% N =121
Survey of Physics (6 sections) Shot demonstration without worksheet 65% N =280
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TABLE V. Comparison of fractions of students giving correct responses on a variety of
common problems in Phys/Chem 102 and the corresponding survey courses in physics and
chemistry at CSUF. The problems in all cases were posed at similar points in instruction,
typically after reading and brief introductory lecture but before any research-based instruction.

Phys/Chem 102

Survey of Physics

Pendulum questions
Kinetic energy comparison
Grav. potential energy comparison
Total energy conservation

Heat & temperature questions
Temperature prediction
Heat lost = heat gained

Particulate representations
Solid
Gas

N = 48 (two sections)

Phys/Chem 102
N = 22 (one section)

N = 53 (one section)

58% 87%
54% 92%
50% 71%
N = 51 (two sections) N = 57 (one section)
84% 88%
25% 43%

Survey of Chemistry
N = 110 (one section)
27% 50%

27% 49%

requirements. We have performed some research to
compare the initial content understanding of the student
populations in the two course types. Our intent here is
twofold. First, we wish to characterize the level of science
understanding in the two groups, to get a sense of how the
preservice teachers compare to a broader audience of
college students at a given institution. Second, we hope
to gauge the extent to which preservice teachers would be
in a position to “‘compete’” with the student population in
the more traditional courses.

We have given a handful of pretests in Phys/Chem 102
that are matched with pretests given in the corresponding
survey course in physics or chemistry. In each case, the
pretests were given at similar points in instruction. In the
first two cases described in this section, students had been
assigned reading on the subject matter of the pretests, but
had not begun formal instruction, so in practice the pretests
are essentially measuring the incoming level of student
understanding. In the third example, the questions were
posed prior to instruction. As in the more in-depth ex-
amples in the two previous sections, the questions chosen
are quite simple by most standards, reflecting the level of
material that might be covered in precollege science
courses. Each item tests material included in the state
content standards for precollege science, as well as those
for preservice teachers [41]. Here we show data from three
additional examples of content questions that are
representative.

The first example involves pretest questions on potential
and kinetic energy in the context of a pendulum [42]. These
questions were common to Phys/Chem 102 and Survey of
Physics, and required fairly straightforward comparisons
involving the application of the definitions of kinetic en-
ergy and gravitational potential energy, plus the energy
conservation law. (See the Appendix for all research ques-
tions referenced in this section.) In both cases, students had

been assigned reading on the material, but the pretest
would largely reflect prior knowledge. As shown in
Table V, in each of the questions, the students in the survey
course were fairly successful in answering correctly, but
those in Phys/Chem 102 had more difficulty.

A second example is drawn from heat and temperature, a
topic addressed in both courses. Students were given a
pretest with several questions involving straightforward
predictions in the context of a mixture of a sample of
cold water with a sample of hot water of twice the mass.
Students were asked to predict the final temperature of a
water mixture and to state whether the heat lost by the hot
water in the process was greater than, less than, or equal to
that lost by the cold water. While most students are able to
predict that the final temperature will be closer to the hot
water temperature, most students have difficulty with the
heat transfer question.

A third example is drawn from chemistry and involves
particulate models of matter. Students were shown a mac-
roscopic illustration of a substance and asked to draw a
particulate-level representation of the substance (see
Fig. 5). Students should identify from the given chemical

Solid I Gaseous I
FIG. 5 (color online). Students are asked to draw particulate-
level representations of solid and gaseous I, (iodine). One
potentially correct answer is shown.
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formula the diatomic nature of iodine as an element. This is
depicted as a symbol for an iodine atom connected to
another identical symbol. The molecules of iodine as a
gas would be depicted as separate from one another and
filling all of the available space in the box. The solid
molecules will be shown in the box as aggregated (local-
ized). Both groups struggled with this problem, but the
survey chemistry students were approximately twice as
likely to draw an appropriate particulate-level illustration
of a solid or gas as the students in Phys/Chem 102.

These data and those in the previous sections indicate
that even fairly straightforward physical science content is
not well understood by a healthy fraction of the students
entering Phys/Chem 102. From reports of colleagues using
the course materials at other institutions, we feel comfort-
able in claiming that this phenomenon is not restricted to
CSUF. Although these questions cover material that is
normally taught in precollege science courses, and is cov-
ered in K-12 science standards, a large fraction of the
students did not display a deep understanding, and it seems
clear that these students would face challenges when teach-
ing this material.

In most of the cases in this paper, we see better perform-
ance among students in the survey courses than in Phys/
Chem 102. This apparent edge is consistent with our sub-
jective impression that the survey course students on aver-
age have stronger science and mathematics backgrounds. It
may also reflect self-selection. For example, students in the
Survey of Physics course have chosen to take physics as
opposed to other GE offerings, often because of their
interest in physics and/or a strong high school physics
background. In contrast, most Phys/Chem 102 students
do not have the same latitude in course selection.

While the trend on these problems is strikingly consis-
tent, we do note that there are other problems on which
both groups of students do very poorly. For example, on
pretest questions involving subtractive color, the success
rate for students in Phys/Chem 102 and the survey course
was essentially 0%. Similarly, on questions involving par-
ticulate representations of a chemical reaction with a limit-
ing reagent, the success rates in Phys/Chem 102 and the
survey chemistry course are between 10% and 15%, with a
slight edge for the survey course.

The difference in performance only reinforces the need
for special courses. Many previous studies have shown that
traditional physics lecture courses do not produce deep
understanding of physics content or the nature of science.
Our data suggest that if the prospective teachers in Phys/
Chem 102 were in a more traditional course, many of them
would be relatively poorly prepared compared to their
peers, in an environment that would neither encourage
deep learning nor provide opportunities to reflect on
one’s understanding. It is very unlikely that this combina-
tion of factors would result in preparing teachers to teach
physical science effectively.

VI. CONCLUSION

The development and implementation of Phys/Chem
102 at CSUF required a multiple year commitment on
the part of several faculty. The course is viewed as a
success locally and has become institutionalized. While
several outside funding sources were instrumental in
the conception and initial development of the course, the
course continues even without this external funding. The
initial development process was an exemplar of interdisci-
plinary cooperation, including not only the two depart-
ments directly involved in the course but also our
colleagues in the College of Education. We are particularly
proud of the Peer Instructor program and the reports we
have of its influence on the students participating in the
program.

Despite these achievements, there have been challenges
along the way, and the continuing success of the course
may be threatened, as its special character requires small
enrollments and the ongoing collaboration of two aca-
demic departments with distinct characters and financial
constraints. Staffing of the course has often been a chal-
lenge for the two departments involved. As of Fall 2009,
local budgetary concerns have led to the cancellation of
multiple sections of the course, and there is no guarantee
that these sections will be reinstated. Because of the enroll-
ment cap required by the lab classroom and the pedagogy, a
course like Phys/Chem 102 is relatively expensive to op-
erate, and our experience suggests that such a course will
always be a potential target when budgets are tight.

We have performed some research on several aspects of
the course. Our work suggests that the students entering
Phys/Chem 102 often have significant difficulty with ma-
terial that is covered on state science standards, including
relatively basic material like mass, volume, and density
that they will be expected to teach in K-8 classrooms. The
students in this course seem to have even less preparation
in physical science on average than the typical nonscience
majors in large lecture survey courses intended to satisfy
general education requirements. We believe that special
courses like Phys/Chem 102 are particularly important
for those students who have relatively weak science
backgrounds. These students would likely be among the
weaker students in a large survey lecture course, and in
such a course they would have little opportunity to reflect
upon their learning or discuss the content with other
students.

Our results suggest that the instructional strategies in
Phys/Chem 102 course do have some successful impact on
student learning. Student performance on density questions
improves dramatically, for example. However, our work on
sinking and floating suggests that the details of the activ-
ities are very important. Early versions of activities failed
to have the desired impact on student learning, despite the
fact that students were in a small-group setting doing
activities focusing on conceptual understanding, and only

010106-15



LOVERUDE, GONZALEZ, AND NANES

PHYS. REV. ST PHYS. EDUC. RES. 7, 010106 (2011)

after the activities were revised based on research did
student performance improve to the desired levels. In the
cases described above, an iterative approach to course
development informed by research on student learning
has led to significant improvements, but such an effort is
quite intensive and time-consuming, and well beyond the
typical expectations of course instructors.

In conclusion, we believe that we have learned a great
deal from the experience of developing, implementing,
and assessing Phys/Chem 102. This course is relatively
unusual as an example of continuing interdepartmental
collaboration that appears to be sustainable. We are

hopeful that our description of these experiences and se-
lected research findings can be of use to colleagues at other
institutions.

APPENDIX: EXAMPLES OF THE
INQUIRY-BASED COURSE

See separate auxiliary material for the assessment,
MERIT essay, performance task, curriculum sample, inter-
active demonstration, research problems, and Table of
Contents for the Inquiry into Physical Science.
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