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Foreword

It will soon be 25 years since Terrell H. Bell, Secretary of Education in
the Reagan administration, commissioned a task force to examine the state
of education in the United States. The work of this commission resulted in
the 1983 report A Nation at Risk: An Imperative for Educational Reform,
which detailed what was then a shocking report card on American educa-
tion. The report became not only a rallying cry for an improved and
equitable system of education but also an early framework for education
reform. Regarding high school science education, A Nation at Risk made
the following recommendation:

The teaching of science in high school should provide graduates with
an introduction to: (a) the concepts, laws, and processes of the physical
and biological sciences; (b) the methods of scientific inquiry and reason-
ing; (c) the application of scientific knowledge to everyday life; and (d) the
social and environmental implications of scientific and technological devel-
opment. Science courses must be revised and updated for both the college-
bound and those not intending to go to college. (p. 25)

In the science education community, we continue to be challenged by
the goals for science education set out in A Nation at Risk. The call for
students to be familiar with the methods of science inquiry and reasoning
and to understand the concepts and processes of the sciences remains a
visible, but largely unmet, national educational goal. Indeed, this book
describes what we know and do not know about the potential of laborato-
ries to serve as effective science learning environments. The book defines

America's Lab Report: Investigations in High School Science

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/11311


viii FOREWORD

such environments as places in which students can practice scientific in-
quiry and reasoning, come to understand different kinds of knowledge
claims that scientists make, and build their knowledge of science content.

Since A Nation at Risk was released, the remarkable advances in
science and technology have produced even greater public concern over
the quality of science education. One has only to think about the human
genome project. Completed in April 2003, it provides the complete genetic
blueprint for humans. It is hard to comprehend the long-term effects of this
kind of scientific advancement. In educational terms, however, such dis-
coveries raise local, state, and national expectations for science education.
Today a majority of policy makers, scientists, educators, and parents agree
that high school graduates must have a sophisticated grasp and apprecia-
tion of science and technology to participate fully in the work place, to
understand their everyday decisions on matter ranging from health to
energy resources to climate, and to participate as informed citizens in the
civic realm.

Interest in science education is shared around the world, whether the
country is industrialized or developing. It seems universally understood
that effective science education is a critical component for advancing scien-
tific and societal development. In the United States, laboratories have been
a part of science education since the late 1800’s. Though educational goals
for labs have shifted over time as have instructional materials and labora-
tory equipment, their presence as part of high school science has been
consistent. Given the long history of laboratories in school science, the
absence of consistent and well-grounded research on high school labs is
troubling. America’s Lab Report begins to fill this important void.

America’s Lab Report is the first consensus study to be completed
under the guidance of the Board on Science Education. On behalf of the
board, we want to thank the ten experts who served on the study commit-
tee. Each study committee member brought a wealth of knowledge about
the nature and enterprise of science, the teaching and learning of science,
and the institutions of schools and schooling to their deliberations. It was a
very thoughtful group of committee members who took their charge very
seriously.

Chair of the study committee, Susan Singer, warrants special acknowl-
edgment. Being chair for a National Research Council study is a time-
consuming commitment and one that invites patience. Susan’s persistence
and insight into the process engendered a great deal of respect. The entire
committee process was helped by the skillful work of Margaret Hilton,
study director, and program officer Heidi Schweingruber. Each brought a
unique set of talents to their work for which I am very grateful.

Finally, on behalf of the Board on Science Education, we want to thank
the National Science Foundation staff for their initial conversations on this
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FOREWORD ix

very challenging topic, their turning to the board to undertake this work,
and recognition of the board as the right oversight group, and their support
of this study.

America’s Lab Report: Investigations in High School Science is born of
hours of sustained examination of a broad body of evidence by a diverse
and uniquely qualified group of experts. The result is a previously unavail-
able synthesis of research that supports a compelling discussion of the
evolving role of laboratories in advancing the goals of science education.
Our hope for the report is that, in the spirit of A Nation at Risk, it will
catalyze informed debate about laboratories and school science that leads
to improvement of science education for our nation’s high school students.

Carl E. Wieman Jean Moon
Chair Director
Board on Science Education Board on Science Education
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EXECUTIVE SUMMARY 1

Executive Summary

Most people in this country lack the basic understanding of science that
they need to make informed decisions about the many scientific issues af-
fecting their lives. Neither this basic understanding—often referred to as
scientific literacy—nor an appreciation for how science has shaped the soci-
ety and culture is being cultivated during the high school years. For ex-
ample, over the 30 years between 1969 and 1999, high school students’
scores on the science portion of the National Assessment of Educational
Progress (NAEP, the “nation’s report card”) remained stagnant. In addition,
high school students’ performance on a different NAEP national science
assessment, first administered in 1996, was weaker four years later in 2000.
Yet policy makers, scientists, and educators agree that high school graduates
today, more than ever, need a basic understanding of science and technol-
ogy in order to function effectively in an increasingly complex, technologi-
cal society. Increasing this understanding will require major reforms in sci-
ence education, including reforms in the laboratories that constitute a
significant portion of the high school science curriculum.

Since the late 19th century, high school students in the United States have
carried out laboratory investigations as part of their science classes. Educators
and policy makers have periodically debated the value of laboratories in help-
ing students understand science, but little research has been done to inform
those debates or to guide the design of laboratory education. Today, on aver-
age, students enrolled in science classes spend about one class period per
week in such laboratory investigations as observing and comparing different
cell types under a microscope in biology class or adding a solution of known
acidity to a solution of unknown alkalinity in chemistry class. To assess how
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2 AMERICA’S LAB REPORT

these and similar laboratory activities may contribute to science learning, the
National Science Foundation requested the National Research Council to
examine the current status of science laboratories and develop a vision for
their future role in high school science education.

DEFINITION AND GOALS OF HIGH SCHOOL
SCIENCE LABORATORIES

Questions about the value of high school science laboratories stem in
part from a lack of clarity about what exactly constitutes a “laboratory” and
what its science learning goals might be. For example, “laboratory” may refer
to a room equipped with benches and student workstations, or it may refer to
various types of indoor or outdoor science activities. Today and in the past,
educators, policy makers, and researchers have not agreed on a common
definition of “laboratory.”

This lack of clarity about the definition and goals of laboratories has
slowed research on their outcomes. In addition, mechanisms for sharing the
results of the research that is available—both within the research community
and with the larger education community—are so weak that progress to-
ward more effective laboratory learning experiences is impeded.

Conclusion 1: Researchers and educators do not agree on how to
define high school science laboratories or on their purposes, ham-
pering the accumulation of evidence that might guide improve-
ments in laboratory education. Gaps in the research and in captur-
ing the knowledge of expert science teachers make it difficult to
reach precise conclusions on the best approaches to laboratory teach-
ing and learning.

Rapid developments in science, technology, and cognitive research have
made the traditional definition of science laboratories—only as rooms where
students use special equipment to carry out well-defined procedures—obso-
lete. Rather, the committee gathered information on a wide variety of ap-
proaches to laboratory education, arriving at the term “laboratory experi-
ences” to describe teaching and learning that may take place in a laboratory
room or in other settings.

While the committee found that many laboratory experiences involve
students in carrying out carefully specified procedures to verify established
scientific knowledge, we also learned of laboratory experiences that en-
gaged students in formulating questions, designing investigations, and creat-
ing and revising explanatory models. Participating in a range of laboratory
experiences holds potential to enhance students’ understanding of the dy-
namic relationships between empirical research and the scientific theories
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EXECUTIVE SUMMARY 3

and concepts that both result from research and lead to further research
questions.

Committee Definition of Laboratory Experiences

To frame the scope of the study while also reflecting the variety of labora-
tory experiences, the committee defined laboratory experiences as follows:

Laboratory experiences provide opportunities for students to inter-
act directly with the material world (or with data drawn from the
material world), using the tools, data collection techniques, mod-
els, and theories of science.

This definition includes student interaction with astronomical databases,
genome databases, databases of climatic events over long time periods, and
other large data sets derived directly from the material world. It does not
include student manipulation or analysis of data created by a teacher to
simulate direct interaction with the material world. For example, if a physics
teacher presented students with a constructed data set on the weight and
required pulling force for boxes pulled across desks with different surfaces
and asked them to analyze these data, the students’ problem-solving activity
would not constitute a laboratory experience in the committee’s definition.

In the committee’s view, science education includes learning about the
methods and processes of scientific research (science process) and the knowl-
edge derived through this process (science content). Science process centers
on direct interactions with the natural world aimed at explaining natural
phenomena. Science education would not be about science if it did not
include opportunities for students to learn about both the process and the
content of science. Laboratory experiences, in the committee’s definition,
can potentially provide one such opportunity.

Goals of Laboratory Experiences

In our review of the literature, the committee identified a number of science
learning goals that have been attributed to laboratory experiences, including:

• enhancing mastery of subject matter;
• developing scientific reasoning;
• understanding the complexity and ambiguity of empirical work;
• developing practical skills;
• understanding the nature of science;
• cultivating interest in science and interest in learning science; and
• developing teamwork abilities.
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4 AMERICA’S LAB REPORT

Helping all high school students achieve these science learning goals is
critical to improving national scientific literacy and preparing the next gen-
eration of scientists and engineers.

Although no single laboratory experience is likely to achieve all of
these learning goals, different types of laboratory experiences may be de-
signed to achieve one or more goals. For example, the committee studied a
sequence of laboratory experiences included in a larger unit of instruction.
Students predicted the temperatures of everyday objects, tested their pre-
dictions using temperature-sensitive probes connected to computers, and
developed and revised scientific explanations for their results. Students
participating in the laboratory experiences and other learning activities pro-
gressed toward two goals. They increased their mastery of subject matter
(thermodynamics) and their interest in science in comparison to students
who participated in the traditional program of science instruction. Some of
the science learning goals presented above, particularly understanding the
complexity and ambiguity of empirical work, can be attained only through
laboratory experiences.

EFFECTIVENESS OF LABORATORY EXPERIENCES
The committee’s review of the evidence on attainment of the goals of

laboratory experiences reveals a recent shift in research, reflecting some
movement in laboratory instruction. Historically, laboratory experiences have
been disconnected from the flow of classroom science lessons. Because this
approach remains common today, we refer to these separate laboratory ex-
periences as “typical” laboratory experiences. Reflecting this separation, re-
searchers often engaged students in one or two experiments or other sci-
ence activities and then conducted assessments to determine whether their
understanding of the science concept underlying the activity had increased.
Some studies compared the outcomes of these separate laboratory experi-
ences with the outcomes of other forms of science instruction, such as lec-
tures or discussions.

Over the past 10 years, a new body of research on the outcomes of
laboratory experiences has been developing. Drawing on principles of learning
derived from the cognitive sciences, researchers are investigating how to
sequence science instruction, including laboratory experiences, in order to
support students’ science learning. We propose the phrase “integrated instruc-
tional units” to describe these sequences of instruction. Integrated instructional
units connect laboratory experiences with other types of science learning
activities, including lectures, reading, and discussion. Students are engaged
in framing research questions, making observations, designing and executing
experiments, gathering and analyzing data, and constructing scientific argu-
ments and explanations.
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Integrated instructional units are designed to increase students’ ability to
understand and apply science subject matter (often focusing on one impor-
tant concept or principle) while also improving their scientific reasoning,
interest in science, and understanding of the nature of science. Students are
encouraged to discuss their existing ideas about the science concept and
their emerging ideas during the course of their laboratory experiences, both
with their peers and with the teacher. The sequence of laboratory experi-
ences and other forms of instruction is designed to help students develop a
more sophisticated understanding of both the science concept under study
and the process through which scientific concepts are developed, evaluated,
and refined.

The earlier body of research on typical laboratory experiences and the
emerging research on integrated instructional units yield different findings
about the effectiveness of laboratory experiences in advancing the goals
identified by the committee. Research on typical laboratory experiences is
methodologically weak and fragmented, making it difficult to draw precise
conclusions. The weight of the evidence from research focused on the goals
of developing scientific reasoning and cultivating student interest in science
shows slight improvements in both after students participated in typical labo-
ratory experiences. Research focused on the goal of student mastery of sub-
ject matter indicates that typical laboratory experiences are no more or less
effective than other forms of science instruction (such as reading, lectures,
or discussion).

A major limitation of the research on integrated instructional units is that
most of the units have been used in small numbers of science classrooms.
Only a few studies have addressed the challenges of implementing—and
studying the effectiveness of—integrated instructional units on a wide scale.
The studies conducted to date indicate that these sequences of laboratory
experiences and other forms of instruction show greater effectiveness for
these same three goals (compared with more traditional forms of science
instruction): improving mastery of subject matter, developing scientific rea-
soning, and cultivating interest in science. Integrated instructional units also
appear to be effective in helping diverse groups of students progress toward
these three learning goals. Due to a lack of available studies, the committee
was unable to draw conclusions about the extent to which either typical
laboratory experiences or integrated instructional units might advance the
other goals identified at the beginning of this chapter—enhancing under-
standing of the complexity and ambiguity of empirical work, acquiring prac-
tical skills, and developing teamwork skills.

The committee considers the evidence emerging from research on inte-
grated instructional units sufficient to conclude:
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Conclusion 2: Four principles of instructional design can help labo-
ratory experiences achieve their intended learning goals if: (1) they
are designed with clear learning outcomes in mind, (2) they are
thoughtfully sequenced into the flow of classroom science instruc-
tion, (3) they are designed to integrate learning of science content
with learning about the processes of science, and (4) they incorpo-
rate ongoing student reflection and discussion.

CURRENT HIGH SCHOOL LABORATORY
EXPERIENCES

Most science students in U.S. high schools today participate in labora-
tory experiences that are isolated from the flow of classroom science instruc-
tion (referred to here as “typical” laboratory experiences). Instead of focus-
ing on clear learning goals, teachers and laboratory manuals often emphasize
the procedures to be followed, leaving students uncertain about what they
are supposed to learn. Lacking a focus on learning goals related to the
subject matter being addressed in the science class, these typical laboratory
experiences often fail to integrate student learning about the processes of
science with learning about science content. Typical laboratory experiences
rarely incorporate ongoing reflection and discussion among the teacher and
the students, although there is evidence that reflecting on one’s own think-
ing is essential for students to make meaning out of their laboratory activi-
ties. In general, most high school laboratory experiences do not follow the
instructional design principles for effectiveness identified by the committee.
In addition, most high school students participate in a limited range of labo-
ratory activities that do not help them to fully understand science process.

Several factors contribute to the prevalence of typical laboratory experi-
ences. These include a lack of preparation of—and support for—teachers,
disparities in the availability and quality of laboratory facilities and equip-
ment, interpretations of state science standards, and the lack of agreement
on definitions and goals of laboratory experiences. Students in schools with
higher concentrations of non-Asian minorities spend less time in laboratory
instruction than students in other schools, and students in lower level sci-
ence classes spend less time in laboratory instruction than those enrolled in
more advanced science classes. And some students have no access to any
type of laboratory experience. Taken together, all of these factors weaken
the effectiveness of current laboratory experiences.

Conclusion 3: The quality of current laboratory experiences is poor
for most students.
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Teacher Preparation for Laboratory Experiences

Teachers play a critical role in leading effective laboratory experiences.
By carefully introducing the experiences in ways that are aligned with the
learning goals of the science course and leading discussions and answering
questions, the teacher can support students in linking their laboratory expe-
riences to underlying science concepts. By selecting laboratory experiences
that are clearly related to the ongoing flow of classroom science instruction,
the teacher can integrate student learning of both the processes of science
and important science content. Yet the undergraduate education of future
high school science teachers does not currently prepare them with the peda-
gogical and science content knowledge required to carry out such teaching
strategies. Undergraduate science departments rarely provide future science
teachers with laboratory experiences that follow the design principles de-
rived from recent research—integrated into the flow of instruction, focused
on clear learning goals, aimed at the learning of science content and science
process, with ongoing opportunities for reflection and discussion.

Once on the job, science teachers have few opportunities to improve
their laboratory teaching. Professional development opportunities for sci-
ence teachers are limited in quality, availability, and scope and place little
emphasis on laboratory instruction. In addition, few high school teachers
have access to curricula that integrate laboratory experiences into the stream
of instruction, although such curricula might help them in improving the
instructional quality of laboratory experiences. Few high schools support
science teachers in improving their laboratory teaching by providing appro-
priate, ongoing professional development, well-designed science curricula,
and adequate laboratory facilities and supplies.

Conclusion 4: Improving high school science teachers’ capacity to
lead laboratory experiences effectively is critical to advancing the
educational goals of these experiences. This would require major
changes in undergraduate science education, including providing
a range of effective laboratory experiences for future teachers and
developing more comprehensive systems of support for teachers.

Laboratory Facilities and School Organization

The capacity of teachers and schools to advance the learning goals of
laboratory experiences is affected by laboratory facilities and supplies and
the organization of schools.

Direct observation and manipulation of many aspects of the material
world require adequate laboratory facilities, including space for teacher dem-
onstrations, student laboratory activities, student discussion, and safe stor-
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age space for supplies. Schools with higher concentrations of non-Asian
minorities and schools with higher concentrations of poor students are less
likely to have adequate laboratory facilities than other schools. In addition to
less adequate laboratory space, schools with higher concentrations of poor
or minority students and rural schools often have lower budgets for labora-
tory equipment and supplies than other schools. These disparities in facili-
ties and supplies may contribute to the problem that students in schools
with high concentrations of non-Asian minority students spend less time in
laboratory instruction than students in other schools.

The ability of schools to address the pressing need for improvements in
laboratory teaching is constrained by the way many schools are organized.
Often, administrators, teachers, and students become accustomed to rou-
tines in class schedules, teachers’ schedules, the allocation of space, sup-
plies, and budgets, and teaching approaches. When such routines become
rigid, they tend to reinforce existing knowledge and teaching practices, lim-
iting teachers’ and administrators’ motivation and ability to try out new,
more effective approaches to laboratory education. For example, routines in
class scheduling and space allocation may limit science teachers’ ability or
willingness to collaborate with other teachers in shared lesson planning,
reflection, and improvement of laboratory lessons. Teachers and administra-
tors who are accustomed to their existing science texts and laboratory manuals
may not seek information about new science curricula that effectively inte-
grate laboratory experiences, or they may hesitate to implement such cur-
ricula. Rigid school schedules may discourage teachers from adopting new,
more effective approaches to laboratory instruction when such approaches
require extended classroom time for students and teachers to discuss and
reflect on the meaning of laboratory investigations.

Conclusion 5: The organization and structure of most high schools
impedes teachers’ and administrators’ ongoing learning about
science instruction and ability to implement quality laboratory
experiences.

State Standards and Accountability Systems

Most states have developed science standards to guide instruction and
large-scale assessments to measure attainment of those standards. These
standards could be used as flexible frameworks to guide schools and teach-
ers in integrating laboratory experiences into the flow of instruction in order
to help students master science subject matter while also developing scien-
tific reasoning and advancing other learning goals. However, this rarely hap-
pens. Instead, state and local officials and science teachers often see state
standards as requiring them to help students master the specific science
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topics outlined for a grade level or science course. When they view labora-
tory experiences as isolated events that do not contribute to mastery of
topics and science class time is short, laboratory experiences may be limited.
For example, research on integrated instructional units has shown that en-
gagement with laboratory experiences and other forms of instruction over
periods of 6 to 16 weeks can increase students’mastery of a complex science
topic, including the relationships among scientific ideas related to that topic.
But teachers who try to “cover” an extensive list of science topics included
in state science standards within a school year may have only a few days for
each topic, precluding use of such potentially effective instructional units.

The interpretation and implementation of state science standards may
also limit attainment of the educational goals of laboratory experiences in
other ways. When state standards are seen primarily as lists of science topics
to be mastered, they support attainment of only one of the many goals of
laboratory experiences—mastery of subject matter. Some state standards call
for students to engage in laboratory experiences and to attain other goals of
laboratory experiences, such as developing scientific reasoning and under-
standing the nature of science. However, assessments in these states rarely
include items designed to measure student attainment of these goals.

Conclusion 6: State science standards that are interpreted as en-
couraging the teaching of extensive lists of science topics in a given
grade may discourage teachers from spending the time needed for
effective laboratory learning.

Conclusion 7: Current large-scale assessments are not designed to
accurately measure student attainment of the goals of laboratory
experiences. Developing and implementing improved assessments
to encourage effective laboratory teaching would require large in-
vestments of funds.

WHAT NEXT? RESEARCH, DEVELOPMENT,
AND IMPLEMENTATION OF EFFECTIVE
LABORATORY EXPERIENCES

Laboratory experiences have the potential to help students attain several
important learning goals, including mastery of science subject matter, in-
creased interest in science, and development of scientific reasoning skills.
That potential is not being realized today.

The committee does not recommend any specific policies or programs
to enhance the effectiveness of laboratory experiences, because we do not
consider the research evidence sufficient to support detailed policy prescrip-
tions. A serious research agenda is required to build knowledge of how
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various types of laboratory experiences (within the context of science edu-
cation) may contribute to specific science learning outcomes. Research part-
nerships may be the best mechanism to carry out this agenda, building the
knowledge base for improvements in laboratory teaching and learning. Spe-
cifically, we suggest that teachers, researchers, scientists, and curriculum
developers work together to answer the following questions. Addressing
these questions will help to guide schools, education policy makers, and
researchers in developing appropriate responses to the findings and conclu-
sions in this report:

1. Assessment of student learning in laboratory experiences—What are
the specific learning outcomes of laboratory experiences and what are the
best methods for measuring these outcomes, both in the classroom and in
large-scale assessments?

2. Effective teaching and learning in laboratory experiences—What forms
of laboratory experiences are most effective for advancing the desired learn-
ing outcomes of laboratory experiences? What kinds of curriculum can sup-
port teachers in students in progress toward these learning outcomes?

3. Diverse populations of learners—What are the teaching and learn-
ing processes by which laboratory experiences contribute to particular learning
outcomes for diverse learners and different populations of students?

4.  School organization for effective laboratory teaching—What organi-
zational arrangements (state and district policy, funding priorities and re-
source allocation, professional development, textbooks, emerging technolo-
gies, and school and district leadership) support high-quality laboratory
experiences most efficiently and effectively? What are the most effective
ways to bring those organizational arrangements to scale?

5. Continuing learning about laboratory experiences—How can teach-
ers and administrators learn to design and implement effective instructional
sequences that integrate laboratory experiences for diverse students? What
types of professional development are most effective to help administrators
and teachers achieve this goal? How should laboratory professional devel-
opment be sequenced within a teacher’s career (from pre-service to expert
teacher)?

The available research literature suggests that laboratory experiences
will be more likely to help students attain science learning goals if they are
designed with clear learning outcomes in mind, thoughtfully sequenced into
the flow of classroom science instruction, and follow the other instructional
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design principles identified by the committee. These design principles can
serve as a guide to research, development, selection, and implementation of
high school science curricula. They can also guide improvements in the
undergraduate science education of future teachers and professional devel-
opment of current science teachers.

The committee envisions a future in which the role and value of high
school science laboratory experiences are more completely understood. The
state of the research knowledge base on laboratory experience is dismal but,
even so, suggests that the laboratory experiences of most high school stu-
dents are equally dismal. Improvements in current laboratory experiences
can be made today using emerging knowledge. Documented disparities to
access should be eliminated now.

Systematic accumulation of rigorous, relevant research results and best
practices from the field will clarify the specific contributions of laboratory
experiences to science education. Such a knowledge base must be inte-
grated with an infrastructure that supports the dissemination and use of this
knowledge to achieve coherent policy and practice.

Improving the quality of laboratory experiences available to U.S. high
school students will require focused and sustained attention. By applying
principles of instructional design derived from ongoing research, science
educators can begin to more effectively integrate laboratory experiences
into the science curriculum. The definition, goals, design principles, and
findings of this report offer an organizing framework to begin the difficult
work of designing laboratory experiences for the 21st century.
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1
Introduction, History, and

Definition of Laboratories

Key Points

• Since laboratories were introduced in the late 1800s, the goals
of high school science education have changed. Today, high school
science education aims to provide scientific literacy for all as part
of a liberal education and to prepare students for further study,
work, and citizenship.
• Educators and researchers do not agree on the definition and
goals of high school science laboratories or on their role in the high
school science curriculum.
• The committee defines high school science laboratories as
follows: laboratory experiences provide opportunities for students to
interact directly with the material world (or with data drawn from
the material world), using the tools, data collection techniques,
models, and theories of science.

xxx
Science laboratories have been part of high school education for two

centuries, yet a clear articulation of their role in student learning of science
remains elusive. This report evaluates the evidence about the role of labora-
tories in helping students attain science learning goals and discusses factors
that currently limit science learning in high school laboratories. In this chap-
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ter, the committee presents its charge, reviews the history of science labora-
tories in U.S. high schools, defines laboratories, and outlines the organiza-
tion of the report.

CHARGE TO THE COMMITTEE
In the National Science Foundation (NSF) Authorization Act of 2002 (P.L.

107-368, authorizing funding for fiscal years 2003-2007), Congress called on
NSF to launch a secondary school systemic initiative. The initiative was to
“promote scientific and technological literacy” and to “meet the mathematics
and science needs of students at risk of not achieving State student academic
achievement standards.” Congress directed NSF to provide grants for such
activities as “laboratory improvement and provision of instrumentation as part
of a comprehensive program to enhance the quality of mathematics, science,
engineering, and technology instruction” (P.L. 107-368, Section 8-E). In re-
sponse, NSF turned to the National Research Council (NRC) of the National
Academies. NSF requested that the NRC

nominate a committee to review the status of and future directions for the
role of high school science laboratories in promoting the teaching and
learning of science for all students. This committee will guide the conduct
of a study and author a consensus report that will provide guidance on the
question of the role and purpose of high school science laboratories with
an emphasis on future directions. . . . Among the questions that may guide
these activities are:

1. What is the current state of science laboratories and what do we
know about how they are used in high schools?

2. What examples or alternatives are there to traditional approaches to
labs and what is the evidence base as to their effectiveness?

3. If labs in high school never existed (i.e., if they were to be planned
and designed de novo), what would that experience look like now, given
modern advances in the natural and learning sciences?

4. In what ways can the integration of technologies into the curriculum
augment and extend a new vision of high school science labs? What is
known about high school science labs based on principles of design?

5. How do the structures and policies of high schools (course schedul-
ing, curricular design, textbook adoption, and resource deployment) influ-
ence the organization of science labs? What kinds of changes might be
needed in the infrastructure of high schools to enhance the effectiveness of
science labs?

6. What are the costs (e.g., financial, personnel, space, scheduling) as-
sociated with different models of high school science labs? How might a
new vision of laboratory experiences for high school students influence
those costs?
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7. In what way does the growing interdisciplinary nature of the work of
scientists help to shape discussions of laboratories as contexts in high school
for science learning?

8. How do high school lab experiences align with both middle school
and postsecondary education? How is the role of teaching labs changing in
the nation’s colleges and universities? Would a redesign of high school
science labs enhance or limit articulation between high school and college-
level science education?

The NRC convened the Committee on High School Science Laborato-
ries: Role and Vision to address this charge.

SCOPE OF THE STUDY
The committee carried out its charge through an iterative process of

gathering information, deliberating on it, identifying gaps and questions,
gathering further information to fill these gaps, and holding further discus-
sions. In the search for relevant information, the committee held three pub-
lic fact-finding meetings, reviewed published reports and unpublished re-
search, searched the Internet, and commissioned experts to prepare and
present papers. At a fourth, private meeting, the committee intensely ana-
lyzed and discussed its findings and conclusions over the course of three
days. Although the committee considered information from a variety of
sources, its final report gives most weight to research published in peer-
reviewed journals and books.

At an early stage in its deliberations, the committee chose to focus pri-
marily on “the role of high school laboratories in promoting the teaching
and learning of science for all students.” The committee soon became frus-
trated by the limited research evidence on the role of laboratories in learn-
ing. To address one of many problems in the research evidence—a lack of
agreement about what constitutes a laboratory and about the purposes of
laboratory education—the committee commissioned a paper to analyze the
alternative definitions and goals of laboratories.

The committee developed a concept map outlining the main themes of
the study (see Figure 1-1) and organized the three fact-finding meetings to
gather information on each of these themes. For example, reflecting the
committee’s focus on student learning (“how students learn science” on the
concept map), all three fact-finding meetings included researchers who had
developed innovative approaches to high school science laboratories. We
also commissioned two experts to present papers reviewing available re-
search on the role of laboratories in students’ learning of science.

At the fact-finding meetings, some researchers presented evidence of
student learning following exposure to sequences of instruction that included
laboratory experiences; others provided data on how various technologies
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contribute to student learning in the laboratory. Responding to the congres-
sional mandate to meet the mathematics and science needs of students at
risk of not achieving state student academic achievement standards, the third
fact-finding meeting included researchers who have studied laboratory teach-
ing and learning among diverse students. Taken together, all of these activi-
ties enabled the committee to address questions 2, 3, and 4 of the charge.

The committee took several steps to ensure that the study reflected the
current realities of science laboratories in U.S high schools, addressing the
themes of “how science teachers learn and work” and “constraints and enablers
of laboratory experiences” on the concept map. At the first fact-finding meet-
ing, representatives of associations of scientists and science teachers de-
scribed their efforts to help science teachers learn to lead effective labora-

The nature of science: (Q3, Q7)
Scientific methods require sound 
observations and often controllable 
experiments
Scientists guided by theoretical 
assumptions
Empirical investigation needed for 
confirming function

How scientists work:
Interdisciplinary
Collaboratively
Technologically-based tools

Constraints on and enablers 
of lab experiences: (Q5, Q6)

Organization and administration of 
high schools
Broader context of high schools: 
Families and communities
Finances and resources
Standards and accountability
Curriculum
Equipment/technologies
Safety

Students’ pathways in 
science: (Q8)

Goals for science education 
How laboratory experiences 
contribute to the goals of science 
education
Equity of access to laboratory 
experiences
Continuity with middle school and 
post-secondary

How science teachers learn and 
work: (Q5, Q6)

Knowledge and skills to design and carry out 
different forms of lab experiences
Teacher preparation and professional 
development for science and science labs
Teachers’ images of science
Teachers’ assumptions about the goals of 
science education
Teachers’ assumptions about lab experiences  
as context for learning science

High School 
Science Laboratory 

Experiences:
Role and Vision

History and 
definition of 
laboratory 

experiences

Design features and context of laboratory 
experiences: (Q1, Q2, Q4)

Intended learning outcome —content and process
Form and structure of the experience
Duration and setting of the experience
How knowledge of and assumptions about student learning 
guide design of laboratory experiences

How students learn science: (Q2, Q3, Q4)
General principles of learning
Science learning —what is unique to science/unique to 
lab settings
The role of students’ views of science and science 
learning
In different forms of laboratory experience
Aligning the sequence of laboratory experiences to 
students’ developing knowledge
Diverse learners and laboratory experiences

•
•
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•
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FIGURE 1-1 High school science laboratory experiences: Role and vision. Concept map
with references to guiding questions in committee charge.

America's Lab Report: Investigations in High School Science

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/11311


INTRODUCTION, HISTORY, AND DEFINITION OF LABORATORIES 17

tory activities. They noted constraints on laboratory learning, including poorly
designed, overcrowded laboratory classrooms and inadequate preparation
of science teachers. This first meeting also included a presentation about
laboratory scheduling, supplies, and equipment drawn from a national sur-
vey of science teachers conducted in 2000. At the second fact-finding meet-
ing, an architect spoke about the design of laboratory facilities, and a soci-
ologist described how the organization of work and authority in schools
may enable or constrain innovative approaches to laboratory teaching. Two
meetings included panel discussions about laboratory teaching among groups
of science teachers and school administrators. Through these presentations,
review of additional literature, and internal discussions, the committee was
able to respond to questions 1, 5, and 6 of the charge. The agendas for
each fact-finding meeting, including the guiding questions that were sent to
each presenter, appear in Appendix A.

The committee recognized that the question in its charge about the
increasingly interdisciplinary nature of science (question 7) is important to
the future of science and to high school science laboratories. In presenta-
tions and commissioned papers, several experts offered suggestions for how
laboratory activities could be designed to more accurately reflect the work
of scientists and to improve students’ understanding of the way scientists
work today. Based on our analysis of this information, the committee par-
tially addresses this question from the perspective of how scientists conduct
their work (in this chapter). The committee also identifies design principles
for laboratory activities that may increase students’ understanding of the
nature of science (in Chapter 3). However, in order to maintain our focus on
the key question of student learning in laboratories, the committee did not
fully address question 7.

Another important question in the committee’s charge (question 8) ad-
dresses the alignment of laboratory learning in middle school, high school,
and undergraduate science education. Within the short time frame of this
study, the committee focused on identifying, assembling, and analyzing the
limited research available on high school science laboratories and did not
attempt to do the same analysis for middle school and undergraduate sci-
ence laboratories. However, this report does discuss several studies of stu-
dent laboratory learning in middle school (see Chapter 3) and describes
undergraduate science laboratories briefly in its analysis of the preparation
of high school science teachers (see in Chapter 5). The committee thinks
questions about the alignment of laboratory learning merit more sustained
attention than was possible in this study.

During the course of our deliberations, other important questions
emerged. For example, it is apparent that the scientific community is en-
gaged in an array of efforts to strengthen teaching and learning in high
school science laboratories, but little information is available on the extent
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of these efforts and on their effectiveness at enhancing student learning. As
a result, we address the role of the scientific community in high school
laboratories only briefly in Chapters 1 and 5. Another issue that arose over
the course of this study is laboratory safety. We became convinced that
laboratory safety is critical, but we did not fully analyze safety issues, which
lay outside our charge. Finally, although engaging students in design or
engineering laboratory activities appears to hold promising connections with
science laboratory activities, the committee did not explore this possibility.
Although all of these issues and questions are important, taking time and
energy to address them would have deterred us from a central focus on the
role of high school laboratories in promoting the teaching and learning of
science for all students.

 One important step in defining the scope of the study was to review the
history of laboratories. Examining the history of laboratory education helped
to illuminate persistent tensions, provided insight into approaches to be
avoided in the future, and allowed the committee to more clearly frame key
questions for the future.

HISTORY OF LABORATORY EDUCATION
The history of laboratories in U.S. high schools has been affected by

changing views of the nature of science and by society’s changing goals for
science education. Between 1850 and the present, educators, scientists, and
the public have, at different times, placed more or less emphasis on three
sometimes-competing goals for school science education: (1) a theoretical
emphasis, stressing the structure of scientific disciplines, the benefits of ba-
sic scientific research, and the importance of preparing young people for
higher education in science; (2) an applied or practical emphasis, stressing
high school students’ ability to understand and apply the science and work-
ings of everyday things; and (3) a liberal or contextual emphasis, stressing
the historical development and cultural implications of science (Matthews,
1994). These changing goals have affected the nature and extent of labora-
tory education.

1850-1950

By the mid-19th century, British writers and philosophers had articu-
lated a view of science as an inductive process (Mill, 1843; Whewell, 1840,
1858). They believed that scientists engaged in painstaking observation of
nature to identify and accumulate facts, and only very cautiously did they
draw conclusions from these facts to propose new theories. British and
American scientists portrayed the newest scientific discoveries—such as the
laws of thermodynamics and Darwin’s theory of evolution—to an increas-
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ingly interested public as certain knowledge derived through well-established
inductive methods. However, scientists and teachers made few efforts to
teach students about these methods. High school and undergraduate sci-
ence courses, like those in history and other subjects, were taught through
lectures and textbooks, followed by rote memorization and recitation
(Rudolph, 2005). Lecturers emphasized student knowledge of the facts, and
science laboratories were not yet accepted as part of higher education. For
example, when Benjamin Silliman set up the first chemistry laboratory at
Yale in 1847, he paid rent to the college for use of the building and equipped
it at his own expense (Whitman, 1898, p. 201). Few students were allowed
into these laboratories, which were reserved for scientists’ research, although
some apparatus from the laboratory was occasionally brought into the lec-
ture room for demonstrations.

During the 1880s, the situation changed rapidly. Influenced by the ex-
ample of chemist Justus von Liebig in Germany, leading American universi-
ties embraced the German model. In this model, laboratories played a cen-
tral role as the setting for faculty research and for advanced scientific study
by students. Johns Hopkins University established itself as a research institu-
tion with student laboratories. Other leading colleges and universities fol-
lowed suit, and high schools—which were just being established as educa-
tional institutions—soon began to create student science laboratories as well.

The primary goal of these early high school laboratories was to prepare
students for higher science education in college and university laboratories.
The National Education Association produced an influential report noting
the “absolute necessity of laboratory work” in the high school science cur-
riculum (National Education Association, 1894) in order to prepare students
for undergraduate science studies. As demand for secondary school teachers
trained in laboratory methods grew, colleges and universities began offering
summer laboratory courses for teachers. In 1895, a zoology professor at
Brown University described “large and increasing attendance at our summer
schools,” which focused on the dissection of cats and other animals (Bump,
1895, p. 260).

In these early years, American educators emphasized the theoretical,
disciplinary goals of science education in order to prepare graduates for
further science education. Because of this emphasis, high schools quickly
embraced a detailed list of 40 physics experiments published by Harvard
instructor Edwin Hall (Harvard University, 1889). The list outlined the ex-
periments, procedures, and equipment necessary to successfully complete
all 40 experiments as a condition of admission to study physics at Harvard.
Scientific supply companies began selling complete sets of the required equip-
ment to schools and successful completion of the exercises was soon re-
quired for admission to study physics at other colleges and universities
(Rudolph, 2005).
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At that time, most educators and scientists believed that participating in
laboratory experiments would help students learn methods of accurate ob-
servation and inductive reasoning. However, the focus on prescribing spe-
cific experiments and procedures, illustrated by the embrace of the Harvard
list, limited the effectiveness of early laboratory education. In the rush to
specify laboratory experiments, procedures, and equipment, little attention
had been paid to how students might learn from these experiences. Students
were expected to simply absorb the methods of inductive reasoning by
carrying out experiments according to prescribed procedures (Rudolph, 2005).

Between 1890 and 1910, as U.S. high schools expanded rapidly to ab-
sorb a huge influx of new students, a backlash began to develop against the
prevailing approach to laboratory education. In a 1901 lecture at the New
England Association of College and Secondary Schools, G. Stanley Hall, one
of the first American psychologists, criticized high school physics education
based on the Harvard list, saying that “boys of this age . . . want more
dynamic physics” (Hall, 1901). Building on Hall’s critique, University of Chi-
cago physicist Charles Mann and other members of the Central Association
for Science and Mathematics Teaching launched a complete overhaul of
high school physics teaching. Mann and others attacked the “dry bones” of
the Harvard experiments, calling for a high school physics curriculum with
more personal and social relevance to students. One described lab work as
“at best a very artificial means of supplying experiences upon which to build
physical concepts” (Woodhull, 1909). Other educators argued that science
teaching could be improved by providing more historical perspective, and
high schools began reducing the number of laboratory exercises.

By 1910, a clear tension had emerged between those emphasizing labo-
ratory experiments and reformers favoring an emphasis on interesting, prac-
tical science content in high school science. However, the focus on content
also led to problems, as students became overwhelmed with “interesting”
facts. New York’s experience illustrates this tension. In 1890, the New York
State Regents exam included questions asking students to design experi-
ments (Champagne and Shiland, 2004). In 1905, the state introduced a new
syllabus of physics topics. The content to be covered was so extensive that,
over the course of a year, an average of half an hour could be devoted to
each topic, virtually eliminating the possibility of including laboratory activi-
ties (Matthews, 1994). An outcry to return to more experimentation in sci-
ence courses resulted, and in 1910 New York State instituted a requirement
for 30 science laboratory sessions taking double periods in the syllabus for
Regents science courses (courses preparing students for the New York State
Regents examinations) (Champagne and Shiland, 2004).

In an influential speech to the American Association for the Advance-
ment of Science (AAAS) in 1909, philosopher and educator John Dewey
proposed a solution to the tension between advocates for more laboratory
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experimentation and advocates for science education emphasizing practical
content. While criticizing science teaching focused strictly on covering large
amounts of known content, Dewey also pointed to the flaws in rigid labora-
tory exercises: “A student may acquire laboratory methods as so much iso-
lated and final stuff, just as he may so acquire material from a textbook. . . .
Many a student had acquired dexterity and skill in laboratory methods with-
out it ever occurring to him that they have anything to do with constructing
beliefs that are alone worthy of the title of knowledge” (Dewey, 1910b).
Dewey believed that people should leave school with some understanding
of the kinds of evidence required to substantiate scientific beliefs. However,
he never explicitly described his view of the process by which scientists
develop and substantiate such evidence.

In 1910, Dewey wrote a short textbook aimed at helping teachers deal
with students as individuals despite rapidly growing enrollments. He ana-
lyzed what he called “a complete act of thought,” including five steps: (1) a
felt difficulty, (2) its location and definition, (3) suggestion of possible solu-
tion, (4) development by reasoning of the bearing of the suggestion, and (5)
further observation and experiment leading to its acceptance or rejection
(Dewey, 1910a, pp. 68-78). Educators quickly misinterpreted these five steps
as a description of the scientific method that could be applied to practical
problems. In 1918, William Kilpatrick of Teachers College published a semi-
nal article on the “project method,” which used Dewey’s five steps to ad-
dress problems of everyday life. The article was eventually reprinted 60,000
times as reformers embraced the idea of engaging students with practical
problems, while at the same time teaching them about what were seen as
the methods of science (Rudolph, 2005).

During the 1920s, reform-minded teachers struggled to use the project
method. Faced with ever-larger classes and state requirements for coverage of
science content, they began to look for lists of specific projects that students
could undertake, the procedures they could use, and the expected results.
Soon, standardized lists of projects were published, and students who had
previously been freed from rigid laboratory procedures were now engaged in
rigid, specified projects, leading one writer to observe, “the project is little
more than a new cloak for the inductive method” (Downing, 1919, p. 571).

Despite these unresolved tensions, laboratory education had become
firmly established, and growing numbers of future high school teachers were
instructed in teaching laboratory activities. For example, a 1925 textbook for
preservice science teachers included a chapter titled “Place of Laboratory
Work in the Teaching of Science” followed by three additional chapters on
how to teach laboratory science (Brownell and Wade, 1925). Over the fol-
lowing decades, high school science education (including laboratory educa-
tion) increasingly emphasized practical goals and the benefits of science in
everyday life. During World War II, as scientists focused on federally funded

America's Lab Report: Investigations in High School Science

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/11311


22 AMERICA’S LAB REPORT

research programs aimed at defense and public health needs, high school
science education also emphasized applications of scientific knowledge
(Rudolph, 2002).

1950-1975

Changing Goals of Science Education

Following World War II, the flood of “baby boomers” strained the physi-
cal and financial resources of public schools. Requests for increased taxes
and bond issues led to increasing questions about public schooling. Some
academics and policy makers began to criticize the “life adjustment” high
school curriculum, which had been designed to meet adolescents’ social,
personal, and vocational needs. Instead, they called for a renewed emphasis
on the academic disciplines. At the same time, the nation was shaken by the
Soviet Union’s explosion of an atomic bomb and the communist takeover of
China. By the early 1950s, some federal policy makers began to view a more
rigorous, academic high school science curriculum as critical to respond to
the Soviet threat.

In 1956, physicist Jerrold Zacharias received a small grant from NSF to
establish the Physical Science Study Committee (PSSC) in order to develop a
curriculum focusing on physics as a scientific discipline. When the Union of
Soviet Socialist Republics launched the space satellite Sputnik the following
year, those who had argued that U.S. science education was not rigorous
enough appeared vindicated, and a new era of science education began.

Although most historians believe that the overriding goal of the post-
Sputnik science education reforms was to create a new generation of U.S.
scientists and engineers capable of defending the nation from the Soviet Union,
the actual goals were more complex and varied (Rudolph, 2002). Clearly,
Congress, the president, and NSF were focused on the goal of preparing more
scientists and engineers, as reflected in NSF director Alan Waterman’s 1957
statement (National Science Foundation, 1957, pp. xv-xvi):

Our schools and colleges are badly in need of modern science laboratories
and laboratory, demonstration, and research equipment. Most important of
all, we need more trained scientists and engineers in many special fields,
and especially very many more competent, fully trained teachers of sci-
ence, notably in our secondary schools. Undoubtedly, by a determined
campaign, we can accomplish these ends in our traditional way, but how
soon? The process is usually a lengthy one, and there is no time to be lost.
Therefore, the pressing question is how quickly can our people act to
accomplish these things?

The scientists, however, had another agenda. Over the course of World
War II, their research had become increasingly dependent on federal fund-
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ing and influenced by federal needs. In physics, for example, federally funded
efforts to develop nuclear weapons led research to focus increasingly at the
atomic level. In order to maintain public funding while reducing unwanted
public pressure on research directions, the scientists sought to use curricu-
lum redesign as a way to build the public’s faith in the expertise of profes-
sional scientists (Rudolph, 2002). They wanted to emphasize the humanistic
aspects of science, portraying science as an essential element in a broad
liberal education. Some scientists sought to reach not only the select group
who might become future scientists but also a slightly larger group of elite,
mostly white male students who would be future leaders in government and
business. They hoped to help these students appreciate the empirical ground-
ing of scientific knowledge and to value and appreciate the role of science
in society (Rudolph, 2002).

Changing Views of the Nature of Science

While this shift in the goals of science education was taking place, histo-
rians and philosophers were proposing new views of science. In 1958, British
chemist Michael Polanyi questioned the ideal of scientific detachment and
objectivity, arguing that scientific discovery relies on the personal participation
and the creative, original thoughts of scientists (Polanyi, 1958). In the United
States, geneticist and science educator Joseph Schwab suggested that scientific
methods were specific to each discipline and that all scientific “inquiry” (his
term for scientific research) was guided by the current theories and concepts
within the discipline (Schwab, 1964). Publication of The Structure of Scientific
Revolutions (Kuhn, 1962) a few years later fueled the debate about whether
science was truly rational, and whether theory or observation was more im-
portant to the scientific enterprise. Over time, this debate subsided, as histori-
ans and philosophers of science came to focus on the process of scientific
discovery. Increasingly, they recognized that this process involves deductive
reasoning (developing inferences from known scientific principles and theo-
ries) as well as inductive reasoning (proceeding from particular observations
to reach more general theories or conclusions).

Development of New Science Curricula

Although these changing views of the nature of science later led to
changes in science education, they had little influence in the immediate
aftermath of Sputnik. With NSF support, scientists led a flurry of curriculum
development over the next three decades (Matthews, 1994). In addition to
the physics text developed by the PSSC, the Biological Sciences Curriculum
Study (BSCS) created biology curricula, the Chemical Education Materials
group created chemistry materials, and groups of physicists created Intro-
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ductory Physical Science and Project Physics. By 1975, NSF supported 28
science curriculum reform projects.

By 1977 over 60 percent of school districts had adopted at least one of
the new curricula (Rudolph, 2002). The PSSC program employed high school
teachers to train their peers in how to use the curriculum, reaching over half
of all high school physics teachers by the late 1960s. However, due to imple-
mentation problems that we discuss further below, most schools soon shifted
to other texts, and the federal goal of attracting a larger proportion of stu-
dents to undergraduate science was not achieved (Linn, 1997).

Dissemination of the NSF-funded curriculum development efforts was
limited by several weaknesses. Some curriculum developers tried to “teacher
proof” their curricula, providing detailed texts, teacher guides, and filmstrips
designed to ensure that students faithfully carried out the experiments as
intended (Matthews, 1994). Physics teacher and curriculum developer Arnold
Arons attributed the limited implementation of most of the NSF-funded cur-
ricula to lack of logistical support for science teachers and inadequate teacher
training, since “curricular materials, however skilful and imaginative, cannot
‘teach themselves’” (Arons, 1983, p. 117). Case studies showed that schools
were slow to change in response to the new curricula and highlighted the
central role of the teacher in carrying them out (Stake and Easley, 1978). In
his analysis of Project Physics, Welch concluded that the new curriculum
accounted for only 5 percent of the variance in student achievement, while
other factors, such as teacher effectiveness, student ability, and time on task,
played a larger role (Welch, 1979).

Despite their limited diffusion, the new curricula pioneered important
new approaches to science education, including elevating the role of labora-
tory activities in order to help students understand the nature of modern
scientific research (Rudolph, 2002). For example, in the PSSC curriculum,
Massachusetts Institute of Technology physicist Jerrold Zacharias coordinated
laboratory activities with the textbook in order to deepen students’ under-
standing of the links between theory and experiments. As part of that cur-
riculum, students experimented with a ripple tank, generating wave patterns
in water in order to gain understanding of wave models of light. A new
definition of the scientific laboratory informed these efforts. The PSSC text
explained that a “laboratory” was a way of thinking about scientific investi-
gations—an intellectual process rather than a building with specialized equip-
ment (Rudolph, 2002, p. 131).

The new approach to using laboratory experiences was also apparent in
the Science Curriculum Improvement Study. The study group drew on the
developmental psychology of Jean Piaget to integrate laboratory experiences
with other forms of instruction in a “learning cycle” (Atkin and Karplus,
1962). The learning cycle included (1) exploration of a concept, often through
a laboratory experiment; (2) conceptual invention, in which the student or
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teacher (or both) derived the concept from the experimental data, usually
during a classroom discussion; and (3) concept application in which the
student applied the concept (Karplus and Their, 1967). Evaluations of the
instructional materials, which were targeted to elementary school students,
revealed that they were more successful than traditional forms of science
instruction at enhancing students’ understanding of science concepts, their
understanding of the processes of science, and their positive attitudes to-
ward science (Abraham, 1998). Subsequently, the learning cycle approach
was applied to development of science curricula for high school and under-
graduate students. Research into these more recent curricula confirms that
“merely providing students with hands-on laboratory experiences is not by
itself enough” (Abraham, 1998, p. 520) to motivate and help them under-
stand science concepts and the nature of science.

In sum, the new approach of integrating laboratory experiences repre-
sented a marked change from earlier science education. In contrast to earlier
curricula, which included laboratory experiences as secondary applications
of concepts previously addressed by the teacher, the new curricula inte-
grated laboratory activities into class routines in order to emphasize the
nature and processes of science (Shymansky, Kyle, and Alport, 1983; see
Table 1-1). Large meta-analyses of evaluations of the post-Sputnik curricula
(Shymansky et al., 1983; Shymansky, Hedges, and Woodworth, 1990) found
they were more effective than the traditional curriculum in boosting stu-
dents’ science achievement and interest in science. As we discuss in Chapter
3, current designs of science curricula that integrate laboratory experiences

TABLE 1-1 New Approaches Included in Post-Sputnik Science Curricula

New Post-Sputnik Curricula Traditional Science Curricula

Time of development After 1955 Before 1955

Emphasis Nature, structure, processes Knowledge of scientific facts, laws,
of science theories, applications

Role of laboratories Integrated into the class Secondary applications of concepts
routine previously covered

Goals for students Higher cognitive skills,
appreciation of science

SOURCE: Shymansky, Kyle, and Alport (1983). Reprinted with permission of Wiley-Liss, Inc.,
a subsidiary of John Wiley & Sons, Inc.
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into ongoing classroom instruction have proven effective in enhancing stu-
dents’ science achievement and interest in science.

Discovery Learning and Inquiry

One offshoot of the curriculum development efforts in the 1960s and
1970s was the development of an approach to science learning termed “dis-
covery learning.” In 1959, Harvard cognitive psychologist Jerome Bruner
began to develop his ideas about discovery learning as director of an NRC
committee convened to evaluate the new NSF-funded curricula. In a book
drawing in part on that experience, Bruner suggested that young students
are active problem solvers, ready and motivated to learn science by their
natural interest in the material world (Bruner, 1960). He argued that children
should not be taught isolated science facts, but rather should be helped to
discover the structures, or underlying concepts and theories, of science.
Bruner’s emphasis on helping students to understand the theoretical struc-
tures of the scientific disciplines became confounded with the idea of en-
gaging students with the physical structures of natural phenomena in the
laboratory (Matthews, 1994). Developers of NSF-funded curricula embraced
this interpretation of Bruner’s ideas, as it leant support to their emphasis on
laboratory activities.

On the basis of his observation that scientific knowledge was changing
rapidly through large-scale research and development during this postwar
period, Joseph Schwab advocated the closely related idea of an “inquiry
approach” to science education (Rudolph, 2003). In a seminal article, Schwab
argued against teaching science facts, which he termed a “rhetoric of conclu-
sions” (Schwab, 1962, p. 25). Instead, he proposed that teachers engage
students with materials that would motivate them to learn about natural
phenomena through inquiry while also learning about some of the strengths
and weaknesses of the processes of scientific inquiry. He developed a frame-
work to describe the inquiry approach in a biology laboratory. At the high-
est level of inquiry, the student simply confronts the “raw phenomenon”
(Schwab, 1962, p. 55) with no guidance. At the other end of the spectrum,
biology students would experience low levels of inquiry, or none at all, if
the laboratory manual provides the problem to be investigated, the methods
to address the problem, and the solutions. When Herron applied Schwab’s
framework to analyze the laboratory manuals included in the PSSC and the
BSCS curricula, he found that most of the manuals provided extensive guid-
ance to students and thus did not follow the inquiry approach (Herron,
1971).

The NRC defines inquiry somewhat differently in the National Science
Education Standards. Rather than using “inquiry” as an indicator of the
amount of guidance provided to students, the NRC described inquiry as
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encompassing both “the diverse ways in which scientists study the natural
world” (National Research Council, 1996, p. 23) and also students’ activities
that support the learning of science concepts and the processes of science.
In the NRC definition, student inquiry may include reading about known
scientific theories and ideas, posing questions, planning investigations, mak-
ing observations, using tools to gather and analyze data, proposing explana-
tions, reviewing known theories and concepts in light of empirical data, and
communicating the results. The Standards caution that emphasizing inquiry
does not mean relying on a single approach to science teaching, suggesting
that teachers use a variety of strategies, including reading, laboratory activi-
ties, and other approaches to help students learn science (National Research
Council, 1996).

Diversity in Schools

During the 1950s, as some scientists developed new science curricula
for teaching a small group of mostly white male students, other Americans
were much more concerned about the weak quality of racially segregated
schools for black children. In 1954, the Supreme Court ruled unanimously
that the Topeka, Kansas Board of Education was in violation of the U.S.
Constitution because it provided black students with “separate but equal”
education. Schools in both the North and the South changed dramatically as
formerly all-white schools were integrated. Following the example of the
civil rights movement, in the 1970s and the 1980s the women’s liberation
movement sought improved education and employment opportunities for
girls and women, including opportunities in science. In response, some edu-
cators began to seek ways to improve science education for all students,
regardless of their race or gender.

1975 to Present

By 1975, the United States had put a man on the moon, concerns about
the “space race” had subsided, and substantial NSF funding for science edu-
cation reform ended. These changes, together with increased concern for
equity in science education, heralded a shift in society’s goals for science
education. Science educators became less focused on the goal of disciplin-
ary knowledge for science specialists and began to place greater emphasis
on a liberal, humanistic view of science education.

Many of the tensions evident in the first 100 years of U.S. high school
laboratories have continued over the past 30 years. Scientists, educators, and
policy makers continue to disagree about the nature of science, the goals of
science education, and the role of the curriculum and the teacher in student
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learning. Within this larger dialogue, debate about the value of laboratory
activities continues.

Changing Goals for Science Education

National reports issued during the 1980s and 1990s illustrate new views
of the nature of science and increased emphasis on liberal goals for science
education. In Science for All Americans, the AAAS advocated the achieve-
ment of scientific literacy by all U.S. high school students, in order to in-
crease their awareness and understanding of science and the natural world
and to develop their ability to think scientifically (American Association for
the Advancement of Science, 1989). This seminal report described science as
tentative (striving toward objectivity within the constraints of human fallibil-
ity) and as a social enterprise, while also discussing the durability of scien-
tific theories, the importance of logical reasoning, and the lack of a single
scientific method. In the ongoing debate about the coverage of science con-
tent, the AAAS took the position that “curricula must be changed to reduce
the sheer amount of material covered” (American Association for the Ad-
vancement of Science, 1989, p. 5). Four years later, the AAAS published
Benchmarks for Science Literacy, which identified expected competencies at
each school grade level in each of the earlier report’s 10 areas of scientific
literacy (American Association for the Advancement of Science, 1993).

The NRC’s National Science Education Standards (National Research
Council, 1996) built on the AAAS reports, opening with the statement: “This
nation has established as a goal that all students should achieve scientific
literacy” (p. ix). The NRC proposed national science standards for high school
students designed to help all students develop (1) abilities necessary to do
scientific inquiry and (2) understandings about scientific inquiry (National
Research Council, 1996, p. 173).

In the standards, the NRC suggested a new approach to laboratories that
went beyond simply engaging students in experiments. The NRC explicitly
recognized that laboratory investigations should be learning experiences,
stating that high school students must “actively participate in scientific inves-
tigations, and . . . use the cognitive and manipulative skills associated with
the formulation of scientific explanations” (National Research Council, 1996,
p. 173).

According to the standards, regardless of the scientific investigation per-
formed, students must use evidence, apply logic, and construct an argument
for their proposed explanations. These standards emphasize the importance
of creating scientific arguments and explanations for observations made in
the laboratory.

While most educators, scientists, and policy makers now agree that sci-
entific literacy for all students is the primary goal of high school science
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education, the secondary goals of preparing the future scientific and techni-
cal workforce and including science as an essential part of a broad liberal
education remain important. In 2004, the NSF National Science Board re-
leased a report describing a “troubling decline” in the number of U.S. citi-
zens training to become scientists and engineers at a time when many cur-
rent scientists and engineers are soon to retire. NSF called for improvements
in science education to reverse these trends, which “threaten the economic
welfare and security of our country” (National Science Foundation, 2004, p.
1). Another recent study found that secure, well-paying jobs that do not
require postsecondary education nonetheless require abilities that may be
developed in science laboratories. These include the ability to use inductive
and deductive reasoning to arrive at valid conclusions; distinguish among
facts and opinions; identify false premises in an argument; and use math-
ematics to solve problems (Achieve, 2004).

Achieving the goal of scientific literacy for all students, as well as motivat-
ing some students to study further in science, may require diverse approaches
for the increasingly diverse body of science students, as we discuss in Chapter 2.

Changing Role of Teachers and Curriculum

Over the past 20 years, science educators have increasingly recognized
the complementary roles of curriculum and teachers in helping students
learn science. Both evaluations of NSF-funded curricula from the 1960s and
more recent research on science learning have highlighted the important
role of the teacher in helping students learn through laboratory activities.
Cognitive psychologists and science educators have found that the teacher’s
expectations, interventions, and actions can help students develop under-
standing of scientific concepts and ideas (Driver, 1995; Penner, Lehrer, and
Schauble, 1998; Roth and Roychoudhury, 1993). In response to this growing
awareness, some school districts and institutions of higher education have
made efforts to improve laboratory education for current teachers as well as
to improve the undergraduate education of future teachers (National Re-
search Council, 2001).

In the early 1980s, NSF began again to fund the development of labora-
tory-centered high school science curricula. Today, several publishers offer
comprehensive packages developed with NSF support, including textbooks,
teacher guides, and laboratory materials (and, in some cases, videos and
web sites). In 2001, one earth science curriculum, five physical science cur-
ricula, five life science curricula, and six integrated science curricula were
available for sale, while several others in various science disciplines were
still under development (Biological Sciences Curriculum Study, 2001). In
contrast to the curriculum development approach of the 1960s, teachers
have played an important role in developing and field-testing these newer
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curricula and in designing the teacher professional development courses
that accompany most of them. However, as in the 1960s and 1970s, only a
few of these NSF-funded curricula have been widely adopted. Private pub-
lishers have also developed a multitude of new textbooks, laboratory manu-
als, and laboratory equipment kits in response to the national education
standards and the growing national concern about scientific literacy. Never-
theless, most schools today use science curricula that have not been devel-
oped, field-tested, or refined on the basis of specific education research (see
Chapter 2).

CURRENT DEBATES
Clearly, the United States needs high school graduates with scientific

literacy—both to meet the economy’s need for skilled workers and future
scientists and to develop the scientific habits of mind that can help citizens
in their everyday lives. Science is also important as part of a liberal high
school education that conveys an important aspect of modern culture. How-
ever, the value of laboratory experiences in meeting these national goals has
not been clearly established.

Researchers agree neither on the desired learning outcomes of labora-
tory experiences nor on whether those outcomes are attained. For example,
on the basis of a 1978 review of over 80 studies, Bates concluded that there
was no conclusive answer to the question, “What does the laboratory ac-
complish that could not be accomplished as well by less expensive and less
time-consuming alternatives?” (Bates, 1978, p. 75). Some experts have sug-
gested that the only contribution of laboratories lies in helping students
develop skills in manipulating equipment and acquiring a feel for phenom-
ena but that laboratories cannot help students understand science concepts
(Woolnough, 1983; Klopfer, 1990). Others, however, argue that laboratory
experiences have the potential to help students understand complex science
concepts, but the potential has not been realized (Tobin, 1990; Gunstone
and Champagne, 1990).

These debates in the research are reflected in practice. On one hand,
most states and school districts continue to invest in laboratory facilities and
equipment, many undergraduate institutions require completion of labora-
tory courses to qualify for admission, and some states require completion of
science laboratory courses as a condition of high school graduation. On the
other hand, in early 2004, the California Department of Education consid-
ered draft criteria for the evaluation of science instructional materials that
reflected skepticism about the value of laboratory experiences or other hands-
on learning activities. The proposed criteria would have required materials
to demonstrate that the state science standards could be comprehensively
covered with hands-on activities composing no more than 20 to 25 percent
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of instructional time (Linn, 2004). However, in response to opposition, the
criteria were changed to require that the instructional materials would com-
prehensively cover the California science standards with “hands-on activities
composing at least 20 to 25 percent of the science instructional program”
(California Department of Education, 2004, p. 4, italics added).

The growing variety in laboratory experiences—which may be designed
to achieve a variety of different learning outcomes—poses a challenge to
resolving these debates. In a recent review of the literature, Hofstein and
Lunetta (2004, p. 46) call attention to this variety:

The assumption that laboratory experiences help students understand ma-
terials, phenomena, concepts, models and relationships, almost indepen-
dent of the nature of the laboratory experience, continues to be widespread
in spite of sparse data from carefully designed and conducted studies.

As a first step toward understanding the nature of the laboratory experi-
ence, the committee developed a definition and a typology of high school
science laboratory experiences.

DEFINITION OF LABORATORY EXPERIENCES
 Rapid developments in science, technology, and cognitive research have

made the traditional definition of science laboratories—as rooms in which
students use special equipment to carry out well-defined procedures—obso-
lete. The committee gathered information on a wide variety of approaches
to laboratory education, arriving at the term “laboratory experiences” to de-
scribe teaching and learning that may take place in a laboratory room or in
other settings:

Laboratory experiences provide opportunities for students to interact di-
rectly with the material world (or with data drawn from the material world),
using the tools, data collection techniques, models, and theories of science.

This definition includes the following student activities:

• Physical manipulation of the real-world substances or systems under
investigation. This may include such activities as chemistry experiments,
plant or animal dissections in biology, and investigation of rocks or minerals
for identification in earth science.

• Interaction with simulations. Physical models have been used through-
out the history of science teaching (Lunetta, 1998). Today, students can work
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with computerized models, or simulations, representing aspects of natural
phenomena that cannot be observed directly, because they are very large,
very small, very slow, very fast, or very complex. Using simulations, students
may model the interaction of molecules in chemistry or manipulate models
of cells, animal or plant systems, wave motion, weather patterns, or geologi-
cal formations.

• Interaction with data drawn from the real world. Students may inter-
act with real-world data that are obtained and represented in a variety of
forms. For example, they may study photographs to examine characteristics
of the moon or other heavenly bodies or analyze emission and absorption
spectra in the light from stars. Data may be incorporated in films, DVDs,
computer programs, or other formats.

• Access to large databases. In many fields of science, researchers have
arranged for empirical data to be normalized and aggregated—for example,
genome databases, astronomy image collections, databases of climatic events
over long time periods, biological field observations. With the help of the
Internet, some students sitting in science class can now access these authen-
tic and timely scientific data. Students can manipulate and analyze these
data drawn from the real world in new forms of laboratory experiences
(Bell, 2005).

• Remote access to scientific instruments and observations. A few class-
rooms around the nation experience laboratory activities enabled by Internet
links to remote instruments. Some students and teachers study insects by access-
ing and controlling an environmental scanning electron microscope (Thakkar et
al., 2000), while others control automated telescopes (Gould, 2004).

Although we include all of these types of direct and indirect interaction
with the material world in this definition, it does not include student ma-
nipulation or analysis of data created by a teacher to replace or substitute for
direct interaction with the material world. For example, if a physics teacher
presented students with a constructed data set on the weight and required
pulling force for boxes pulled across desks with different surfaces, asking
the students to analyze these data, the students’ problem-solving activity
would not constitute a laboratory experience according to the committee’s
definition.

Previous Definitions of Laboratories

In developing its definition, the committee reviewed previous defini-
tions of student laboratories. Hegarty-Hazel (1990, p. 4) defined laboratory
work as:

a form of practical work taking place in a purposely assigned environment
where students engage in planned learning experiences . . . [and] interact
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with materials to observe and understand phenomena (Some forms of prac-
tical work such as field trips are thus excluded).

Lunetta defined laboratories as “experiences in school settings in which
students interact with materials to observe and understand the natural world”
(Lunetta, 1998, p. 249). However, these definitions include only students’
direct interactions with natural phenomena, whereas we include both such
direct interactions and also student interactions with data drawn from the
material world. In addition, these earlier definitions confine laboratory expe-
riences to schools or other “purposely assigned environments,” but our defi-
nition encompasses student observation and manipulation of natural phe-
nomena in a variety of settings, including science museums and science
centers, school gardens, local streams, or nearby geological formations. The
committee’s definition also includes students who work as interns in re-
search laboratories, after school or during the summer months. All of these
experiences, as well as those that take place in traditional school science
laboratories, are included in our definition of laboratory experiences.

Variety in Laboratory Experiences

Both the preceding review of the history of laboratories and the
committee’s review of the evidence of student learning in laboratories reveal
the limitations of engaging students in replicating the work of scientists. It
has become increasingly clear that it is not realistic to expect students to
arrive at accepted scientific concepts and ideas by simply experiencing some
aspects of scientific research (Millar, 2004). While recognizing these limita-
tions, the committee thinks that laboratory experiences should at least par-
tially reflect the range of activities involved in real scientific research. Provid-
ing students with opportunities to participate in a range of scientific activities
represents a step toward achieving the learning goals of laboratories identi-
fied in Chapter 3.1

Historians and philosophers of science now recognize that the well-
ordered scientific method taught in many high school classes does not exist.
Scientists’ empirical research in the laboratory or the field is one part of a
larger process that may include reading and attending conferences to stay
abreast of current developments in the discipline and to present work in
progress. As Schwab recognized (1964), the “structure” of current theories
and concepts in a discipline acts as a guide to further empirical research.
The work of scientists may include formulating research questions, generat-

1The goals of laboratory learning are unlikely to be reached, regardless of what type of
laboratory experience is provided, unless the experience is well integrated into a coherent
stream of science instruction, incorporates other design elements, and is led by a knowledgeable
teacher, as discussed in Chapters 3 and 4.
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ing alternative hypotheses, designing and conducting investigations, and
building and revising models to explain the results of their investigations.
The process of evaluating and revising models may generate new questions
and new investigations (see Table 1-2). Recent studies of science indicate
that scientists’ interactions with their peers, particularly their response to
questions from other scientists, as well as their use of analogies in formulat-
ing hypotheses and solving problems, and their responses to unexplained
results, all influence their success in making discoveries (Dunbar, 2000).
Some scientists concentrate their efforts on developing theory, reading, or
conducting thought experiments, while others specialize in direct interac-
tions with the material world (Bell, 2005).

Student laboratory experiences that reflect these aspects of the work of
scientists would include learning about the most current concepts and theo-
ries through reading, lectures, or discussions; formulating questions; design-
ing and carrying out investigations; creating and revising explanatory mod-
els; and presenting their evolving ideas and scientific arguments to others
for discussion and evaluation (see Table 1-3).

Currently, however, most high schools provide a narrow range of labo-
ratory activities, engaging students primarily in using tools to make observa-
tions and gather data, often in order to verify established scientific knowl-
edge. Students rarely have opportunities to formulate research questions or
to build and revise explanatory models (see Chapter 4).

ORGANIZATION OF THE REPORT
The ability of high school science laboratories to help improve all citi-

zens’ understanding and appreciation of science and prepare the next gen-
eration of scientists and engineers is affected by the context in which labo-
ratory experiences take place. Laboratory experiences do not take place in
isolation, but are part of the larger fabric of students’ experiences during
their high school years. Following this introduction, Chapter 2 describes
recent trends in U.S. science education and policies influencing science edu-
cation, including laboratory experiences. In Chapter 3 we turn to a review of
available evidence on student learning in laboratories and identify principles
for design of effective laboratory learning environments. Chapter 4 describes
current laboratory experiences in U.S. high schools, and Chapter 5 discusses
teacher and school readiness for laboratory experiences. In Chapter 6, we
describe the current state of laboratory facilities, equipment, and safety. Fi-
nally, in Chapter 7, we present our conclusions and an agenda designed to
help laboratory experiences fulfill their potential role in the high school
science curriculum.
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TABLE 1-2 A Typology of Scientists’ Activities

Type of Activity Explanation

Posing a research One of the most difficult steps in science is to define a research
question question. A researchable question may arise out of analysis of data

collected, or be based on already known scientific theories and
laws, or both. While the initial question is important as a goal to
guide the study, flexibility is also valuable. Scientists who respond
to unexpected results (that do not fit current theories about the
phenomena) by conducting further research to try to explain them
are more likely to make discoveries than scientists whose goal is to
find evidence consistent with their current knowledge (Dunbar,
1993, 2000; Merton and Barber, 2004).

Formulating Scientists sometimes generate one or more competing hypotheses
hypotheses related to a research question. However, not all scientific research is

hypothesis-driven. The human genome project is an example of
bulk data collection not driven by a hypothesis (Davies, 2001).

Designing Scientists design investigations—which may involve experimental or
investigations observational methods—to answer their research questions.

Investigations may be designed to test one or more competing
hypotheses.

Making observations, Observing natural phenomena is often an essential part of a
gathering, and research project. Scientists use a variety of tools and procedures to
analyzing data make observations and gather data, searching for patterns and

possible cause-and-effect relationships that may be studied further.
Observations may be guided by theory, may be designed to test a
hypothesis, or may explore unknown phenomena (Duschl, 2004).

Building or revising Although modeling scientific phenomena has always been a central
scientific models practice of science, it has only been recognized as a driving force in

generating scientific knowledge over the past 50 years  (Duschl,
2004). Scientists draw on their imagination and existing
knowledge as they interpret data in order to develop explanatory
models or theories (Driver et al., 1996). These models serve as
tentative explanations for observations, subject to revision based on
further observations or further study of known scientific principles
or theories.

Evaluating, testing or One of the defining characteristics of science is that the evidence,
verifying models methods, and assumptions used to arrive at a proposed discovery

are described and publicly disclosed so that other scientists can
judge their validity (Hull, 1988; Longino, 1990, 1994). In one recent
example, astronomers at the Green Bank radio telescope in West
Virginia identified glycoaldehyde, a building block of DNA and
RNA, in an extremely cold area of the Milky Way (Hollis et al.,
2004). The discovery of this substance in an area of the galaxy
where comets form suggests the possibility that the ingredients
necessary to create life might have been carried to Earth by a comet
billions of years ago. In a news report of the discovery, the director
of the Arizona Radio Observatory, who had criticized the Green
Bank astronomers for not being thorough enough, said her students
had replicated the Green Bank observations (Gugliotta, 2004, p. A7).

xxx
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TABLE 1-3 A Typology of School Laboratory Experiences

Type of Laboratory
Experience Description

Posing a research Formulating a testable question can be a great challenge for high
question school students. Some laboratory experiences may engage students

in formulating and assessing the importance of alternative ques-
tions.

Using laboratory Some laboratory experiences may be designed primarily to develop
tools and procedures students’ skills in making measurements and safely and correctly

handling materials and equipment (Lunetta, 1998). These “prelab”
exercises can help reduce errors and increase safety in subsequent
laboratory experiences (Millar, 2004).

Formulating Like formulating a research question, formulating alternative
hypotheses hypotheses is challenging for high school students. However, some

new curricula have led to improvement in formulating hypotheses
(see Chapter 3).

Designing Laboratory experiences integrated with other forms of instruction
investigations and explicitly designed with this goal in mind can help students

learn to design investigations (White and Frederiksen, 1998).

Making observations, Science teachers may engage students in laboratory activities that
gathering, and involve observing phenomena and in gathering, recording, and
analyzing data analyzing data in search of possible patterns or explanations.

Building or Laboratory experiences may engage students in interpreting data
revising models that they gather directly from the material world or data drawn from

large scientific data sets in order to create, test, and refine models.
Scientific modeling is a core element in several innovative labora-
tory-centered science curricula that appear to enhance student
learning (Bell, 2005).

Evaluating, testing, or Laboratory experiences may be designed to engage students in
verifying explanatory verifying scientific ideas that they have learned about through
models (including reading, lectures, or work with computer simulations. Such
known scientific experiences can help students to understand accepted scientific
theories and models) concepts through their own direct experiences (Millar, 2004).

However, verification laboratory activities are quite different from
the activities of scientists who rigorously test a proposed scientific
theory or discovery in order to defend, refute, or revise it.

xx
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SUMMARY
Since the late 19th century, high school students in the United States

have carried out laboratory investigations as part of their science classes.
Since that time, changes in science, education, and American society have
influenced the role of laboratory experiences in the high school science
curriculum. At the turn of the 20th century, high school science laboratory
experiences were designed primarily to prepare a select group of young
people for further scientific study at research universities. During the period
between World War I and World War II, many high schools emphasized the
more practical aspects of science, engaging students in laboratory projects
related to daily life. In the 1950s and 1960s, science curricula were rede-
signed to integrate laboratory experiences into classroom instruction, with
the goal of increasing public appreciation of science.

Policy makers, scientists, and educators agree that high school gradu-
ates today, more than ever, need a basic understanding of science and tech-
nology to function effectively in an increasingly complex, technological so-
ciety. They seek to help students understand the nature of science and to
develop both the inductive and deductive reasoning skills that scientists
apply in their work. However, researchers and educators do not agree on
how to define high school science laboratories or on their purposes, ham-
pering the accumulation of evidence that might guide improvements in labo-
ratory education. Gaps in the research and in capturing the knowledge of
expert science teachers make it difficult to reach precise conclusions on the
best approaches to laboratory teaching and learning.

In order to provide a focus for the study, the committee defines labora-
tory experiences as follows: laboratory experiences provide opportunities
for students to interact directly with the material world (or with data drawn
from the material world), using the tools, data collection techniques, mod-
els, and theories of science. This definition includes a variety of types of
laboratory experiences, reflecting the range of activities that scientists en-
gage in. The following chapters discuss the educational context; laboratory
experiences and student learning; current laboratory experiences, teacher
and school readiness, facilities, equipment, and safety; and laboratory expe-
riences for the 21st century.
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2

The  Education Context

Key Points

• High school students’ science achievement nationwide is not
impressive and has not changed substantially in three decades.
• The national and state policy environment of science
education is complex and interconnected. This complex landscape
must be taken into account when reconsidering the role of
laboratory experiences in high school science.
• Currently, policies influencing high school science education
are not well aligned. Some policies and practices may constrain
efforts to improve high school science laboratory experiences.

xx
This chapter provides an overview of current trends in science educa-

tion and the key policies influencing science education. Understanding this
context helps to reveal the dynamics that have shaped current high school
laboratory experiences and may influence new approaches to high school
science laboratories. The first section of this chapter describes current trends
in science achievement and the changing student population. Against this
backdrop, the second section identifies and briefly summarizes the array of
national and state policies that shape science education. Whenever possible,
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in discussing each policy or program, we discuss its possible implications
for laboratory experiences.

RECENT TRENDS IN U.S. SCIENCE EDUCATION
Policy makers, scientists, and educators have expressed growing con-

cern about the nation’s scientific literacy and the international competitive-
ness of its science and technology workforce. Here we describe recent trends
in public understanding of science and in high school science education,
which provides the foundational knowledge for the next generation of sci-
entists and engineers.

Public Understanding of Science

Major science education reports published in the 1990s advocated broad
scientific literacy for all students, including understanding of science con-
cepts and of the processes and nature of science (American Association for
the Advancement of Science, 1993; National Research Council, 1996). This
type of broadly defined scientific literacy is an essential part of a liberal
education. It can provide a strong knowledge base for high school gradu-
ates, preparing them for further science and technology education and also
to work and live as citizens in an increasingly technological society. The
available evidence suggests, however, that levels of scientific literacy are
low and improving them is a slow and difficult process.

Northwestern University Professor Jon Miller has developed a system-
atic approach to defining and measuring public scientific literacy, in surveys
conducted for the National Science Foundation (NSF) over the past two
decades (Miller, 2004). Defining scientific literacy as the level of understand-
ing required to read and comprehend the science section of The New York
Times, The Wall Street Journal, or other comparable major newspapers and
magazines, Miller uses several measures of this understanding (Miller, 2004).

The survey results reveal slight improvements in public understanding of
science. The percentage of U.S. adults with a minimal understanding of the
nature of scientific research (From your point of view, what does it mean to
study something scientifically?) increased from 12 percent in 1957 to 21 per-
cent in 1999. The fraction of U.S. adults who understood experimentation,
including the reasons for using control and experimental groups in medical
research, also grew, from 22 percent in 1993 to 35 percent in 1999.

Over the past 15 years, Miller and colleagues studied public understand-
ing of four specific scientific concepts—molecules, DNA, radiation, and the
nature of the universe—that often appear in news stories but are rarely
explained in depth. They found that understanding of these concepts is
slowly increasing but remains low. For example, the percentage of U.S.
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adults who were able to provide a correct explanation of a molecule in-
creased from 11 percent in 1997 to 13 percent in 1999. Compiling several of
these measures into an overall measure of civic scientific literacy, Miller
concluded that the percentage of U.S. adults who are scientifically literate
grew from 10 percent in the late 1980s to 17 percent in 1999 (Miller, 2004).
Despite this low level of scientific understanding, however, the surveys indi-
cate that large majorities of adults continue to believe that scientific research
is valuable for economic prosperity and quality of life.

Science Achievement in Secondary School

The low level of public understanding of science may be related to the
quality of high school science education, including the laboratory experi-
ences that are a part of that education. Results from three written tests—the
National Assessment of Educational Progress (NAEP), the Trends in Interna-
tional Mathematics and Science Study (TIMSS), and the Organisation for
Economic Co-Operation and Development’s (OECD) Programme for Inter-
national Student Assessment (PISA)—indicate little or no improvement in
high school students’ science achievement over the past 30 years.

Although high school science laboratories could potentially contribute
to improvement in the science achievement of U.S. students, current large-
scale achievement tests are not capable of measuring progress toward all of
the goals of laboratory experiences. The committee identified several educa-
tional goals that high school laboratory experiences should help students
attain. They include (1) enhancing mastery of science subject matter, (2)
developing scientific reasoning, (3) understanding the complexity and ambi-
guity of empirical work, (4) developing practical skills, (5) understanding of
the nature of science, (6) cultivating interest in science and in learning sci-
ence, and (7) developing teamwork abilities (see Chapter 3 for a detailed
discussion of each goal).

Results of National Science Achievement Tests

The NAEP includes two components—trend NAEP, which includes test
items in science and other subjects, that has been administered many times
over the past three decades, and NAEP subject-matter tests, which reflect
current expectations for student learning in science and other subjects (Na-
tional Research Council, 1999).

The performance of 17-year-olds on the science portion of the long-
term trend NAEP provides some indication of the extent to which they have
attained one of the goals of laboratory experiences—enhancing mastery of
science subject matter. Although the test framework calls for measuring not
only students’ mastery of subject matter but also their ability to conduct
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inquiries and solve problems and their understanding of the nature of sci-
ence (U.S. Department of Education, 2001), the test itself is composed en-
tirely of selected-response items and emphasizes mastery of science subject
matter. The long-term trend NAEP does not fully measure complex cognitive
abilities that may be developed through laboratory experiences, such as the
development of scientific reasoning and understanding of the complexity
and ambiguity of empirical work (National Research Council, 1999).

The national average of scores of 17-year-olds on the science portion of
the long-term trend NAEP assessment was lower in 1999 than 30 years ear-
lier in 1969.1  In contrast to this slight decline in 17-year-olds’ scores, the
average national scores of 13-year-olds and 9-year-olds increased very slightly
over the 30-year period (see Figure 2-1). The overall trend for all ages sug-
gests that U.S. students’ science knowledge has not increased over the past
three decades.

Student scores on the science portion of the long-term trend NAEP var-
ied by racial/ethnic group and by gender. In 1999, white students had higher
average scores than their black and Hispanic peers. Between 1970 and 1999,
the gap between white and black students in science generally narrowed for
9- and 13-year-olds, but not for 17-year-olds, and the gap between white

FIGURE 2-1  Long-term trends in average scale scores in science from NAEP.
NOTE:  Dashed lines represent extrapolated data.
SOURCE:  National Center for Education Statistics, National Assessment of Educational Progress
(NAEP), 1999 Long-Term Trend Assessment.

1Students’ scores on the long-term NAEP assessment are reported as average scale scores and
also in terms of proficiency levels (basic, proficient, advanced). However, because a National
Research Council committee that studied NAEP found the process for setting these proficiency
levels to be flawed, they are not reported here (National Research Council, 1999).
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and Hispanic students of all ages remained unchanged. In 1999, boys out-
performed girls in science at ages 13 and 17, but not at age 9. Among 17-
year-olds, the score gap between boys and girls has narrowed since 1969
(Campbell, Hombo, and Mazzeo, 2000).

Like the long-term trend NAEP, the NAEP science achievement test fo-
cuses primarily on mastery of subject matter. Between 1996 and 2000, the
average score of 12th grade students on this test declined from 154 to 150 (a
small but statistically significant amount), while the scores of 4th grade and
8th grade students remained unchanged (National Center for Education Sta-
tistics, 2001a). Student performance on the NAEP science achievement test
also varied by race and by students’ socioeconomic status. In both 1996 and
2000, the average score for white students was higher than the average for
black and Hispanic students. Students of lower socioeconomic status, as
indicated by their eligibility for free or reduced-price meals, had lower aver-
age NAEP science scores than students from more wealthy families (National
Center for Education Statistics, 2001b).

Results of International Comparative Tests

Results of international comparisons provide additional insight into the
science knowledge of U.S. high school students. TIMSS assessed the science
performance of 8th graders in the United States and many other countries in
1995, 1999, and 2003. Over that time period, U.S. 8th graders improved their
average science performance slightly, both in comparison with the earlier
cohorts of 8th graders and relative to the 44 other countries that participated
in the studies (Gonzales et al., 2004). The average scale score in science
increased from 513 in 1995 to 527 in 2003, placing the United States well
above the international average of 473 among all 8th graders in all participat-
ing nations.

Like the framework of the NAEP science achievement test, the TIMSS
framework includes both a range of science subject matter and also student
abilities related to scientific inquiry and investigations. However, with fewer
performance tasks than the NAEP science achievement test, TIMSS may be
more limited in its capacity to measure student attainment of the other goals
of laboratory experience, besides mastery of subject matter (Owen, 2005).

 Results from another international comparative test, PISA, suggest U.S.
high school students have not increased their science achievement. In 2000
and 2003, 15-year-old students in many countries took two-hour PISA tests
that focused primarily on reading (in 2000) and mathematics (in 2003) and
also included some items related to scientific literacy. The U.S. scientific
literacy score was below the average among OECD countries in 2000 and in
2003, and there was no measurable change in U.S. students’ scores between
the two years (Lemke et al., 2004). The PISA science test framework includes
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several elements that are aligned with the goals of laboratory experiences,
including knowledge of science concepts and the ability to apply this knowl-
edge to describe, explain, and predict scientific phenomena; to understand
scientific investigations; and to interpret scientific evidence and conclusions.
About half of the test items asked students to perform tasks that reflected
applications of scientific knowledge to life and health, the environment, and
technology, while the other half were selected-response items (Organisation
for Economic Co-Operation and Development, 2004).

Overall, then, results from large-scale national and international tests
indicate that U.S. high school students have made little or no progress in
mastery of science subject matter. Such mastery might be attained through
laboratory experiences or through other forms of science instruction, includ-
ing reading, lectures, discussion, and work with computers. The tests yield
little information about the extent to which U.S. high school students may
have attained other educational goals of laboratory experiences.

High School Science and Undergraduate Science
Achievement

Policies aimed at improving science education are designed in part to
prepare more U.S. high school students to enter higher education in science
and engineering degrees, in preparation for careers in these fields. The U.S.
science and technology workforce is aging, and global competition for skilled
scientists and engineers is growing (National Science Foundation, 2004).

Many undergraduate science and engineering students do not complete
their degrees. Among first-year students who declared majors in science and
engineering in 1990, fewer than half had completed such a degree within
five years. Among those who did not complete such a degree, approxi-
mately 20 percent of the students dropped out of college, and the remainder
chose other fields of study (Huang, Taddese, and Walter, 2000).

Although students drop out of scientific and technology majors for a
variety of complex, individual reasons, one important reason may be that
their high school science education, including their laboratory experiences,
did not adequately prepare them for undergraduate education. A survey
conducted in 2002 indicated that 20 percent of first-year students planning
to major in science and engineering fields needed remediation in mathemat-
ics, and nearly 10 percent reported needing remediation in the sciences
(National Science Foundation, 2004). In a recent study of student scores
from its widely used college admissions test, the American College Testing
Service found that only 26 percent of students tested in 2003-2004 were
ready to pass their first college biology course with a grade of “C” or better
(American College Testing Service, 2004).

Little research is available on the role that laboratory experiences may
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play in preparing students to succeed in undergraduate science education.
However, one study is available (Sadler and Tai, 2001). The authors sur-
veyed nearly 2,000 undergraduate physics students at public and private
institutions and compared their undergraduate physics grades with their high
school physics experiences. The analysis of the survey findings indicates
that, when demographic factors were controlled, taking a high school phys-
ics course had a modest positive effect on undergraduate physics grades.

The researchers also found that students who took high school physics
courses that spent more time addressing fewer topics in depth (including
fewer concepts, topics, and laboratory activities) had higher undergraduate
physics grades than students whose high school physics courses covered
more topics in less depth. The authors suggest that high school physics
teachers should concentrate on a limited set of topics related to mechanics
and include laboratory experiences carefully chosen to reflect those topics.
They note, “Doing fewer lab experiments can be very effective if those
performed relate to critical issues and students have the time to pursue them
fully” (Sadler and Tai, 2001, p. 126). These findings suggest that laboratory
experiences may be more effective in supporting student learning when
they are integrated into the stream of science instruction, as we discuss
further in Chapter 3.

Rising Enrollments and Increasing Diversity

Trends in public understanding of science and science achievement are
influenced by larger changes in the U.S. education system. Rising immigra-
tion—the total immigrant population of the U.S. nearly tripled from 1970 to
2000—and the baby boom echo—the 25 percent increase in the number of
annual births that began in the mid-1970s and peaked in 1990—are boosting
school enrollment. After declining during the 1970s and early 1980s, enroll-
ment in public schools increased in the latter part of the 1980s and the
1990s, reaching an estimated 48.0 million in 2003 (National Center for Edu-
cation Statistics, 2004d).

With rising enrollments, some science teachers face large classes. In
California, total statewide enrollment in kindergarten through 12th grade
grew from 5.2 million in 1992-1993 to 6.3 million in 2003-2004 (California
Education Data Partnership, 2005). In recent years, the average size of sci-
ence classes grew from 29.3 students in 2000-2001 to 30.1 students in 2003-
2004 (California Education Data Partnership 2005).2

2California and other states also report pupil-teacher ratios. This ratio is different from average
class size because it is the number of pupils per full-time-equivalent teacher, including teachers
who are not in the regular classroom. The pupil-teacher ratio in California high schools declined
slightly from 24.5 in 1992-1993 to 23.5 in 2003-2004 (California Education Data Partnership,
2005).
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Linguistic and Ethnic Diversity

In concert with these growing enrollments, student diversity has in-
creased. The total proportion of public school students considered to be
part of a minority group increased from 17 percent in 1972 to 39 percent in
2000, largely due to rapid growth in the proportion of Hispanic students
(National Center for Education Statistics, 2004b). At the same time, poor and
minority students are increasingly concentrated in high-poverty schools.

Anthropologists have suggested that groups who are underrepresented
in the scientific and technology professions constitute a culture that is differ-
ent from the culture prevailing in school and in the scientific community
(Costa, 1995). Such students cross cultural borders from the world of their
peers and family into the world of school science, and conflicts between
these different cultures may detract from their learning of science (Cobern
and Aikenhead, 1998). They bring everyday knowledge and ways of think-
ing and talking developed in their home cultures that are rarely acknowl-
edged or used in school (Heath, 1989; Lee, 2000). Researchers have found
that teachers who focus on identifying this everyday knowledge can tap it in
ways that support students in developing understanding of science concepts
(Warren et al., 2001).

A recent review of the research on science education and student diver-
sity concluded that diverse science students may benefit from special sup-
port in learning and using scientific language, in becoming comfortable with
the community of school science learners, in understanding scientific con-
cepts and modes of thinking, and in developing trusting relationships with
other students and the teacher (Lee and Luykx, in press). The authors sug-
gest that laboratory experiences may be particularly valuable in helping the
many children of immigrants who are not proficient in English develop im-
proved understanding of science. Students’ direct interactions with natural
phenomena often require less formal academic language than does reading
a textbook or other forms of science instruction. In addition, small-group
laboratory experiences can provide structured opportunities for developing
language proficiency in a more comfortable environment than speaking in
front of the whole class (Lee and Luykx, in press).

Special Educational Needs

In addition to being more racially and linguistically diverse than previ-
ous generations of students, today’s students also vary more widely in terms
of special educational needs. The fraction of students served by federally
funded programs for children with disabilities rose from 8.3 percent in 1976-
1977 to 13.4 percent in 2001-2002 (U.S. Department of Education, 2003).
Some of the rise since 1976-1977 may be attributed to the increasing propor-
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tion of students identified as learning disabled, whose share of those with
disabilities increased from 21 percent in 1976-1977 to 44 percent in 2001-
2002. In 2001-2002, most students with disabilities were those with learning
disabilities (44 percent), speech or language impairments (17 percent), men-
tal retardation (9 percent), and emotional disturbance (7 percent). Smaller
percentages of students received services for visual, hearing, orthopedic,
mobility, or other disabilities.

Mainstreaming of these special needs students has increased in response
to federal law. The Individuals with Disabilities Education Act (P.L. 105-17,
most recently amended on December 3, 2004), other federal and state laws,
and a substantial body of case law give students with disabilities the right to
a free and appropriate public education (National Research Council, 1997).
The law requires that this education be tailored to individual learning needs,
and that each student have an individualized education program stating
educational objectives and identifying strategies to attain those objectives. In
compliance with the legal requirement to educate disabled students in the
“least restrictive environment,” more disabled students are in regular class-
rooms. Between 1988-1989 and 1999-2000, the percentage of students with
disabilities spending at least 80 percent of their time in a regular education
classroom increased from 31 to 47 percent (National Center for Education
Statistics, 2002).

The provisions of the Individuals with Disabilities Education Act requir-
ing that students be placed in the least restrictive setting apply to science
laboratory facilities and experiences. In order to provide disabled students
with access to laboratory experiences, schools may provide accommoda-
tions in laboratory instruction, in the physical design of the laboratory or
classroom, or in the ways in which students demonstrate their knowledge of
science (Keller, 2002). The level of student involvement in various labora-
tory activities and the types of accommodations required are often best de-
termined in discussions between the individual teacher and student (Center
for Rehabilitation Technology and IMAGINE Group, 2004).

For example, students with learning disabilities may be provided with
the course syllabus in advance, may receive extended time for completion
of laboratory reports, or may be seated close to the teacher. A student with
hearing impairment may be helped by the use of visual aids, while accom-
modations for students with visual impairment include large lettering, a
magnifying glass, and a large notebook (Center for Rehabilitation Technol-
ogy and IMAGINE Group, 2004). Laboratory experiments modified for stu-
dents with disabilities are available online (Center for Rehabilitation Tech-
nology and IMAGINE Group, 2004), and other resources are available to
accommodate the needs of students with disabilities (see for example, Turner,
2004; Miner, Swanson, and Woods, 2001).
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Although research on effective approaches to science education for di-
verse students—including those with limited English proficiency, minority
students, low-achieving science students, and students with learning dis-
abilities—is growing, meeting the needs of individual students remains a
great challenge for teachers and schools. Chapter 3 discusses promising
approaches to laboratory instruction that appear to enhance learning among
all students, including those with limited English proficiency, minorities, and
low-achieving students.

POLICIES INFLUENCING HIGH SCHOOL
LABORATORY EXPERIENCES

Over the past 20 years, the states, the federal government, school dis-
tricts, and the scientific community have launched an array of efforts to
improve science education that may influence high school laboratory expe-
riences. State education policies, including requirements for high school
graduation and college admission, science standards, and assessments may
affect laboratory instruction. Scientific professional associations, agencies,
and research institutions have also developed science education programs
and policies, some of which focus specifically on high school laboratories.

State High School Graduation Requirements

High school graduation requirements are one “policy driver” influenc-
ing the extent to which high school students enroll in science courses and
participate in science laboratory experiences. Between 1982 and 2000, most
states increased the number of science courses required for graduation; in
response, a growing percentage of high school students completed science
courses beyond general biology (National Center for Education Statistics,
2004a). Because most high school science teachers engage students in labo-
ratory experiences at least once per week (Smith et al., 2002), the trend
toward taking more science courses translates to an increase in the amount
of time the average high school student spends in laboratory experiences
(see Chapter 4).

Some states specifically require students to complete laboratory science
courses in order to graduate. In 2004, 13 states explicitly mentioned enroll-
ment in a laboratory science course as part of the regular high school gradu-
ation requirement (Table 2-1). Of these, five states—Florida, Indiana, New
York, South Dakota, and Virginia—required more than one laboratory sci-
ence course. In addition to these 13 states, 3 states (Arkansas, Kentucky, and
Rhode Island) required labs only for an optional college preparatory cur-
riculum or advanced diploma.
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State Requirements for Higher Education Admissions

College and university entrance requirements influence the high school
curriculum in general and may also influence individual students’ decisions
about enrolling in science courses, including laboratory science courses.
Public and private colleges and universities have varying entrance require-
ments, but many states have established somewhat uniform standards for
entrance into state-supported institutions of higher education. In 2002, 30
states had established the minimum number of courses that students must
complete in each discipline to gain admission to public four-year institu-
tions, and 29 required students to have completed at least 2 years of science.
Among these 29 state higher education systems, 21 required that at least one
of the science courses be a laboratory course (Sommerville and Yi, 2002).
Among the 21 states that did not require any specific science courses for
admission to higher education, many did require a high school diploma,
with its attendant requirements for science courses, sometimes including
laboratory courses.

Over the past three decades, the number of high school graduates going
directly on to higher education has grown. By 2001, an average of 62 per-
cent of all high school graduates entered colleges or universities (National

TABLE 2-1 State Science Laboratory Requirements for High School Gradu-
ation in 2004

State Laboratory Requirement

Arkansas College prep only—3 lab courses
District of Columbia 1 lab course
Florida 2 lab courses
Idaho 1 lab course
Indiana 2 science courses (state standards indicate all science courses

are to include laboratory activities)
Kansas 1 lab course
Kentucky College prep only—1 lab course
Maine 1 lab course
Maryland 1 lab course
New Mexico 1 lab course
New York 2 lab courses
Pennsylvania 1 lab course
Rhode Island College prep only—1 lab course
South Dakota 2 lab courses
Virginia 3 lab course (4 lab courses for college prep)
Washington 1 lab course

SOURCE: Compiled from Sommerville and Yi (2002); Council of Chief State School Officers
(2002); state web sites.
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Center for Education Statistics, 2004b). In light of these increases, it is inter-
esting to compare state science requirements for high school graduation
with state requirements for higher education admission. Data from a study
of requirements as of 2002 revealed a mismatch in the number of states
requiring laboratory courses for high school graduation (9) and the number
of states requiring laboratory courses for college entrance (20).3  Five states
(Florida, Idaho, Maine, Maryland, and Washington) were matched in that at
least one science laboratory course was required at both levels. But even
within this group, only two states (Florida and Idaho) were perfectly matched
in the number of required laboratory courses, while in the remaining three
states (Maine, Maryland, and Washington) high school graduation required
one laboratory course while college entrance required two. In the four states
without this match (Kansas, New Mexico, New York, and Virginia), a labora-
tory course was required at the high school but not at the college level.

Notably, most states that require a laboratory course for high school
graduation or college entrance do not, within those requirements, define
what constitutes a laboratory science course. This lack of definitions is one
reflection of the larger issue discussed in Chapter 1: researchers and educa-
tors do not agree on how to define high school science laboratories or on
their purposes in the high school science curriculum.

Science Standards and Assessments

State education policies often focus on identifying clear and specific
science standards and creating assessments to measure student attainment
of those standards in order to guide improvements in science teaching and
learning. However, the goals embodied in state science standards and the
ways in which those standards are implemented and assessed do not reflect
the full range of educational goals that laboratory experiences may help
students attain. These goals include:4

• Enhancing mastery of subject matter.
• Developing scientific reasoning.
• Understanding the complexity and ambiguity of empirical work.
• Developing practical skills.
• Understanding the nature of science.
• Cultivating interest in science and interest in learning science.
• Developing teamwork abilities.

3The lack of alignment between high school graduation requirements and college entrance is
apparent in other content areas as well and has been noted in other studies (The Education
Trust, 1999).

4In Chapter 3, we discuss each goal in greater detail.
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Current state science standards and assessments are derived in part
from the National Science Education Standards (NSES) (National Research
Council, 1996). The standards for grades 9-12 include seven elements, sev-
eral of which are quite similar to the goals of laboratory experiences iden-
tified by the committee: (1) science as inquiry, including abilities to conduct
scientific inquiry and understandings about scientific inquiry; (2) physical
science; (3) life science; (4) earth and space science; (5) science and tech-
nology; (6) science in personal and social perspectives; and (7) history and
nature of science.

By 2003, most states had adopted science education standards and cur-
riculum frameworks derived at least in part from the NSES (National Re-
search Council, 1996) and the American Association for the Advancement of
Science (AAAS) benchmarks (American Association for the Advancement of
Science, 1993). In the No Child Left Behind Act of 2002, the federal govern-
ment strengthened—and added requirements to—existing state educational
standards and assessment systems. Among other provisions, the law requires
states to administer assessments of science achievement beginning in school
year 2007-2008. The law requires that states assess science achievement
once each year in each of three grade bands. In order to comply with this
federal law, as well as to guide schools and teachers in implementing state
science standards, many states have begun to develop and administer an-
nual assessments of students’ science learning.

State Science Standards and the Goals of Laboratories

 Throughout the history of U.S. science education, educators and scien-
tists have debated the relative importance of exposing students to many
science subjects versus engaging them in deeper study of fewer subjects or
concepts. In recent years, state science standards have embodied the former
approach, including a broad range of science topics (Duschl, 2004; Massel,
Kirst, and Hoppe, 1997). In addition to listing topics, many state standards
also call for students to engage in laboratory experiences and to develop
understanding of processes of scientific investigation. In theory, state stan-
dards could be used as flexible frameworks, guiding integration of labora-
tory experiences with the teaching of science concepts, in order to progress
toward all of the science learning goals identified by the committee. In real-
ity, this rarely happens. Instead, state and local officials and science teachers
often see state standards as requiring them to help students master the spe-
cific science topics outlined for a grade level or science course. When they
view laboratory experiences as isolated events that do not contribute to that
mastery of subject matter, and science class time is limited, they may devote
little class time to laboratory experiences.
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The lists of science topics included in state science standards, when
viewed in this way, can conflict with other elements of state science stan-
dards that call for students to engage in laboratory experiences. For ex-
ample, California state science standards for high school students include
standards for investigation and experimentation (California State Board of
Education, 2004). Modeled on the NSES inquiry standards for grades 9-12,
the California standards call for students to develop questions and perform
investigations, select and use appropriate tools, identify and communicate
sources of error, identify possible reasons for inconsistent results, formulate
explanations, solve scientific problems, distinguish between hypothesis and
theory, and achieve other goals related to laboratory learning.

However, California state standards also require students to learn about
many science topics, limiting the time they have available to engage in labo-
ratory experiences that might help them attain the investigation and experi-
mentation standards. When one school district official added up all the sci-
ence topics to be covered in grades 8 through 10 and divided them by the
number of school days, she found that the teachers would have only three
days to introduce chemistry students to the methods used in calculating the
quantities of reactants and products in a chemical reaction (Linn, 2004).

State Science Assessments and the Goals of Laboratories

 Current state science assessments are not well suited to assessing stu-
dent attainment of the goals of laboratory experiences for two reasons. First,
state assessments are not always fully aligned with state science standards
(Lawrenz and Huffmann, 2002; Webb et al., 2001). Specifically state science
assessments are not always aligned with those elements of state standards
that call for laboratory experiences and for attainment of laboratory learning
goals during the high school years.

Second, current state assessments emphasize mastery of a broad spec-
trum of science topics and do not measure progress toward such other goals
as developing scientific reasoning, understanding the complexity and ambi-
guity of empirical work, and developing practical skills. Many are primarily
composed of selected-response (multiple-choice) tasks. Such assessments
can test student knowledge of many items in a relatively short time, can be
scored by computer, are relatively inexpensive, and provide a reliable (or
consistent) view of student knowledge (National Research Council, 2002).

Although they are well suited to measuring mastery of science subject
matter, current state science assessments may not be appropriate for mea-
suring student attainment of the other goals of laboratories (e.g., scientific
reasoning, understanding the complexity and ambiguity of empirical work,
and understanding of the nature of science). A recent study of three science
exams, which are used widely in many states and consist entirely of selected
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response items, revealed uneven, scant coverage of most of the goals related
to student understanding of the processes of science in the NSES (Quellmalz
and Kreikemeier, 2004).

Although performance assessments may be used as a supplement to
selected-response items in state science assessments, they present new chal-
lenges. Generally, performance assessments require test takers to demon-
strate their skills or content knowledge in settings that resemble real-life
settings. In comparison to assessments composed of many selected-response
items, performance assessments present students with fewer, more realistic
tasks. But with fewer tasks, performance assessments are often less reliable
or consistent in measuring students’ science achievement. In addition, be-
cause they generally require more time to develop, test, and administer and
because they must be scored by humans using detailed scoring rubrics,
performance assessments are generally more subjective and more expensive
than selected-response tests (Mislevy and Knowles, 2002). Research shows
that student scores on traditional selected-response assessments have little
correlation with student scores on performance assessments (Shavelson and
Ruiz-Primo 1999).

Current science performance assessments have been influenced by ear-
lier generations of hands-on laboratory practical examinations (Duschl, 2004).
They can be delivered by pencil and paper exams, by computer, or in a
hands-on laboratory format. Pencil and paper tests may include tasks that
ask students to explain how they plan and conduct experiments, gather and
organize data, interpret data, and communicate results and conclusions
(Quellmalz and Moody, 2004).

The experience of the NAEP science achievement test illustrates some of
the challenges of using performance tasks to measure the full range of goals
of laboratory experiences. The test framework calls for measuring students’
conceptual understanding, scientific investigation abilities, and practical rea-
soning in the fields of earth, physical, and life science (National Center for
Education Statistics, 2004c). Within scientific investigation abilities, the frame-
work calls for assessing students’ ability to acquire new information, plan
scientific investigations, use scientific tools, and communicate results of in-
vestigations. About 60 percent of the test items are performance tasks, and
40 percent require a selected response. In 1996, all students conducted a
single hands-on task using a uniform kit of science materials to perform an
investigation, make observations, record and evaluate experimental results,
and apply problem solving skills. However, distributing the kits and training
experts to score the hands-on task was a logistical challenge, and in 2000
and 2005, only half of the students in each school conducted a hands-on
task.

Although its framework and inclusion of a performance task would sug-
gest that the NAEP science achievement test is capable of measuring student
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attainment of the goals of laboratory experiences, the test focuses mostly on
mastery of science subject matter. A National Research Council (NRC) com-
mittee concluded that the 1996 test items and tasks and the accompanying
scoring rubrics failed to capture the more complex aspects of the framework
and noted that “technology for using performance-type measures in science
via the current large-scale survey assessment clearly has serious shortcom-
ings” (National Research Council, 1999, p. 133). Because of such challenges,
few states have implemented hands-on performance tasks as part of their
state science assessments (see Box 2-1). The states are, however, forming
consortia to share expertise and costs as they develop science achievement
tests in response to the mandate of the No Child Left Behind Act and con-
sider the possibilities for including written, hands-on, or computerized per-
formance tasks. These consortia may draw on online collections of perfor-
mance tasks and other data banks of science test items (Quellmalz and
Moody, 2004). Guidance is also available from a recent NRC study of test
design for science achievement (National Research Council, 2005).

Implementing State Standards

Although state science standards often embody goals related to mas-
tery of subject matter, they sometimes include at least some of the other
goals of laboratory experiences, and some state science standards specifi-
cally call for students to participate in laboratory investigations. Studies of
local implementation of state science standards indicate that these policies
primarily affect coverage of science content and have less influence on
teaching methods, including decisions about when and how to include
laboratory instruction.

The extent to which the goals of state science standards, including the
goals related to laboratory experiences, are implemented depends on local
agents and agencies. One important agency is the local school district. Nu-
merous studies, in states from Maine to California, suggest that district policy
makers, teachers, and school administrators not only heed state policies but
also work hard to implement them (Educational Evaluation and Policy Analy-
sis, 1990; Finnigan and Gross, 2001; Firestone, Fitz, and Broadfoot, 1999;
Hill, 2001). A study of the local response to state mathematics and science
standards in Michigan in the mid-1990s concluded that school district policy
makers and teachers paid close attention to state policy, especially the as-
sessment component and the sanctions that state policy makers had attached
to them (Spillane, 2004). According to district policy makers, state sanctions
were especially influential in motivating them to develop or revise their
instructional policies. Other studies, in Maryland, Washington, and Chicago
revealed similar patterns of close attention to state standards and account-
ability systems (Koretz et al., 1996; Lane et al., 2000; Stecher et al., 2000;
Finnigan and Gross, 2001; Kelly et al., 2000).
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BOX 2-1 Hands-On Performance Assessment of Laboratory
Learning:  The Experiences of New York and Vermont

New York. In recent years, New York has increased the number of sci-
ence courses required for high school graduation. The state now re-
quires all high school students to complete three science courses, in-
cluding one Regents science course that incorporates 1,200 minutes of
laboratory activity in order to graduate (Champagne and Shiland, 2004).
To assess laboratory learning in these Regents science courses, the state
has for many years administered a Regents Examination in each subject
consisting of both a written test with tasks related to laboratories (such
as items asking about laboratory techniques and design of experiments)
and a laboratory performance test. However, state science teachers and
education officials grew concerned about the validity and reliability of
the performance tests and their alignment with the state laboratory sci-
ence standards.

In 2002, state officials convened four design teams to develop new
performance assessments of laboratory learning as part of the Regents
examinations in earth science, chemistry, biology, and physics. The planned
new Physical Setting/Earth Science Performance Test included hands-on
tasks to be completed at six stations in a secure laboratory classroom.
Students were to be tested on their ability to identify minerals, locate an
earthquake epicenter, measure atmospheric moisture, determine the den-
sity of different fluids, collect and analyze data on the settling of particles
in a column of fluid, and construct and analyze an elliptical orbit (DeMauro,
2002).

Initial plans called for introducing the new Physical Setting/Earth Sci-
ence Performance Test in June 2004. The planned tests posed a chal-
lenge to schools and teachers with their requirements for dedicated labo-
ratory testing space and scheduling of students and test administrators.
In addition, further research was needed to determine the validity and
reliability of the test and to ensure security of test items (Champagne and
Shiland, 2004). Because of these challenges, implementation of the new
tests has been postponed until 2007.
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Vermont. Vermont has chosen a slightly different approach to performance
assessment of laboratory learning. The state joined the Partnership for
the Assessment of Standards-Based Science (PASS) in 2000. Funded by
the National Science Foundation, the PASS is an assessment system de-
signed to allow states and districts to measure students’ scientific lit-
eracy, as defined by the AAAS Benchmarks (American Association for the
Advancement of Science, 1993) and in the National Science Education
Standards (National Research Council, 1996). The PASS assessment in-
cludes four components (WestEd, 2004):

• Hands-on performance tasks,
• Constructed-response investigations,
• Open-ended questions, and
• Enhanced multiple-choice questions.

A 1999 content analysis by a group of scientists and teachers identi-
fied a close alignment between Vermont state science standards and the
NSES. Following the decision to join PASS, the state and WestEd worked
together to modify the test to ensure it would accurately measure attain-
ment of Vermont state standards. The modified test for grades 9 and 11
was designed to measure specific aspects of the national standards for
science inquiry.

After administration of the PASS test began in 2000, teachers sought
more information about how to design and implement laboratory learning
(Carvallas, 2004).

Because the performance assessment components of the PASS as-
sessment were administered in regular classrooms using kits of hands-
on materials, the test presented fewer logistical challenges and did not
include the costs of providing secure laboratory classroom space that was
required in New York. However, the test was expensive, time-consuming,
and difficult to administer, and it was discontinued after the 2002-2003
school year. Vermont is currently joining forces with two neighboring states
(New Hampshire and Rhode Island) to seek economies of scale in perfor-
mance assessment (Pinckney and Taylor, 2004).
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However, a number of studies suggest that the response to state policy
at the school district and classroom levels often involves surface changes
focusing on content coverage (mastery of subject matter) rather than the
broader and more substantive shifts called for in the NSES and in some state
standards (Spillane, 2004; Firestone et al., 1996; Spillane and Zeuli, 1999).
This is a particularly serious concern with regard to high school science
laboratories, because, as we discuss in Chapter 5, using laboratory experi-
ences to advance the science learning goals identified by the committee
requires deep and substantial shifts in teaching strategies.

Some research indicates that school districts respond to state standards
by focusing primarily on only one of the goals of laboratory experiences—
enhancing mastery of science subject matter. For example, the analysis of
nine Michigan school districts found that district policies provided strong
and consistent support for state policy with respect to coverage and se-
quencing of topics. District policies’ support for other aspects of the state’s
mathematics and science standards was not nearly as prominent or as faith-
ful as their support for topic coverage and sequencing (Spillane, 2004).

Despite considerable effort by district officials, district policies in six of
the Michigan districts provided relatively weak or low support for the math-
ematics and science standards. Only four districts, for example, provided
strong or high support for the more complex changes in mathematics and
science education advanced by standards, such as the types of changes
required to help students attain the full range of the goals of laboratory
experiences. These patterns were repeated at the classroom level in the nine
school districts; teachers attempting to implement the reform taught in ways
that diverged fundamentally from the intent of the designers (Spillane and
Zeuli, 1999).

In a study of teachers’ responses to state policy in Maine and Maryland,
Firestone and his colleagues found similar patterns with state policy having
considerable success in aligning what subjects were taught but less success
in changing instructional strategies (Firestone et al., 1999). Similarly, in a
study of Kentucky and North Carolina, McDonnell and Chossier (1997) found
that while teachers adopted new teaching strategies in response to state
policy, the depth of their content and teaching did not change in meaningful
ways.

This growing body of research on local implementation of state science
and mathematics standards indicates that state standards appear to affect
teachers’ decisions about coverage, while having less influence on instruc-
tional strategies (Hill, 2001; Spillane and Zeuli, 1999). Instructional strategies
include the particular materials and methods (which may include laboratory
experiences, creating instructional groups, lecturing, leading discussions, etc.)
that teachers use to engage students with subject matter.
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A recent observational study of a national sample of K-12 mathematics
and science lessons involving 364 teachers in 31 schools provides further
evidence of the limited impact of state science standards on teachers’ in-
structional strategies (Weiss et al., 2003). Trained observers rated science
lessons in terms of design, implementation, content addressed, and class-
room culture, and they also conducted detailed interviews with teachers
about factors that may have influenced the content and methods used in the
observed lesson. The teachers indicated that state and district curriculum
standards were especially influential in determining the content covered,
influencing more than 7 of 10 lessons observed nationally. With respect to
teaching strategies, however, these policy documents were much less influ-
ential: only 5 percent of the teachers in the study reported that state or
district curriculum standards or frameworks were influential. Teachers re-
ported having a great deal of autonomy in choosing teaching strategies: in 9
of 10 lessons observed, the teacher indicated his or her own knowledge,
beliefs, and experiences as the most salient influence.

Effective laboratory teaching that helps students master subject matter,
develop scientific reasoning, and progress toward the other goals we iden-
tify requires not only deep knowledge of science content but also pedagogi-
cal knowledge. The research outlined above suggests that current state sci-
ence standards do not yet successfully support the deeper changes in teaching
strategy necessary to help students attain the educational goals of laboratory
experiences.

The uneven local response to state science standards is in part a prob-
lem of uneven support for teachers rather than local resistance to change.
State standards that press complex changes departing radically from extant
practice—such as those calling for laboratory experiences and for attain-
ment of a range of laboratory learning goals—are unlikely to succeed in
changing classroom practice unless teachers are supported in developing
new understandings about science, teaching, and learning (see Chapter 5).

The Influence of Curriculum on Science Instruction

In contrast to state science standards, science texts and curriculum pack-
ages appear to have a greater impact on teaching methods. In about 7 of 10
lessons observed, the teachers interviewed in the observational study dis-
cussed above said that textbooks or curricular programs (or both) had influ-
enced their teaching strategies (Weiss et al., 2003). In response to a larger
national survey conducted in 2000, science teachers indicated that, in 95 per-
cent of their most recent science classes, they had used commercially pub-
lished textbooks and related materials (Smith et al., 2002). Since textbooks,
along with teachers’ own knowledge and beliefs, strongly influence their in-
struction, the way these texts treat laboratory experiences appears important.
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The TIMSS conducted in 1995 provides information about how labora-
tory experiences are treated in textbooks and state curriculum frameworks.
As part of TIMSS, experts gathered information about curriculum standards
and textbooks in almost 50 countries for 13-year-old students (8th graders in
the United States) and for students in their final year of secondary education.
The final-year students included “generalists,” those who were in vocational
programs, and “specialists,” those taking advanced courses in physics.

The study sampled curriculum guides and textbooks in the participating
countries. Curriculum guides were defined as official documents that most
clearly reflected the intentions, visions, and aims of curriculum makers. In
the United States, where national guides are not available, state guides were
analyzed.5  Importantly, any lab manuals provided with a textbook were
included in the analysis. Guides and textbooks were selected to represent
those in use with at least half of the students in the targeted grade.

The TIMSS researchers developed a common framework to analyze the
science curriculum materials across all countries. The framework included
performance expectations, some of which are clearly relevant to laboratory
experiences:

• theorizing, analyzing, and solving problems;
• using tools, routine procedures, and science processes; and
• investigating the natural world.

The researchers found that, although U.S. state curriculum guides for
8th grade science education referred to each of the three expectations, less
than 10 percent of textbook content was devoted to helping students de-
velop these laboratory-related abilities. They found textbooks in most other
countries studied devoted a similarly low level of attention to these perfor-
mance expectations, except for Germany, Hong Kong, and New Zealand,
where coverage was slightly greater (21-40 percent of textbook content).

For 12th grade students taking advanced physics in the United States, no
information was available from state curriculum guides, and only 10 percent
of the content of textbooks addressed these three performance expectations
related to laboratory experiences. This degree of coverage was similar to
that in other countries. These results suggest that textbooks and the materi-
als accompanying them give little attention to the learning goals of labora-
tory experiences, even though they may be identified as a priority in state
science standards and curriculum guides.

The lack of attention to laboratory experiences in curriculum guides and
textbooks may reflect state policies emphasizing coverage of a broad range

5The study examined curriculum guides used by the states in 1992-1993, prior to release of
the National Science Education Standards.
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of science content. TIMSS found that grade 8 textbooks in the United States
covered 65 science topics compared with about 25 topics typical of other
TIMSS countries. The authors note that (Valverde and Schmidt, 1997, p. 3):
“U.S. eighth-grade science textbooks were 700 or more pages long, hardbound,
and resembled encyclopedia volumes. By contrast, many other countries’
textbooks were paperbacks with less than 200 pages.”

Another study, focusing on high school biology texts, indicated that the
most widely used texts provided little support for student learning through
laboratory experiences. AAAS developed and applied a detailed protocol to
10 widely used biology curricula, including 4 developed with NSF support.
AAAS found that all of these curricula (which included kits of laboratory
materials) did a poor job in terms of two criteria that might reflect laboratory
experiences: (1) engaging students with relevant phenomena and (2) help-
ing them to develop and use scientific ideas (American Association for the
Advancement of Science, 2000).

A panel convened by NSF to review its middle school science curricula
gave the texts generally high marks (3 or higher on a 5-point scale) and
found that they were consistent with the NSES. However, the panel noted a
lack of attention to one of the goals of laboratory experiences—enhanced
understanding of the nature of science—in these curricula (National Science
Foundation, 1997). In a subsequent review of a sample of NSF-funded cur-
ricula for elementary, middle, and secondary mathematics and science, ex-
perts gave the science curricula high marks (on a 1 to 5 scale) on several
criteria that reflect the goals of laboratory experiences, including:

• Do the materials provide sufficient activities for students to develop a
good understanding of key science concepts? 4.5

• Do the materials accurately represent views of science as inquiry? 4.4
• To what extent do the materials provide students the opportunity to

make conjectures, gather evidence, and develop arguments to support, re-
ject, and revise their preconceptions and explanations? 4.3

In this evaluation, the panel found that, although the content of the
curriculum materials (including laboratory kits) was generally high, dissemi-
nation was limited. Often, curriculum materials were adopted by a single
teacher, rather than a school or a school district. Most large textbook pub-
lishers chose not to develop commercial versions of NSF-funded materials
(Tushnet et al., 2000). The panel also found that teachers and administrators
were unaware of the full range of materials available, and teachers were
often unprepared for the changes in instructional strategy required to suc-
cessfully implement the curricula.

In conclusion, curriculum materials appear to influence science teach-
ers’ teaching strategies, including decisions about when and how to engage
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students in laboratory experiences. The limited evidence available suggests
that some curriculum materials are available to support teachers and stu-
dents in effective laboratory experiences, but these materials are not widely
used. The most widely used science texts and accompanying laboratory
materials do not reflect the science learning goals of laboratory experiences.
Involving teachers in the design, selection, and implementation of curricu-
lum materials and providing professional development aligned with those
materials appear essential for successful implementation (Tushnet et al., 2000).

The Role of the Scientific Community

Policies and programs initiated by the scientific community may also
influence high school laboratory experiences. NSF evaluates research pro-
posals and provides funding based not only on intellectual merit but also on
“broader impact” (including impact on education), and the National Aeronau-
tics and Space Administration (NASA) requires that a small percentage of funds
for each large space mission be set aside for public outreach, including educa-
tion. The National Institutes of Health (NIH) and the Department of Energy
also support programs aimed at improving high school science education.
Many scientific societies, including the American Chemical Society, the Ameri-
can Physiological Society, and the American Institute of Biological Sciences,
are also working to improve science education. Congress provides a stream of
funding for partnerships between scientists and educators through the Math-
Science Partnerships programs, and private agencies, such as the Howard
Hughes Medical Institute (HHMI), also support efforts to improve school sci-
ence education. In addition, many individual scientists, companies, universi-
ties, teachers, and schools are working together to improve high school sci-
ence courses, including laboratory teaching and learning. To date, however,
there has been no systematic effort to assess the scope of these diverse activi-
ties and their impact on the science achievement of high school students.

The committee identified several types of efforts by the scientific com-
munity that may influence high school laboratory experiences, including
programs designed to (1) provide laboratory-centered curricula for use in
high schools, (2) provide laboratory facilities and equipment to schools, (3)
provide research internships to students and teachers, and (4) provide un-
dergraduate education and professional development to prospective and
current science teachers. Here we briefly discuss efforts focused on schools
and students; the scientific community’s role in teacher education is dis-
cussed in Chapter 5.
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Providing Laboratory-Focused Curriculum

Scientific agencies and professional societies support development and
dissemination of high school science curricula. For example, NSF has sup-
ported the American Geological Institute, the American Chemical Society,
and the American Institute of Physics in developing and disseminating high
school science curricula that incorporate laboratory experiences (Biological
Sciences Curriculum Study, 2001). Unlike traditional texts that may be ac-
companied by a separate laboratory manual, these curricula integrate labo-
ratory experiences into the flow of instruction. The American Geological
Institute is also producing a series of DVDs for use in schools that encom-
pass the U.S. Geological Survey’s Global Geographic Information System
database (Smith, 2004). The Association for Biology Laboratory Education
publishes an online Labstracts newsletter that provides a variety of labora-
tory exercises (Association for Biology Laboratory Education, 2005). Although
many of these laboratory exercises are provided by undergraduate educa-
tors, they can be used by high school teachers as well. Other scientific and
teaching societies, in each of the science disciplines, are engaged in similar
efforts.

Providing Laboratory Facilities and Equipment

One concrete way in which the scientific community can support high
school laboratory experiences is through providing laboratory facilities and
equipment. A few such efforts are described here.

San Mateo, California, high school teacher Ellyn Daugherty developed
the San Mateo Biotechnology Career Pathway program at San Mateo High
School with the help of many local biotechnology companies and founda-
tions. Support from biotechnology firms helped in converting a shop class-
room into a large, modern biotechnology classroom and in providing neces-
sary equipment and supplies. Currently, 20 industry partners provide
internships to advanced high school students enrolled in the program
(Daugherty, 2004). These firms often hire graduates of the high school pro-
gram, either directly after high school or after two to four years of further
biotechnology or biology education.

With support from federal, state, and private agencies, scientists at higher
education institutions in several states have designed and equipped mobile
laboratories to serve students in schools that lack adequate science facilities
(see Chapter 6). For example, during the 1999-2000 school year, the chemis-
try department at Virginia Polytechnic Institute (VPI) developed a mobile
chemistry laboratory to help rural teachers and students respond to Virginia’s
science standards and assessments, called the Standards of Learning (SOL).
The chemistry department convened meetings of teachers from rural high
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schools in Appalachia and southern Virginia to design and evaluate a series
of laboratory experiments aligned with the chemistry SOLs. The following
summer, a team of VPI staff, including two chemistry teachers, a lab techni-
cian, and an administrative assistant, led the first of a continuing series of
summer workshops to train teachers on the experiments and instrumenta-
tion available on the van. The VPI team also developed kits of chemistry
experiments that did not require advanced instrumentation and began mail-
ing them to rural schools.

Chemistry teachers and students at 19 rural Virginia high schools and
two inner-city Richmond schools conducted the experiments included in the
mobile van four times during the academic year and also received four to six
chemistry kits for each of three years, beginning in the 2001-2002 school
year. During the summers, more than 63 teachers were trained in leading the
experiments included on the van. Before the mobile van program was initi-
ated, students in these 19 schools performed on average 15.6 percent lower
than the state average on the chemistry SOL. In 2003, the average among
these 19 schools was 1.2 points above the state average, with particularly
large gains in two inner-city Richmond schools with large minority popula-
tions. Attendance also improved on the days the mobile van was present,
but without a comparison group it is not possible to know whether the
mobile van or other factors may have accounted for the improvements in
test scores and attendance (Long, 2004). However, the Virginia Tech pro-
gram, which relied on a combination of federal, corporate, private, and
university grants—could not be sustained and was ended in the summer of
2004.

The Virginia program was modeled on the Science in Motion program
of Juniata College that serves rural schools in Pennsylvania. An independent
evaluation of the Juniata program conducted in 1999 found statistically sig-
nificant gains in biology and chemistry achievement test scores among stu-
dents served by the program when compared with students in schools with-
out access to the program (Mulfinger, 2004).

Providing Student Internships

Scientists have provided laboratory internships to high school students
for many years. One scientist who involved high school students in a 1955
summer program in the departments of biochemistry and physiological chem-
istry at the University of California, Berkeley, described them as “enthusias-
tic, hard-working and intelligent laboratory assistants—well worth the time
and cost of training” (Pardee, 1956, p. 725). Scientific agencies and founda-
tions, as well as individual science departments, support such programs. For
example, the Howard Hughes Medical Institute provides funding for high
school students and teachers in the Montgomery County, Maryland, public
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schools to study and work in laboratories at the NIH alongside some of the
world’s leading biomedical scientists. Students who participate in this re-
search program present their results at an annual symposium at HHMI head-
quarters. In addition to hosting these interns, NIH provides supplements to
research grants for the purpose of providing internships to underrepresented
minorities. The National Human Genome Research Institute of NIH also
provides summer internships to high school students. Such internship op-
portunities are not restricted to large, government laboratory settings such as
NIH. The Noble Foundation supports summer research internships in ap-
plied agriculture and plant science for high school students in Oklahoma
(Noble Foundation, 2005).

Laboratory internships are often designed to encourage disadvantaged
or minority high school students to choose science careers. The American
Chemical Society’s Project SEED provides students with summer research
internships guided by scientist-mentors. Students who are eligible and quali-
fied may participate in Summer I internships before their senior year, in
Summer II internships in the summer following graduation, and they may
receive first-year college scholarships to study chemistry (American Chemi-
cal Society, 2005). Studies indicate that having personal contact with a scien-
tist affects students’ preference for and persistence in science careers, and
that minority students may be especially encouraged to persist in science
studies by contact with minority scientists and engineers (Hill, Pettus, and
Hedin, 1990; Barton, 2003).

SUMMARY
Most people in this country lack the basic understanding about science

that they need to make informed decisions about the many scientific issues
affecting their lives. Neither this basic understanding—often referred to as
scientific literacy—nor an appreciation for how science has shaped society
and culture—is being cultivated during the high school years. For example,
over the 30 years between 1969 and 1999, high school students’ scores on
the science portion of the NAEP remained stagnant.

State policies regarding student laboratory experiences, including gradu-
ation requirements, higher education requirements, state science standards,
and assessments, do not always support effective laboratory teaching and
learning. Although state science standards could be used as flexible frame-
works to guide schools and teachers in integrating laboratory experiences
with the teaching of science concepts, this rarely happens. Instead, state and
local officials and science teachers often see state standards as requiring
them to help students master the specific science topics outlined for a grade
level or science course. State science standards that are interpreted as en-
couraging the teaching of extensive lists of science topics in a given grade
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may discourage teachers from spending the time needed for effective labo-
ratory learning.

Some state science standards call for students to engage in laboratory
experiences and to attain other goals of laboratory experiences, such as
developing scientific reasoning and understanding the nature of science.
However, assessments in these states rarely include items designed to mea-
sure student attainment of these goals. Current large-scale assessments are
not designed to accurately measure student attainment of all of the goals of
laboratory experiences. Developing and implementing improved assessments
to encourage effective laboratory teaching would require large investments
of funds.
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3
Laboratory Experiences and

Student Learning

Key Points

• The science learning goals of laboratory experiences include
enhancing mastery of science subject matter, developing scientific
reasoning abilities, increasing understanding of the complexity
and ambiguity of empirical work, developing practical skills,
increasing understanding of the nature of science, cultivating
interest in science and science learning, and improving teamwork
abilities.
• The research suggests that laboratory experiences will be more
likely to achieve these goals if they (1) are designed with clear
learning outcomes in mind, (2) are thoughtfully sequenced into
the flow of classroom science instruction, (3) integrate learning of
science content and process, and (4) incorporate ongoing student
reflection and discussion.
• Computer-based representations and simulations of natural
phenomena and large scientific databases are more likely to be
effective if they are integrated into a thoughtful sequence of
classroom science instruction that also includes laboratory
experiences.

xxx
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In this chapter, the committee first identifies and clarifies the learning
goals of laboratory experiences and then discusses research evidence on
attainment of those goals. The review of research evidence draws on three
major strands of research: (1) cognitive research illuminating how students
learn; (2) studies that examine laboratory experiences that stand alone, sepa-
rate from the flow of classroom science instruction; and (3) research projects
that sequence laboratory experiences with other forms of science instruc-
tion.1  We propose the phrase “integrated instructional units” to describe
these research and design projects that integrate laboratory experiences within
a sequence of science instruction. In the following section of this chapter,
we present design principles for laboratory experiences derived from our
analysis of these multiple strands of research and suggest that laboratory
experiences designed according to these principles are most likely to ac-
complish their learning goals. Next we consider the role of technology in
supporting student learning from laboratory experiences. The chapter con-
cludes with a summary.

GOALS FOR LABORATORY EXPERIENCES
Laboratories have been purported to promote a number of goals for stu-

dents, most of which are also the goals of science education in general (Lunetta,
1998; Hofstein and Lunetta, 1982). The committee commissioned a paper to
examine the definition and goals of laboratory experiences (Millar, 2004) and
also considered research reviews on laboratory education that have identified
and discussed learning goals (Anderson, 1976; Hofstein and Lunetta, 1982;
Lazarowitz and Tamir, 1994; Shulman and Tamir, 1973). While these invento-
ries of goals vary somewhat, a core set remains fairly consistent. Building on
these commonly stated goals, the committee developed a comprehensive list
of goals for or desired outcomes of laboratory experiences:

• Enhancing mastery of subject matter. Laboratory experiences may
enhance student understanding of specific scientific facts and concepts and
of the way in which these facts and concepts are organized in the scientific
disciplines.

• Developing scientific reasoning. Laboratory experiences may promote
a student’s ability to identify questions and concepts that guide scientific

1There is a larger body of research on how students learn science that is not considered in
depth here because the committee’s focus is science learning through laboratory experiences.
The larger body of research is discussed in the National Research Council (2005) report, How
Students Learn: Science in the Classroom; it is also considered in an ongoing National Research
Council study of science learning in grades K-8.
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investigations; to design and conduct scientific investigations; to develop
and revise scientific explanations and models; to recognize and analyze al-
ternative explanations and models; and to make and defend a scientific
argument. Making a scientific argument includes such abilities as writing,
reviewing information, using scientific language appropriately, constructing
a reasoned argument, and responding to critical comments.

• Understanding the complexity and ambiguity of empirical work. In-
teracting with the unconstrained environment of the material world in labo-
ratory experiences may help students concretely understand the inherent
complexity and ambiguity of natural phenomena. Laboratory experiences
may help students learn to address the challenges inherent in directly ob-
serving and manipulating the material world, including troubleshooting equip-
ment used to make observations, understanding measurement error, and
interpreting and aggregating the resulting data.

• Developing practical skills. In laboratory experiences, students may
learn to use the tools and conventions of science. For example, they may
develop skills in using scientific equipment correctly and safely, making
observations, taking measurements, and carrying out well-defined scientific
procedures.

• Understanding of the nature of science. Laboratory experiences may
help students to understand the values and assumptions inherent in the
development and interpretation of scientific knowledge, such as the idea
that science is a human endeavor that seeks to understand the material
world and that scientific theories, models, and explanations change over
time on the basis of new evidence.

• Cultivating interest in science and interest in learning science. As a
result of laboratory experiences that make science “come alive,” students
may become interested in learning more about science and see it as relevant
to everyday life.

• Developing teamwork abilities. Laboratory experiences may also pro-
mote a student’s ability to collaborate effectively with others in carrying out
complex tasks, to share the work of the task, to assume different roles at
different times, and to contribute and respond to ideas.

Although most of these goals were derived from previous research on
laboratory experiences and student learning, the committee identified the
new goal of “understanding the complexity and ambiguity of empirical work”
to reflect the unique nature of laboratory experiences. Students’ direct en-
counters with natural phenomena in laboratory science courses are inher-
ently more ambiguous and messy than the representations of these phe-
nomena in science lectures, textbooks, and mathematical formulas (Millar,
2004). The committee thinks that developing students’ ability to recognize
this complexity and develop strategies for sorting through it is an essential
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goal of laboratory experiences. Unlike the other goals, which coincide with
the goals of science education more broadly and may be advanced through
lectures, reading, or other forms of science instruction, laboratory experi-
ences may be the only way to advance the goal of helping students under-
stand the complexity and ambiguity of empirical work.

RECENT DEVELOPMENTS IN RESEARCH AND
DESIGN OF LABORATORY EXPERIENCES

In reviewing evidence on the extent to which students may attain the
goals of laboratory experiences listed above, the committee identified a re-
cent shift in the research. Historically, laboratory experiences have been
separate from the flow of classroom science instruction and often lacked
clear learning goals. Because this approach remains common today, we
refer to these isolated interactions with natural phenomena as “typical” labo-
ratory experiences.2  Reflecting this separation, researchers often engaged
students in one or two experiments or other science activities and then
conducted assessments to determine whether their understanding of the
science concept underlying the activity had increased. Some studies directly
compared measures of student learning following laboratory experiences
with measures of student learning following lectures, discussions, video-
tapes, or other methods of science instruction in an effort to determine
which modes of instruction were most effective.

Over the past 10 years, some researchers have shifted their focus. As-
suming that the study of the natural world requires opportunities to directly
encounter that world, investigators are integrating laboratory experiences
and other forms of instruction into instructional sequences in order to help
students progress toward science learning goals. These studies draw on prin-
ciples of learning derived from the rapid growth in knowledge from cogni-
tive research to address the question of how to design science instruction,
including laboratory experiences, in order to support student learning.

 Given the complexity of these teaching and learning sequences, the
committee struggled with how best to describe them. Initially, the commit-
tee used the term “science curriculum units.” However, that term failed to
convey the importance of integration in this approach to sequencing labora-
tory experiences with other forms of teaching and learning. The research
reviewed by the committee indicated that these curricula not only integrate
laboratory experiences in the flow of science instruction, but also integrate

2In Chapter 4, we argue that most U.S. high school students currently engage in these typical
laboratory experiences.
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student learning about both the concepts and processes of science. To re-
flect these aspects of the new approach, the committee settled on the term
“integrated instructional units” in this report.

The following sections briefly describe principles of learning derived
from recent research in the cognitive sciences and their application in design
of integrated instructional units.

Principles of Learning Informing Integrated
Instructional Units

Recent research and development of integrated instructional units that
incorporate laboratory experiences are based on a large and growing body
of cognitive research. This research has led to development of a coherent
and multifaceted theory of learning that recognizes that prior knowledge,
context, language, and social processes play critical roles in cognitive devel-
opment and learning (National Research Council, 1999). Taking each of these
factors into account, the National Research Council (NRC) report How People
Learn identifies four critical principles that support effective learning envi-
ronments (Glaser, 1994; National Research Council, 1999), and a more re-
cent NRC report, How Students Learn, considers these principles as they
relate specifically to science (National Research Council, 2005). These four
principles are summarized below.

Learner-Centered Environments

The emerging integrated instructional units are designed to be learner-
centered. This principle is based on research showing that effective instruc-
tion begins with what learners bring to the setting, including cultural prac-
tices and beliefs, as well as knowledge of academic content. Taking students’
preconceptions into account is particularly critical in science instruction.
Students come to the classroom with conceptions of natural phenomena
that are based on their everyday experiences in the world. Although these
conceptions are often reasonable and can provide satisfactory everyday ex-
planations to students, they do not always match scientific explanations and
break down in ways that students often fail to notice. Teachers face the
challenge of engaging with these intuitive ideas, some of which are more
firmly rooted than others, in order to help students move toward a more
scientific understanding. In this way, understanding scientific knowledge
often requires a change in—not just an addition to—what students notice
and understand about the world (National Research Council, 2005).
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Knowledge-Centered Environments

The developing integrated instructional units are based on the principle
that learning is enhanced when the environment is knowledge-centered.
That is, the laboratory experiences and other instruction included in inte-
grated instructional units are designed to help students learn with under-
standing, rather than simply acquiring sets of disconnected facts and skills
(National Research Council, 1999).

In science, the body of knowledge with which students must engage
includes accepted scientific ideas about natural phenomena as well as an
understanding of what it means to “do science.” These two aspects of sci-
ence are reflected in the goals of laboratory experiences, which include
mastery of subject matter (accepted scientific ideas about phenomena) and
several goals related to the processes of science (understanding the com-
plexity of empirical work, development of scientific reasoning). Research on
student thinking about science shows a progression of ideas about scientific
knowledge and how it is justified. At the first stage, students perceive scien-
tific knowledge as right or wrong. Later, students characterize discrepant
ideas and evidence as “mere opinion.” Eventually, students recognize scien-
tific knowledge as being justified by evidence derived through rigorous re-
search. Several studies have shown that a large proportion of high school
students are at the first stage in their views of scientific knowledge (National
Research Council, 2005).

Knowledge-centered environments encourage students to reflect on their
own learning progress (metacognition). Learning is facilitated when indi-
viduals identify, monitor, and regulate their own thinking and learning. To
be effective problem solvers and learners, students need to determine what
they already know and what else they need to know in any given situation,
including when things are not going as expected. For example, students
with better developed metacognitive strategies will abandon an unproduc-
tive problem-solving strategy very quickly and substitute a more productive
one, whereas students with less effective metacognitive skills will continue
to use the same strategy long after it has failed to produce results (Gobert
and Clement, 1999). The basic metacognitive strategies include: (1) connect-
ing new information to former knowledge, (2) selecting thinking strategies
deliberately, and (3) monitoring one’s progress during problem solving.

A final aspect of knowledge-centered learning, which may be particu-
larly relevant to integrated instructional units, is that the practices and activi-
ties in which people engage while learning shape what they learn. Transfer
(the ability to apply learning in varying situations) is made possible to the
extent that knowledge and learning are grounded in multiple contexts. Transfer
is more difficult when a concept is taught in a limited set of contexts or
through a limited set of activities. By encountering the same concept at work
in multiple contexts (such as in laboratory experiences and in discussion),
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students can develop a deeper understanding of the concept and how it can
be used as well as the ability to transfer what has been learned in one
context to others (Bransford and Schwartz, 2001).

Assessment to Support Learning

Another important principle of learning that has informed development
of integrated instructional units is that assessment can be used to support
learning. Cognitive research has shown that feedback is fundamental to learn-
ing, but feedback opportunities are scarce in most classrooms. This research
indicates that formative assessments provide students with opportunities to
revise and improve the quality of their thinking while also making their
thinking apparent to teachers, who can then plan instruction accordingly.
Assessments must reflect the learning goals of the learning environment. If
the goal is to enhance understanding and the applicability of knowledge, it
is not sufficient to provide assessments that focus primarily on memory for
facts and formulas. The Thinkertools science instructional unit discussed in
the following section incorporates this principle, including formative self-
assessment tools that help students advance toward several of the goals of
laboratory experiences.

Community-Centered Environments

Research has shown that learning is enhanced in a community setting,
when students and teachers share norms that value knowledge and partici-
pation (see Cobb et al., 2001). Such norms increase people’s opportunities
and motivation to interact, receive feedback, and learn. Learning is enhanced
when students have multiple opportunities to articulate their ideas to peers
and to hear and discuss others’ ideas. A community-centered classroom en-
vironment may not be organized in traditional ways. For example, in science
classrooms, the teacher is often the sole authority and arbiter of scientific
knowledge, placing students in a relatively passive role (Lemke, 1990). Such
an organization may promote students’ view that scientific knowledge is a
collection of facts about the world, authorized by expert scientists and irrel-
evant to students’ own experience. The instructional units discussed below
have attempted to restructure the social organization of the classroom and
encourage students and the teacher to interact and learn from each other.

Design of Integrated Instructional Units

The learning principles outlined above have begun to inform design of
integrated instructional units that include laboratory experiences with other
types of science learning activities. These integrated instructional units were
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developed through research programs that tightly couple research, design,
and implementation in an iterative process. The research programs are be-
ginning to document the details of student learning, development, and inter-
action when students are given systematic support—or scaffolding—in care-
fully structured social and cognitive activities. Scaffolding helps to guide
students’ thinking, so that they can gradually take on more autonomy in
carrying out various parts of the activities. Emerging research on these inte-
grated instructional units provides guidance about how to design effective
learning environments for real-world educational settings (see Linn, Davis,
and Bell, 2004a; Cobb et al., 2003; Design-Based Research Collective, 2003).

Integrated instructional units interweave laboratory experiences with other
types of science learning activities, including lectures, reading, and discus-
sion. Students are engaged in framing research questions, designing and
executing experiments, gathering and analyzing data, and constructing argu-
ments and conclusions as they carry out investigations. Diagnostic, forma-
tive assessments are embedded into the instructional sequences and can be
used to gauge student’s developing understanding and to promote their self-
reflection on their thinking.

With respect to laboratory experiences, these instructional units share
two key features. The first is that specific laboratory experiences are care-
fully selected on the basis of research-based ideas of what students are likely
to learn from them. For example, any particular laboratory activity is likely
to contribute to learning only if it engages students’ current thinking about
the target phenomena and is likely to make them critically evaluate their
ideas in relation to what they see during the activity. The second is that
laboratory experiences are explicitly linked to and integrated with other
learning activities in the unit. The assumption behind this second feature is
that just because students do a laboratory activity, they may not necessarily
understand what they have done. Nascent research on integrated instruc-
tional units suggests that both framing a particular laboratory experience
ahead of time and following it with activities that help students make sense
of the experience are crucial in using a laboratory experience to support
science learning. This “integration” approach draws on earlier research show-
ing that intervention and negotiation with an authority, usually a teacher,
was essential to help students make meaning out of their laboratory activi-
ties (Driver, 1995).

Examples of Integrated Instructional Units

Scaling Up Chemistry That Applies

Chemistry That Applies (CTA) is a 6-8 week integrated instructional unit
designed to help students in grades 8-10 understand the law of conservation
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of matter. Created by researchers at the Michigan Department of Education
(Blakeslee et al., 1993), this instructional unit was one of only a few cur-
ricula that were highly rated by American Assocation for the Advancement
of Science Project 2061 in its study of middle school science curricula (Kesidou
and Roseman, 2002). Student groups explore four chemical reactions—burn-
ing, rusting, the decomposition of water, and the volcanic reaction of baking
soda and vinegar. They cause these reactions to happen, obtain and record
data in individual notebooks, analyze the data, and use evidence-based ar-
guments to explain the data.

 The instructional unit engages the students in a carefully structured
sequence of hands-on laboratory investigations interwoven with other forms
of instruction (Lynch, 2004). Student understanding is “pressed” through
many experiences with the reactions and by group and individual pressures
to make meaning of these reactions. For example, video transcripts indicate
that students engaged in “science talk” during teacher demonstrations and
during student experiments.

Researchers at George Washington University, in a partnership with
Montgomery County public schools in Maryland, are currently conducting a
five-year study of the feasibility of scaling up effective integrated instruc-
tional units, including CTA (Lynch, Kuipers, Pyke, and Szesze, in press). In
2001-2002, CTA was implemented in five highly diverse middle schools that
were matched with five comparison schools using traditional curriculum
materials in a quasi-experimental research design. All 8th graders in the five
CTA schools, a total of about 1,500 students, participated in the CTA curricu-
lum, while all 8th graders in the matched schools used the science curriculum
materials normally available. Students were given pre- and posttests.

In 2002-2003, the study was replicated in the same five pairs of schools.
In both years, students who participated in the CTA curriculum scored sig-
nificantly higher than comparison students on a posttest. Average scores of
students who participated in the CTA curriculum showed higher levels of
fluency with the concept of conservation of matter (Lynch, 2004). However,
because the concept is so difficult, most students in both the treatment and
control group still have misconceptions, and few have a flexible, fully scientific
understanding of the conservation of matter. All subgroups of students who
were engaged in the CTA curriculum—including low-income students (eligible
for free and reduced-price meals), black and Hispanic students, English
language learners, and students eligible for special educational services—
scored significantly higher than students in the control group on the posttest
(Lynch and O’Donnell, 2005). The effect sizes were largest among three
subgroups considered at risk for low science achievement, including Hispanic
students, low-income students, and English language learners.

Based on these encouraging results, CTA was scaled up to include about
6,000 8th graders in 20 schools in 2003-2004 and 12,000 8th graders in 37
schools in 2004-2005 (Lynch and O’Donnell, 2005).
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ThinkerTools

The ThinkerTools instructional unit is a sequence of laboratory experi-
ences and other learning activities that, in its initial version, yielded substan-
tial gains in students’ understanding of Newton’s laws of motion (White,
1993). Building on these positive results, ThinkerTools was expanded to
focus not only on mastery of these laws of motion but also on scientific
reasoning and understanding of the nature of science (White and Frederiksen,
1998). In the 10-week unit, students were guided to reflect on their own
thinking and learning while they carry out a series of investigations. The
integrated instructional unit was designed to help them learn about science
processes as well as about the subject of force and motion. The instructional
unit supports students as they formulate hypotheses, conduct empirical in-
vestigations, work with conceptually analogous computer simulations, and
refine a conceptual model for the phenomena. Across the series of investiga-
tions, the integrated instructional unit introduces increasingly complex con-
cepts. Formative assessments are integrated throughout the instructional se-
quence in ways that allow students to self-assess and reflect on core aspects
of inquiry and epistemological dimensions of learning.

Researchers investigated the impact of Thinker Tools in 12 7th, 8th, and
9th grade classrooms with 3 teachers and 343 students. The researchers
evaluated students’ developing understanding of scientific investigations using
a pre-post inquiry test. In this assessment, students were engaged in a thought
experiment that asked them to conceptualize, design, and think through a
hypothetical research study. Gains in scores for students in the reflective
self-assessment classes and control classrooms were compared. Results were
also broken out by students categorized as high and low achieving, based
on performance on a standardized test conducted before the intervention.
Students in the reflective self-assessment classes exhibited greater gains on a
test of investigative skills. This was especially true for low-achieving stu-
dents. The researchers further analyzed specific components of the associ-
ated scientific processes—formulation of hypotheses, designing an experi-
ment, predicting results, drawing conclusions from made-up results, and
relating those conclusions back to the original hypotheses. Students in the
reflective-self-assessment classes did better on all of these components than
those in control classrooms, especially on the more difficult components
(drawing conclusions and relating them to the original hypotheses).

Computer as Learning Partner

Beginning in 1980, a large group of technologists, classroom teachers,
and education researchers developed the Computer as Learning Partner (CLP)
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integrated instructional unit. Over 10 years, the team developed and tested
eight versions of a 12-week unit on thermodynamics. Each year, a cohort of
about 300 8th grade students participated in a sequence of teaching and
learning activities focused primarily on a specific learning goal—enhancing
students’ understanding of the difference between heat and temperature
(Linn, 1997). The project engaged students in a sequence of laboratory ex-
periences supported by computers, discussions, and other forms of science
instruction. For example, computer images and words prompted students to
make predictions about heat and conductivity and perform experiments us-
ing temperature-sensitive probes to confirm or refute their predictions. Stu-
dents were given tasks related to scientific phenomena affecting their daily
lives—such as how to keep a drink cold for lunch or selecting appropriate
clothing for hiking in the mountains—as a way to motivate their interest and
curiosity. Teachers play an important role in carrying out the curriculum,
asking students to critique their own and each others’ investigations and
encouraging them to reflect on their own thinking.

Over 10 years of study and revision, the integrated instructional unit
proved increasingly effective in achieving its stated learning goals. Before
the sequenced instruction was introduced, only 3 percent of middle school
students could adequately explain the difference between heat and tem-
perature. Eight versions later, about half of the students participating in CLP
could explain this difference, representing a 400 percent increase in achieve-
ment. In addition, nearly 100 percent of students who participated in the
final version of the instructional unit demonstrated understanding of con-
ductors (Linn and Songer, 1991). By comparison, only 25 percent of a group
of undergraduate chemistry students at the University of California at Berke-
ley could adequately explain the difference between heat and temperature.
A longitudinal study comparing high school seniors who participated in the
thermodynamics unit in middle school with seniors who had received more
traditional middle school science instruction found a 50 percent improve-
ment in CLP students’ performance in distinguishing between heat and tem-
perature (Linn and Hsi, 2000)

Participating in the CLP instructional unit also increased students’ inter-
est in science. Longitudinal studies of CLP participants revealed that, among
those who went on to take high school physics, over 90 percent thought
science was relevant to their lives. And 60 percent could provide examples
of scientific phenomena in their daily lives. By comparison, only 60 percent
of high school physics students who had not participated in the unit during
middle school thought science was relevant to their lives, and only 30 per-
cent could give examples in their daily lives (Linn and Hsi, 2000).
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EFFECTIVENESS OF LABORATORY EXPERIENCES

Description of the Literature Review

The committee’s review of the literature on the effectiveness of labora-
tory experiences considered studies of typical laboratory experiences and
emerging research focusing on integrated instructional units. In reviewing
both bodies of research, we aim to specify how laboratory experiences can
further each of the science learning goals outlined at the beginning of this
chapter.

Limitations of the Research

Our review was complicated by weaknesses in the earlier research on
typical laboratory experiences, isolated from the stream of instruction (Hofstein
and Lunetta, 1982). First, the investigators do not agree on a precise defini-
tion of the “laboratory” experiences under study. Second, many studies were
weak in the selection and control of variables. Investigators failed to exam-
ine or report important variables relating to student abilities and attitudes.
For example, they failed to note students’ prior laboratory experiences. They
also did not give enough attention to extraneous factors that might affect
student outcomes, such as instruction outside the laboratory. Third, the studies
of typical laboratory experiences usually involved a small group of students
with little diversity, making it difficult to generalize the results to the large,
diverse population of U.S. high schools today. Fourth, investigators did not
give enough attention to the adequacy of the instruments used to measure
student outcomes. As an example, paper and pencil tests that focus on test-
ing mastery of subject matter, the most frequently used assessment, do not
capture student attainment of all of the goals we have identified. Such tests
are not able to measure student progress toward goals that may be unique to
laboratory experiences, such as developing scientific reasoning, understand-
ing the complexity and ambiguity of empirical work, and development of
practical skills.

Finally, most of the available research on typical laboratory experiences
does not fully describe these activities. Few studies have examined teacher
behavior, the classroom learning environment, or variables identifying teacher-
student interaction. In addition, few recent studies have focused on labora-
tory manuals—both what is in them and how they are used. Research on the
intended design of laboratory experiences, their implementation, and whether
the implementation resembles the initial design would provide the under-
standing needed to guide improvements in laboratory instruction. However,
only a few studies of typical laboratory experiences have measured the ef-
fectiveness of particular laboratory experiences in terms of both the extent
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to which their activities match those that the teacher intended and the extent
to which the students’ learning matches the learning objectives of the activ-
ity (Tiberghien, Veillard, Le Marchal, Buty, and Millar, 2000).

We also found weaknesses in the evolving research on integrated in-
structional units. First, these new units tend to be hothouse projects; re-
searchers work intensively with teachers to construct atypical learning envi-
ronments. While some have been developed and studied over a number of
years and iterations, they usually involve relatively small samples of stu-
dents. Only now are some of these efforts expanding to a scale that will
allow robust generalizations about their value and how best to implement
them. Second, these integrated instructional units have not been designed
specifically to contrast some version of laboratory or practical experience
with a lack of such experience. Rather, they assume that educational inter-
ventions are complex, systemic “packages” (Salomon, 1996) involving many
interactions that may influence specific outcomes, and that science learning
requires some opportunities for direct engagement with natural phenom-
ena. Researchers commonly aim to document the complex interactions be-
tween and among students, teachers, laboratory materials, and equipment in
an effort to develop profiles of successful interventions (Cobb et al., 2003;
Collins, Joseph, and Bielaczyc, 2004; Design-Based Research Collective, 2003).
These newer studies focus on how to sequence laboratory experiences and
other forms of science instruction to support students’ science learning.

Scope of the Literature Search

A final note on the review of research: the scope of our study did not
allow for an in-depth review of all of the individual studies of laboratory
education conducted over the past 30 years. Fortunately, three major re-
views of the literature from the 1970s, 1980s, and 1990s are available
(Lazarowitz and Tamir, 1994; Lunetta, 1998; Hofstein and Lunetta, 2004). The
committee relied on these reviews in our analysis of studies published be-
fore 1994. To identify studies published between 1994 and 2004, the com-
mittee searched electronic databases.

To supplement the database search, the committee commissioned three
experts to review the nascent body of research on integrated instructional
units (Bell, 2005; Duschl, 2004; Millar, 2004). We also invited researchers
who are currently developing, revising, and studying the effectiveness of
integrated instructional units to present their findings at committee meetings
(Linn, 2004; Lynch, 2004).

All of these activities yielded few studies that focused on the high school
level and were conducted in the United States. For this reason, the commit-
tee expanded the range of the literature considered to include some studies
targeted at middle school and some international studies. We included stud-
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ies at the elementary through postsecondary levels as well as studies of
teachers’ learning in our analysis. In drawing conclusions from studies that
were not conducted at the high school level, the committee took into con-
sideration the extent to which laboratory experiences in high school differ
from those in elementary and postsecondary education. Developmental dif-
ferences among students, the organizational structure of schools, and the
preparation of teachers are a few of the many factors that vary by school
level and that the committee considered in making inferences from the avail-
able research. Similarly, when deliberating on studies conducted outside the
United States, we considered differences in the science curriculum, the orga-
nization of schools, and other factors that might influence the outcomes of
laboratory education.

Mastery of Subject Matter

Evidence from Research on Typical Laboratory Experiences

Claims that typical laboratory experiences help students master science
content rest largely on the argument that opportunities to directly interact
with, observe, and manipulate materials will help students to better grasp
difficult scientific concepts. It is believed that these experiences will force
students to confront their misunderstandings about phenomena and shift
toward more scientific understanding.

Despite these claims, there is almost no direct evidence that typical
laboratory experiences that are isolated from the flow of science instruction
are particularly valuable for learning specific scientific content (Hofstein and
Lunetta, 1982, 2004; Lazarowitz and Tamir, 1994). White (1996) points out
that many major reviews of science education from the 1960s and 1970s
indicate that laboratory work does little to improve understanding of science
content as measured by paper and pencil tests, and later studies from the
1980s and early 1990s do not challenge this view. Other studies indicate that
typical laboratory experiences are no more effective in helping students
master science subject matter than demonstrations in high school biology
(Coulter, 1966), demonstration and discussion (Yager, Engen, and Snider,
1969), and viewing filmed experiments in chemistry (Ben-Zvi, Hofstein,
Kempa, and Samuel, 1976). In contrast to most of the research, a single
comparative study (Freedman, 2002) found that students who received regular
laboratory instruction over the course of a school year performed better on
a test of physical science knowledge than a control group of students who
took a similar physical science course without laboratory activities.

Clearly, most of the evidence does not support the argument that typical
laboratory experiences lead to improved learning of science content. More
specifically, concrete experiences with phenomena alone do not appear to
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force students to confront their misunderstandings and reevaluate their own
assumptions. For example, VandenBerg, Katu, and Lunetta (1994) reported,
on the basis of clinical studies with individual students, that hands-on activi-
ties with introductory electricity materials facilitated students’ understanding
of the relationships among circuit elements and variables. The carefully se-
lected practical activities created conceptual conflict in students’ minds—a
first step toward changing their naïve ideas about electricity. However, the
students remained unable to develop a fully scientific mental model of a
circuit system. The authors suggested that greater engagement with concep-
tual organizers, such as analogies and concept maps, could have helped
students develop more scientific understandings of basic electricity. Several
researchers, including Dupin and Joshua (1987), have reported similar find-
ings. Studies indicate that students often hold beliefs so intensely that even
their observations in the laboratory are strongly influenced by those beliefs
(Champagne, Gunstone, and Klopfer, 1985, cited in Lunetta, 1998; Linn, 1997).
Students tend to adjust their observations to fit their current beliefs rather
than change their beliefs in the face of conflicting observations.

Evidence from Research on Integrated Instructional Units

Current integrated instructional units build on earlier studies that found
integration of laboratory experiences with other instructional activities en-
hanced mastery of subject matter (Dupin and Joshua, 1987; White and
Gunstone, 1992, cited in Lunetta, 1998). A recent review of these and other
studies concluded (Hofstein and Lunetta, 2004, p. 33):

When laboratory experiences are integrated with other metacognitive learning
experiences such as “predict-observe-explain” demonstrations (White and
Gunstone, 1992) and when they incorporate the manipulation of ideas in-
stead of simply materials and procedures, they can promote the learning of
science.

Integrated instructional units often focus on complex science topics that
are difficult for students to understand. Their design is based on research on
students’ intuitive conceptions of a science topic and how those conceptions
differ from scientific conceptions. Students’ ideas often do not match the
scientific understanding of a phenomenon and, as noted previously, these
intuitive notions are resistant to change. For this reason, the sequenced units
incorporate instructional activities specifically designed to confront intuitive
conceptions and provide an environment in which students can construct
normative conceptions. The role of laboratory experiences is to emphasize
the discrepancies between students’ intuitive ideas about the topic and sci-
entific ideas, as well as to support their construction of normative under-
standing. In order to help students link formal, scientific concepts to real
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phenomena, these units include a sequence of experiences that will push
them to question their intuitive and often inaccurate ideas.

Emerging studies indicate that exposure to these integrated instructional
units leads to demonstrable gains in student mastery of a number of science
topics in comparison to more traditional approaches. In physics, these sub-
jects include Newtonian mechanics (Wells, Hestenes, and Swackhamer, 1995;
White, 1993); thermodynamics (Songer and Linn, 1991); electricity (Shaffer
and McDermott, 1992); optics (Bell and Linn, 2000; Reiner, Pea, and Shulman,
1995); and matter (Lehrer, Schauble, Strom, and Pligge, 2001; Smith, Maclin,
Grosslight, and Davis, 1997; Snir, Smith, and Raz, 2003). Integrated instruc-
tional units in biology have enhanced student mastery of genetics (Hickey,
Kindfield, Horwitz, and Christie, 2003) and natural selection (Reiser et al.,
2001). A chemistry unit has led to gains in student understanding of stoichi-
ometry (Lynch, 2004). Many, but not all, of these instructional units combine
computer-based simulations of the phenomena under study with direct in-
teractions with these phenomena. The role of technology in providing labo-
ratory experiences is described later in this chapter.

Developing Scientific Reasoning

While philosophers of science now agree that there is no single scien-
tific method, they do agree that a number of reasoning skills are critical to
research across the natural sciences. These reasoning skills include identify-
ing questions and concepts that guide scientific investigations, designing
and conducting scientific investigations, developing and revising scientific
explanations and models, recognizing and analyzing alternative explana-
tions and models, and making and defending a scientific argument. It is not
necessarily the case that these skills are sequenced in a particular way or
used in every scientific investigation. Instead, they are representative of the
abilities that both scientists and students need to investigate the material
world and make meaning out of those investigations. Research on children’s
and adults’ scientific reasoning (see the review by Zimmerman, 2000) sug-
gests that effective experimentation is difficult for most people and not learned
without instructional support.

Evidence from Research on Typical Laboratory Experiences

Early research on the development of investigative skills suggested that
students could learn aspects of scientific reasoning through typical labora-
tory instruction in college-level physics (Reif and St. John, 1979, cited in
Hofstein and Lunetta, 1982) and in high school and college biology (Raghubir,
1979; Wheatley, 1975, cited in Hofstein and Lunetta, 1982).

America's Lab Report: Investigations in High School Science

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/11311


LABORATORY EXPERIENCES AND STUDENT LEARNING 91

More recent research, however, suggests that high school and college
science teachers often emphasize laboratory procedures, leaving little time
for discussion of how to plan an investigation or interpret its results (Tobin,
1987; see Chapter 4). Taken as a whole, the evidence indicates that typical
laboratory work promotes only a few aspects of the full process of scientific
reasoning—making observations and organizing, communicating, and inter-
preting data gathered from these observations. Typical laboratory experi-
ences appear to have little effect on more complex aspects of scientific
reasoning, such as the capacity to formulate research questions, design ex-
periments, draw conclusions from observational data, and make inferences
(Klopfer, 1990, cited in White, 1996).

Evidence from Research on Integrated Instructional Units

Research developing from studies of integrated instructional units indi-
cates that laboratory experiences can play an important role in developing
all aspects of scientific reasoning, including the more complex aspects, if the
laboratory experiences are integrated with small group discussion, lectures,
and other forms of science instruction. With carefully designed instruction
that incorporates opportunities to conduct investigations and reflect on the
results, students as young as 4th and 5th grade can develop sophisticated
scientific thinking (Lehrer and Schauble, 2004; Metz, 2004). Kuhn and col-
leagues have shown that 5th graders can learn to experiment effectively,
albeit in carefully controlled domains and with extended supervised practice
(Kuhn, Schauble, and Garcia-Mila, 1992). Explicit instruction on the pur-
poses of experiments appears necessary to help 6th grade students design
them well (Schauble, Giaser, Duschl, Schulze, and John, 1995).These studies
suggest that laboratory experiences must be carefully designed to support
the development of scientific reasoning.

Given the difficulty most students have with reasoning scientifically, a
number of instructional units have focused on this goal. Evidence from sev-
eral studies indicates that, with the appropriate scaffolding provided in these
units, students can successfully reason scientifically. They can learn to de-
sign experiments (Schauble et al., 1995; White and Frederiksen, 1998), make
predictions (Friedler, Nachmias, and Linn, 1990), and interpret and explain
data (Bell and Linn, 2000; Coleman, 1998; Hatano and Inagaki, 1991; Meyer
and Woodruff, 1997; Millar, 1998; Rosebery, Warren, and Conant, 1992;
Sandoval and Millwood, 2005). Engagement with these instructional units
has been shown to improve students’ abilities to recognize discrepancies
between predicted and observed outcomes (Friedler et al., 1990) and to
design good experiments (Dunbar, 1993; Kuhn et al., 1992; Schauble et al.,
1995; Schauble, Klopfer, and Raghavan, 1991).
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Integrated instructional units seem especially beneficial in developing
scientific reasoning skills among lower ability students (White and Frederiksen,
1998).

Recently, research has focused on an important element of scientific
reasoning—the ability to construct scientific arguments. Developing, revis-
ing, and communicating scientific arguments is now recognized as a core
scientific practice (Driver, Newton, and Osborne, 2000; Duschl and Osborne,
2002). Laboratory experiences play a key role in instructional units designed
to enhance students’ argumentation abilities, because they provide both the
impetus and the data for constructing scientific arguments. Such efforts have
taken many forms. For example, researchers working with young Haitian-
speaking students in Boston used the students’ own interests to develop
scientific investigations. Students designed an investigation to determine which
school drinking fountain had the best-tasting water. The students designed
data collection protocols, collected and analyzed their data, and then argued
about their findings (Rosebery et al., 1992). The Knowledge Integration En-
vironment project asked middle school students to examine a common set
of evidence to debate competing hypotheses about light propagation. Over-
all, most students learned the scientific concept (that light goes on forever),
although those who made better arguments learned more than their peers
(Bell and Linn, 2000). These and other examples (e.g., Sandoval and Millwood,
2005) show that students in middle and high school can learn to argue
scientifically, by learning to coordinate theoretical claims with evidence taken
from their laboratory investigations.

Developing Practical Skills

Evidence from Research on Typical Laboratory Experiences

Science educators and researchers have long claimed that learning prac-
tical laboratory skills is one of the important goals for laboratory experiences
and that such skills may be attainable only through such experiences (White,
1996; Woolnough, 1983). However, development of practical skills has been
measured in research less frequently than mastery of subject matter or scien-
tific reasoning. Such practical outcomes deserve more attention, especially
for laboratory experiences that are a critical part of vocational or technical
training in some high school programs. When a primary goal of a program
or course is to train students for jobs in laboratory settings, they must have
the opportunity to learn to use and read sophisticated instruments and carry
out standardized experimental procedures. The critical questions about ac-
quiring these skills through laboratory experiences may not be whether labo-
ratory experiences help students learn them, but how the experiences can
be constructed so as to be most effective in teaching such skills.
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Some research indicates that typical laboratory experiences specifically
focused on learning practical skills can help students progress toward other
goals. For example, one study found that students were often deficient in
the simple skills needed to successfully carry out typical laboratory activities,
such as using instruments to make measurements and collect accurate data
(Bryce and Robertson, 1985). Other studies indicate that helping students to
develop relevant instrumentation skills in controlled “prelab” activities can
reduce the probability that important measurements in a laboratory experi-
ence will be compromised due to students’ lack of expertise with the appa-
ratus (Beasley, 1985; Singer, 1977). This research suggests that development
of practical skills may increase the probability that students will achieve the
intended results in laboratory experiences. Achieving the intended results of
a laboratory activity is a necessary, though not sufficient, step toward effec-
tiveness in helping students attain laboratory learning goals.

Some research on typical laboratory experiences indicates that girls handle
laboratory equipment less frequently than boys, and that this tendency is
associated with less interest in science and less self-confidence in science
ability among girls (Jovanovic and King, 1998). It is possible that helping
girls to develop instrumentation skills may help them to participate more
actively and enhance their interest in learning science.

Evidence from Research on Integrated Instructional Units

Studies of integrated instructional units have not examined the extent to
which engagement with these units may enhance practical skills in using
laboratory materials and equipment. This reflects an instructional emphasis
on helping students to learn scientific ideas with real understanding and on
developing their skills at investigating scientific phenomena, rather than on
particular laboratory techniques, such as taking accurate measurements or
manipulating equipment. There is no evidence to suggest that students do
not learn practical skills through integrated instructional units, but to date
researchers have not assessed such practical skills.

Understanding the Nature of Science

Throughout the past 50 years, studies of students’ epistemological be-
liefs about science consistently show that most of them have naïve views
about the nature of scientific knowledge and how such knowledge is con-
structed and evaluated by scientists over time (Driver, Leach, Millar, and
Scott, 1996; Lederman, 1992). The general public understanding of science is
similarly inaccurate. Firsthand experience with science is often seen as a key
way to advance students’ understanding of and appreciation for the conven-
tions of science. Laboratory experiences are considered the primary mecha-
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nism for providing firsthand experience and are therefore assumed to im-
prove students’ understanding of the nature of science.

Evidence from Research on Typical Laboratory Experiences

Research on student understanding of the nature of science provides
little evidence of improvement with science instruction (Lederman, 1992;
Driver et al., 1996). Although much of this research historically did not
examine details of students’ laboratory experiences, it often included very
large samples of science students and thus arguably captured typical labo-
ratory experiences (research from the late 1950s through the 1980s is re-
viewed by Lederman, 1992). There appear to be developmental trends in
students’ understanding of the relations between experimentation and
theory-building. Younger students tend to believe that experiments yield
direct answers to questions; during middle and high school, students shift
to a vague notion of experiments being tests of ideas. Only a small number
of students appear to leave high school with a notion of science as model-
building and experimentation, in an ongoing process of testing and revi-
sion (Driver et al., 1996; Carey and Smith, 1993; Smith et al., 2000). The
conclusion that most experts draw from these results is that the isolated
nature and rote procedural focus of typical laboratory experiences inhibits
students from developing robust conceptions of the nature of science.
Consequently, some have argued that the nature of science must be an
explicit target of instruction (Khishfe and Abd-El-Khalick, 2002; Lederman,
Abd-El-Khalick, Bell, and Schwartz, 2002).

Evidence from Research on Integrated Instructional Units

As discussed above, there is reasonable evidence that integrated instruc-
tional units help students to learn processes of scientific inquiry. However,
such instructional units do not appear, on their own, to help students de-
velop robust conceptions of the nature of science. One large-scale study of
a widely available inquiry-oriented curriculum, in which integrated instruc-
tional units were an explicit feature, showed no significant change in stu-
dents’ ideas about the nature of science after a year’s instruction (Meichtry,
1993). Students engaged in the BGuILE science instructional unit showed no
gains in understanding the nature of science from their participation, and
they seemed not even to see their experience in the unit as necessarily
related to professional science (Sandoval and Morrison, 2003). These find-
ings and others have led to the suggestion that the nature of science must be
an explicit target of instruction (Lederman et al., 2002).

There is evidence from the ThinkerTools science instructional unit that
by engaging in reflective self-assessment on their own scientific investiga-
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tions, students gained a more sophisticated understanding of the nature of
science than matched control classes who used the curriculum without the
ongoing monitoring and evaluation of their own and others’ research (White
and Frederiksen, 1998). Students who engaged in the reflective assessment
process “acquire knowledge of the forms that scientific laws, models, and
theories can take, and of how the development of scientific theories is re-
lated to empirical evidence” (White and Frederiksen, 1998, p. 92). Students
who participated in the laboratory experiences and other learning activities
in this unit using the reflective assessment process were less likely to “view
scientific theories as immutable and never subject to revision” (White and
Frederiksen, 1998, p. 72). Instead, they saw science as meaningful and expli-
cable. The ThinkerTools findings support the idea that attention to nature of
science issues should be an explicit part of integrated instructional units,
although even with such attention it remains difficult to change students’
ideas (Khishfe and Abd-el-Khalick, 2002).

A survey of several integrated instructional units found that they seem to
bridge the “language gap” between science in school and scientific practice
(Duschl, 2004). The units give students “extended opportunities to explore
the relationship between evidence and explanation,” helping them not only
to develop new knowledge (mastery of subject matter), but also to evaluate
claims of scientific knowledge, reflecting a deeper understanding of the
nature of science (Duschl, 2004). The available research leaves open the
question of whether or not these experiences help students to develop an
explicit, reflective conceptual framework about the nature of science.

Cultivating Interest in Science and
Interest in Learning Science

Evidence from Research on Typical Laboratory Experiences

Studies of the effect of typical laboratory experiences on student interest
are much rarer than those focusing on student achievement or other cogni-
tive outcomes (Hofstein and Lunetta, 2004; White, 1996). The number of
studies that address interest, attitudes, and other affective outcomes has de-
creased over the past decade, as researchers have focused almost exclu-
sively on cognitive outcomes (Hofstein and Lunetta, 2004). Among the few
studies available, the evidence is mixed. Some studies indicate that labora-
tory experiences lead to more positive attitudes (Renner, Abraham, and Birnie,
1985; Denny and Chennell, 1986). Other studies show no relation between
laboratory experiences and affect (Ato and Wilkinson, 1986; Freedman, 2002),
and still others report laboratory experiences turned students away from
science (Holden, 1990; Shepardson and Pizzini, 1993).
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There are, however, two apparent weaknesses in studies of interest and
attitude (Hofstein and Lunetta, 1982). One is that researchers often do not
carefully define interest and how it should be measured. Consequently, it is
unclear if students simply reported liking laboratory activities more than
other classroom activities, or if laboratory activities engendered more inter-
est in science as a field, or in taking science courses, or something else.
Similarly, studies may report increased positive attitudes toward science from
students’ participation in laboratory experiences, without clear description
of what attitudes were measured, how large the changes were, or whether
changes persisted over time.

Student Perceptions of Typical Laboratory Experiences

Students’ perceptions of laboratory experiences may affect their interest
and engagement in science, and some studies have examined those percep-
tions. Researchers have found that students often do not have clear ideas
about the general or specific purposes of their work in typical science labo-
ratory activities (Chang and Lederman, 1994) and that their understanding of
the goals of lessons frequently do not match their teachers’ goals for the
same lessons (Hodson, 1993; Osborne and Freyberg, 1985; Wilkenson and
Ward, 1997). When students do not understand the goals of experiments or
laboratory investigations, negative consequences for learning occur (Schauble
et al., 1995). In fact, students often do not make important connections
between the purpose of a typical laboratory investigation and the design of
the experiments. They do not connect the experiment with what they have
done earlier, and they do not note the discrepancies among their own con-
cepts, the concepts of their peers, and those of the science community (Cham-
pagne et al., 1985; Eylon and Linn, 1988; Tasker, 1981). As White (1998)
notes, “to many students, a ‘lab’ means manipulating equipment but not
manipulating ideas.” Thus, in considering how laboratory experiences may
contribute to students’ interest in science and to other learning goals, their
perceptions of those experiences must be considered.

A series of studies using the Science Laboratory Environment Inventory
(SLEI) has demonstrated links between students’ perceptions of laboratory
experiences and student outcomes (Fraser, McRobbie, and Giddings,
1993; Fraser, Giddings, and McRobbie, 1995; Henderson, Fisher, and Fraser,
2000; Wong and Fraser, 1995). The SLEI, which has been validated cross-
nationally, measures five dimensions of the laboratory environment: student
cohesiveness, open-endedness, integration, rule clarity, and material envi-
ronment (see Table 3-1 for a description of each scale). Using the SLEI,
researchers have studied students’ perceptions of chemistry and biology
laboratories in several countries, including the United States. All five dimen-
sions appear to be positively related with student attitudes, although the
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relation of open-endedness with attitudes seems to vary with student popu-
lation. In some populations, there is a negative relation to attitudes (Fraser
et al., 1995) and to some cognitive outcomes (Henderson et al., 2000).

Research using the SLEI indicates that positive student attitudes are par-
ticularly strongly associated with cohesiveness (the extent to which students
know, help, and are supportive of one another) and integration (the extent
to which laboratory activities are integrated with nonlaboratory and theory
classes) (Fraser et al.,1995; Wong and Fraser, 1995). Integration also shows a
positive relation to students’ cognitive outcomes (Henderson et al., 2000;
McRobbie and Fraser, 1993).

Evidence from Research on Integrated Instructional Units

Students’ interest and attitudes have been measured less often than other
goals of laboratory experiences in studies of integrated instructional units.
When evidence is available, it suggests that students who participate in these
units show greater interest in and more positive attitudes toward science.
For example, in a study of ThinkerTools, completion of projects was used as
a measure of student interest. The rate of submitting completed projects was
higher for students in the ThinkerTools curriculum than for those in tradi-
tional instruction. This was true for all grades and ability levels (White and

TABLE 3-1  Descriptive Information for the Science Laboratory
Environment Inventory

Scale Name Description

Student cohesiveness Extent to which students know, help, and are supportive of one
another

Open-endedness Extent to which the laboratory activities emphasize an open-
ended, divergent approach to experimentation

Integration Extent to which laboratory activities are integrated with
nonlaboratory and theory classes

Rule clarity Extent to which behavior in the laboratory is guided by formal
rules

Material environment Extent to which the laboratory equipment and materials are
adequate

SOURCE:  Henderson, Fisher, and Fraser (2000). Reprinted with permission of Wiley-Liss,
Inc., a subsidiary of John Wiley & Sons, Inc.
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Frederiksen, 1998). This study also found that students’ ongoing evaluation
of their own and other students’ thinking increased motivation and self-
confidence in their individual ability: students who participated in this ongo-
ing evaluation not only turned in their final project reports more frequently,
but they were also less likely to turn in reports that were identical to their
research partner’s.

Participation in the ThinkerTools instructional unit appears to change
students’ attitudes toward learning science. After completing the integrated
instructional unit, fewer students indicated that “being good at science” was
a result of inherited traits, and fewer agreed with the statement, “In general,
boys tend to be naturally better at science than girls.” In addition, more
students indicated that they preferred taking an active role in learning sci-
ence, rather than simply being told the correct answer by the teacher (White
and Frederiksen, 1998).

Researchers measured students’ engagement and motivation to master
the complex topic of conservation of matter as part of the study of CTA.
Students who participated in the CTA curriculum had higher levels of basic
engagement (active participation in activities) and were more likely to focus
on learning from the activities than students in the control group (Lynch et
al., in press). This positive effect on engagement was especially strong among
low-income students. The researchers speculate, “perhaps as a result of these
changes in engagement and motivation, they learned more than if they had
received the standard curriculum” (Lynch et al., in press).

Students who participated in CLP during middle school, when surveyed
years later as high school seniors, were more likely to report that science is
relevant to their lives than students who did not participate (Linn and Hsi,
2000). Further research is needed to illuminate which aspects of this instruc-
tional unit contribute to increased interest.

Developing Teamwork Abilities

Evidence from Research on Typical Laboratory Experiences

Teamwork and collaboration appear in research on typical laboratory
experiences in two ways. First, working in groups is seen as a way to en-
hance student learning, usually with reference to literature on cooperative
learning or to the importance of providing opportunities for students to
discuss their ideas. Second and more recently, attention has focused on the
ability to work in groups as an outcome itself, with laboratory experiences
seen as an ideal opportunity to develop these skills. The focus on teamwork
as an outcome is usually linked to arguments that this is an essential skill for
workers in the 21st century (Partnership for 21st Century Skills, 2003).
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Evidence from Research on Integrated Instructional Units

There is considerable evidence that collaborative work can help students
learn, especially if students with high ability work with students with low
ability (Webb and Palincsar, 1996). Collaboration seems especially helpful to
lower ability students, but only when they work with more knowledgeable
peers (Webb, Nemer, Chizhik, and Sugrue, 1998). Building on this research,
integrated instructional units engage students in small-group collaboration
as a way to encourage them to connect what they know (either from their
own experiences or from prior instruction) to their laboratory experiences.
Often, individual students disagree about prospective answers to the questions
under investigation or the best way to approach them, and collaboration
encourages students to articulate and explain their reasoning. A number of
studies suggest that such collaborative investigation is effective in helping
students to learn targeted scientific concepts (Coleman, 1998; Roschelle, 1992).

Extant research lacks specific assessment of the kinds of collaborative
skills that might be learned by individual students through laboratory work.
The assumption appears to be that if students collaborate and such collabo-
rations are effective in supporting their conceptual learning, then they are
probably learning collaborative skills, too.

Overall Effectiveness of Laboratory Experiences

The two bodies of research—the earlier research on typical laboratory
experiences and the emerging research on integrated instructional units—
yield different findings about the effectiveness of laboratory experiences in
advancing the goals identified by the committee. In general, the nascent
body of research on integrated instructional units offers the promise that
laboratory experiences embedded in a larger stream of science instruction
can be more effective in advancing these goals than are typical laboratory
experiences (see Table 3-2).

Research on the effectiveness of typical laboratory experiences is meth-
odologically weak and fragmented. The limited evidence available suggests
that typical laboratory experiences, by themselves, are neither better nor
worse than other methods of science instruction for helping students master
science subject matter. However, more recent research indicates that inte-
grated instructional units enhance students’ mastery of subject matter. Stud-
ies have demonstrated increases in student mastery of complex topics in
physics, chemistry, and biology.

Typical laboratory experiences appear, based on the limited research
available, to support some aspects of scientific reasoning; however, typical
laboratory experiences alone are not sufficient for promoting more sophisti-
cated scientific reasoning abilities, such as asking appropriate questions,
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designing experiments, and drawing inferences. Research on integrated in-
structional units provides evidence that the laboratory experiences and other
forms of instruction they include promote development of several aspects of
scientific reasoning, including the ability to ask appropriate questions, de-
sign experiments, and draw inferences.

The evidence indicates that typical laboratory experiences do little to
increase students’ understanding of the nature of science. In contrast, some
studies find that participating in integrated instructional units that are de-
signed specifically with this goal in mind enhances understanding of the
nature of science.

The available research suggests that typical laboratory experiences can
play a role in enhancing students’ interest in science and in learning science.
There is evidence that engagement with the laboratory experiences and
other learning activities included in integrated instructional units enhances
students’ interest in science and motivation to learn science.

TABLE 3-2  Attainment of Educational Goals in Typical Laboratory
Experiences and Integrated Instructional Units

Typical Laboratory Integrated
Goal Experiences Instructional Units

Mastery of subject matter No better or worse than other Increased mastery
modes of instruction compared with other

modes of instruction

Scientific reasoning Aids development of some Aids development of more
aspects sophisticated aspects

Understanding of the nature Little improvement Some improvement when
of science explicitly targeted at this

goal

Interest in science Some evidence of increased Greater evidence of
interest increased interest

Understanding the Inadequate evidence Inadequate evidence
complexity and ambiguity
of empirical work

Development of practical Inadequate evidence Inadequate evidence
skills

Development of teamwork Inadequate evidence Inadequate evidence
skills

xx
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In sum, the evolving research on integrated instructional units provides
evidence of increases in students’ understanding of subject matter, develop-
ment of scientific reasoning, and interest in science, compared with students
who received more traditional forms of science instruction. Studies con-
ducted to date also suggest that the units are effective in helping diverse
groups of students attain these three learning goals. In contrast, the earlier
research on typical laboratory experiences indicates that such typical labora-
tory experiences are neither better nor worse than other forms of science
instruction in supporting student mastery of subject matter. Typical labora-
tory experiences appear to aid in development of only some aspects of
scientific reasoning, and they appear to play a role in enhancing students’
interest in science and in learning science.

Due to a lack of available studies, the committee was unable to draw
conclusions about the extent to which either typical laboratory experiences
or laboratory experiences incorporated into integrated instructional units
might advance the other goals identified at the beginning of this chapter—
enhancing understanding of the complexity and ambiguity of empirical work,
acquiring practical skills, and developing teamwork skills.

PRINCIPLES FOR DESIGN OF EFFECTIVE
LABORATORY EXPERIENCES

The three bodies of research we have discussed—research on how people
learn, research on typical laboratory experiences, and developing research
on how students learn in integrated instructional units—yield information
that promises to inform the design of more effective laboratory experiences.

The committee considers the emerging evidence sufficient to suggest
four general principles that can help laboratory experiences achieve the
goals outlined above. It must be stressed, however, that research to date has
not described in much detail how these principles can be implemented nor
how each principle might relate to each of the educational goals of labora-
tory experiences.

Clearly Communicated Purposes

Effective laboratory experiences have clear learning goals that guide the
design of the experience. Ideally these goals are clearly communicated to
students. Without a clear understanding of the purposes of a laboratory
activity, students seem not to get much from it. Conversely, when the pur-
poses of a laboratory activity are clearly communicated by teachers to stu-
dents, then students seem capable of understanding them and carrying them
out. There seems to be no compelling evidence that particular purposes are
more understandable to students than others.
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Sequenced into the Flow of Instruction

Effective laboratory experiences are thoughtfully sequenced into the
flow of classroom science instruction. That is, they are explicitly linked to
what has come before and what will come after. A common theme in re-
views of laboratory practice in the United States is that laboratory experi-
ences are presented to students as isolated events, unconnected with other
aspects of classroom work. In contrast, integrated instructional units embed
laboratory experiences with other activities that build on the laboratory ex-
periences and push students to reflect on and better understand these expe-
riences. The way a particular laboratory experience is integrated into a flow
of activities should be guided by the goals of the overall sequence of instruc-
tion and of the particular laboratory experience.

Integrated Learning of Science Concepts and Processes

Research in the learning sciences (National Research Council, 1999, 2001)
strongly implies that conceptual understanding, scientific reasoning, and
practical skills are three capabilities that are not mutually exclusive. An edu-
cational program that partitions the teaching and learning of content from
the teaching and learning of process is likely to be ineffective in helping
students develop scientific reasoning skills and an understanding of science
as a way of knowing. The research on integrated instructional units, all of
which intertwine exploration of content with process through laboratory
experiences, suggests that integration of content and process promotes at-
tainment of several goals identified by the committee.

Ongoing Discussion and Reflection

Laboratory experiences are more likely to be effective when they focus
students more on discussing the activities they have done during their labo-
ratory experiences and reflecting on the meaning they can make from them,
than on the laboratory activities themselves. Crucially, the focus of labora-
tory experiences and the surrounding instructional activities should not sim-
ply be on confirming presented ideas, but on developing explanations to
make sense of patterns of data. Teaching strategies that encourage students
to articulate their hypotheses about phenomena prior to experimentation
and to then reflect on their ideas after experimentation are demonstrably
more successful at supporting student attainment of the goals of mastery of
subject matter, developing scientific reasoning, and increasing interest in
science and science learning. At the same time, opportunities for ongoing
discussion and reflection could potentially support students in developing
teamwork skills.
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COMPUTER TECHNOLOGIES AND
LABORATORY EXPERIENCES

From scales to microscopes, technology in many forms plays an integral
role in most high school laboratory experiences. Over the past two decades,
personal computers have enabled the development of software specifically
designed to help students learn science, and the Internet is an increasingly
used tool for science learning and for science itself. This section examines
the role that computer technologies now and may someday play in science
learning in relation to laboratory experiences. Certain uses of computer tech-
nology can be seen as laboratory experiences themselves, according to the
committee’s definition, to the extent that they allow students to interact with
data drawn directly from the world. Other uses, less clearly laboratory expe-
riences in themselves, provide certain features that aid science learning.

Computer Technologies Designed to Support Learning

Researchers and science educators have developed a number of soft-
ware programs to support science learning in various ways. In this section,
we summarize what we see as the main ways in which computer software
can support science learning through providing or augmenting laboratory
experiences.

Scaffolded Representations of Natural Phenomena

Perhaps the most common form of science education software are pro-
grams that enable students to interact with carefully crafted models of natu-
ral phenomena that are difficult to see and understand in the real world and
have proven historically difficult for students to understand. Such programs
are able to show conceptual interrelationships and connections between
theoretical constructs and natural phenomena through the use of multiple,
linked representations. For example, velocity can be linked to acceleration
and position in ways that make the interrelationships understandable to
students (Roschelle, Kaput, and Stroup, 2000). Chromosome genetics can be
linked to changes in pedigrees and populations (Horowitz, 1996). Molecular
chemical representations can be linked to chemical equations (Kozma, 2003).

In the ThinkerTools integrated instructional unit, abstracted representa-
tions of force and motion are provided for students to help them “see” such
ideas as force, acceleration, and velocity in two dimensions (White, 1993;
White and Frederiksen, 1998). Objects in the ThinkerTools microworld are
represented as simple, uniformly sized “dots” to avoid students becoming
confused about the idea of center of mass. Students use the microworld to
solve various problems of motion in one or two dimensions, using the com-
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puter keyboard to apply forces to dots to move them along specified paths.
Part of the key to the software’s guidance is that it provides representations
of forces and accelerations in which students can see change in response to
their actions. A “dot trace,” for example, shows students how applying more
force affects an object’s acceleration in a predictable way. A “vector cross”
represents the individual components of forces applied in two dimensions
in a way that helps students to link those forces to an object’s motion.

ThinkerTools is but one example of this type of interactive, representa-
tional software. Others have been developed to help students reason about
motion (Roschelle, 1992), electricity (Gutwill, Fredericksen, and White, 1999),
heat and temperature (Linn, Bell, and Hsi, 1998), genetics (Horwitz and
Christie, 2000), and chemical reactions (Kozma, 2003), among others. These
programs differ substantially from one another in how they represent their
target phenomena, as there are substantial differences in the topics them-
selves and in the problems that students are known to have in understand-
ing them. They share, however, a common approach to solving a similar set
of problems—how to represent natural phenomena that are otherwise invis-
ible in ways that help students make their own thinking explicit and guide
them to normative scientific understanding.

When used as a supplement to hands-on laboratory experiences within
integrated instructional units, these representations can support students’
conceptual change (e.g., Linn et al., 1998; White and Frederiksen, 1998). For
example, students working through the ThinkerTools curriculum always
experiment with objects in the real world before they work with the com-
puter tools. The goals of the laboratory experiences are to provide some
experience with the phenomena under study and some initial ideas that can
then be explored on the computer.

Structured Simulations of Inaccessible Phenomena

Various types of simulations of phenomena represent another form of
technology for science learning. These simulations allow students to explore
and observe phenomena that are too expensive, infeasible, or even danger-
ous to interact with directly. Strictly speaking, a computer simulation is a
program that simulates a particular phenomenon by running a computa-
tional model whose behavior can sometimes be changed by modifying in-
put parameters to the model. For example, the GenScope program provides
a set of linked representations of genetics and genetics phenomena that
would otherwise be unavailable for study to most students (Horowitz and
Christie, 2000). The software represents alleles, chromosomes, family pedi-
grees, and the like and links representations across levels in ways that en-
able students to trace inherited traits to specific genetic differences. The
software uses an underlying Mendelian model of genetic inheritance to gov-
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ern its behavior. As with the representations described above, embedding
the use of the software in a carefully thought out curriculum sequence is
crucial to supporting student learning (Hickey et al., 2000).

Another example in biology is the BGuILE project (Reiser et al., 2001).
The investigators created a series of structured simulations allowing students
to investigate problems of evolution by natural selection. In the Galapagos
finch environment, for example, students can examine a carefully selected
set of data from the island of Daphne Major to explain a historical case of
natural selection. The BGuILE software does not, strictly speaking, consist of
simulations because it does not “run” a model; from a student’s perspective,
it simulates either Daphne Major or laboratory experiments on tuberculosis
bacteria. Studies show that students can learn from the BGuILE environ-
ments when these environments are embedded in a well-organized curricu-
lum (Sandoval and Reiser, 2004). They also show that successful implemen-
tation of such technology-supported curricula relies heavily on teachers
(Tabak, 2004).

Structured Interactions with Complex Phenomena and Ideas

The examples discussed here share a crucial feature. The representa-
tions built into the software and the interface tools provided for learners are
intended to help them learn in very specific ways. There are a great number
of such tools that have been developed over the last quarter of a century.
Many of them have been shown to produce impressive learning gains for
students at the secondary level. Besides the ones mentioned, other tools are
designed to structure specific scientific reasoning skills, such as prediction
(Friedler et al., 1990) and the coordination of claims with evidence (Bell and
Linn, 2000; Sandoval, 2003). Most of these efforts integrate students’ work
on the computer with more direct laboratory experiences. Rather than think-
ing of these representations and simulations as a way to replace laboratory
experiences, the most successful instructional sequences integrate them with
a series of empirical laboratory investigations. These sequences of science
instruction focus students’ attention on developing a shared interpretation of
both the representations and the real laboratory experiences in small groups
(Bell, 2005).

Computer Technologies Designed to Support Science

Advances in computer technologies have had a tremendous impact on
how science is done and on what scientists can study. These changes are
vast, and summarizing them is well beyond the scope of the committee’s
charge. We found, however, that some innovations in scientific practice,
especially uses of the Internet, are beginning to be applied to secondary
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science education. With respect to future laboratory experiences, perhaps
the most significant advance in many scientific fields is the aggregation of
large, varied data sets into Internet-accessible databases. These databases
are most commonly built for specific scientific communities, but some re-
searchers are creating and studying new, learner-centered interfaces to al-
low access by teachers and schools. These research projects build on in-
structional design principles illuminated by the integrated instructional units
discussed above.

One example is the Center for Embedded Networked Sensing (CENS), a
National Science Foundation Science and Technology Center investigating
the development and deployment of large-scale sensor networks embedded
in physical environments. CENS is currently working on ecosystem monitor-
ing, seismology, contaminant flow transport, and marine microbiology. As
sensor networks come on line, making data available, science educators at
the center are developing middle school curricula that include web-based
tools to enable students to explore the same data sets that the professional
scientists are exploring (Pea, Mills, and Takeuchi, 2004).

The interfaces professional scientists use to access such databases tend
to be too inflexible and technical for students to use successfully (Bell, 2005).
Bounding the space of possible data under consideration, supporting appro-
priate considerations of theory, and promoting understanding of the norms
used in the visualization can help support students in developing a shared
understanding of the data. With such support, students can develop both
conceptual understanding and understanding of the data analysis process.
Focusing students on causal explanation and argumentation based on the
data analysis process can help them move from a descriptive, phenomeno-
logical view of science to one that considers theoretical issues of cause (Bell,
2005).

Further research and evaluation of the educational benefit of student
interaction with large scientific databases are absolutely necessary. Still, the
development of such efforts will certainly expand over time, and, as they
change notions of what it means to conduct scientific experiments, they are
also likely to change what it means to conduct a school laboratory.

SUMMARY
The committee identified a number of science learning goals that have

been attributed to laboratory experiences. Our review of the evidence on
attainment of these goals revealed a recent shift in research, reflecting some
movement in laboratory instruction. Historically, laboratory experiences have
been disconnected from the flow of classroom science lessons. We refer to
these separate laboratory experiences as typical laboratory experiences. Re-
flecting this separation, researchers often engaged students in one or two
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experiments or other science activities and then conducted assessments to
determine whether their understanding of the science concept underlying
the activity had increased. Some studies compared the outcomes of these
separate laboratory experiences with the outcomes of other forms of science
instruction, such as lectures or discussions.

Over the past 10 years, researchers studying laboratory education have
shifted their focus. Drawing on principles of learning derived from the cog-
nitive sciences, they have asked how to sequence science instruction, in-
cluding laboratory experiences, in order to support students’ science learn-
ing. We refer to these instructional sequences as “integrated instructional
units.” Integrated instructional units connect laboratory experiences with
other types of science learning activities, including lectures, reading, and
discussion. Students are engaged in framing research questions, making
observations, designing and executing experiments, gathering and analyz-
ing data, and constructing scientific arguments and explanations.

The two bodies of research on typical laboratory experiences and inte-
grated instructional units, including laboratory experiences, yield different
findings about the effectiveness of laboratory experiences in advancing the
science learning goals identified by the committee. The earlier research on
typical laboratory experiences is weak and fragmented, making it difficult to
draw precise conclusions. The weight of the evidence from research fo-
cused on the goals of developing scientific reasoning and enhancing student
interest in science showed slight improvements in both after students par-
ticipated in typical laboratory experiences. Research focused on the goal of
student mastery of subject matter indicates that typical laboratory experi-
ences are no more or less effective than other forms of science instruction
(such as reading, lectures, or discussion).

Studies conducted to date on integrated instructional units indicate that
the laboratory experiences, together with the other forms of instruction in-
cluded in these units, show greater effectiveness for these same three goals
(compared with students who received more traditional forms of science
instruction): improving students’ mastery of subject matter, increasing devel-
opment of scientific reasoning, and enhancing interest in science. Integrated
instructional units also appear to be effective in helping diverse groups of
students progress toward these three learning goals. A major limitation of
the research on integrated instructional units, however, is that most of the
units have been used in small numbers of science classrooms. Only a few
studies have addressed the challenge of implementing—and studying the
effectiveness of—integrated instructional units on a wide scale.

Due to a lack of available studies, the committee was unable to draw
conclusions about the extent to which either typical laboratory experiences
or integrated instructional units might advance the other goals identified at
the beginning of this chapter—enhancing understanding of the complexity

America's Lab Report: Investigations in High School Science

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/11311


108 AMERICA’S LAB REPORT

and ambiguity of empirical work, acquiring practical skills, and developing
teamwork skills. Further research is needed to clarify how laboratory expe-
riences might be designed to promote attainment of these goals.

The committee considers the evidence sufficient to identify four general
principles that can help laboratory experiences achieve the learning goals
we have outlined. Laboratory experiences are more likely to achieve their
intended learning goals if (1) they are designed with clear learning out-
comes in mind, (2) they are thoughtfully sequenced into the flow of class-
room science instruction, (3) they are designed to integrate learning of sci-
ence content with learning about the processes of science, and (4) they
incorporate ongoing student reflection and discussion.

Computer software and the Internet have enabled development of sev-
eral tools that can support students’ science learning, including representa-
tions of complex phenomena, simulations, and student interaction with large
scientific databases. Representations and simulations are most successful in
supporting student learning when they are integrated in an instructional
sequence that also includes laboratory experiences. Researchers are cur-
rently developing tools to support student interaction with—and learning
from—large scientific databases.
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4

Current Laboratory Experiences

Key Points

• Laboratory experiences have unique features that pose a
challenge to effective instruction.
• On average, high school students enrolled in science classes
participate in laboratory experiences for one class period each
week; however, students in schools with higher concentrations of
non-Asian minorities spend less time in laboratory experiences
than students in schools with fewer non-Asian minorities.
• Most high school students participate in typical laboratory
experiences that are isolated from the flow of science instruction
and do not follow the other design principles outlined by the
committee.

xx
The previous chapter reviewed research on the outcomes of different

types of laboratory experiences and outlined principles of instructional de-
sign to guide development of more effective laboratory experiences. In this
chapter, the committee reviews evidence about the quantity and quality of
laboratory experiences in U.S. high schools today. We begin with a descrip-
tion of the nature of laboratory education, which poses challenges to teach-
ers and schools, and then address how these challenges are being met. The
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next section focuses on the amount of time science students spend in labora-
tory activities as part of their science courses. We then assess current laboratory
experiences in light of the range of experiences presented in Chapter 1 and
the goals and instructional design principles presented in Chapter 3. The
chapter concludes that most laboratory experiences today are “typical” labo-
ratory experiences, isolated from the flow of science instruction. Because
these typical laboratory experiences do not follow the design principles we
have outlined, they are unlikely to help students attain the science learning
goals identified in Chapter 3:

• Enhancing mastery of subject matter.
• Developing scientific reasoning.
• Understanding the complexity and ambiguity of empirical work.
• Developing practical skills.
• Understanding of the nature of science.
• Cultivating interest in science and interest in learning science.
• Developing teamwork abilities.

THE UNIQUE NATURE OF LABORATORY
EXPERIENCES

Laboratory experiences have features that make them unlike other forms
of science instruction. These unique features make it a challenge to structure
laboratory experiences so that they neither overwhelm students with com-
plexity on one hand nor rigidly specify all of the questions, procedures, and
materials on the other. Over the course of a student’s high school science
career, the appropriate balance between complexity and specificity may vary.

Students’ direct interactions with the material world are inherently am-
biguous, complex, and messy. Other modes of science instruction, such as
lectures, readings, and homework problems, present students with simpli-
fied representations of natural phenomena that select and communicate cer-
tain variables and attributes (Millar, 2004). Although this simplification is
essential for effective learning, it can create distance between classroom
learning and real-world applications of science. Students may find that a
problem-solving approach that worked well in the classroom fails badly
when applied to observation or manipulation of the material world.

Natural phenomena contain much more information than any represen-
tation (Millar, 2004), and this wealth of information and complexity can
prevent students and teachers from focusing on and attaining the goals of
laboratories we have outlined. For example, when discussing a pendulum in
class, a physics teacher may ignore without discussion a host of variables
that may affect its operation. However, when a student starts doing a simple
experiment with a pendulum, these variables suddenly become relevant.

America's Lab Report: Investigations in High School Science

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/11311


118 AMERICA’S LAB REPORT

Relevant variables begin with physical forces, including friction and air resis-
tance, and continue through the range of complexity to the air pressure and
wind in the room, and they include limits on human reaction time and the
acuity of a student’s vision. Along with the enormous increase in the number
of possible relevant variables comes the problem of sorting out which ones
matter and which do not. This problem can quickly become overwhelming
to the student and the instructor.

A student can become frustrated and confused when almost everything
seems to matter in a variety of mysterious ways. Should she or he worry about
the amount of sound in the room, how warm it is, and whether it is in a
basement or on the third floor? The student may feel betrayed by the apparent
mismatch between the neatness of a phenomenon as presented in a textbook
and the inherent messiness and ambiguity of the same phenomenon encoun-
tered in the laboratory. The instructor is similarly confronted with a host of
complexities that put enormous demands on both his or her knowledge of the
material (and experimental science in general) and ability to turn the student’s
confusion and frustration into an educationally valuable experience.

In addition to these problems of frustration and confusion, students
sometimes make observations or gather data during laboratory experiences
that appear to contradict known scientific principles or concepts (Olsen,
Hewson, and Lyons, 1996; Hammer, 1997). To avoid this and to keep stu-
dents from being overwhelmed by complexity, laboratory manuals and teach-
ers may constrain the types of questions studied and the procedures used to
answer these questions (Olsen et al., 1996). Schools and teachers may also
respond to these challenges by scheduling fewer or shorter laboratory activi-
ties (or eliminating them entirely). The following sections describe current
responses to the unique nature of laboratory experiences.

QUANTITY OF LABORATORY INSTRUCTION
The amount of time high school students spend in laboratory experi-

ences is related to the number and level of science courses they take and to
the demographics of the school. Students in science courses generally taken
after introductory biology and students in schools with fewer non-Asian
minorities generally spend more time in laboratory instruction than do stu-
dents in other science courses and students in schools with high concentra-
tions of non-Asian minorities.

Science Courses and Laboratory Experiences

Science Course-Taking

Over the past 20 years, the percentage of high school graduates taking
more than two years of science classes has grown. In 1982, high school gradu-
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ates earned an average of 2.2 science credits (1 credit equals 1 year of a course
that meets daily). By 1998, the number grew to 3.2 credits. This expansion in
the number of science courses taken included all racial/ethnic groups and
both male and female students (National Center for Education Statistics, 2004).

The proportion of high school graduates taking science courses after
completing general biology has also grown. From 1982 to 2000, the percent-
age of high school graduates who had completed at least one course be-
yond general biology increased from 35 to 63 percent, primarily because
more students completed introductory chemistry or physics (or both). In
2000, most high school graduates (63 percent) had completed at least one
class after taking general biology, 30 percent completed either chemistry or
physics, and about 18 percent had completed the highest level classes, which
are equivalent to introductory college science courses—advanced placement
(AP) and international baccalaureate (IB) biology, chemistry, and physics
classes (National Center for Education Statistics, 2004). Other surveys, con-
ducted in conjunction with the National Assessment of Educational Progress
(NAEP), found that the fraction of high school graduates who had com-
pleted AP or IB science courses increased from 7.8 percent in 1998 to 9.1
percent in 2000 (Perkins, Kleiner, Roey, and Brown, 2004).

Surveys conducted in conjunction with NAEP also indicate that most stu-
dents do not take four full years of high school science. In response to this
survey, 53 percent of 12th graders indicated they were enrolled in a science
course. The 12th grade students indicated that most had taken biology in 9th
or 10th grade, but fewer had completed chemistry and physics courses in 11th
or 12th grade (O’Sullivan, Lauko, Grigg, Quian, and Zhang, 2003).

Features of Current Laboratory Experiences

The available data indicate that the average high school student takes
science classes during three of the four years of high school and participates
in laboratory activities approximately once a week during these science classes.

Horizon Research, Inc. conducted national surveys of science and math-
ematics education for the National Science Foundation (NSF)  in 1977, 1982,
1993, and 2000 (Smith, Banilower, McMahon, and Weiss, 2002). The surveys
included probability samples of schools and teachers, designed to yield na-
tionally representative results, and received high response rates from teach-
ers and principals. Among other questions, the surveys asked about instruc-
tional practices (survey results related to laboratory facilities are discussed in
Chapter 6).

In response to the year 2000 survey, 71 percent of high school teachers
reported that they involved students in “hands-on/laboratory science activi-
ties or investigations,” at least once a week, representing a small but statisti-
cally significant increase from the 67 percent of high school teachers who
reported such activities in 1993. In both 1993 and 2000, high school teachers
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reported using about 20 percent of instructional time (about one day a week)
for laboratory activities (Smith et al., 2002).

Survey data indicate that many current laboratory experiences are re-
stricted in their settings and use of technology. For example, 50 percent of
teachers responding to the 2000 survey indicated that they never took field
trips. When the researchers compared national survey results in 1993 and
2000, they found (Smith et al., 2002, p. 43): “the use of computers in science
lessons is striking in its lack of change. Even in 2000, less than 10 percent of
science lessons included students using computers.”

In 2000, 45 percent of science teachers indicated that they never used
laboratory simulations, 54 percent never engaged students in solving prob-
lems using simulations, 55 percent never engaged students in collecting data
using sensors or probes, and 43 percent never engaged students in retriev-
ing or exchanging data over the Internet. Data collected as part of the NAEP
science assessment revealed similarly low levels of technology use in sci-
ence classrooms (O’Sullivan et al., 2003). It appears that there is a consider-
able gap between the potential of computer technology to aid student learn-
ing in laboratory experiences discussed in Chapter 3 and the current reality.

Disparities in Laboratory Experiences

Variation in Course-Taking

There are racial/ethnic differences in enrollment in the advanced sci-
ence courses that include more minutes of laboratory instruction. A study of
student participation in science courses between 1982 and 1992 found that,
at both points in time, black and Hispanic students took fewer science courses
than white or Asian students (Quinn, 1996). During most of the 1990s, as
high schools offered more science courses, an increasing proportion of stu-
dents took more advanced courses, but racial/ethnic differences persisted.
By 2000, Asians were more likely than students of any other ethnicity to
have completed chemistry, physics, and other science courses usually taken
after completing general biology, but there was no statistically significant
difference in the percentage of white, black, and Hispanic high school gradu-
ates who had completed such courses (National Center for Education Statis-
tics, 2004). High school graduates from urban and suburban schools were
generally more likely than their counterparts from rural schools to have
completed science courses beyond general biology. Participation in AP/IB
biology and AP/IB chemistry increased with school size. In addition, as
school poverty increased, fewer students completed courses in chemistry
and physics (National Science Foundation, 2004).

Data on ethnic group participation in the AP examinations (which most
students who enroll in AP courses take) provide indirect evidence of dispari-
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ties in enrollment in AP courses. The College Board recently found that
white test-takers were roughly proportionate to their representation in the
school population as a whole (67.5 percent of the school population and
64.5 percent of AP test-takers). The same was true of Hispanic students, who
made up 12.8 percent of the 2004 school population and 13.1 percent of
those who took the AP test in 2004. However, black students made up 13.2
percent of the school population but only 6 percent of students who took
one or more AP exams in 2004, and American Indians made up 1.1 percent
of the school population but only 0.5 percent of AP test-takers. In contrast to
these ethnic groups, a disproportionately large share of Asian students took
the AP exam (10.6 percent of all AP test-takers) in comparison to their frac-
tion of the total school population (5.1 percent) (College Board, 2005). These
data describe the population that took any type of AP test and are not
specific to those who took AP science tests.

Science Course Offerings

Variations in patterns of course-taking, especially among poor and mi-
nority students, may reflect differences in the kinds of courses offered in
schools with different populations of students. For example, one study found
that black students enroll in fewer physical science courses, and schools
with larger black student populations are likely to offer fewer physical sci-
ence course opportunities (Norman et al., 2001).

Data on science course offerings gathered in 1990, 1994, and 1998 in
conjunction with NAEP show course offerings that vary with the characteris-
tics of schools and students. These data indicate that chemistry, physics, and
other science courses usually taken after completing general biology science
courses were widely available (90 percent of graduates in all three years
attended high schools that offered such courses), but AP and IB courses
were less widespread. In 1998, schools attended by 46 percent of graduates
offered AP/IB biology, schools attended by 39 percent of graduates offered
AP/IB chemistry, and only 27 percent of graduates attended schools offering
AP/IB physics (National Science Foundation, 2004). When NSF staff ana-
lyzed the survey data, they found that urban and suburban schools, as well
as larger schools, more frequently offered advanced science courses than
rural schools and smaller schools. They also found that wealthier schools
were much more likely to offer AP/IB chemistry and physics classes than
schools with high percentages of poor students (National Science Founda-
tion, 2004).

One study found that the availability of AP offerings in California varied
with the school’s racial and socioeconomic composition. The availability of
AP courses decreased as the percentage of black, Hispanic, or poor students
in the school population increased (Oakes et al., 2000).
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Although the problem of uneven participation in advanced science courses
(and in the laboratory experiences they provide) may be partly explained by
inequities in courses offered, other factors are also important. When schools
do offer advanced science courses, minority and low-income students are
much less likely than other students to enroll in them. (Atanda, 1999; Oakes,
1990; Oakes, Gamoran, and Page, 1992).

Disparities in Laboratory Experiences

Several sources of evidence indicate that the amount of time students
spend in laboratory experiences varies based on their ethnicity and level of
science courses taken.

A follow-up analysis of data from the 2000 survey of science teachers
and schools described above revealed disparities in the frequency and dura-
tion of laboratory experiences (Banilower, Green, and Smith, 2004). The
authors analyzed data on time spent in various types of science instruction
in general and on time spent in various forms of science instruction in the
most recent science lesson. For purposes of the study, they grouped the
schools included in the survey into four levels of concentration of non-Asian
minorities. They found that, during the most recent science lesson, students
in schools with the fewest non-Asian minority students spent significantly
more time “working with hands-on, manipulative, or laboratory materials”
than students in schools with the highest concentration of non-Asian minor-
ity students (Banilower et al., 2004, p. 30). They also found that teachers in
schools with the second highest and highest concentrations of minority stu-
dents were significantly more likely than teachers in other schools to engage
students in individually reading texts or completing worksheets.

The National Education Longitudinal Study of 1988 analyzed data on
high school seniors in 1992 (Quinn, 1996). This study found that the fre-
quency of laboratory experiences varied according to the achievement level
of the class (as reported by the teacher). On average, across all classes, 57
minutes per week were allocated for science laboratory activities. Among
AP classes, an average of 76 minutes per week was allocated to laboratory
activities per week. In low-achievement-level courses, 40 minutes per week
was allocated to laboratory activities, compared with 50 minutes per week in
average-level classes and 61 minutes for high-achievement-level classes. Other
approaches to science instruction also varied by achievement level of the
class. In AP courses, a greater percentage of time was spent in whole-class
instruction (57 percent) compared with low-achievement classes (47 per-
cent), and less time was spent maintaining order (2 percent of time versus 9
percent of time for low-achievement-level classes). Also, teachers were more
likely to lecture in higher achievement level courses, to allow students to
respond orally to questions on subject matter, and to use computers. Stu-
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dents in the higher achievement classes were less likely to complete indi-
vidual written assignments or worksheets in class (Quinn, 1996).

In this longitudinal study, Quinn created regression models to explore
the relation between socioeconomic status and science teachers’ instruc-
tional strategies. When achievement level of the class was not taken into
account, students with higher socioeconomic levels received more minutes
of laboratory instruction per week. However, when achievement level of the
class is taken into account, the effect of socioeconomic status disappeared.
A similar effect was obtained for emphasis on inquiry (the processes of
science) (Quinn, 1996).

QUALITY OF CURRENT LABORATORY
EXPERIENCES

The extent to which current laboratory experiences help students attain
educational goals depends not only on how many minutes are spent in
laboratory instruction but also on the quality of that instruction.

Comparison with Instructional Design Principles

Research indicates that laboratory experiences are more likely to help
students attain learning goals if they are:

• designed with clear outcomes in mind,
• sequenced into the flow of classroom science instruction,
• designed to integrate learning of science content and process, and
• incorporated for ongoing student reflection and discussion.

Lack of Focus on Clear Learning Goals

Today’s high school laboratory experiences are not always designed
with clear learning outcomes in mind. The effectiveness of a laboratory
activity can be assessed in terms of outcomes at two different and interde-
pendent levels, a basic level and the level of desired learning outcomes. In
order to be effective in achieving its desired learning outcomes, a laboratory
activity must first be effective at the basic level—the students must carry out
the activities and obtain the results intended by the designer (Millar, 2004).
The inherent complexity and ambiguity of laboratory activities may prevent
students from achieving even basic effectiveness. In order to help ensure
that they do indeed carry out the activities as intended, laboratory manuals
and teachers often provide detailed procedures (Tobin and Gallagher 1987;
De Carlo and Rubba, 1994; Priestley, Priestley, and Schmuckler, 1997; Millar,
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2004). The resulting “cookbook” activity may reduce the possibility that stu-
dents’ observations and analysis will lead to conclusions that are at odds
with accepted scientific principles, but it may also hamper effectiveness at
the higher level (attainment of desired learning outcomes).

When curriculum developers or teachers focus on the goal of foolproof
results, they are less likely to design or carry out the laboratory experience
with clear learning goals in mind. And, as discussed in the previous chapter,
when teachers and students are unclear about the learning goals of labora-
tory experiences, they are less likely to attain those goals. One experienced
high school physics teacher found that several years of providing increas-
ingly detailed instructions helped students in “doing the lab right” (Olsen et
al., 1996, p. 785), but it did not help them develop any ideas about the
purposes of the laboratory activities.

Isolated from the Flow of Science Instruction

Another problem is that many current laboratory experiences are not
well integrated into the stream of instruction (Sutman, Schmuckler, Hilosky,
Priestley, and Priestley, 1996). Laboratory activities often remain disconnected
and isolated from instruction, rather than being explicitly integrated with
lectures, reading, and discussion (Linn, Songer, and Eylon, 1996; Linn, 2003).

Even when laboratory activities are designed in ways that integrate at
least partially into the stream of instruction and with clear learning goals in
mind, they are not always implemented as planned. The AP Biology Lab
Manual for Teachers (College Board, 2001) presents a sequence of five labo-
ratory experiences focusing on diffusion and osmosis. Although this labora-
tory manual provides no guidance on how to integrate this series of experi-
ences with other forms of instruction or previous biology topics covered, the
laboratory experiences themselves are carefully sequenced. The initial two
activities engage students in experimenting with dialysis tubing as a model
of a cell membrane. In three later activities, students observe osmosis and
diffusion in real plant cells, first in a potato core and then in red onion cells.
Both this progression of activities and the laboratory manual itself clarify the
learning goals for the series (College Board, 2001, p. 1):

1. investigate the processes of diffusion and osmosis in a model mem-
brane system and

2. investigate the effect of solute concentration on water potential as it
relates to living plant tissues.

These two objectives clearly state the underlying goal of helping stu-
dents to understand the activity of plant membranes and cells. The lab manual
suggests the amount of time needed to complete each activity; following the
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suggestions would require 6-7 periods of science class (assuming a 45-minute
class period).

Teachers may not carry out this full sequence of osmosis and diffusion
activities, for at least two reasons. First, when they see AP assessments as
pressing them to cover multiple science topics, AP school biology teachers
may choose to carry out only one or two activities, rather than devoting 6-
7 class periods to these topics. Second, teachers and schools who lack
funds to purchase the AP biology lab manual can find simplified versions of
the first, or the first two, osmosis and diffusion laboratory activities on the
Internet at no cost (http://www.ekcsk12.org/science/aplabreview/
aplabonediffusionandosmosis.htm and http://www.sc2000.net/~czaremba/
aplabs/osmosis.html). These two activities use dialysis tubing as a model of
a cell membrane, but neither of the two Internet versions of the activities
includes the two learning goals stated in the AP lab manual, which clarify
the underlying goal of helping students to understand living plant tissues.

If the first laboratory activity is carried out in isolation from the se-
quence of other laboratory activities and in isolation from lectures, discus-
sion, and other modes of learning, it may not help students progress in
attaining laboratory learning goals (see Box 4-1).

In theory, this experience will enhance students’ understanding of cell
membranes and diffusion across cell membranes, which would help achieve

BOX 4-1  Diffusion Across a Selectively Permeable Membrane

The laboratory activity is intended to address if the size of a molecule
affects whether or not it can diffuse across a selectively permeable mem-
brane. To carry out the experiment, students fill dialysis tubing with a
solution of glucose and starch. They place the dialysis tubing in a beaker
that contains IKI, a color indicator for starch. Students determine if glu-
cose moves out of the dialysis tubing into the beaker by dipping a test
strip into the beaker and checking to see if it changes color (indicating the
presence of glucose). Students simultaneously determine if starch crosses
this selectively permeable membrane by observing if the color of the water
in the beaker changes.

SOURCE:  Adapted from <http://www.sc2000.net/~czaremba/aplabs/osmosis.html>
and the College Board (2001).
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one of the goals of laboratory experiences we have identified—enhancing
mastery of subject matter. The activity could theoretically help students at-
tain other goals of laboratory experiences, such as helping them develop
scientific reasoning as they gather and interpret their data. Students may also
gain an appreciation of the ambiguity and complexity of empirical work if
they obtain conflicting results and through discussion are forced to reflect
on and consider the sources of these discrepancies. The activity is not spe-
cifically designed to teach practical skills or help students develop an under-
standing of the nature of science.

In practice, this laboratory experience is unlikely to help students attain
educational goals unless the teacher can integrate it into the stream of in-
struction. If the teacher embeds the experiment in instruction on selectively
permeable membranes and cells, then it is more likely to help students
master this subject matter. If the teacher clarifies the learning goal of the
laboratory experience by presenting the dialysis tubing to the student as a
model of a cell membrane, then substantially more biological subject matter
learning may occur. Similarly, a teacher may decide to ask students to carry
out the experiment in two steps, first testing for glucose diffusion and then
for starch diffusion. This would eliminate the potential confusion created by
testing both starch and glucose diffusion simultaneously. Finally, the teacher
may encourage students to discuss among themselves what their results
mean and follow up with a whole-class discussion. This opportunity for
reflection might help to improve students’ ability to interpret and make in-
ferences from data. Although an expert teacher may focus on desired learn-
ing goals and integrate this activity into the curriculum in order to help
students attain those goals, teachers often focus instead on the laboratory
procedures themselves.

Little Integration of Science Content and Science Process

Current laboratory experiences do not always integrate the learning of
science content with learning about the processes of science, perhaps be-
cause of the unique challenges presented by laboratory experiences. As
noted at the beginning of this chapter, a real pendulum in a high school
physics classroom brings with it a host of potentially confusing variables. To
reduce the potential confusion and to help students attain one goal—mas-
tery of subject matter—a typical high school pendulum activity is “cleaned
up.” This activity is designed to guide students toward making observations
that will verify the accepted scientific principle that the period of a pendu-
lum (the time it takes to swing out and back) depends on the length of the
string and the force of gravity. It focuses only on science content. Labora-
tory manuals and teachers rarely use an alternative approach to a pendu-
lum activity designed to help students understand not only this known
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principle but also the process scientists use to establish such principles
(see Box 4-2).

Although both of these approaches may help students to develop skills
in making observations and gathering and presenting data, only the second
integrates the learning of science content and process. The first approach is
designed to foster students’ mastery of science subject matter, by verifying a
known physical relationship. The second approach fosters other goals of the
laboratory experience, including understanding the complexity and ambigu-
ity of empirical work, developing scientific reasoning ability, and under-
standing the nature of science. The second approach is designed to achieve
these science process goals in the context of an activity that verifies a known
scientific principle, so that it may help students to simultaneously master
science subject matter.

Lack of Reflection and Discussion

There is evidence that current laboratory activities rarely incorporate
ongoing reflection and discussion, although such discussion can enhance
the effectiveness of laboratory learning. Data from the 2000 survey of sci-
ence teachers indicate that only a third of teachers ask students to present
their work once or twice a month, while another 44 percent of teachers use
student presentations only a few times each year, although such presenta-
tions often lead to discussion and reflection (Weiss, Banilower, McMahon,
and Smith, 2001). The survey also indicates that teachers rarely engage stu-
dents in small-group discussions. A study of laboratory experiences in three
high school chemistry classrooms found that the teachers rarely asked the
kinds of questions that might generate discussion and reflection on science
concepts (DeCarlo and Rubba, 1994); see Box 4-3. In general, the research
indicates that students have few opportunities to construct shared under-
standing of scientific concepts as part of a community of learners in the
classroom (Lunetta, 1998).

When discussion does take place during typical laboratory experi-
ences, teachers and students often focus on procedures rather than pro-
cesses and concepts (Hegarty-Hazel, 1990, cited in Lazarowitz and Tamir,
1994). As a result, students have few opportunities to reflect on and
develop their understanding of the scientific concepts underlying their
laboratory experiences.

Comparison with a Range of Laboratory Experiences

Over the course of the high school years, a variety of laboratory experi-
ences can help students to experience the range of activities that are part of
the work of research scientists. Students’ understanding of the processes of
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BOX 4-2 Learning Physics Using a Pendulum: Two Approaches

Most physics textbooks, laboratory manuals, and classrooms include
a carefully limited cookbook pendulum activity. Each lab group is given a
pendulum with the same mass and is asked to pull the pendulum back
the same angle each time and see what happens to the period when the
length of the string is changed. The students may even be told to vary the
length of the string by increments of 10 cm before each pull. The stu-
dents are provided with a data chart to fill in the length of the string and
the period. The students are then asked to complete a graph of period
versus length. When the charts and graphs are filled in, the students hand
them in for grading by the teacher.

A few physics texts, laboratory manuals, and teachers take a differ-
ent approach. The pendulum activity in one curriculum (Hestenes et al.,
2002) is designed to develop students’ skills in designing experiments,
collecting data, mathematical modeling, and reporting interpretations.
Before the laboratory activity, the teacher demonstrates swinging pendu-
lums with at least three different masses and engages students in ob-
serving and discussing the behavior of the pendulums. The teacher leads
a prelab discussion, helping students identify variables that may affect
the period, including variables that cannot be controlled (room tempera-
ture, gravity) and variables that can be controlled. Through discussion, the

science can be enhanced when laboratory experiences provide opportuni-
ties to:

• pose a research question,
• use laboratory tools and procedures,
• make observations, gather, and analyze data,
• verify, test, or evaluate explanatory models (including verifying known

scientific theories and laws),
• formulate alternative hypotheses,
• design investigations, and
• build or revise explanatory models.

Few high school students today participate in this full range of labora-
tory experiences. In response to the 2000 survey of science teachers, 61
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percent of high school teachers indicated that they engaged students in
hands-on or laboratory science activities once or twice a week, and nearly
the same fraction of teachers (59 percent) indicated that students followed
specific instructions in an activity or investigation once or twice a week
(Banilower et al., 2004). Students are likely to require specific instructions in
order to use laboratory tools and procedures, make observations and gather
data), while specific instructions would be more difficult to develop and
apply to the more complex activities such as formulating a research question
and designing an investigation. The frequent use of specific instructions may
reflect an emphasis on laboratory experiences that focus on learning to use
tools, make observations, and gather data.

Detailed observational case studies and National Research Council (NRC)
studies also suggest that current laboratory experiences are primarily re-
stricted to the first three types of opportunities listed earlier. Studies of

teacher helps students identify which controllable variables are related in
order to isolate the dependent variable (period) and the independent vari-
ables (length, mass, and amplitude). Following a predict-observe-explain
approach (see Chapter 3), the teacher asks students to make tentative
predictions about how changes in the independent variables will affect
the period.

After this discussion, in the laboratory activity, the teacher demon-
strates various trials, pulling the pendulums of different masses back at
different amplitudes and using different lengths of string. Each student is
given a stopwatch to gather data on these trials, and one student records
the observations on the blackboard. Students are asked to graph the rela-
tionships between period and mass, period and amplitude, and period
and length. Following this laboratory activity, the teacher leads a discus-
sion of the importance of adequate data quantity and ranges, modeling,
the concepts of dependent and independent variables, and the defini-
tions of period, frequency, weight, and mass. The teacher is told to avoid
introducing the formal pendulum equation, because the laboratory activ-
ity is not designed to verify this known relationship.

SOURCE: Hestenes, Jackson, Dukerich, and Swackhamer (2002).
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BOX 4-3  Examples of High School Chemistry Laboratory
Experiences

Two researchers conducted a study of the behavior of three rural
Pennsylvania high school chemistry teachers and their students during
laboratory activities (DeCarlo and Rubba, 1994). They used a specially
designed systematic observation instrument to code teacher and student
behaviors during consecutive laboratory activities from November through
April. They found that each teacher used a characteristic teaching style
throughout this period.

Teacher 1 was highly interactive and social, circulating around the
room and talking with students. These conversations usually focused on
telling the students what to do or simply on socializing. Teacher 2 was
somewhat interactive and somewhat unengaged, and this teacher’s in-
teractions with students were not related to the laboratory activities.
Teacher 3 was unengaged, spending most of his time at his desk, where
he graded papers, read journals, or did other tasks.

Students of Teacher 1 spent most of the laboratory period manipulat-
ing equipment and making observations, and their discussions focused
on procedures rather than on interpreting results. Students of Teacher 2
spent most of their time socializing, although they also were engaged in
fetching materials, manipulating equipment, and making observations
during a few laboratory periods. Students of Teacher 3, like those of Teacher
1, were most frequently engaged in manipulating equipment and making
observations. In comparison to students of the other two teachers, stu-
dents of Teacher 3 were more frequently engaged in discussions related
to their laboratory investigations and were less often unengaged in the
laboratory activities.

The researchers found that none of the chemistry teachers ever asked
questions aimed at encouraging students to think about what they were
doing, even though all three had indicated that they did so frequently. In
each case, the teachers responded to students’ questions with specific
answers, rather than by probing more deeply to understand the reason
for the question. Another important finding was that the Teacher 3’s lack
of assistance forced the students to think and act on their own, a possibil-
ity identified in an earlier study by Shymansky and Penick (1981).

SOURCE:  Adapted from DeCarlo and Rubba (1994).

America's Lab Report: Investigations in High School Science

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/11311


CURRENT LABORATORY EXPERIENCES 131

teachers, students, and their interactions have found that teachers tend to
emphasize specific instructions (which will help ensure that students’ re-
sults verify known scientific principles) even when the teachers have stated
that their goal is to stimulate student thinking (DeCarlo and Rubba, 1994;
Marx, Freeman, Krajcik, and Blumenfield, 1998). An NRC committee found
that high school chemistry laboratory experiences tend more toward verifi-
cation than problem-solving investigations (National Research Council, 2002,
p. 356). Another committee found that laboratory exercises in AP biology
courses “tend to be ‘cookbook,’ rather than inquiry based” (National Re-
search Council, 2002, p. 292).1  A recent review of the literature on labora-
tory education notes that “very often teachers involved students principally
in relatively low-level, routine activities in laboratories” (Hofstein and Lunetta,
2004, p. 39).

Frequent laboratory activities emphasizing the use of scientific tools and
procedures, gathering data, and verifying known concepts may leave little
time for students to formulate research questions, analyze their data, or
develop and revise models to explain the data. One study of 12 high school
chemistry classes and 26 undergraduate chemistry classes found that there
was rarely any follow-up discussion or analysis of data obtained during
laboratory activities. In some cases, student groups were asked to combine
their data with that of other groups, but the combined data were then never
referred to again (Sutman et al., 1996). In response to the 2000 survey, 46
percent of teachers indicated that they asked students to record, represent,
or analyze their data once or twice a week and 38 percent asked students to
do so once or twice a month. Recording, representing, and analyzing data
are essential steps in building and revising explanatory models, but it ap-
pears that many laboratory experiences do not include these activities.

In the 2000 survey, only 8 percent of high school teachers indicated that
they asked students to design or implement their own investigation once or
twice a week. Another 41 percent of teachers said students were asked to
design or implement their own investigation once or twice a month; 42
percent of teachers indicated students were asked to design or implement
their own investigation a few times a month. As a result, current laboratory
experiences may provide few opportunities for students to make progress
toward such goals as developing scientific reasoning abilities, understanding
the complexity and ambiguity of empirical work, and understanding the
nature of science.

1Since publication of this report, the College Board has changed AP tests and is developing
technical assistance to teachers to encourage a wider range of laboratory experiences.
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What Students Do in Laboratory Experiences

Only a few studies provide detailed descriptions of how students
and teachers behave and interact during laboratory experiences. Among
these, several focused on the differences between the behavior of boys
and girls.

 In a study summarizing results from several observational studies of
science classes in the United States and Australia, Tobin found that a small
group of mostly male “target” students dominated whole-class activities in
both high-achieving and low-achieving classes, and they sometimes domi-
nated small group laboratory work as well (Tobin, 1987). In high-achieving
classes, the target students were often boys who called out answers during
teacher-led lectures, demonstrations, or discussions, while in low-achieving
classes, the target students were sometimes those who interrupted the teacher.

Data from the 2000 survey of science and mathematics education indi-
cate that some teachers view the task of managing all the students in large
science classes as a challenge. In 2000, 14 percent of high school science
program representatives viewed large classes as a serious problem for sci-
ence instruction, 20 percent said that student absences were a serious prob-
lem, and 5 percent indicated that maintaining discipline was a serious problem
(Smith et al., 2002).

In Tobin’s observational study, while the teachers focused on respond-
ing to or managing the target students, other students rarely asked or an-
swered questions. On the basis of these and other studies, Tobin speculated,
“It is entirely likely that high achieving students engage to a greater extent
than low achieving students in laboratory activities” (Tobin, 1990, p. 408).

Kelly’s (1988) study of gender differences found that male students ac-
tively handle laboratory equipment and supplies more frequently than fe-
male students. Kahle, Parker, Rennie, and Riley (1993) found that a small
group of male students dominated the use of equipment and also sometimes
contaminated reagents or otherwise interfered with equipment and materi-
als. More recently, Jovanovic and King (1998) conducted detailed observa-
tions of student behavior in six science classrooms with students in grades 5
through 8. The six classrooms were selected on the basis of a competitive
process in which exceptional science teachers were nominated by the Fermi
National Accelerator Laboratory Education Office in Batavia, Illinois, based
on their expertise in hands-on science teaching. The researchers found that
boys and girls were equally likely to actively lead small laboratory groups,
but that, as members of the groups, boys more often manipulated equip-
ment while girls more often engaged in such passive behaviors as making
suggestions or reading directions. Active leadership was a significant predic-
tor of students’ attitudes toward science and perception of their abilities in
science, regardless of gender. Nevertheless, girls’ perceptions of their own
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science abilities declined over the course of the year as they engaged in
passive behaviors more frequently than boys.

The Jovanovic and King study provides evidence in support of Tobin’s
speculation that high-achieving students engage more actively than others in
laboratory activities. The authors found a strong correlation between stu-
dents’ science ability (as measured by a state science assessment) and the
frequency of active leadership and equipment manipulation in the labora-
tory group.

A study of introductory college biology laboratories compared male and
female behavior in cookbook laboratory classes with behavior in reformed
classes (Russell and French, 2002). In the reformed class, students formed
self-selected groups at the beginning of the semester. Before each laboratory
period, each student familiarized himself or herself with the activity, devel-
oped one or more hypotheses to test, and predicted experimental outcomes.
During the laboratory period, the group performed one or more of the planned
experiments and wrote a report. The authors of this study conducted de-
tailed observations of students and also surveyed their attitudes and achieve-
ment during the semester in which they participated in either the cookbook
or the reformed class. They found a positive relationship between time spent
manipulating equipment and achievement, as measured by a test of biology
content knowledge. They also found that girls participated less frequently in
manipulating equipment in both the cookbook and reformed classes, but
the gender differences in participation were reduced in the reformed class.

SUMMARY
Research evidence on the current laboratory experiences of U.S. high

school students is limited. The few studies available provide information on
the amount of time students spend in laboratory activities, the goals of these
activities, and how teachers and students act during those activities. Findings
from these studies, analyzed in light of information on the educational out-
comes of laboratory activities, indicate that access to laboratory experiences
is uneven, and the quality of current laboratory experiences is poor for most
students.

Most science students in U.S. high schools today participate in typical
laboratory experiences. Instead of focusing on clear learning goals, teachers
and laboratory manuals often emphasize the procedures to be followed,
leaving students uncertain about what they are supposed to learn. Lacking a
focus on learning goals related to the subject matter being addressed in the
science class, current laboratory experiences often fail to integrate student
learning about the processes of science with learning about science content.
Few current laboratory experiences incorporate ongoing reflection and dis-
cussion between and among the teacher and the students, although there is
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evidence that such reflection and discussions are essential to help students
make meaning out of their laboratory activities. In general, most high school
laboratory experiences do not follow the instructional design principles for
effectiveness identified by the committee.

Students in schools with higher concentrations of non-Asian minorities
spend less time in laboratory instruction than students in other schools, and
students in lower level science classes spend less time in laboratory instruc-
tion than those enrolled in more advanced science classes. In addition, most
high school students participate in a limited range of laboratory activities
that do not fully reflect the range of scientists’ activities, limiting opportuni-
ties for them to gain understanding of the processes of science.

Laboratory experiences for most high school students today appear to
have changed little from those observed by Sutman and colleagues in the
mid-1990s. Observing many high school and introductory college laboratory
experiences, they found (Sutman et al., 1996, pp. 5-6):

(1) Students experience laboratory based experiences as an add-on to lec-
ture rather than as the “driving force” for later instruction; (2) a very high
percentage of the laboratory instructors’ time is spent listening to and re-
sponding to students’ procedural questions, with almost no time available
for calling upon strategies designed to develop or strengthen higher order
thinking. Post-laboratory experiences almost never include follow-up dis-
cussion or analysis of the laboratory findings. At the secondary school level
laboratory activities were designed to “fit into” or be completed in a desig-
nated period of 45 to 90 minutes. There were never additional opportuni-
ties for students to extend the basic study. [R]eports of laboratory experi-
ences were graded and returned to students. The reports were never used
diagnostically nor did the grades have significance in determining the final
course grades.

In the next chapter, we analyze further evidence about factors contribut-
ing to the weakness of current laboratory experiences. That chapter con-
trasts the types of capacity and support teachers need to lead effective labo-
ratory experiences with the limited capacity and support currently available.
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5

Teacher and School Readiness for
Laboratory Experiences

Key Points

• Leading laboratory experiences is a demanding task requiring
teachers to have sophisticated knowledge of science content and
process, how students learn science, assessment of students’
learning, and how to design instruction to support the multiple
goals of science education.
• Pre-service education and in-service professional development
for science teachers rarely address laboratory experiences and do
not provide teachers with the knowledge and skills needed to lead
laboratory experiences.
• There are promising examples of teacher professional
development focused on laboratory experiences. Further research is
needed to inform design of professional development that can
effectively support improvements in teachers’ laboratory
instruction.
• School administrators play a critical role in supporting the
successful integration of laboratory experiences in high school
science by providing improved approaches to professional
development and adequate time for teacher planning and
implementation of laboratory experiences.

xx

America's Lab Report: Investigations in High School Science

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/11311


TEACHER AND SCHOOL READINESS FOR LABORATORY EXPERIENCES 139

This chapter describes some of the factors contributing to the weakness of
current laboratory experiences. We begin by identifying some of the knowl-
edge and skills required to lead laboratory experiences aligned with the goals
and design principles we have identified. We then compare the desired skills
and knowledge with information about the current skills and knowledge of
high school science teachers. We then go on to describe approaches to sup-
porting teachers and improving their capacity to lead laboratory experiences
through improvements in professional development and use of time. The final
section concludes that there are many barriers to improving laboratory teach-
ing and learning in the current school environment.

TEACHERS’ CAPACITY TO LEAD
LABORATORY EXPERIENCES

In this section, we describe the types of teacher knowledge and skills
that may be required to lead a range of laboratory experiences aligned with
our design principles, comparing the required skills with evidence about the
current state of teachers’ knowledge and skills. We then present promising
examples of approaches to enhancing teachers’ capacity to lead laboratory
experiences.

Teacher Knowledge for a Range of Laboratory
Experiences

Teachers do not have sole responsibility for carrying out laboratory ex-
periences that are designed with clear learning outcomes in mind, thought-
fully sequenced into the flow of classroom science instruction, integrating
the learning of science content and process, and incorporating ongoing stu-
dent reflection and discussion, as suggested by the research. Science teach-
ers’ behavior in the classroom is influenced by the science curriculum, edu-
cational standards, and other factors, such as time constraints and the
availability of facilities and supplies. Among these factors, curriculum has a
strong influence on teaching strategies (Weiss, Pasley, Smith, Banilower, and
Heck, 2003). As discussed in Chapters 2 and 3, there are curricula that inte-
grate laboratory experiences into the stream of instruction and follow the
other instructional design principles. To date, however, few high schools
have adopted such research-based science curricula, and many teachers and
school administrators are unaware of them (Tushnet et al., 2000; Baumgartner,
2004).

Studies of the few schools and teachers that have implemented research-
based science curricula with embedded laboratory experiences have found
that engaging teachers in developing and refining the curricula and in pro-
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fessional development aligned with the curricula leads to increases in stu-
dents’ progress toward the goals of laboratory experiences (Slotta, 2004).
These studies confirm earlier research findings that even the best science
curriculum cannot “teach itself” and that the teacher’s role is central in help-
ing students build understanding from laboratory experiences and other sci-
ence learning activities (Driver, 1995).

Playing this critical role requires that teachers know much more than
how to set up equipment, carry out procedures, and manage students’ physical
activities. Teachers must consider how to select curriculum that integrates
laboratory experiences into the stream of instruction and how to select indi-
vidual laboratory activities that will fit most appropriately into their science
classes. They must consider how to clearly communicate the learning goals
of the laboratory experience to their students. They must address the chal-
lenge of helping students to simultaneously develop scientific reasoning,
master science subject matter and progress toward the other goals of labora-
tory experiences. They must guide and focus ongoing discussion and reflec-
tion with individuals, laboratory groups, and the entire class. At the same
time, teachers must address logistical and practical concerns, such as obtain-
ing and storing supplies and maintaining laboratory safety.

Teachers require several types of knowledge to succeed in these mul-
tiple activities, including (1) science content knowledge, (2) pedagogical
content knowledge, (3) general pedagogical knowledge, and (4) knowledge
of appropriate assessment techniques to measure student learning in labora-
tory education.

Science Content Knowledge

Helping students attain the learning goals of laboratory experiences re-
quires their teachers to have broad and deep understanding of both the
processes and outcomes of scientific research. The degree to which teachers
themselves have attained the goals we speak of in this report is likely to
influence their laboratory teaching and the extent to which their students
progress toward these goals.

Teachers require deep conceptual knowledge of a science discipline not
only to lead laboratory experiences that are designed according to the re-
search, but also to lead a full range of laboratory experiences reflecting the
range of activities of scientists (see Chapter 1). Deep disciplinary expertise is
necessary to help students learn to use laboratory tools and procedures and to
make observations and gather data. It is necessary even to lead students in
activities designed to verify existing scientific knowledge. Case studies of labo-
ratory teaching show that laboratory activities designed to verify known scien-
tific concepts or laws may not always go forward as planned (Olsen et al.,
1996). Guiding students through the complexity and ambiguity of empirical
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work—including verification work—requires deep knowledge of the specific
science concepts and science processes involved in such work (Millar, 2004).

As teachers move beyond laboratory experiences focusing on tools, pro-
cedures, and observations to those that engage students in posing a research
question or in building and revising models to explain their observations,
they require still deeper levels of science content knowledge (Windschitl,
2004; Catley, 2004). When students have more freedom to pose questions or
to identify and carry out procedures, they require greater guidance to ensure
that their laboratory activities help them to master science subject matter and
progress toward the other goals of laboratory experiences. Teachers require
a deep understanding of scientific processes in order to guide students’
procedures and formulation of research questions, as well as deep under-
standing of science concepts in order to guide them toward subject matter
understanding and other learning goals. Engaging students in analysis of
data gathered in the laboratory and in developing and revising explanatory
models for those data requires teachers to be familiar with students’ practical
equipment skills and science content knowledge and be able to engage in
sophisticated scientific reasoning themselves.

Pedagogical Content Knowledge

To lead laboratory experiences that incorporate ongoing student discus-
sion and reflection and that focus on clear, attainable learning goals, teach-
ers require pedagogical content knowledge. This is knowledge drawn from
learning theory and research that helps to explain how students develop
understanding of scientific ideas. Pedagogical content knowledge may in-
clude knowing what theories of natural phenomena students may hold and
how their ideas may differ from scientific explanations, knowledge of the
ideas appropriate for children to explore at different ages, and knowledge of
ideas that are prerequisites for their understanding of target concepts. Shulman
(1986, p. 8) has defined pedagogical content knowledge as:

[A] special amalgam of content and pedagogy that is uniquely the province of
teachers, their own form of professional understanding. . . . [I]t represents the
blending of content and pedagogy into an understanding of how particular
topics, problems, or issues are organized, represented and adapted to the
diverse interests and abilities of learners, and presented for instruction.

Deng (2001) describes pedagogical content knowledge for science teach-
ers as an understanding of key scientific concepts that is somewhat different
from that of a scientist. He suggests that a high school physics teacher should
know concepts or principles to emphasize when introducing high school
students to a particular topic (p. 264). For example, the teacher might use
descriptive or qualitative language or images to convey concepts related to
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light, such as reflection, transmission, and absorption. In contrast, a physicist
might use mathematics to describe or represent the reflection, transmission,
and absorption of light.

Pedagogical content knowledge can help teachers and curriculum de-
velopers identify attainable science learning goals, an essential step toward
designing laboratory experiences with clear learning goals in mind. For ex-
ample, in developing the Computers as Learning Partners science curricu-
lum unit, Linn and colleagues researched how well models of thermody-
namics at various levels of abstraction supported students’ learning. They
found that a heat-flow model was better able to connect to middle school
students’ knowledge about heat and temperature than a molecular-kinetic
model (Linn, Davis, and Bell, 2004). Linn describes aspects of the model as
pragmatic principles of heat that are “more accessible goals than the micro-
scopic view of heat that is commonly taught” (Linn, 1997, p. 410). The re-
search team focused the curriculum on helping students understand these
principles, including flow principles, rate principles, total heat flow prin-
ciples, and an integration principle.

The importance of pedagogical content knowledge challenges assump-
tions about what science teachers should know in order to help students
attain the goals of laboratory experiences. Specifically, it challenges the as-
sumption that having a college degree in science, by itself, is sufficient to
teach high school science. Familiarity with the evidence or principles of a
complex theory does not ensure that a teacher has a sound understanding of
concepts that are meaningful to high school students and that she or he will
be capable of leading students to change their ideas by critiquing each oth-
ers’ investigations as they make sense of phenomena in their everyday lives.
Expertise in science alone also does not ensure that teachers will be able to
anticipate which concepts will pose the greatest difficulty for students and
design instruction accordingly.

General Pedagogical Knowledge

In addition to science content knowledge and pedagogical content knowl-
edge, teachers also need general pedagogical knowledge in order to moder-
ate ongoing discussion and reflection on laboratory activities, and supervise
group work.

Knowledge of children’s mental and emotional development, of teach-
ing methods, and how best to communicate with children of different ages
is essential for teachers to help students build meaning based on their labo-
ratory experiences.

Because many current science teachers have demographic backgrounds
different from their students (Lee, 2002; Lynch, Kuipers, Pyke, and Szeze, in
press), the ability to communicate across barriers of language and culture is
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an increasingly important aspect of their general pedagogical knowledge.
Lee and Fradd (1998) and others observe that some scientific values and
attitudes are found in most cultures (e.g., wonder, interest, diligence, persis-
tence, imagination, respect toward nature); others are more characteristic of
Western science. For example, Western science promotes a “critical and ques-
tioning stance,” and “these values and attitudes may be discontinuous with
the norms of cultures that favor cooperation, social and emotional support,
consensus building, and acceptance of the authority” (p. 470). Knowledge
of students’ cultures and languages and the ability to communicate across
cultures are necessary to carry out laboratory experiences that build on di-
verse students’ sense of wonder and engage them in science learning.

Knowledge of Assessment

Focusing laboratory experiences on clear learning goals requires that
teachers understand assessment methods so they can measure and guide
their students’ progress toward those goals. To be successful in leading stu-
dents across the range of laboratory experiences we have described, teach-
ers must choose laboratory experiences that are appropriate at any given
time. To make these choices, they must be aware not only of their own
capabilities, but also of students’ needs and readiness to engage in the vari-
ous types of laboratory experiences.

Teacher awareness of students’ science needs and capabilities may be
enhanced through ongoing formative assessment. Formative assessment, that
is, continually assessing student progress in order to guide further instruc-
tion, appears to enhance student attainment of the goals of laboratory edu-
cation. Teachers need to use data drawn from conversations, observations,
and previous student work to make informed decisions about how to help
them move toward desired goals. This is not a simple task (National Re-
search Council, 2001b, p. 79):

To accurately gauge student understanding requires that teachers engage in
questioning and listen carefully to student responses. It means focusing the
students’ own questions. It means figuring out what students comprehend
by listening to them during their discussions about science. They need to
carefully consider written work and what they observe while students en-
gage in projects and investigations. The teacher strives to fathom what the
student is saying and what is implied about the student’s knowledge in his
or her statements, questions, work and actions. Teachers need to listen in a
way that goes well beyond an immediate right or wrong judgment.

Methods of assessing student learning in laboratory activities include
systematically observing and evaluating students’ performance in specific
laboratory tasks and longer term laboratory investigations. Teachers also
need to know how to judge the quality of students’ oral presentations,

America's Lab Report: Investigations in High School Science

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/11311


144 AMERICA’S LAB REPORT

laboratory notebooks, essays, and portfolios (Hein and Price, 1994; Gitomer
and Duschl, 1998; Harlen, 2000, 2001). To lead effective laboratory experi-
ences, science teachers should know how to use data from all of these
assessment methods in order to reflect on student progress and make in-
formed decisions about which laboratory activities and teaching approaches
to change, retain, or discard (National Research Council, 2001b; Volkman
and Abell, 2003).

Teachers’ Knowledge in Action

Teachers draw on all of the types of knowledge listed above—content
knowledge, pedagogical content knowledge, general pedagogical knowl-
edge, and knowledge of assessment—in their daily work of planning and
leading instruction. Formulating research questions appropriate for a sci-
ence classroom and leading student discussions are two important places
where the interaction of the four types of knowledge is most evident.

In developing an investigation for students to pursue, teachers must
consider their current level of knowledge and skills, the range of possible
laboratory experiences available, and how a given experience will advance
their learning. Teachers need to decide what kind of phenomena are impor-
tant and appropriate for students to study as well as the degree of structure
their students require.

Currently, teachers rarely provide opportunities for students to partici-
pate in formulating questions to be addressed in the laboratory. Perhaps this
is because, among scientists, decisions about the kinds of questions to be
asked and the kinds of answers to be sought are often developed by the
scientific community rather than by an isolated individual (Millar, 2004).
Only a few high school students are sufficiently advanced in their knowl-
edge of science to serve as an effective “scientific community” in formulat-
ing such questions. Guiding students to formulate their own research ques-
tions and design appropriate investigations requires sophisticated knowledge
in all four of the domains we have identified.

The teacher’s ability to use sophisticated questioning techniques to
bring about productive student-student and student-teacher discussions in
all phases of the laboratory activity is a key factor in the extent to which
the activity attains its goals (Minstrell and Van Zee, 2003). However, formu-
lating such questions can be difficult (National Research Council, 2001a,
2001b). To succeed at it and ask the types of higher level and cognitively
based questions that appear to support student learning, teachers must
have considerable science content knowledge and science teaching expe-
rience (McDiarmid, Ball, and Anderson, 1989; Chaney, 1995; Sanders and
Rivers, 1996; Hammer, 1997).
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The teacher’s skills in posing questions and leading discussions affect
students’ ability to build meaning from their laboratory experiences. As stu-
dents analyze observations from the laboratory in search of patterns or ex-
planations, develop and revise conjectures, and build lines of reasoning
about why their proposed claims or explanations are or are not true, the
teacher supports their learning by conducting sense-making discussions
(Mortimer and Scott, 2003; van Zee and Minstrell, 1997; Hammer, 1997;
Windschitl, 2004; Bell, 2004; Brown and Campione, 1998; Bruner, 1996; Linn,
1995; Lunetta, 1998; Clark, Clough, and Berg, 2000; Millar and Driver, 1987).
In these discussions, the teacher helps students to resolve dissonances be-
tween the way they initially understood a phenomenon and the new evi-
dence. But those connections are not enough: science sense-making dis-
course must also help students to develop understanding of a given science
concept and create links between theory and observable phenomena. The
teachers’ skills in posing questions and leading discussions also help stu-
dents to effectively and accurately communicate their laboratory activities
and the science sense they make from them, using appropriate language,
scientific knowledge, mathematics, and other intellectual modes of commu-
nication associated with a particular science discipline.

Currently, few teachers lead this type of sense-making discussion (Smith,
Banilower, McMahon, and Weiss, 2002). This lack of discussion may be due
to the fact that high school science teachers depend heavily on the use of
textbooks and accompanying laboratory manuals (Smith et al., 2002), which
rarely include discussions. It may also be because teachers lack the content
knowledge, pedagogical content knowledge, general pedagogical knowl-
edge, and knowledge of assessment required to lead such discussions
(Maienschein, 2004; Windschitl, 2004). Supporting classroom discussions may
be particularly challenging for teachers who work with a very diverse stu-
dent population in a single classroom, or those who have a different cultural
background from their students (see Tobin, 2004).

Current State of Teacher Knowledge:
Preservice Education

The available evidence indicates that the current science teaching
workforce lacks the knowledge and skills required to lead a range of effec-
tive laboratory experiences.

Uneven Qualifications of Science Teachers

A series of studies conducted over the past several decades has shown
that teachers are one of the most important factors influencing students’

America's Lab Report: Investigations in High School Science

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/11311


146 AMERICA’S LAB REPORT

educational outcomes (Ferguson, 1998; Goldhaber, 2002; Goldhaber, Brewer,
and Anderson, 1999; Hanushek, Kain, and Rivkin, 1999; Wright, Horn, and
Sanders, 1997). However, experts do not agree on which aspects of teacher
quality—such as having an academic major in the subject taught, holding a
state teaching certificate, having a certain number of years of teaching
experience, or other unknown factors—contribute to their students’ aca-
demic achievement (Darling-Hammond, Berry, and Thoreson, 2001;
Goldhaber and Brewer, 2001). Generally, the body of research is weak,
and the effects of teacher quality on student outcomes are small and spe-
cific to certain contexts.

Studies focusing specifically on science teacher quality and student
achievement are somewhat more conclusive. Researchers generally agree
that the teachers’ academic preparation in science has a positive influence
on students’ science achievement (U.S. Department of Education, 2000; Na-
tional Research Council, 2001a). One study found that having an advanced
degree in science was associated with increased student science learning
from the 8th to the 10th grade (Goldhaber and Brewer, 1997). The National
Research Council (NRC) Committee on Science and Mathematics Teacher
preparation stated that “studies conducted over the past quarter century
increasingly point to a strong correlation between student achievement in K-
12 science and mathematics and the teaching quality and level of knowl-
edge of K-12 teachers of science and mathematics” (National Research Council,
2001a, p. 4).

A teacher’s academic science preparation appears to affect student sci-
ence achievement generally. Strong academic preparation is also essential in
helping teachers develop the deep knowledge of science content and sci-
ence processes needed to lead effective laboratory experiences. However,
many high school teachers currently lack strong academic preparation in a
science discipline. Data from the National Center for Education Statistics
(2004) show variation in teacher qualifications from one science discipline
to another. In 1999-2000, 39.4 percent of all physics teachers in public high
schools had neither a major nor a minor in physics, 59.9 percent of all public
high school geology teachers lacked a major or minor in geology, 35.7 per-
cent of chemistry teachers lacked a major or minor in that field, and 21.7
percent of biology teachers had neither a major nor a minor in biology
(National Center for Education Statistics, 2004). Another analysis of the data
from the National Center for Education Statistics found that students in high
schools with higher concentrations of minority students and poor students
were more likely than students in other high schools to be taught science by
a teacher without a major or minor in the subject being taught (U.S. Depart-
ment of Education, 2004).

The inequities in the availability of academically prepared teachers may
pose a serious challenge to minority and poor students’ progress toward the
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goals of laboratory experiences. Teachers lacking a science major may be
less likely to engage students in any type of laboratory experience and may
be less likely to provide more advanced laboratory experiences, such as
those that engage the students in posing research questions, in formulating
and revising scientific models, and in making scientific arguments. These
limits, in turn, could contribute to lower science achievement, especially
among poor and minority students.

Uneven Quality of Preservice Science Education

Even teachers who have majored in science may be limited in their
ability to lead effective laboratory experiences, because their undergraduate
science preparation provided only weak knowledge of science content and
included only weak laboratory experiences. Research conducted in teacher
education programs provides some evidence of the quality of preservice
science education (Windschitl, 2004). One theme that emerges from such
research is that the content knowledge gained from undergraduate work is
often superficial and not well integrated. The traditional didactic pedagogy
to which teacher candidates are exposed in university science courses equips
learners with only minimal conceptual understandings of their science disci-
plines (Duschl, 1983; Gallagher, 1991; Pomeroy, 1993, cited in Windschitl,
2004). Many preservice teachers hold serious misconceptions about science
that are similar to those held by their students (Anderson, Sheldon, and
Dubay, 1990; Sanders, 1993; Songer and Mintzes, 1994; Westbrook and Marek,
1992, all cited in Windschitl, 2004).

The limited evidence available indicates that some undergraduate sci-
ence programs do not help future teachers develop full mastery of science
subject matter. In a year-long study of prospective biology teachers (Gess-
Newsome and Lederman, 1993), the participants reported never having
thought about the central ideas of biology or the interrelationships among
the topics. The teachers, all biology majors, could only list the courses they
had taken as a way to organize their fields. They appeared to have little
understanding of the field writ large. They knew little about how various
ideas were related to each other, nor could they readily explain the overall
content and character of biology. Over the course of a year’s worth of peda-
gogical preparation and field experiences, the new teachers began to reor-
ganize their knowledge of biology according to how they thought it should
be taught. These findings confirm those from a substantial literature on arts
and sciences teaching in colleges and universities, which has clearly docu-
mented that both elementary and secondary teachers lack a deep and con-
nected conceptual understanding of the subject matter they are expected to
teach (Kennedy, Ball, McDiarmid, and Schmidt, 1991; McDiarmid, 1994).

Undergraduate science students, including preservice teachers, engage
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in a limited range of laboratory experiences that do not follow the principles
of instructional design identified in Chapter 3. The research described above
indicates that undergraduate laboratory experiences do not integrate learn-
ing of science content and science processes in ways that lead to deep
conceptual understanding of science subject matter. Other studies report
that undergraduate laboratory work consists primarily of verification activi-
ties, with few opportunities for ongoing discussion and reflection on how
scientists evaluate new knowledge (e.g., Trumbull and Kerr, 1993, cited in
Windschitl, 2004). The research also indicates that undergraduate laboratory
work, like the laboratory experiences of high school students, often focuses
on detailed procedures rather than clear learning goals (Hegarty-Hazel, 1990;
Sutman, Schmuckler, Hilosky, Priestley, and Priestley, 1996).

One study illustrates undergraduate students’ lack of exposure to the
full range of scientists’ activities, and the potential benefits of engaging them
in a broader range of experiences. A professor engaged upper level chemis-
try majors in trying to create a foolproof laboratory activity to illustrate the
chemistry of amines for introductory students. Students were asked to sur-
vey the literature for methods to reduce aromatic nitro compounds to the
corresponding amines. They found a large number of preparations, tried
each one out, and identified one method as most likely to succeed with the
introductory students. However, the students were surprised that methods
taken from the literature did not always work. Their previous, closely pre-
scribed laboratory experiences had not helped them to understand that there
are many different ways to effect a particular chemical transformation. More
than 90 percent of the class indicated that the experiment was highly effec-
tive in demonstrating the difficulty of scientific investigations and the possi-
bility of failure in science (Glagovich and Swierczynski, 2004).

Similarly, Hilosky, Sutman, and Schmuckler (1998) observe that pro-
spective science teachers’ laboratory experiences provide procedural knowl-
edge but few opportunities to integrate science investigations with learning
about the context of scientific models and theories. In a study of 100 preservice
science teachers, only 20 percent reported having laboratory experiences
that gave them opportunities to ask their own questions and to design their
own science investigations (Windschitl, 2004). A study of a much smaller
sample of teachers yielded similar findings (Catley, 2004).

It appears that the uneven quality of current high school laboratory
experiences is due in part to the preparation of science teachers to lead
these experiences. Science teachers may be modeling instructional practices
they themselves witnessed or experienced firsthand as students in college
science classes. Clearly, their preservice experiences do not provide the
skills and knowledge needed to select and effectively carry out laboratory
experiences that are appropriate for reaching specific science learning goals
for a given group of students.
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Professional Development for Laboratory Teaching

Current professional development for science teachers is uneven in quan-
tity and quality and places little emphasis on laboratory teaching. Require-
ments for professional development of in-service science teachers differ widely
from state to state. Most states do not regulate the quality and content of
professional development required for renewal of teaching certificates (Hirsch,
Koppich, and Knapp, 2001). Typically, states require only that teachers ob-
tain post-baccalaureate credits within a certain period of time after being
hired and then earn additional credits every few years thereafter.

Few professional development programs for science teachers empha-
size laboratory instruction. In reviewing the state of biology education in
1990, an NRC committee concluded that few teachers had the knowledge or
skill to lead effective laboratory experiences and recommended that “major
new programs should be developed for providing in-service education on
laboratory activities” (National Research Council, 1990, p. 34). However, a
review of the literature five years later revealed no widespread efforts to
improve laboratory education for either preservice or in-service teachers
(McComas and Colburn, 1995). The authors of the review found that, when
laboratory education is available, it focuses primarily on the care and use of
laboratory equipment and laboratory safety. In addition, they found that
commercially available laboratory manuals failed to provide “cognitively
challenging activities” that might help to bridge the gap between teachers’
lack of knowledge and improved laboratory experiences (McComas and
Colburn, 1995, p. 120).

The limited quality and availability of professional development focus-
ing on laboratory teaching is a reflection of the weaknesses in the larger
system of professional development for science teachers. Data from a 2000
survey of science and mathematics education indicate that most current sci-
ence teachers participate infrequently in professional development activi-
ties, and that many teachers view these activities as ineffective (Hudson,
McMahon, and Overstreet, 2002). For example, among high school teachers
who had participated in professional development aimed at learning to use
inquiry-oriented teaching strategies, 25 percent indicated that this profes-
sional development had little or no impact, and 48 percent reported that the
professional development merely confirmed what they were already doing.
Other studies have also found that most teachers do not experience sus-
tained professional development and that they view it as ineffective
(Windschitl, 2004). In many cases “teachers ranked in-service training as
their least effective source of learning” (Windschitl, 2004, p. 16; emphasis in
original).
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Potential of Professional Development for Improved
Laboratory Teaching

Despite the weakness of current professional development for labora-
tory teaching, a growing body of research indicates that it is possible to
develop and implement professional development that would support im-
proved laboratory teaching and learning. Most current professional develop-
ment for science teachers, such as the activities that had little impact on the
teaching strategies among teachers responding to the 2000 survey, is ad hoc.
It often consists mostly of one-day (or shorter) workshops focusing on how-
to activities that are unlikely to challenge teachers’ beliefs about teaching
and learning that support their current practice (DeSimone, Garet, Birman,
Porter, and Yoon, 2003).

In contrast to these short, ineffective approaches, consensus is growing
in the research about key features of high-quality professional development
for mathematics and science teachers (DeSimone, Porter, Garet, Yoon, and
Birman, 2002; DeSimone et al., 2003, p. 10):

• New forms of professional development (i.e., study group, teacher
network, mentoring, or task force, internship, or individual research project
with a scientist) in contrast to the traditional workshop or conference.

• Duration (total contact hours, span of time).
• Participation of groups of teachers from the same school, depart-

ment, or grade.
• A focus on deepening teachers’ knowledge of science or mathematics.
• Active learning opportunities focused on analysis of teaching and

learning.
• Coherence (consistency with teachers’ goals, state standards, and as-

sessments).

Loucks-Horsley, Love, Stiles, Mundry, and Hewson (2003) provide a
detailed design framework for professional development and descriptions
of case studies, identifying strategies for improving science teaching that
may be applicable to improving laboratory teaching.

DeSimone and others conducted a three-year longitudinal study of pro-
fessional development in science and mathematics provided by school dis-
tricts. They surveyed a sample of 207 teachers in 30 schools, 10 districts, and
5 states to examine features of professional development and its effects on
teaching practice from 1996 to 1999 (DeSimone et al., 2002). The study ex-
amined the relationship between professional development and teaching prac-
tice in terms of three specific instructional practices: (1) the use of technology,
(2) the use of higher order instructional methods, and (3) the use of alternative
assessment. The investigators found that professional development focused
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on specific instructional practices increased teachers’ use of these practices in
the classroom. Results of the study also confirmed the effectiveness of provid-
ing active learning opportunities.

Other studies indicate that high-quality professional development can
encourage and support science teachers in leading a full range of laboratory
experiences that allow students to participate actively in formulating re-
search questions and in designing and carrying out investigations (Windschitl,
2004). Research on teachers using a science curriculum that integrates labo-
ratory experiences into the stream of instruction indicates that repeated practice
with such a curriculum, as well as time for collaboration and reflection with
professional colleagues, leads teachers to shift from focusing on laboratory
procedures to focusing on science learning goals (Williams, Linn, Ammon,
and Gearheart, 2004). One study indicated that significant change in teach-
ing practice required about 80 hours of professional development (Supovitz
and Turner, 2000). Teachers who had engaged in even more intensive pro-
fessional development, lasting at least 160 hours, were most likely to em-
ploy several teaching strategies aligned with the design principles for effec-
tive laboratory experiences identified in the research. These strategies included
arranging seating to facilitate student discussion, requiring students to sup-
ply evidence to support their claims, encouraging students to explain con-
cepts to one another, and having students work in cooperative groups.

A study of Ohio’s Statewide Systemic Initiative in science and mathemat-
ics also confirmed that sustained professional development, over many hours,
is required to change laboratory teaching practices (Supovitz, Mayer, and Kahle,
2000, cited in Windschitl, 2004, p. 20): “A highly intensive (160 hours) inquiry-
based professional development effort changed teachers’ attitudes towards
reform, their preparation to use reform-based practices, and their use of inquiry-
based teaching practices. . . . These changes persisted several years after the
teachers concluded their professional development experiences.”

Examples of Professional Development Focused on
Laboratory Teaching

The committee identified a limited portfolio of examples of promising
approaches to professional development that may support teachers in lead-
ing laboratory experiences designed with clear learning outcomes in mind,
thoughtfully sequenced into the flow of classroom science instruction, inte-
grating the learning of science content and process, and incorporating ongo-
ing student reflection and discussion. School districts, teachers, and others
may want to consider these examples, but further research is needed to
determine their scope and effectiveness.
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Laboratory Learning: An Inservice Institute.  McComas and Colburn
(1995) established an inservice program called Laboratory Learning: An
Inservice Institute, which incorporated some of the design elements that
support student learning in laboratory experiences. The contents of the in-
stitute were developed on the basis of in-depth field interviews and litera-
ture reviews to tap the practical knowledge of experienced science teachers.
This body of knowledge addressed the kind of laboratory instruction given
to students, consideration of students with special needs, supportive teach-
ing behaviors, models to engage students working in small groups, the se-
quencing of instruction, and modes of assessment (p. 121). Teacher partici-
pants at the institute experienced firsthand learning as students in several
laboratory sessions led by high school instructors who were regarded as
master laboratory teachers. The institute included a blend of modeling, small
group work, cooperative learning activities, and theoretical and research-
based suggestions (p. 122).

This professional development institute also incorporated ongoing op-
portunities for discussion and reflection. It was implemented over four day-
long Saturday sessions spread over a semester. Between sessions, teacher
participants reflected on what they were learning and applied some of it in
their classrooms, following the active learning approach suggested by the
research on professional development for science teachers. The teachers
participated in and analyzed practical laboratory activities, studied theoreti-
cal underpinnings of the science education they were receiving, and learned
about safety issues during hands-on activity. Reporting on a post-institute
survey, McComas and Colburn note that “a surprising number of teachers
felt that the safety sessions were most important” (p. 121) (no numbers were
reported). Institute participants also asked for more discussion of assess-
ment methods for laboratory teaching, including the role of video testing,
and also recommended inclusion of sessions that address teaching science
laboratory classes on a small budget.

13-Week Science Methodology Course.  A science methodology course
for middle and high school teachers offered experience in using the findings
from laboratory investigations as the driving force for further instruction
(Priestley, Priestly, and Schmuckler, 1997). The design of this professional
development program incorporated the principle of integrating laboratory
experiences into the stream of instruction and the goal of providing a full
range of laboratory experiences, including opportunities for students to par-
ticipate in developing research questions and procedures.

In this program, faculty modeled “lower-level inquiry-oriented instruc-
tion” focused on short laboratory sessions with limited lecturing and no
definitions of terms. They also modeled longer postlaboratory activities fo-
cused on using student data and observations as the engine for further in-
struction. In doing so, they showed teachers how laboratory experiences

America's Lab Report: Investigations in High School Science

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/11311


TEACHER AND SCHOOL READINESS FOR LABORATORY EXPERIENCES 153

can be sequenced into a flow of science instruction in order to integrate
student learning of science content and science processes. After completion
of the course, teachers’ classroom behaviors were videotaped and analyzed
against “traditional” and “reformed” instructional strategies. Participant teachers
were also interviewed. The authors concluded that professional develop-
ment activities that are short-term interventions have virtually no effect on
teachers’ behaviors in leading laboratory experiences. They also concluded
that longer term interventions—13 weeks in this case—result in some change
in the instructional strategies teachers use.

Project ICAN: Inquiry, Context, and Nature of Science.  Project ICAN
includes an intensive three-day summer orientation for science teachers fol-
lowed by full-day monthly workshops from September through June, focus-
ing on the nature of science and scientific inquiry. The program was de-
signed in part to address weakness in science teachers’ understanding of the
nature of science, which was documented in earlier research (Khalic and
Lederman, 2000; Schwartz and Lederman, 2002). This earlier research indi-
cated that, just as engaging students in laboratory experiences in isolation
led to little or no increase in their understanding of the nature of science,
engaging prospective or current science teachers in laboratory activities led
to little or no increase in their understanding of the nature of science. Profes-
sional development and preservice programs that combined laboratory ex-
periences with instruction about the key concepts of the nature of science
and engaged teachers in reflecting on their experiences in light of those
concepts were more successful in developing improved understanding (Khalic
and Lederman, 2000).

In the ICAN program, teachers participate in science internships with
working scientists as one element in a larger program of instruction that
includes an initial orientation and monthly workshops. These workshops
include microteaching (peer presentation) sessions. Program faculty report
that many teachers tend to dwell on hands-on activities with their students
at the expense of linking them with the nature of science and with abilities
associated with scientific inquiry. They further report (Lederman, 2004,
p. 8):

By observing practicing scientists and writing up their reflections, teachers
gained insight into what scientists do in various research areas, such as
crystallization, vascular tissue engineering, thermal processing of materials,
nutrition, biochemistry, molecular biology, microbiology, protein purifica-
tion and genetics. . . . Periodic checks indicated that the science internship
helped teachers improve their understanding of [the nature of science] and
[science inquiry]. For example, teachers realized that there is no unique
method called “the scientific method,” after comparing the methods used in
different labs, such as a biochemistry lab, engineering lab, and zoos. It was
also clear that teachers’ enhanced their understanding of science subject
matter specific to the lab they experienced.
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 The Biological Sciences Curriculum Study.  The Biological Sciences
Curriculum Study, a science curriculum development organization, has long
been engaged in the preservice education of science teachers and also offers
professional development for inservice teachers. The group employs a vari-
ety of long-term strategies, such as engaging teachers in curriculum devel-
opment and adaptation, action research, and providing on-site support by
lead teachers (Linn, 1997; Lederman, 2004). Research on the efficacy of strat-
egies used for professional development related specifically to laboratory
experiences, however, is not readily available.

Professional Development Partnerships with the Scientific Com-
munity.  Scientific laboratories, college and university science departments,
and science museums have launched efforts to support high school science
teachers in improving laboratory teaching. For example, the U.S. Depart-
ment of Energy (DOE) launched its Laboratory Science Teacher Professional
Development Program in 2004. Building on existing teacher internship pro-
grams at several of the national laboratories, the program will engage teach-
ers as summer research associates at the laboratories, beginning with a four-
week stint the first summer, followed by shorter two-week internships the
following two summers (U.S. Department of Energy, 2004). Qualified high
school teachers will have opportunities to work and learn at the Argonne,
Brookhaven, Lawrence Berkeley, Oak Ridge, and Pacific Northwest National
Laboratories and at the National Renewable Energy Laboratory. The Fermi
National Accelerator Laboratory has provided professional development pro-
grams for science teachers for several years (Javonovic and King, 1998).

With the support of the Howard Hughes Medical Institute (HHMI), sev-
eral medical colleges and research institutions provide laboratory-based sci-
ence experiences for science teachers and their students. For example, HHMI
has funded summer teacher training workshops at the Cold Spring Harbor
Laboratory for many years, and also supports an ongoing partnership be-
tween the Fred Hutchinson Cancer Research Center and the Seattle, Wash-
ington, public schools (Fred Hutchinson Cancer Research Center, 2003). In
the Seattle program, teachers attend a 13-day summer workshop in which
they work closely with each other, master teachers, and program staff to
develop expertise in molecular biology. They also spend a week doing labo-
ratory research with a scientist mentor at the Fred Hutchinson Center or one
of several other participating public and private research institutions in Se-
attle. During the school year, teachers may access kits of materials support-
ing laboratory experiences that use biomedical research tools.

Summer research experiences that may enhance science teachers’ labo-
ratory teaching need not take place in a laboratory facility. At Vanderbilt
University, Catley conducts a summer-long course on research in organismal
biology. Teachers design and carry out an open-ended field research project
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of their own choosing. Catley (2004) reports that “having gone through the
process of frustration, false starts and the elation of completion, [the teach-
ers] came away with a deeper understanding of how inquiry works and a
sense of empowerment. They felt confident to guide their students through
the same process, where there is no ‘right answer.’”

It is unclear whether these and other ad hoc efforts to provide summer
research experiences reach the majority of high school science teachers.
Although no national information is available about high school teachers’
participation in laboratory internship programs, a recent survey found that
only 1 in 10 novice elementary school teachers had participated in intern-
ship programs in which they worked directly with scientists or engineers.
Among those who had, an overwhelming majority said the experience had
helped them better understand science content and improved both their
teaching practice and their enthusiasm (Bayer Corporation, 2004). Further
research is needed to assess the extent to which such programs help teach-
ers develop the knowledge and skills required to lead laboratory experi-
ences in ways that help students master science subject matter and progress
toward other science learning goals.

Providing Expert Assistance to Schools and Teachers.  In addition
to the many programs to increase teachers’ knowledge and abilities discussed
above, the scientific community sometimes engages scientists to work directly
with students. For example, Northeastern University has established a pro-
gram called RE-SEED (Retirees Enhancing Science Education through Experi-
ments and Demonstration), which arranges for engineers, scientists, and other
individuals with science backgrounds to assist middle school teachers with
leading students in laboratory experiences. Volunteers receive training, a
sourcebook of activities appropriate for middle school students, a kit of sci-
ence materials, and a set of videotapes. To date, over 400 RE-SEED volunteers
have worked with schools in 10 states. A survey of students, teachers, and
volunteers yielded positive results. Large majorities of students indicated that
the program had increased their interest in science, while large majorities of
teachers said they would recommend the program to other teachers and that
the volunteers had had a beneficial effect on their science teaching. Among
the volunteers, 97 percent said they would recommend RE-SEED to a col-
league, and most said that the training, placement in schools, and support
from staff had made their time well spent (Zahopoulos, 2003).

The California Institute of Technology has a program to help scientists
and graduate students work with teachers in elementary school classrooms
in the Pasadena school district. The Chemistry Department of City College
(City University of New York) places undergraduate science and engineer-
ing majors in middle school classrooms to assist teachers during laboratory
activities and learn classroom management from the teachers. Once again,
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little information is available on the effectiveness of these efforts. Further
research is needed to evaluate these and other efforts to link scientists with
K-12 education.

We do not yet know how best to develop the knowledge and skills that
teachers require to lead laboratory experiences that help students master
science subject matter, develop scientific reasoning skills, and attain the other
goals of laboratory education. Further research is needed to examine the
scope and effectiveness of the many individual programs and initiatives.
Because efforts to improve teachers’ ability to lead improved laboratory
experiences are strongly influenced by the organization and administration
of their schools, the following section addresses this larger context.

SUPPORTING LABORATORY TEACHING
The poor quality of laboratory experiences of most high school students

today results partly from the challenges that laboratory teaching and learn-
ing pose to school administrators. In this section we describe the difficulty
school administrators encounter when they try to support effective labora-
tory teaching.

Supporting Teachers with Professional Development

School administrators have a strong influence on whether high school
science teachers receive the professional development opportunities needed
to develop the knowledge and skills we have identified. Providing more
focused, effective, and sustained professional development activities for more
science teachers requires not only substantial financial resources and knowl-
edge of effective professional development approaches, but also a coherent,
coordinated approach at the school and district level.

Some school and school district officials may be reluctant to invest in
sustained professional development for science teachers because they fear
losing their investments if trained teachers leave for other jobs. Younger
workers in a variety of occupations change jobs more frequently than their
older counterparts (National Research Council, 1999). However, compared
with other types of professionals, a higher proportion of teachers leave their
positions each year. In response to surveys conducted in the mid-1990s,
teachers indicated that, among the reasons they left their positions—includ-
ing retirement, layoffs, and family reasons—dissatisfaction was one of the
most important. Mathematics and science teachers reported more frequently
than other teachers that job dissatisfaction was the reason they left their jobs.
And, among teachers who left because of job dissatisfaction, mathematics
and science teachers reported more frequently than other teachers that they
left because of “poor administrative support” (Ingersoll, 2003, p. 7). The
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surveys defined “poor administrative support” as including a lack of recogni-
tion and support from administration and a lack of resources and material
and equipment for the classroom.

Some research indicates that teachers do not respond to sustained pro-
fessional development by taking their new knowledge and skills to other
schools, but rather by staying and creating new benefits where they are.
One study found that schools that provide more support to new teachers,
including such professional development activities as induction and mentoring,
have lower turnover rates (Ingersoll, 2003, p. 8). In addition, some research-
ers argue that, although professional development expends resources (time,
money, supplies), it also creates new human and social resources (Gamoran
et al., 2003, p. 28).

Gamoran and others studied six sites where teachers and educational
researchers collaborated to reform science and mathematics teaching, focus-
ing on teaching for understanding. “Teaching for understanding” was de-
fined as including a focus on student thinking, attention to powerful scien-
tific ideas, and the development of equitable classroom learning communities.
Gamoran and colleagues found that, although the educational researchers
provided an infusion of expertise from outside each of the six school sites,
the professional development created in collaboration with the local schools
had its greatest impact in supporting local teachers in developing their own
communities. These school-based teacher communities, in turn, not only
supported teachers in improving their teaching practices, but also helped
them create new resources, such as new curricula. The teaching communi-
ties that developed, with their new leaders, succeeded in obtaining addi-
tional resources (such as shared teacher planning time) from within the
schools and districts (Gamoran et al., 2003) and also from outside of them.
Although the time frame of the study prevented analysis of whether the
teacher communities were sustained over time, the results suggest that school
districts can use focused professional development as a way to create strong
teaching communities with the potential to support continued improvement
in laboratory teaching and learning.

Scheduling Laboratory Teaching and Learning

Currently, most schools are designed to support teaching that follows
predictable routines and schedules (Gamoran, 2004). Administrators allocate
time, like other resources, as a way to support teachers in carrying out these
routines. However, several types of inflexible scheduling may discourage
effective laboratory experiences, including (a) limits on teacher planning
time, (b) limits on teacher setup and cleanup time, and (c) limits on time for
laboratory experiences.
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Shared teacher planning time may be a critical support for improved
laboratory teaching, because of the unique nature of laboratory education.
As we have discussed, teachers face an ongoing tension between allowing
students greater autonomy in the laboratory and guiding them toward ac-
cepted scientific knowledge. They also face uncertainty about how many
variables students should struggle with and how much to narrow the con-
text and procedures of the investigation. When one college physics profes-
sor taught a high school physics class, he struggled with uncertainty about
how to respond to students’ ideas about the phenomena they encountered,
particularly when their findings contradicted accepted scientific principles
(Hammer, 1997). In a case study of his experience, this professor called for
reducing science teachers’ class loads so they have more time to reflect on
and improve their own practice.

A supportive school administration could help teachers overcome their
isolation and learn from each other by providing time and space to reflect
on their laboratory teaching and on student learning in the company of
colleagues (Gamoran, 2004). In this approach, school administrators recog-
nize that leadership for improved teaching and learning is distributed through-
out the school and district and does not rest on traditional hierarchies.

In 2000, according to a nationally representative survey of science teach-
ers, most school administrators provided inadequate time for shared plan-
ning and reflection to improve instruction. When asked whether they had
time during the regular school week to work with colleagues on the curricu-
lum and teaching, 69 percent of high school teachers disagreed and 4 per-
cent had no opinion, leaving only 28 percent who agreed. However, 66
percent of teachers indicated that they regularly shared ideas and materials
with their colleagues, perhaps indicating that they do so on their own time,
outside school hours (Hudson et al., 2002). Only 11 percent of responding
teachers indicated that science teachers in their school regularly observed
other science teachers. Among teachers who acted as heads of science de-
partments, 21 percent indicated that the lack of opportunities for teachers to
share ideas was a serious problem for science instruction (Smith et al., 2002).

Time constraints can also discourage teachers from the challenges of
setting up and testing laboratory equipment and materials. Associations of
science teachers have taken differing positions on how administrators can
best support teachers in preparing for and cleaning up after laboratory expe-
riences. The American Association of Physics Teachers (AAPT) suggests that
physics teachers should be required to teach no more than 275 instructional
minutes per day. Many schools schedule eight 40- to 55-minute class peri-
ods, so that following the AAPT guidelines would allow physics teachers
two preparation periods. The guidelines also call on administrators to sched-
ule no more than 125 students per teacher per day, if the teacher is teaching
only physics (the same laboratory activity taught several times may not re-
quire preparation) and no more than 100 students per teacher per day if the
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teacher is teaching both chemistry and physics, requiring more preparation
time (American Association of Physics Teachers, 2002). The guidelines note
that simply maintaining the laboratory requires at least one class period per
day, and, if schools will not provide teachers with that time, they suggest
that those schools either employ laboratory technicians or obtain student
help.

The National Science Teachers Association takes a slightly different po-
sition, suggesting that administrators provide teachers with a competent para-
professional. The paraprofessional would help with setup, cleanup, commu-
nity contacts, searching for resources, and other types of support (National
Science Teachers Association, 1990).

No national survey data are available to indicate whether science teach-
ers receive adequate preparation time or assistance from trained laboratory
technicians. Some individual teachers told our committee that they did not
have adequate preparation and cleanup time.

Finally, adequate time is essential for student learning in laboratory ex-
periences. On the basis of a review of the available research, Lunetta (1998,
p. 253) suggests that, for students, “time should be provided for engaging
students in driving questions, for team planning, for feedback about the
nature and meaning of data, and for discussion of the implications of find-
ings,” and laboratory journals “should provide opportunities for individual
students to reflect upon and clarify their own observations, hypotheses, con-
ceptions.”

School administrators can take several approaches to providing time
for this type of ongoing discussion and reflection that supports student
learning during laboratory experiences. Block scheduling is one approach
schools have used to provide longer periods of time for laboratory activities
and discussion. In this approach classes meet every other day for longer
blocks of about 90-100 minutes, instead of every day for 40 or 45 minutes.
However, an analysis of national survey data indicates that teachers in block
schedules do not incorporate more laboratory experiences into their in-
struction (Smith, 2004). In addition, there is little research on whether use
of block scheduling influences teachers’ instruction or enhances student
learning.

In another approach, schools can schedule science classes for double
periods to allow more time for both carrying out investigations and reflect-
ing on the meaning of those investigations. In an ideal world, administrators
would provide adequate laboratory space and time to allow students to
continue investigations over several weeks or months, and they would also
provide time for students to work outside regular school hours. One study
found that, when laboratories were easily accessible, 14- and 15-year-old
students who used the facilities during their free time reported increased
interest in academics and took advanced science courses (Henderson and
Mapp, 2002).
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SUMMARY
Teachers play a critical role in leading laboratory experiences in ways

that support student learning. However, the undergraduate education of fu-
ture science teachers does not currently prepare them for effective labora-
tory teaching. Undergraduate science departments rarely provide future sci-
ence teachers with laboratory experiences that follow the design principles
derived from recent research—integrated into the flow of instruction, fo-
cused on clear learning goals, aimed at the learning of science content and
science process, with ongoing opportunities for reflection and discussion.
Once on the job, science teachers have few opportunities to improve their
laboratory teaching. Professional development opportunities for science teach-
ers are limited in quality, availability, and scope and place little emphasis on
laboratory instruction. Further research is needed to inform design of labo-
ratory-focused teacher professional development that can support teachers
in improving laboratory instruction. In addition, few high school teachers
have access to curricula that integrate laboratory experiences into the stream
of instruction

The organization and structure of most high schools impede teachers’
and administrators’ ongoing learning about science instruction and the imple-
mentation of quality laboratory experiences. Administrators who take a more
flexible approach can support effective laboratory teaching by providing
teachers with adequate time and space for ongoing professional develop-
ment and shared lesson planning.

Improving high school science teachers’ capacity to lead laboratory ex-
periences effectively is critical to advancing the educational goals of these
experiences. This would require both a major changes in undergraduate
science education, including provision of a range of effective laboratory
experiences for future teachers, and developing more comprehensive sys-
tems of support for teachers.
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6

Facilities, Equipment, and Safety

Key Points

• The design of space for laboratory experiences that follow the
principles developed in this report would allow for flexible use of
space and furnishings, combining features of traditional
laboratories and classrooms.
• In budgeting for laboratories, schools must consider the
ongoing costs of equipment and supplies as well as the costs of
building facilities.
• Adequate facilities, equipment, and supplies for laboratory
experiences are inequitably distributed.
• Maintaining student safety during laboratory experiences is a
critical concern, but little systematic information is available
about safety problems and solutions.

xx
In this chapter we discuss the challenges of providing appropriate physical

space for laboratory experiences, including attention to equipment and sup-
plies. In the first section we discuss the considerations regarding learning
and teaching that must inform the design of laboratory space. We consider
the complexities of budgeting for laboratory facilities, including options when
resources are scarce. In the second section, we review disparities in the
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distribution of laboratory facilities, equipment, and supplies. In the final
section we discuss laboratory safety, including attention to liability, stan-
dards of care for student safety, and current patterns of safety enforcement.

PROVIDING FACILITIES, EQUIPMENT, AND
SUPPLIES

In response to growing enrollments and the deterioration of an older
generation of buildings, school districts across the nation are involved in a
wave of construction and renovation. A comprehensive survey conducted
by the General Accounting Office in 1996 revealed that many existing school
buildings were in need of reconstruction or renovation. At that time, one-
third of schools across the nation needed either extensive renovation or
reconstruction, while another third had at least one major structural flaw,
such as a leaky roof, an outdated electrical system, or dysfunctional plumb-
ing (U.S. General Accounting Office, 1996).

On average, public elementary and secondary schools across the nation
are devoting an increasing share of their budgets—from 10 percent in 1989-
1990 to 14 percent in 2002-2002—to capital investments (National Center for
Education Statistics, 2004b). Trend data from an annual mail and telephone
survey of school district chief business officers indicate that planned and com-
pleted school construction spending nearly doubled over the past decade,
increasing from $10.7 billion in 1994 to $28.6 billion in 2003 (Agron, 2003).
About 61 percent of these expenditures was for new construction, and 39
percent was for additions or renovations to existing buildings. Another recent
survey found that spending on school construction projects to be completed
in 2003 totaled $19.7 billion, with 64 percent of the total dedicated to new
construction, 21 percent for additions to existing buildings, and 14 percent for
renovations of existing structures (Abramson, 2004). Respondents to the sec-
ond survey indicated that 41 percent of expenditures for projects to be com-
pleted in 2003 were for high schools.1  They indicated that 100 percent of new
high schools and 92 percent of new middle schools would include science
laboratories (Abramson, 2004). Laboratory facilities were included as part of
additions to existing schools much less frequently (in about 18 percent of high
school projects and 8 percent of middle school projects).

Laboratory Design and Student Learning

Specialized space for carrying out laboratory experiences can be incor-
porated into the initial design of a school or added or enhanced through

1Neither survey provides information on sampling design or response rate.

America's Lab Report: Investigations in High School Science

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/11311


170 AMERICA’S LAB REPORT

reconstruction and renovation. For new construction, reconstruction, or reno-
vation, a critical consideration in creating space for laboratory experiences is
how the design can best support science learning and teaching.

Over the past decade, there has been little research examining the rela-
tionship between physical laboratory spaces and student learning. The few
studies available suggest that laboratory facilities influence teaching and stu-
dent learning in poorly understood ways. As part of a comprehensive evalu-
ation of Australia’s science education curriculum, the government surveyed
teachers about laboratory facilities and students’ perceptions of their learn-
ing environments. The results suggested that active forms of learning were
associated with better science facilities (Ainley, 1978, 1990). U.S. studies
conducted in the late 1960s and early 1970s found that inquiry teaching
methods were more frequent in spaces with combined classroom and labo-
ratory facilities, compared with teaching in spaces where the classroom and
laboratory are separate (Englehardt, 1968).

One researcher in Israel considered the history of the transformation of
chemistry laboratories (in Europe, the United States, and elsewhere) from
fixed benches with rows of reagent bottles to more open, flexible layouts
that allowed better communication and collaboration between teachers and
students (Arzi, 1998). She concluded, on the basis of this history and other
research, that not only are science teachers influenced by space design, but
they also influence those designs (Arzi, 1998). More recently, Henderson,
Fisher, and Fraser found a significant positive correlation between students’
perceptions of the material environment and students’ attitude toward both
laboratory experiences and science class (Henderson, Fisher, and Fraser,
2000). Students’ perceptions of the material environment were determined
using the Science Laboratory Environment Inventory (see Chapter 3).

A case study of one high school illustrates how the availability and
quality of laboratory facilities may influence the availability and quality of
effective teachers. When parents in this poor inner-city school found that
one reason the school could not recruit a science teacher was a lack of
laboratories, they organized to demand improvements from school district
administrators. They won a $5 million rehabilitation program that included
new science laboratories (Henderson and Mapp, 2002, pp. 58, 128).

Because of the expense of constructing or renovating laboratory space,
the design should be future-oriented, supporting a vision of the science
program over a decade or more. The first step in designing laboratory space
is to develop such a long-term vision for the school science curriculum. The
school science supervisor, along with curriculum coordinators, other science
teachers, administrators, and state and local experts, often play important
roles in developing this vision (Biehle, Motz, and West, 1999).

While the design of particular facilities will vary depending on the local
science curriculum, available resources, and building codes, all school labo-
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ratory facilities should provide space for shared teacher planning, space for
preparation of investigations, and secure storage for laboratory supplies as
well as space for student activities and teacher demonstrations. In addition,
past studies (Novak, 1972; Shepherd, 1974) and current laboratory design
experts (Lidsky, 2004) agree that laboratory designs should emphasize flex-
ible use of space and furnishings to support integration of laboratory expe-
riences with other forms of science instruction.

Combined laboratory-classrooms can support effective laboratory expe-
riences by providing movable benches and chairs, movable walls, periph-
eral or central location of facilities, wireless Internet connections and trol-
leys for computers, fume hoods, or other equipment. These flexible furnishings
allow students to move seamlessly from carrying out laboratory activities on
the benches to small-group or whole-class discussions that help them make
meaning from their activities. Integrated laboratory-classrooms that provide
space for long-term student projects or cumulative portfolios support the full
range of laboratory experiences, allowing students to experience more of
the activities of real scientists. Forward-looking laboratory designs maximize
use of natural sunlight and provide easy access to outdoor science facilities.
See Figures 6-1 and 6-2 for examples of laboratory-classrooms with flexible
designs.

Designing school laboratory spaces to accommodate multiple science
disciplines could provide both educational and practical benefits. First, be-
cause undergraduate science education, like science itself, is becoming more
interdisciplinary, a National Research Council committee has recommended
making undergraduate laboratory courses as interdisciplinary as possible
(National Research Council, 2003). High school laboratory facilities that could
accommodate interdisciplinary investigations would help prepare students
for such undergraduate laboratory courses. Second, high school students
enroll in a wide variety of science courses (National Center for Education
Statistics, 2004).2  It may be more cost-effective to provide this variety with a
few laboratory classrooms that can accommodate multiple disciplines than
by constructing discipline-specific laboratory classrooms that remain unused
at times.

The committee was unable to locate any systematic national data on the
extent to which current high school science laboratory spaces incorporate
any of the aspects of flexibility described above. No systematic information
was available on the extent to which high school science classrooms may be

2For example, in California, among the 74,000 high school science classes offered during the
2002-2003 school year, the largest group (37 percent) was in general science, followed by life
science classes (27 percent). Classes in other science subjects made up much smaller shares of
the total, including chemistry (9 percent), integrated science (7 percent), and physics (4 percent)
(California Commission on Teacher Credentialling, 2004).
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designed to allow for easy movement from laboratory work to group discus-
sions or lectures and/or to accommodate multiple science disciplines. For
example, almost no information was available on the fraction of high schools
that include combined laboratory-classroom space instead of separate labo-
ratory rooms. In 1999, two teachers’ associations—the National Science Teach-
ers Association and the International Technology Education Association—
mailed a survey to their members and received about 2,000 responses
(LabPlan, 2004). Among the 900 National Science Teachers Association mem-
bers who responded, over three-fourths indicated they taught in combined
laboratory-classrooms. Among the 1,200 responding International Technol-

FIGURE 6-1 Laboratory classroom set up for group laboratory work and teacher demonstration
or mini-lecture.
SOURCE: Lidsky (2004).
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ogy Education Association members, who taught drafting, technology edu-
cation, and manufacturing courses, just under half taught in a combined
laboratory-classroom and one-quarter taught in a combined laboratory–pro-
duction classroom (LabPlan, 2004).

Budgeting for Laboratory Facilities,
Equipment, and Supplies

Because laboratories require space for student activities, shared teacher
planning, teacher demonstrations, student discussions, and safe storage of
chemicals, along with specialized furnishings (e.g., sinks, benches) and utili-
ties (e.g., water, gas), they are more expensive to build and maintain than
other types of school space. One recent guide to school science facilities
indicates that “laboratory space is approximately twice as expensive to build

FIGURE 6-2 Laboratory classroom set up for small-group investigations at central benches
and individual activities at side benches.
SOURCE: Lidsky (2004).
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and equip as classroom space.” (Biehle et al., 1999, p. 56). According to one
architect specializing in educational science laboratories, in 2004, the costs
of laboratory space in New England ranged from $180 per square foot for
general science and physics to $250 per square foot for chemistry and biol-
ogy (Lidsky, 2004). At $250 per square foot, these laboratory costs are about
1.7 times more expensive than the costs of new high school space in New
England, estimated at $148 per square foot in a recent survey (Abramson,
2004).

Daniel Gohl, principal of McKinley Technical High School in Washington,
DC, pointed out that laboratories are effectively financed through two differ-
ent budgets (Gohl, 2004). Although funds to plan, design, and build a new
laboratory facility come from the school or district’s capital budget, the sup-
plies and equipment needed to use the laboratory space come out of the
operating budget. In some cases, there may be enough capital budget to build
a laboratory, but no funds are set aside in the operating budget to provide
the equipment and supplies to use the laboratory over subsequent years.
Gohl observed:

It is not uncommon in jurisdictions throughout the country to find people
who invest a tremendous amount of money in high tech [high-voltage alter-
nating current] systems, great science labs, and then underfund them his-
torically once they are built. It may be that there is no equipment, or it may
be that they buy the equipment once and they don’t buy the disposable
materials every year in order to use them. There is no consensus as to how
one budgets those resources into the foreseeable future.

A study in New York City supports Gohl’s observations regarding bud-
geting for operational costs of labs (Schenk and Meeks, 1999). The New
York State Regents exam has exerted pressure for high schools throughout
the state, including those in New York City, to increase the number of labo-
ratory courses offered. In New York City, 16 of the 18 schools surveyed
increased the number of science classes requiring laboratory experiments
between 1993-1994 and 1996-1997. In nine of the schools, the laboratory
load at least doubled. The average increase in laboratory load between 1993-
1994 and 1996-1997 was 90 percent.

Changes in the budget for laboratory materials and supplies were not
commensurate with these increases in laboratory loads. For example, in one
high school, although the number of laboratory sections tripled from 25 to
75, the school received only $300 more for materials and supplies. In the
same time period, 7 of the 18 schools studied experienced a cut in their
science budgets, and 5 of these schools simultaneously experienced increases
in their laboratory load. For the nine schools that experienced an increase in
their science budget, the budget increased 34 percent while the correspond-
ing increase in laboratory load was 288 percent.
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Designing Laboratory Experiences and Facilities when
Resources are Scarce

When limited funds prevent schools from designing and constructing
laboratory facilities in the school, there are alternative ways to provide stu-
dents with effective laboratory experiences. Schools and teachers can ar-
range field trips with the help of local groups, such as the Audubon Natural-
ist Society, the local science museum, and the state department of natural
resources.

Schools in rural areas may be able to obtain one of a growing number of
mobile school laboratories (see Box 6-1). Laboratories on wheels can pro-
vide facilities, equipment, and trained teachers to rural students, and many
of these laboratories also provide teacher professional development. How-
ever, because these projects typically rely on a variety of funding sources,
including grants, they are not always sustainable. For example, Virginia Poly-
technic University’s Mobile Chemistry Laboratory, which relied on a combi-
nation of federal, corporate, private, and university funding, announced that
operations would cease in early May of 2004 due to lack of funds. However,
the National Science Foundation provided temporary funding to sustain the
program through the 2004-2005 school year (Virginia Polytechnic Institute,
2004). In contrast, the Juniata College Science in Motion Program in Penn-
sylvania, initially funded by the National Science Foundation, has been sus-
tained with state funding since 1997 (Mulfinger, 2004).

A few school districts and cities have found economies of scale by cen-
tralizing laboratory facilities in one location (this can be either an alternative
to having laboratory facilities in every school or a supplement). For ex-
ample, the Howard Hughes Medical Institute has supported new biotech-
nology laboratory facilities at Sterling High School in Loudoun County, Vir-
ginia, and a magnet program. Students across the county will use the
laboratories at Sterling every other day, attending their home high schools
for other courses and extracurricular activities (Helderman, 2004). In Tel
Aviv, Israel, a centralized science facility performs a similar role, serving
students from several schools with laboratory facilities and expert science
laboratory teachers (Arzi, 1998). Students in Tel Aviv attend their home schools
for other subjects and the science center for science. The Tel Aviv center has
proven particularly effective in building teachers’ knowledge and expertise
for laboratory teaching, by providing a place for ongoing teacher collabora-
tion, reflection, and improvement of instruction (see Figure 6-3).
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BOX 6-1  Laboratories on Wheels

California: Teachers + Occidental = Partnership in Science (TOPS)
Available at: http://www.lalc.k12.ca.us/catalog/providers/172.html.

Colorado: Colorado State University Mobile Investigations
Available at: http://www.hhmi.org/news/csugia.html.

Delaware: Science Van Project—Science In Motion

Illinois:

Chicago State University Chemistry Van
Available at: http://members.tripod.com/~tyff/Outreach/chemvan.html.

University of Illinois at Urbana-Champaign Physics Van
Available at: http://van.hep.uiuc.edu/.

Northern Illinois University Frontier Physics
Available at: http://www.physics.niu.edu/~frontier/.

Indiana: Purdue University Instrument Van Project
Available at: http://www.chem.purdue.edu/cmobile/Chemobile%
20%home%20page.htm.

New York: Marist College: Science on the Move
Available at: http://library.marist.edu/SOTM.

Pennsylvania: Science in Motion
Available at: http://www.science-in-motion.org/.

North Carolina: Science House Satellite Offices

Available at: http://www.science-house.org/info/satellite.html.

South Dakota: Science on the Move
Available at: http://www.camse.org/scienceonthemove/what_is_
sotm.html.

West Virginia: Science on Wheels
Available at: http://www.marshall.edu/coe/toyota/.
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DISPARITIES IN FACILITIES, EQUIPMENT, AND
SUPPLIES

Disparities in Laboratory Facilities

Although well-designed flexible laboratory spaces can support effective
laboratory experiences, access to such space is not available to all schools
and students. Among science department heads surveyed in 2000, 21 per-
cent indicated that facilities posed a serious problem for science instruction
in their school (Smith, Banilower, McMahon, and Weiss, 2002). This repre-
sented an increase from 1993, when about 18 percent of heads of science
departments indicated that facilities posed a serious problem.

In 1994, the U.S. General Accounting Office (GAO) surveyed a nation-
ally representative sample of 10,000 schools in 5,000 school districts. This
was the same sample used by the National Center for Education Statistics
Schools and Staffing Survey administered by the Census Bureau. GAO mailed
surveys to facilities directors and administrators in the school districts in
which the sampled schools were located and received a 78 percent response.

FIGURE 6-3 Schematic illustration of a laboratory-classroom and floor plan at HEMDA-Centre
for Science Education in Tel Aviv, Israel.
SOURCE: Arzi (1998). Reprinted with permission.
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Survey results were statistically adjusted to produce representative estimates
at the national and state levels (U.S. General Accounting Office, 1996, p. 32).
One survey question asked, “How well do this school’s on-site buildings
meet the functional requirements of the activities below?—very well, moder-
ately well, somewhat well, not well at all.” The list of activities included
laboratory science. A total of 15 percent of respondents who were asked
about high schools indicated that their laboratory facilities met functional
requirements “not well at all.” Specifically, they indicated that their facilities
did not meet the following functional requirements for laboratory science:
demonstration stations, student laboratory stations, safety equipment, and
appropriate storage for chemicals and other supplies.

In its analysis of survey responses and school and student characteris-
tics, GAO included responses about both elementary and secondary school
buildings. The survey identified three trends. First, inadequate laboratory
facilities varied by community type. The highest percentage of ill-equipped
schools was in central cities, followed by urban fringes or large towns, and
the smallest percentage of ill-equipped schools was in rural areas or small
towns. Second, inadequate laboratory facilities varied by proportion of mi-
nority students, with less adequate laboratory facilities in schools with higher
concentrations of minorities (see Table 6-1). Third, inadequate laboratories
were associated with the proportion of students approved for free or re-
duced-price lunch, with less adequate facilities in schools with higher con-
centrations of students eligible for reduced-price meals (see Table 6-2).

More recent data regarding the adequacy of science facilities are avail-
able from a survey of school principals in New Jersey conducted in 2003 by
Mark Schneider. Due to its focus on a single state, less careful design, and
lower response rate, the results of this survey are less conclusive than the
earlier GAO survey. In fall 2003, 1,300 principals who were members of the
New Jersey Principals and Supervisors Association were sent surveys by
email and fax. The response rate was about 20 percent. An analysis of the
sample of respondents found that principals in New Jersey’s poorest districts

TABLE 6-1 Percentage of Schools Reporting Inadequate Facilities by
Proportion of Minority Students

Percentage of Total

Minority enrollment 50.5 or more 20.5-50.4 5.5-20.4 less than 5.5

Schools reporting inadequate 49 43 39 39
facilities

SOURCE: U.S. General Accounting Office (1996, pp. 49-50).
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were underrepresented in the sample (Schneider, 2004). In this survey, princi-
pals were not given any guidance to judge the adequacy of their laboratory
facilities. The survey question asked whether specialized science facilities were
“very adequate,” “somewhat adequate,” or “less than adequate” (p. 5). Despite
these weaknesses, the survey responses are discussed here, as they are among
the very few data available on the adequacy of laboratory facilities.

In response to this survey, principals in the poorest schools were more
likely to find the facilities for science to be inadequate than principals in
average or high-income schools. Specifically, around 30 percent of princi-
pals in poor schools indicated their science facilities were inadequate com-
pared with less than 10 percent of principals in average or high-income
schools (Schneider, 2004).

Surveys in three large cities with large concentrations of poor and mi-
nority students also reveal inadequate laboratory facilities and equipment. A
survey conducted in New York City in the mid-1990s found that the few
available laboratory rooms were in constant use, with teachers rotating in
and out of classrooms. With no time to clean up broken glass or spills,
student safety was compromised (Schenk and Meeks, 1999). In response to
phone and mail surveys conducted in 2002, almost 60 percent of science
teachers in Chicago and Washington, DC, reported either that their science
laboratory facilities were somewhat inadequate or very inadequate to meet
curriculum standards or that they had no science laboratory facilities at all
(Schneider, 2002).

Disparities in Laboratory Equipment

Equipment necessary to safely conduct a variety of laboratory experi-
ments is not available in all classrooms. In the 2000 survey of science educa-
tion, high school teachers were asked about equipment used in their science
classes. They responded that they frequently used electricity (in over 90

TABLE 6-2 Percentage of Schools Reporting Inadequate Facilities by
Proportion of Students Eligible for Free or Reduced-Price Lunch

Percentage of Total

Students eligible for free or 70 or more 40-70 20-40 Less than 20
reduced-price lunch

Schools reporting inadequate 50.3 49 38 20
facilities

SOURCE: U.S. General Accounting Office (1996, pp. 49-50).
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percent of classes), running water (over 90 percent of classes), gas for burn-
ers (in 72 percent of classes), and hoods or air hoses to remove dangerous
fumes (in 56 percent of classes) (Smith et al., 2002). On average, teachers
indicated that less than 10 percent of their science classes lacked needed
access to electric outlets, running water, and gas for burners. However, teachers
indicated that a larger share of science classes (26 percent in 1993 and 11
percent in 2000) would have benefited from hoods or air hoses that were
unavailable.

A follow-up analysis of this national survey data revealed disparities in
the availability of laboratory equipment and supplies. Teachers in schools
with the highest concentrations of non-Asian minority students were more
likely than teachers in other schools to indicate that fume hoods or air hoses
were needed but not available (Banilower, Green, and Smith, 2004). Teach-
ers in rural schools reported spending far less on equipment than teachers in
urban or suburban areas, and equipment spending also varied by poverty
and the ethnic composition of schools. The median of equipment spending
was $4 per pupil per year among schools in the lowest poverty quartile,
compared with $2 per pupil per year among schools in the highest poverty
quartile (Banilower et al., 2004, p. 33). Equipment spending was also lower
in schools with higher concentrations of non-Asian minorities. The median
amount spent per pupil per year was $3 in schools with the lowest concen-
tration of minorities and only $1 in schools with the highest concentration.
For a typical high school of about 1,100 students, the median of annual
spending on equipment was $3,126 in the lowest poverty schools and $1,935
in the highest poverty schools. Similarly, annual spending was $2,476 in
schools with the fewest minorities and $1,928 in schools with the highest
concentrations of minorities (Banilower et al., 2004, p. 32; see Table 6-3).

Disparities in Supplies

A study of high school biology in Israel found that “easy access to labo-
ratory materials, living organisms, and chemicals has been influential in pro-
moting laboratory work” (Tamir, 1976, cited in Lazarowitz and Tamir, 1994,
p. 111). As in the case of laboratory facilities and equipment, such easy
access is not equally distributed to all high schools and all high school
students.

Nationally, the median of yearly expenditures per pupil for consumable
science supplies was $3 in 2000, or $3,444 for a typical high school of about
1,100 students. However, the national average masks disparities in spending
between rural schools, which have median science supply expenditures of
only $994, and urban and rural schools, which have annual supply expendi-
tures of $2,957 and $2,905, respectively (Banilower et al., 2004). In terms of
annual spending on science supplies per pupil, schools with the lowest
concentrations of poor students spent twice as much ($6) as the highest

America's Lab Report: Investigations in High School Science

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/11311


FACILITIES, EQUIPMENT, AND SAFETY 181

poverty schools ($3) on consumable supplies for science instruction. Annual
spending per pupil was $5 in schools with the fewest non-Asian minorities
and $3 in schools with the highest concentration of non-Asian minorities.

An earlier survey in New York City revealed that one South Bronx high
school had no facilities designed specifically for laboratory investigations.
This survey indicated that the average annual expenditure per pupil for
laboratory supplies was merely $2.02 (range from $.93 to $3.31), well below
the $16.79 per student per year spent by a suburban district on Long Island
(Schenck and Meeks, 1999).

Lack of adequate supplies and access to those supplies can have severe
effects on teaching and learning. A science teacher at an urban high school
in a poor neighborhood of Washington, DC, told the committee that he
teaches laboratories only every two weeks because of the challenge of ob-
taining and assembling supplies. The science supervisor of a rural school
district in southwestern Virginia, speaking to the committee, described the
challenge of teaching laboratory classes off a cart of equipment and supplies
and teaching ecology in the school library.

Lack of available, accessible laboratory equipment and supplies forces
some teachers to purchase these items out of their own pockets. In response
to a 2000 survey, high school teachers indicated they spent an average of
$55 per year of their own money for science classes (Smith et al., 2002, p.

TABLE 6-3 Spending on Laboratory Equipment (Median Amount Spent in
2000 by a Typical High School of 1,100 Students)

Demographic Category Median Amount ($) Standard Error

Overall 2,538 (253)

School location
Urban 2,957 (464)
Rural 994 (292)
Suburban 2,905 (506)

School poverty
1st quartile (lowest poverty) 3,126 (380)
2nd quartile 1,842 (335)
3rd quartile 2,758 (1,039)
4th quartile 1,928 (445)

Non-Asian minority percentage
1st quartile (lowest percentage) 2,476 (383)
2nd quartile 2,372 (526)
3rd quartile 2,926 (812)
4th quartile (highest percentage) 1,928 (445)

SOURCE:  Banilower, Green, and Smith (2004).
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62). A national survey by a trade association found that teachers spent an
average of $589 of their own money on supplies in 2001, up from $448 in
1999 (Trejos, 2003). Recognizing this problem, in March 2002 President Bush
signed into law an economic stimulus package that included an annual $250
deduction for teachers’ personal expenditures on classroom supplies. In fall
2004, this tax deduction was extended for two years.

LABORATORY SAFETY
Questions about laboratory safety were not part of the committee’s charge,

yet safety issues emerged as a critical concern over the course of the study.
This section provides a brief review of safety issues. Science teachers and
schools have clear legal liability for the safety of students engaged in labora-
tory activities, and local, state, and federal regulations, codes, and policies
provide clear specifications for ensuring student safety. The limited evidence
available suggests that some U.S. high schools are not ready to provide safe
laboratory activities.

Liability for Student Safety

As defined by U.S. courts today, “negligence” is conduct that falls below
a standard of care established by law or profession to protect others from an
unreasonable risk of harm, or the failure to exercise due care to protect
others from an unreasonable risk of harm. Science teachers and their super-
visors have three basic duties. Failure to perform any of these could result in
a legal finding that a teacher or a school administrator (or both) is liable for
damages and a judgment and award against that teacher or school adminis-
trator (Council of Chief State Science Supervisors, no date, p. 2):

1. The duty of instruction. Teachers must instruct students prior to any
laboratory activity, providing accurate, appropriate information about fore-
seeable dangers; identifying and clarifying any specific risks; explaining proper
procedures/techniques; and describing appropriate behavior in the lab. These
instructions must follow professional and district guidelines.

2. The duty of supervision. This includes not tolerating misbehavior,
providing greater supervision in more dangerous situations, providing greater
supervision to younger students and those with special needs, and never
leaving students unattended.

3. The duty of maintenance. This requires that the teacher never use
defective equipment, file written reports for maintenance or correction of
hazardous conditions or defective equipment, establish regular inspections
of safety equipment and procedures, and follow all guidelines for handling
and disposing of chemicals.
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Standards of Care for Student Safety

The courts have established that negligence may occur if teachers or
school administrators’ conduct falls below a standard of care established by
law or profession. Standards of care are established not only by law and
regulation but are also incorporated in building codes and guidelines estab-
lished by voluntary associations.

In the event of student accident or injury, courts may consider whether
the size of the laboratory facility and the number of students using the facil-
ity met standards of care. State laws and regulations governing class size are
based on occupancy standards established by the Building Officials and
Code Administrators International, Inc., and the National Fire Protection
Association, Inc. (Roy, 1999). Both of these sets of standards call for 50
square feet of space per person in school laboratories or workshops. The
National Science Teachers Association (NSTA) calls for a minimum of 45
square feet per student for a standalone laboratory and 60 square feet per
student for a combination laboratory-classroom (Biehle et al., 1999, p. 55).
This translates into at least 1,250 square feet for a laboratory and 1,440
square feet for a combined laboratory classroom. The NSTA recommends a
maximum class size of 24 students in high school laboratory science classes.

The U.S. Occupational Safety and Health Administration (OSHA) estab-
lishes standards of care to protect the health and safety of all employees,
including teachers and other school employees. One of the most important
OSHA standards of care for school laboratories is the Laboratory Standard
(29 CFR 1910.1450). This standard requires school science teachers to create
and maintain a chemical hygiene plan (CHP). In most schools, a science
teacher or teachers develop the CHP, which outlines policies, procedures,
and responsibilities to increase student, teacher, and staff awareness of po-
tentially harmful chemicals. The CHP requires proper labeling of all chemi-
cals, using a Material Safety Data Sheet, which outlines important safety
information, and safe storage. These data sheets must be made available to
school employees and must be kept in a safe but easily accessible location.
The National Institute for Occupational Safety and Health provides guides
for proper separation of incompatible chemical families. Other OSHA stan-
dards governing laboratory safety include CFR, Part 29, 1910 (General Work-
place Standards), 1910 Subpart Z (Exposure Standards), 1910.133 (Eyewear
Standards), and 1910.1450 (Occupational Exposure to Hazardous Chemicals
in Laboratories).

The U.S. Environmental Protection Agency (EPA) administers several laws
and regulations affecting safety in high school science laboratories. These
include (1) the Resource Conservation and Recovery Act, (2) the Emergency
Planning and Right-to-Know laws and regulations, and (3) the Toxic Sub-
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stances Control Act. To carry out provisions of the Resource Conservation and
Recovery Act, EPA issues regulations and guidelines governing safe storage of
laboratory chemicals, equipment, and supplies. Title III of this act governs
emergency planning and right-to-know (about potentially hazardous chemi-
cals), and Title IV governs chemical disposal. In implementing the Toxic Sub-
stances Control Act, EPA issues regulations and guidelines to protect indoor air
quality. EPA provides a checklist for teachers to assess and improve indoor
air quality, including items related specifically to school science laboratories
(http://www.epa.gov/iaq/schools/tfs/teacher.html).

In addition to these federal regulations and guidelines, the American
National Standards Institute (ANSI) has established voluntary standards for
laboratory safety that include:

• ANSI Z358.1—guidelines for establishing the correct design, installa-
tion, use, and performance of emergency safety equipment.

• ANSI Z87—guidelines for protective equipment at easily accessible
locations.

To help teachers and schools meet the growing body of standards of
care, several organizations, ranging from the Council of Chief State Science
Supervisors (no date) to Flinn Scientific, have created safety checklists. Many
are readily accessible on the Internet (see Box 6-2). One company has de-
veloped comprehensive state-level guides available on CD-ROM, incorpo-
rating state regulations and guidelines, as well as federal and professional
requirements (Jakel, Inc., 2005).

Current Patterns in Implementing Safety Policies

Although states, school districts, and professional associations make some
efforts to alert schools and teachers about safety policies and practices, some
evidence suggests that schools tend to react to accidents rather than taking
positive action to avoid them. The costs of adequate safety are large. For
example, between 2000 and 2003, the Chicago Public Schools spent $570,000
to conduct chemical sweeps in schools, at a cost of approximately $2,600
per school. When the Chicago science supervisor proposed a more serious
and sustained investment in safety—including $3.3 million for initial equip-
ment, teacher training, and policies for laboratory safety, followed by an
annual investment of $1 million to continue inventories of chemicals, train
teacher and supervisors, and employ safety specialists, the budget proposal
was turned down (see Table 6-4).

While preventive safety measures are expensive, the costs of accidents
and injuries may be even larger. Press reports indicate that some school and
district officials do not make safety improvements until an accident occurs.
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For example, in 2000, eight chemistry students in a Battle Creek, Michigan,
school were severely burned when a teacher poured methanol into metal
chloride salt. A ball of fire flashed across the teacher’s desk and engulfed
students sitting across from him. The teacher did not use a fume hood,
because the one in his classroom forced observers to peer over his shoulder,
preventing all students from watching. Following the accident, the district
completed a previously planned renovation, providing every laboratory with
a new fume hood that offers a better view of demonstrations (Hoff, 2003).

More recently, three students were burned at Federal Way High School
near Seattle, Washington, when the teacher did a similar demonstration without
a shield. A school spokeswoman commented, “None of our classrooms are
set up that way” (Hagey, 2004). Since the accident, a state inspector from the
state Department of Labor and Industries found five serious hazards in vio-
lation of state regulations, including: (1) emergency showers were not tested
annually and emergency eyewashes were not tested weekly; (2) a district-
wide chemical hygiene plan had not been implemented; (3) fume hoods
were not tested to determine if they met national standards; (4) several
bottles of acids and bases were stored on the floor of a fume hood, obstruct-
ing air flow and creating the risk of inhaling dangerous fumes; and (5) air
sampling for formaldehyde exposure had not been carried out in biology
labs (Maynard, 2004).

BOX 6-2  Laboratory Science Safety Checklists

There are many sources of general safety checklists and action plans
for teachers and school administrators concerned about laboratory safety.
They include

Council of Chief State Science Supervisors
(http://www.csss.enc.org/safety.htm)

National Science Teachers Association
(http://www.nsta.org/positionstatementandpsid=32)

National Science Education Leadership Association
(http://www.nsela.org/safesci17.htm)

Flinn Scientific (a vendor of laboratory equipment and supplies)
(http://www.flinnsci.com/Sections/Safety/generalSafety/steps
Prove.asp)

Laboratory Safety Institute
(http://www.labsafety.org)
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Frequency of Accidents and Injuries

The weak and limited data available suggest that accidents are not un-
common in high school science laboratories. One study of injury claims
related to school science in Iowa found that the number of claims rose from
674 in 1990-1993 to 1,002 in 1993-1996, and the cost to insurance companies
rose from $1.68 to $2.3 million. The authors found that the number of law-
suits grew from 96 to 245, and awards in these suits grew from $566,305 to
$1.2 million (Gerlovich et al., 2002).

TABLE 6-4 Estimated Costs of Improving Laboratory Safety in Chicago
Public Schools, 2004

Recommendation Initial Cost Annual Cost

1. Identify and codify laboratory safety procedures. $20,000 $2,500

2. Establish clear accountability systems for the maintenance $100,000 $100,000
and management of chemical hygiene at local schools.

3. Establish a science safety manager position. $80,000 $80,000

4. Identify one chemical hygiene specialist in each school. $325,000 $325,000

5. Conduct priority removal of potentially hazardous $400,000 $0
chemicals that may remain in schools.

6. Deploy a system-wide web-based inventory system to $100,000 $50,000
collect and maintain an inventory of chemicals at each
school.

7. Inventory existing chemical supply in schools as part of $265,000 $265,000
ongoing chemical hygiene plan. Remove hazardous
chemicals from school science laboratories.

8. Provide baseline safety materials for all classrooms in $1,800,000 $0
which science laboratory investigations are taking place.

9. Roll out a four-tiered training plan focusing on laboratory $250,000 $250,000
safety.

10. Provide a set of “introduction to laboratory safety” lesson $10,000 $8,000
plans to be used by science teachers.

Total $3,300,000 $1,000,000

SOURCE: Chicago Public Schools, Office of Math and Science.
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Among teachers responding to a survey conducted in Texas in October
2000, 36 percent reported a total of 460 minor laboratory accidents during
the 2000-2001 school year (Fuller et al., 2001, p. 9), and 13 percent reported
a total of 85 major accidents requiring medical attention over the previous
five years (Fuller et al., 2001, p. 10).

The lack of publicly available data on laboratory accidents and injuries
may be due in part to the fact that many legal cases are settled before trial.
As a result, there are few articles discussing legal precedents and findings in
cases related to laboratory science (Standler, 1999).

Lack of Systemic Safety Enforcement

Over the past 10 years, several states have conducted surveys of labora-
tory safety in conjunction with teacher safety education workshops. States
that have conducted surveys and workshops include Iowa (Gerlovich et al.,
1998), Nebraska (Gerlovich and Woodland, 2000), North Carolina (Stallings,
Gerlovich, and Parsa, no date), Wisconsin (Gerlovich, Whitsett, Lee, and
Parsa, 2001), South Carolina (Sinclair, Gerlovich, and Parsa, 2003), and Ala-
bama (Gerlovich, Adams, Davis, and Parsa, 2003). The results of these state
surveys must be interpreted with caution, because responses were obtained
from only small, self-selected samples of teachers, who may not be repre-
sentative of the population of teachers more generally. For example, in Iowa,
617 surveys were mailed to participants who had agreed to attend safety
training workshops, and 383 surveys were received at these workshops
(Gerlovich et al., 2002). Surveys reflected the situation of at least one build-
ing in each of Iowa’s area educational agencies, but it is not possible to
determine whether the situation in other schools in those areas is the same
or different.

Among the small group of teachers responding to the Iowa survey,
nearly 70 percent worked in laboratories that were over 20 years old, mak-
ing it less likely that they were in compliance with recent building codes.
Less than 22 percent of the laboratories and 7 percent of the combined
laboratory-classrooms included in this small sample complied with the NSTA
standards calling for 45 square feet per student for laboratories and 60 square
feet per student for combined laboratory-classrooms (Gerlovich et al., 2002).
Most of the facilities included in the surveys had such basic safety features as
ground fault interrupters on electrical outlets, ABC triclass fire extinguishers,
and ANSI-approved eye protective equipment, but nearly 27 percent did not
have a functioning eyewash station. About 37 percent of the teachers reported
never receiving science safety training, and over 17 percent said they had
received safety training more than 10 years earlier. Nearly 60 percent required
students to sign safety contracts indicating they understood and agreed to
follow safety procedures, and nearly 70 percent stored chemicals safely, based
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on chemical compatibility, rather than alphabetically. Further analysis of the
survey data indicated that newer facilities (10 years old or less) generally had
more square footage of floor space and were more likely to have two or more
exits, compared with older facilities. The analysis also found that teachers
who had received safety training within 10 years more frequently stored chemi-
cals based on chemical compatibility than did teachers who had not been
trained or had been trained more than 10 years previously.

 Researchers in Texas distributed a safety survey to science teachers
attending a conference in October 2000 and to teachers participating in 12
laboratory safety professional development sessions across the state (Fuller
et al., 2001, p. 7). They received 590 responses. As in the Iowa study, the
facilities in which most respondents taught were smaller than the size rec-
ommended by NSTA. Specifically, 94 percent of those who taught in labora-
tories indicated that these facilities were less than 1,200 square feet, indicat-
ing they did not meet the Texas recommendation of 50 square feet per
student. Among respondents who worked in combined laboratory-classrooms,
70 percent reported room sizes of less than 1,000 feet, indicating that the
rooms did not meet the requirement in Texas law of 50 square feet per
student (Fuller et al., 2001, pp. 16-17). Many respondents also indicated that
their schools did not follow standards of care regarding the availability and
use of safety equipment, proper storage of chemicals, ventilation systems,
and classroom communication (Fuller et al., 2001, p. 19). The Texas Hazard
Communications Act requires all science teachers new to a school to partici-
pate in professional development activities focused on laboratory safety, but
only 33 percent of respondents indicated that they had done so during the
2000-2001 school year.

Perhaps the most significant finding from the Texas survey was the posi-
tive and direct relationship between the number of students in a science
class and the number of accidents. As student enrollments increased, so did
the number of minor accidents. The authors recommended that school dis-
tricts provide science laboratories of appropriate size (50 square feet per
student) with appropriate storage space (15 square feet per student) and
ventilation. They also recommended compliance with the recommended
ratio of 25 students to 1 high school teacher (Fuller et al., 2001, p. 19).

Other data indicate that large class sizes may pose a threat to safety in
school laboratories. Average science class sizes in California, 30.1 students
per teacher in the 2003-2004 school year (California Department of Educa-
tion, 2005), exceed the NSTA standard of 24 students per teacher in science
classes conducting hands-on or inquiry activities. It may be extremely diffi-
cult for teachers in classes of 30 students to perform the “duty of supervi-
sion” and maintain safety during laboratory experiences. An earlier survey of
Florida teachers published in 1988 indicated that they viewed the size of
more than 55 percent of their classes to be “potentially unsafe” for labora-
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tory work. The average class size viewed as “unsafe” was 31 students com-
pared with an average class size of 23 students in the 45 percent of classes
considered “safe” (Horton, 1988).

The data above suggest that schools and teachers need better training in
safety. Although ad hoc workshops on laboratory safety can provide infor-
mation that helps teachers and administrators enforce legal requirements for
maintaining student safety, more sustained professional development may
be required to create lasting changes in school safety, just as sustained pro-
fessional development supports changes in teaching practices.

SUMMARY
Integrated laboratory-classrooms with flexible equipment and furnish-

ing are ideal for supporting teaching and learning with laboratory experi-
ences that are integrated into the flow of instruction. However, some schools
are far from this ideal.

Direct observation and manipulation of many aspects of the material
world require adequate laboratory facilities, including space for teacher dem-
onstrations, student laboratory activities, student discussion, and safe stor-
age space for supplies. Schools with higher concentrations of non-Asian
minorities and schools with higher concentrations of poor students are less
likely to have adequate laboratory facilities than other schools. In addition to
lacking such adequate spaces for laboratory activities, schools with higher
concentrations of poor or minority students and rural schools often have
lower budgets for laboratory equipment and supplies than other schools.
These disparities in facilities and supplies may contribute to the problem
that students in schools with high concentrations of non-Asian minority stu-
dents spend less time in laboratory instruction than students in other schools.

Laboratory safety is an area of growing concern in high school science,
yet few systematic data are available on the current safety of facilities, equip-
ment, and practices. School administrators and science teachers, who bear
important responsibility for student safety, appear to receive little systematic
safety training.
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7

Laboratory Experiences for the
21st Century

Science education, of which laboratory experiences are a fundamental
and unique part, is a critical component of education for the 21st century.
Most policy makers and educators agree that scientific literacy is essential for
all citizens in an increasingly technological world. At the same time, science
education is essential to meeting the nation’s needs for scientists and engi-
neers in an era of growing global competition in research, development,
and technological innovation. Yet in the United States, many people lack
even a basic understanding of science. Because most Americans complete
high school and the curriculum is designed to prepare young people both
for employment and further study, high school science education has the
potential to advance the dual goals of broad scientific literacy and prepara-
tion of the future technical and scientific workforce.

In this chapter we summarize the major findings and conclusions of the
report and consider their implications for policy, practice, and research. We
consider the role each conclusion plays in advancing a new vision of labo-
ratory experiences in science education.

THE ROLE OF LABORATORY EXPERIENCES IN
SCIENCE EDUCATION

The distinguishing feature of science is that explanations are required to
correlate with observed data from nature. Scientists gather these data through
direct observation, manipulation, and experimentation with natural phenom-
ena. Because the subject matter of science is the material world, science
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education involves seeing, handling, and manipulating real objects and ma-
terials and teaching science involves acts of showing as well as of telling.

 In the committee’s view, science education includes learning about the
methods and processes of scientific research (science process) and the knowl-
edge derived through this process (science content). Science process centers
on direct interactions with the natural world aimed at explaining natural
phenomena. Science education would not be about science if it did not
include opportunities for students to learn about both the process and con-
tent of science. Laboratory experiences, in the committee’s definition, can
potentially provide one such opportunity.

Most states and school districts continue to invest in laboratory facilities
and equipment, many undergraduate institutions require completion of labo-
ratory courses to qualify for admission, and some states require completion
of science laboratory courses as a condition of high school graduation. These
requirements exist without careful description of what is meant by a labora-
tory course. And, while some state and district policies appear to support
laboratory experiences, others may hinder the design and implementation
of effective laboratory learning experiences. The committee has identified
science standards and assessments as two key policy drivers that shape the
role of laboratory experiences in science education.

• State science standards that are interpreted as encouraging the teach-
ing of extensive lists of science topics in a given grade may discourage
teachers from spending the time needed for effective laboratory learning.

• Current large-scale assessments are not designed to accurately mea-
sure student attainment of the goals of laboratory experiences. Developing
and implementing improved assessments to encourage effective laboratory
teaching would require large investments of funds.

LABORATORY EXPERIENCES AND
STUDENT LEARNING

The committee reviewed a wide body of research related to laboratory
experiences and student learning. This review revealed a diffuse evidence
base consisting of studies that vary widely in quality. The coherence of the
body of evidence is complicated by a lack of clarity in the goals for labora-
tory experiences. As a first step to understanding the potential of laboratory
experiences to advance science education, the committee defined labora-
tory experiences and identified seven goals.

• Definition: Laboratory experiences provide opportunities for students
to interact directly with the material world (or with data drawn from the
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material world), using the tools, data collection techniques, models, and
theories of science.

Goals of Laboratory Experiences

Laboratory experiences can help to enhance national scientific literacy
and prepare the next generation of scientists and engineers by supporting
students in attaining several educational goals:

• Enhancing mastery of subject matter.
• Developing scientific reasoning.
• Understanding the complexity and ambiguity of empirical work.
• Developing practical skills.
• Understanding of the nature of science.
• Cultivating interest in science and interest in learning science.
• Developing teamwork abilities.

Evidence on the Effectiveness of Laboratory Experiences

In reviewing the evidence on the effectiveness of laboratory experi-
ences in helping students to attain these goals, the committee examined two
somewhat distinct bodies of research. Each is designed to address a different
question about the effectiveness of laboratory experiences.

Historically, laboratory experiences have been disconnected from the
flow of science classes. Because this approach remains common today, we
refer to these isolated interactions with natural phenomena as “typical” labo-
ratory experiences. Research on typical laboratory experiences examines
whether these encounters with the natural world, by themselves, contribute
to students’ science learning. Over the past 10 years, investigators have be-
gun to develop a second body of studies that draw on principles of learning
derived from cognitive psychology. This research has focused on develop-
ment of instructional sequences that include laboratory experiences along
with lectures, reading, and discussion. We refer to these instructional se-
quences including laboratory experiences as “integrated instructional units.”

The earlier body of research, on typical laboratory experiences and the
emerging research on integrated instructional units, yield different findings
about the effectiveness of laboratory experiences in advancing the goals
identified by the committee (see Table 7-1). Research on typical laboratory
experiences is methodologically weak and fragmented, making it difficult to
draw precise conclusions. The weight of the evidence from research fo-
cused on the goals of developing scientific reasoning and enhancing student
interest in science showed slight improvements in both after students par-
ticipated in typical laboratory experiences. Research focused on the goal of
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student mastery of subject matter indicates that typical laboratory experi-
ences are no more or less effective than other forms of science instruction
(such as reading, lectures, or discussion).

A major limitation of the research on integrated instructional units is that
most of the units have been used in small numbers of science classrooms.
Only a few studies have addressed the challenge of implementing—and
studying the effectiveness of—integrated instructional units on a wide scale.
The studies conducted to date indicate that the laboratory experiences and
other forms of instruction included in these units show greater effectiveness
for these same three goals (compared with students who received more
traditional forms of science instruction): improving students’ mastery of sub-
ject matter, developing scientific reasoning, and cultivating interest in sci-
ence and science learning. Integrated instructional units also appear to be
effective in helping diverse groups of students progress toward these three
learning goals. Due to a lack of available studies, the committee was unable
to draw conclusions about the extent to which either typical laboratory ex-

Table 7-1 Attainment of Educational Goals in Different Types of
Laboratory Experiences

Typical Laboratory
Goal Experiences Integrated Instructional Units

Enhancing mastery of No better or worse than Increased mastery compared
subject matter other modes of instruction to other modes of instruction

Developing scientific Aids development of Aids development of more
reasoning some aspects sophisticated aspects

Understanding complexity Inadequate evidence Inadequate evidence
and ambiguity of empirical
work

Developing practical Inadequate evidence Inadequate evidence
skills

Understanding of the nature Little improvement Some improvement when
of science explicitly targeted at this goal

Cultivating interest Some evidence of Evidence of increased interest
in science increased interest

Developing teamwork Inadequate evidence Inadequate evidence
skills

xx
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periences or integrated instructional units might advance the other goals
identified at the beginning of this chapter—enhancing understanding of the
complexity and ambiguity of empirical work, acquiring practical skills, and
developing teamwork skills.

The committee considers the evidence emerging from research on inte-
grated instructional units sufficient to conclude:

• Four principles of instructional design can help laboratory experi-
ences achieve their intended learning goals if (1) they are designed with
clear learning outcomes in mind, (2) they are thoughtfully sequenced into
the flow of classroom science instruction, (3) they are designed to integrate
learning of science content with learning about the processes of science,
and (4) they incorporate ongoing student reflection and discussion.

These principles, combined with the seven goals, offer first steps to-
ward a more coherent vision of laboratory experiences. They provide a
framework for curriculum developers, administrators, and teachers to use
in reconsidering how laboratory experiences can be successfully incorpo-
rated into science courses. The emerging research on the uses of technol-
ogy to support laboratory experiences reveals a promising avenue for both
research and practice, particularly for its potential to allow students access
to otherwise inaccessible phenomena.

CURRENT HIGH SCHOOL LABORATORY
EXPERIENCES

Analysis of current classroom practice shows that high school students’
current laboratory experiences rarely follow the design principles we have
identified. We conclude:

• The quality of current laboratory experiences is poor for most students.

Furthermore, access to any type of laboratory experience is unevenly
distributed. Students in schools with higher concentrations of non-Asian
minorities spend less time in laboratory instruction than students in schools
with fewer non-Asian minorities. Students in more advanced science classes
spend more time in laboratory instruction than students enrolled in regular
classes. At the same time, most students, regardless of race or level of
science class, participate in a limited range of laboratory experiences that
are not based on the design principles derived from recent research in
science learning.
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READINESS OF TEACHERS AND SCHOOLS TO
PROVIDE LABORATORY EXPERIENCES

One important factor contributing to the weakness of current laboratory
experiences is a lack of preparation and ongoing support for high school
science teachers. Effective high school laboratory teaching requires both
deep conceptual and procedural knowledge of science disciplines and also
deep knowledge of student learning and teaching strategies appropriate to
those disciplines. However, current undergraduate education of future sci-
ence teachers does not provide these types of knowledge. Undergraduate
science departments rarely provide future science teachers with laboratory
experiences that are designed on the basis of the learning principles identi-
fied in the research.

Once on the job, science teachers have few opportunities to improve
their laboratory teaching. Most professional development opportunities for
current science teachers are limited in quality, availability, and scope and
place little emphasis on improving laboratory instruction. In addition, few
high school teachers have access to science curricula that are designed on
the basis of research, and some teachers struggle with inadequate laboratory
space and supplies.

• Improving high school science teachers’ capacity to lead laboratory
experiences effectively is critical to advancing the educational goals of these
experiences. This would require major changes in undergraduate science
education, including provision of a range of effective laboratory experiences
for future teachers and developing more comprehensive systems of support
for teachers.

• The organization and structure of most high schools impedes teach-
ers’ and administrators’ ongoing learning about science instruction and imple-
menting quality laboratory experiences.

The design principles and goals offer a framework for reevaluating
undergraduate science education for teachers, just as they can advance
laboratory experiences in elementary and secondary schools settings. In
addition, as state policy makers and district and school administrators be-
gin to give more explicit and coherent attention to laboratory experiences,
they can also supply the tools and support teachers need to provide high-
quality laboratory experiences. For example, professional development
might be designed with an explicit focus on laboratory experiences and
tied to teachers’ work in classrooms. Teachers could be given more time to
plan and share ideas, and the time-intensive aspects of providing high-
quality laboratory instruction could be recognized.
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Finally, safety issues emerged as an important but neglected aspect of
laboratory experiences. Greater attention to safety issues in research, policy,
and practice is warranted.

TOWARD THE FUTURE: LABORATORY
EXPERIENCES FOR THE 21ST CENTURY

Moving toward improvement of laboratory experiences for the 21st
century is constrained by weaknesses in definitions and research. Histori-
cally, researchers studying laboratory experiences have not agreed on a
precise definition of “laboratory.” Even today, educators, policy makers,
and researchers have differing views of the role and goals of high school
laboratory experiences. This fragmentation in research, policy, and prac-
tice has slowed research, development, and demonstration of improved
laboratory experiences.

• Researchers and educators do not agree on how to define high school
science laboratories or on their purposes, hampering the accumulation of
evidence that might guide improvement in laboratory education. Gaps in
the research and in capturing the knowledge of expert science teachers
make it difficult to reach precise conclusions on the best approaches to
laboratory teaching and learning.

The need to more carefully define the role and goals of high school
science laboratories and measure progress toward attainment of those goals
is given greater urgency in view of the multiple pressures placed on schools
and districts to increase the performance of a diverse student body. The
challenge of meeting the needs of students in cost-effective ways places
great pressure on schools to reevaluate the apparently more expensive fea-
tures of education, such as high school science laboratories.

Although more recent research has illuminated the design principles to
guide improvement in laboratory teaching and learning, studies of the pos-
sibilities and challenges associated with scaling up promising approaches
are in the early stages. In addition, mechanisms for sharing the results of the
research that is available—both within the research community and with the
larger education community—are so weak that progress toward more effec-
tive laboratory learning experiences is impeded.

The committee envisions a future in which the role and value of high
school science laboratory experiences are more completely understood. The
state of the research knowledge base on laboratory experience is dismal but,
even so, suggests that the laboratory experiences of most high school stu-
dents are equally dismal. Improvements in current laboratory experiences
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can be made today using emerging knowledge. Documented disparities to
access should be eliminated now.

Systematic accumulation of rigorous, relevant research results and best
practices from the field will clarify the specific contributions of laboratory
experiences to science education. Such a knowledge base must be inte-
grated with an infrastructure that supports the dissemination and use of this
knowledge to achieve coherent policy and practice.

The committee suggests that partnerships may be most successful in ad-
dressing the weaknesses in current laboratory experiences and other prob-
lems we have outlined. Specifically, teachers, scientists, cognitive psycholo-
gists, education researchers and school systems, working together, are best
able to design and test innovative approaches to laboratory experiences. Part-
nerships like these are well suited to the challenge of answering the many
remaining questions about laboratory teaching and learning:

1. Assessment of student learning in laboratory experiences—What are
the specific learning outcomes of laboratory experiences and what are the
best methods for measuring these outcomes, both in the classroom and in
large-scale assessments?

2. Effective teaching and learning in laboratory experiences—What forms
of laboratory experiences are most effective for advancing the desired learn-
ing outcomes of laboratory experiences? What kinds of curriculum can sup-
port teachers and students in progress toward these learning outcomes?

3. Diverse populations of learners—What are the teaching and learning
processes by which laboratory experiences contribute to particular learning
outcomes for diverse learners and different populations of students?

4. School organization for effective laboratory teaching—What organi-
zational arrangements (state and district policy, funding priorities and allo-
cation of resources, professional development, textbooks, emerging tech-
nologies, and school and district leadership) support high-quality laboratory
experiences most efficiently and effectively? What are the most effective
ways to bring those organizational arrangements to scale?

5. Continuing learning about laboratory experiences—How can teach-
ers and administrators learn to design and implement effective instructional
sequences that integrate laboratory experiences for diverse students? What
types of professional development are most effective to help administrators
and teachers achieve this goal? How should laboratory professional devel-
opment be sequenced within a teacher’s career (from preservice to expert
teacher)?
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Improving the quality of laboratory experiences available to U.S. high
school students in order to advance the educational goals identified in this
report will require focused and sustained attention. By applying principles
of instructional design derived from ongoing research, science educators
can begin to more effectively integrate laboratory experiences into the sci-
ence curriculum. The definition, goals, design principles, and findings of
this report offer an organizing framework to begin the difficult work of
designing laboratory experiences for the 21st century.
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FIRST FACT-FINDING MEETING

March 29-30, 2004

Monday, March 29
Open Session

10:10 a.m. Welcome

Martin Orland, director, Center for Education,
National Research Council (NRC)

Jean Moon, director, Board on Science Education, NRC

10:20 a.m. Discussion of the Charge with the Sponsor

Janice Earle, senior program director, Division of
Elementary, Secondary, and Informal Education,
National Science Foundation (NSF)

James Lightbourne, senior advisor, NSF Directorate for
Education and Human Resources

10:45 a.m. Discovery Learning and Discovery Teaching

David Hammer, professor, University of Maryland

APPENDIX A
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11:45 a.m. Lunch

12:45 p.m. High School Science Laboratories: Data from the
2000 National Survey of Science and Mathematics
Education

Sean Smith, senior research associate, Horizon
Research, Inc.

1:30 p.m. Panel Discussion with National Leaders in Science
Education

Gerald F. Wheeler, executive director, National Science
Teachers Association

Warren W. Hein, associate executive officer, American
Association of Physics Teachers

Angela Powers, senior education associate, teacher
training, American Chemical Society

Michael J. Smith, education director, American
Geological Institute

The panelists will address the following topics:
1. The current role of labs in high school science

education;
2. Resources the association provides to assist teachers

with labs; and
3. A vision for the future of high school labs.

2:45 p.m. Break

3:00 p.m. History of High School Science Curriculum
Development

Janet Carlson-Powell, associate director, Biological
Sciences Curriculum Study

4:00 p.m. Open Session Adjourns

Tuesday, March 30

10:15 a.m. History of NSF Programs to Improve High School
Science

Gerhard Salinger, program director, Division of
Elementary, Secondary, and Informal Education, NSF
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10:45 a.m. Technology and High School Science

Robert Tinker, president, The Concord Consortium

11:45 a.m. Lunch

1:00 p.m. Project 2061 Evaluation of Science Texts and
Supporting Materials

Jo Ellen Roseman, director, American Association for
the Advancement of Science Project 2061

George DeBoer, deputy director, AAAS Project 2061

2:00 p.m. Open Session Adjourns

SECOND FACT-FINDING MEETING

June 3-4, 2004

Thursday, June 3
Open Session

9:00 a.m. Welcome

Jean Moon, director, Board on Science Education
Susan Singer, chair, Committee on High School Labs

9:15 a.m. The Nature of Science and Scientific Research:
Implications for High School Science Laboratories

Jane Maienschein, Arizona State University

Questions speaker will address:
(1) Briefly sketch the points of agreement and

disagreement in current thinking about the nature of
science (NOS) and how scientists work.

(2) How can these views of NOS and how scientists
work inform the goals and design of science
education?

(3) More specifically, how should/can this understanding
inform the design of high school science lab
experiences and their role in science education?
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9:30 a.m. Discussion of Presentation

10:00 a.m. Break

10:10 a.m. Definition of Labs and Their Role in Science
Education

Robin Millar, University of York (UK)

Questions speaker will address:
(1) Outline your definition of laboratory work and the

analytic framework that drives this definition. Under
this definition, what distinguishes laboratory work
from other aspects of instruction in science? How
does inquiry fit into your definition?

(2) Given your definition of laboratory work, what
unique role does the laboratory play in supporting
students’ learning in science? Or, put another way,
what would be the consequences for students’
learning in science if laboratory experiences, as you
have defined them, were eliminated?

(3) What factors must be considered in determining the
effectiveness of laboratory experiences? To what
extent is it possible to derive a common set of
characteristics of lab experiences that can be
considered “good” or “effective” across a range of
different learning goals and content areas?

(4) What are the most effective or most useful
assessments of student learning in laboratory
contexts?

10:30 a.m. Discussion of Presentation

11:00 a.m. How Financial and Resource Issues Constrain or
Enable Laboratory Activities

James Guthrie, Vanderbilt University
Arthur Lidsky, Dober, Lidsky, Craig and Associates

Questions speakers will address:
(1) How do finances and other resources (including the

costs of teacher training, space, equipment,
technician support for teachers) enable or constrain
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high school laboratory space, equipment, and
activities?

(2) What is the range of lab experiences that schools
with different levels of resources (including financial
resources, lab space, lab equipment, and technology)
provide?

(3) How should the physical and/or virtual laboratory be
designed? What should it look like?

11:30 a.m. Panel Discussion of Finances and Resources (each
panelist will give 5 min opening comments)

Daniel Gohl, principal, McKinley Technical High School,
DC Public Schools

Shelley Lee, science education consultant, Wisconsin
Department of Public Instruction

Lynda Beck, former assistant head of school, Phillips
Exeter Academy

Kim Lee, science curriculum supervisor, Montgomery
County Public Schools, VA

12:00 p.m. General Discussion (questions from committee and
audience)

12:30 p.m. Lunch

1:30 p.m. Organization and Administration of Schools to
Sustain Instructional Improvement

Adam Gamoran, University of Wisconsin

Questions speaker will address:
(1) What factors in the organization and administration of

high schools and in education more generally enable
sustained improvement in science instruction
(including laboratory experiences)?

(2) What kinds of changes might be needed in the
organization and administration of high schools to
enhance the effectiveness of science labs?

1:50 p.m. Discussion of Presentation
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2:20 pm. Panel Discussion of School Leadership to Support
Laboratory Experiences (each panelist will give 5 min
opening comments)

Daniel Gohl, McKinley Technical High School, DC Public
Schools

Shelley Lee, science education consultant, Wisconsin
Department of Education

Kim Lee, science curriculum supervisor, Montgomery
County Public Schools, VA

Questions panelists will address:
(1) What sort of leadership is needed from the science

department, from the school principal, and from the
state to support sustained improvement in laboratory
instruction?

(2) How can science teachers, state and local
administrators, and outside organizations (e.g.,
scientists) develop relationships that enable and
sustain quality laboratory instruction?

2:50 p.m. Questions from Committee and Audience

3:15 p.m. Open Session Adjourns

Friday, June 4
Open Session

9:00 a.m. How Students Learn Science in Different Forms of
Laboratory Experience: Focus on Technology

Marcia Linn, University of California Berkeley

Questions speaker will address:
(1) What do we know about the role of technology (in

all of its forms) in science learning?
(2) What are the unique contributions that technology

can make to science learning?
(3) What does the evidence about students’ learning and

technology imply for developing a vision for the role
of high school laboratories in science education?

9:20 a.m. Discussion of Presentation
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10:00 a.m. Break

10:15 a.m. How Teachers Learn and Work—Specifically Related
to Labs

Kefyn Catley, Vanderbilt University
Mark Windschitl, University of Washington

Questions speakers will address:
(1) What knowledge and skills are required to

successfully design and carry out different forms of
laboratory experiences?

(2) To what extent do teachers’ current preparation and
professional development provide them with these
knowledge and skills?

11:00 a.m. Questions from Committee and Audience

11:30 a.m. Lunch

12:30 p.m. State Science Standards and Laboratory Assessment
in New York: A Case Study

Audrey Champagne, SUNY Buffalo
Thomas Shiland, Saratoga Springs High School

1:00 p.m. Science Standards and Assessment Across the 50
States

Arthur Halbrook, Council of Chief State School Officers

1:30 p.m. Discussion of Presentations

Questions speakers will address:
(1) What are the challenges in assessing students’

learning from laboratory experiences?
(2) What is the current state of state standards and

assessment practices and how do they constrain or
enable what can be done in labs?

2:15 p.m. Open Session Adjourns
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THIRD FACT-FINDING MEETING

July 12-13, 2004

Monday, July 12
Open Session

9:30 a.m. Coffee Break

9:40 a.m. How Students Learn Science: The Role of
Laboratories

Philip Bell, University of Washington
Richard Duschl, Rutgers University
Norman Lederman, Illinois Institute of Technology

Questions speakers will address:
(1) What does the research evidence suggest is the unique

contribution of labs to students’ learning in science?
Put another way, what would be the consequences for
students’ learning in science if laboratory experiences
were eliminated? Include in your response some
discussion of content versus process goals and the extent
to which these can be considered separately.

(2) What key principles can be drawn from our knowledge
of students’ learning in labs and science learning in
general to guide both the design of future laboratory
experiences and how they are integrated into the overall
flow of science instruction? To what extent are these
design principles shaped by which broad goals for
science education are considered highest priority (for
example, motivating students to continue learning
science vs. training future scientists vs. developing
science literacy for all)?

10:40 a.m. Discussion of Presentations

11:30 a.m. Lunch

12:30 p.m. How Students Learn Science: Diverse Learners and Labs

Okhee Lee, University of Miami (by speakerphone)
Sharon Lynch, George Washington University
Kenneth Tobin, City University of New York
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1:45 p.m. Discussion of Presentations

Questions speakers will address:
(1) Do students of varying backgrounds (SES, ethnicity,

language, disability, gender) have equal access to
laboratory experiences? If not, what are the factors that
lead to unequal access and what are the consequences
for students’ learning in science and the pathways in
education and employment available to them?

(2) Do students of varying backgrounds learn science more
effectively through laboratory experiences?

(3) Do labs motivate students of varying backgrounds to
continue science education? If so, is this because labs
help students see themselves as part of a “community
of learners” in scientific discovery?

(4) How should future laboratory experiences be designed
and delivered in order to reach students of varying
backgrounds?

2:30 p.m. Students’ Pathways in Science: Labs and Workforce
Skills

Samuel Stringfield, Johns Hopkins University

3:15 p.m. Break

3:30 p.m. Students’ Pathways: Labs for Biotechnology Careers

Ellyn Daugherty, San Mateo High School, San Mateo, CA
Elaine Johnson, San Francisco Community College and

Bio-Link

Questions speakers will address:
(1) What pathways in education and employment do high

school science students follow?
(2) What is the role of technical education and the business

community in enhancing the effectiveness of high school
labs?

(3) What is the role of laboratory experiences in helping
students pursue alternative pathways in education and
employment?

4:20 p.m. Discussion of Presentations

5:00 p.m. Adjourn for the Day
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Tuesday, July 13
Open Session

8:30 a.m. Students’ Pathways: High School Labs and College
Achievement

Philip Sadler, Harvard University
Robert Tai, University of Virginia

9:00 a.m. Discussion of Presentation

9:45 a.m. How Master Teachers Design and Carry Out
Laboratory Experiences

Nina Hike-Teague, Curie High School, Chicago, IL
Gertrude Kerr, Howard High School, Howard County,

MD
Margot Murphy, George’s Valley High School, ME
Phil Sumida, Maine West High School, Des Plaines, IL
Robert Willis, Ballou High School, Washington, DC

Questions panelists will address:
(1) Why and how do you incorporate laboratory

experiences into instruction? How would you
describe your specific learning goals for students in
labs or lab-like situations?

(2) What are the biggest challenges to incorporating lab
experiences into your instruction and could you
provide a short example of how you deal with what
you see as the most critical challenge?

11:15 a.m. Open Session Adjourns
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APPENDIX B

Biographical Sketches of
Committee Members and Staff

Susan Singer (Chair) is professor of biology at Carleton College, where she
has been since 1986. From 2000 to 2003 she directed the Perlman Center for
Learning and Teaching, then took a research leave supported by a Mellon
new directions fellowship. She chaired the Biology Department from 1995
to 1998 and was a National Science Foundation program officer for develop-
mental mechanisms from 1999 to 2001. In her research, she investigates the
evolution, genetics, and development of flowering in legumes; many of her
undergraduate students participate in this research. She is actively engaged
in efforts to improve undergraduate science education and received the Ex-
cellence in Teaching award from the American Society of Plant Biology in
2004. She helped to develop and teaches in Carleton’s Triad Program, a first-
term experience that brings students together to explore a thematic question
across disciplinary boundaries. She is a member of the Project Kaleidoscope
Leadership Initiative national steering committee and has organized PKAL
summer institutes and workshops. At the National Research Council, she
was a member of the Committee on Undergraduate Science Education and
the Steering Committee on Criteria and Benchmarks for Increased Learning
from Undergraduate STEM Instruction; currently she serves on the Board on
Science Education. She has B.S., M.S., and Ph.D. degrees, all from Rensselaer
Polytechnic Institute.

Hubert M. Dyasi is professor of science education at the City University of
New York. He teaches undergraduates and graduates and works
collaboratively with the New York State Education Department and school
districts to develop their science education programs and implement in-
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quiry-based science in classrooms. He has served as a specialist on science
inquiry in the Harvard Smithsonian–Annenberg video program (“Looking at
Learning . . . Again”) and in the Annenberg-CPB’s Professional Development
Workshop Series. He is a contributing author to Designing Professional De-
velopment for Teachers of Science and Mathematics (2003); Foundations: A
Monograph for Professionals in Science’ Mathematics, and Technology Edu-
cation (1999); and Crossing Borders in Literacy and Science Instruction: Per-
spectives on Theory and Practice (2004). At the National Research Council,
he has been a member of the National Science Resource Center Advisory
Board, the Committee on the Development of an Addendum to the National
Science Education Standards, the Committee on Science Education K-12,
and the Working Group on Science Teaching Standards. He is a fellow of the
National Institute for Science Education. He has a Ph.D. in science education
from the University of Illinois at Urbana-Champaign.

Arthur Eisenkraft is distinguished professor of science education at the
University of Massachusetts, Boston, where he also directs the Center of
Science and Math in Context. He recently left the Bedford, New York public
school system, where he taught physics and was a science coordinator for
28 years. He is a past president of the National Science Teachers Association
and has been involved with a number of its projects, creating and chairing
many of the competitions sponsored by the association. He has been a
columnist and advisory board member of the science and math student
magazine Quantum. He is director of Active Physics, which is introducing
physics instruction for the first time to all high school students. He is also
directing another curriculum project, Active Chemistry. He holds a U.S. patent
for an improved vision testing system using Fourier optics. At the National
Research Council, he was a member of the curriculum working group that
helped develop the National Science Education Standards, the Committee
on Learning Research and Educational Practice, the Committee on Attracting
Science and Mathematics Ph.D.s to K-12 Education, and the Committee on
Assessing Technological Literacy. He is a fellow of the American Association
for the Advancement of Science, a recipient of the Presidential Award for
Excellence in Science Teaching (1986) and the Disney Science Teacher of
the Year (1991). He has B.S. and M.A. degrees from the State University of
New York at Stony Brook and a Ph.D. from New York University.

Margaret Hilton (Study Director) is a senior program officer at the Center
for Education. She has written several National Research Council workshop
reports and contributed to consensus studies on educational research, interna-
tional labor standards, and the information technology workforce. In 2003,
she was guest editor of a special issue of Comparative Labor Law and Policy.
Prior to joining the National Academies in 1999, she was employed by the
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National Skill Standards Board. Earlier, she was a project director at the con-
gressional Office of Technology Assessment. She has a B.A. in geography
(with high honors) from the University of Michigan and a master of regional
planning degree from the University of North Carolina at Chapel Hill.
‘
Pamela J. Hines is a senior editor at the international weekly journal Sci-
ence and is responsible for selection and review of research manuscripts, as
well as developing special issues, review articles, and perspectives on vari-
ous topics. Her area of particular research interest is stem cell research, and
she has expanded Science’s leadership role in highlighting developmental
neurobiology, developmental biology, and plant sciences. She has conducted
research on chromatin, gene control, and the mechanisms of DNA replica-
tion in eukaryotes during early development. She has served as editor-in-
chief of the AWIS Magazine (Association for Women in Science), as a mem-
ber of the communications committee for Oberlin College, and as co-princi-
pal investigator of a research project entitled Science Controversies: On line
Partnerships for Education, which promotes science education through in-
novative uses of technology. Her current professional activities include serv-
ing on the editorial committee for the International Society for Stem Cell
Research and the committee to develop representation of education issues
at Science. She has an A.B. from Oberlin College, an M.S. from the University
of Wisconsin, and a Ph.D. from the Johns Hopkins University.

Michael Lach is director of science for the Chicago Public Schools, oversee-
ing science teaching and learning in the more than 600 schools that make up
the nation’s third largest school district. He began teaching high school biol-
ogy and general science at Alceé Fortier Senior High School in New Orleans
in 1990 as a charter member of Teach For America, the national teacher
corps. He then joined the national office of Teach For America as director of
program design, developing a portfolio-based alternative certification sys-
tem that was adopted by several states. Returning to the science classroom
in 1994 in the New York City Public Schools and then to Chicago’s Lake
View High School, he was named one of Radio Shack’s Top 100 Technology
Teachers, earned national board certification, and was named Illinois phys-
ics teacher of the year. He has served as an Albert Einstein distinguished
educator fellow, advising Michigan Congressman Vernon Ehlers on science,
technology, and education issues. He was lead curriculum developer for the
Looking at the Environment materials developed at the Center for Learning
Technologies in Urban Schools at Northwestern University. He has written
extensively about science teaching and learning for such publications as The
Science Teacher, The American Biology Teacher, and Scientific American.
He has a B.S. in physics from Carleton College and M.S. degrees from Co-
lumbia University and Northeastern Illinois University.
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David Licata teaches chemistry and advanced placement chemistry at Paci-
fica High School in Garden Grove, California. He chairs the science depart-
ment and teaches general chemistry and chemistry for teacher education at
Coastline Community College. From 1986 to 1990 he was the American Chemi-
cal Society’s manager of precollege programs; in 2004 he chaired High School
Chemistry Teachers’ Day for the society’s spring national meeting. He has
been a member of the web-assisted tools for chemistry developers online
group, sponsored by the Fund for the Improvement of Postsecondary Edu-
cation. In the course of 22 years in the classroom, he has taught grades 6
through college and published numerous laboratory experiments and activi-
ties. He was the education workshop director for the Chevron Petroleum
Research Corporation during the 1990s; there he planned a three-day con-
ference for 35 teachers of grades 6 through 12 each year. Working with
researchers, he has developed notes, experiments, and illustrations to high-
light the interdisciplinary nature of scientific research and to give teachers
the tools to relate this to their students. He has a B.S. in chemistry (1976) and
an M.A. in administration (1981) from the University of California, Irvine.

Jean Moon (Senior Program Officer) is director of the Board on Science
Education at the National Research Council. Previously she was a program
officer and education adviser at the ExxonMobil Foundation, where she
oversaw the conceptual development of the foundation’s precollege and
higher education portfolio. She has been a scholar-in-residence at the Uni-
versity of Uppsala in Sweden, where she worked with the natural science
faculty on the development of competencies and assessment strategies to
build communication skills in undergraduate science courses. She has con-
sulted with numerous school districts on classroom assessment, institutional
and role change in the context of education, and the development of case
studies for use in teacher education contexts. Her current work focuses on
the intersection of science, science education, and policy. She has a Ph.D. in
Urban Education from the University of Wisconsin-Milwaukee.

Nancy Pelaez is associate professor of biological sciences specializing in
physiology at California State University, Fullerton, where she advises sci-
ence teachers in the master of arts in teaching science program. She is a
former biology and chemistry teacher, with 10 years of experience in Bogota,
Colombia, and 3 years in the Indianapolis Public Schools. She developed
and directed the scope and sequence of K-12 science education at Colegio
Los Nogales. She was the recipient of a Howard Hughes Medical Institute
fellowship for a doctorate in vascular physiology, and she currently extends
her biomedical research dissertation work to investigate discrepancies be-
tween student explanations of human blood circulation and those of the
scientific community. She supports the peer review of exemplary instruc-

America's Lab Report: Investigations in High School Science

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/11311


APPENDIX B 219

tional materials as associate editor of the Multimedia Educational Resource
for Learning and Online Teaching and as an advisory board member of the
American Association for the Advancement of Science’s BiosciEdNet digital
portal. She has a B.S. in biology from Newcomb College of Tulane Univer-
sity (1976), K-12 California single-subject teaching credentials in both life
science and physical science from Mills College (1989), and a Ph.D. in physi-
ology and biophysics from the Indiana University School of Medicine (1999).

William A. Sandoval is associate professor in the Psychological Studies in
Education division of the Graduate School of Education and Information Stud-
ies at the University of California, Los Angeles. His research concerns students’
epistemological beliefs about science, scientific argumentation, inquiry teach-
ing practices, and the design of science learning environments. He began his
work as a member of the BGuILE project at Northwestern University and is
now principal investigator of the CENSEI project, exploring how to leverage
live scientific data for middle school science. He has written and spoken inter-
nationally on the design of science learning environments, student and teacher
learning in science, and design-based research methods. He serves on the
editorial board of the Journal of the Learning Sciences and Science Education
and reviews for a number of education research journals. He was cochair of
the 2004 International Conference of the Learning Sciences and past chair of
the special interest group in education in science and technology of the American
Educational Research Association. He is a member of the American Educa-
tional Research Association, the National Association of Research in Science
Teaching, the Association for Educational Communications and Technology,
and the International Society of the Learning Sciences. He has a B.S. in com-
puter science from the University of New Mexico and a Ph.D. in learning
sciences from Northwestern University (1998).

Heidi Schweingruber (Program Officer) is on the staff of the Board on
Science Education and is co-study director for its study of science learning in
kindergarten through eighth grade. Prior to joining the National Research
Council, she was a senior research associate at the Institute of Education
Sciences in the U.S. Department of Education. In her role there she served as
a program officer for the preschool curriculum evaluation program and for a
grant program in mathematics education. She was also a liaison to the De-
partment of Education’s Mathematics and Science Initiative and an adviser to
the Early Reading First program. Before moving into policy work, she was
the director of research for the Rice University School Mathematics Project,
an outreach program in K-12 mathematics education, and taught in the psy-
chology and education departments. She is a developmental psychologist
with substantial training in anthropology. She has a Ph.D. in psychology
from the University of Michigan (1997).
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James Spillane is professor of human development and social policy, pro-
fessor of learning sciences, and a faculty fellow at the Institute for Policy
Research, Northwestern University, where he teaches in both the learning
sciences and human development and social policy graduate programs. He
is director of the Multidisciplinary Program in Education Sciences. He is
principal investigator of the Distributed Leadership Studies, which is under-
taking an empirical investigation of the practice of school leadership in ur-
ban elementary schools that are working to improve mathematics, science,
and literacy instruction. He is associate editor of Educational Evaluation
and Policy Analysis and serves on the editorial board of numerous journals.
He is author of Standards Deviations: How Local Schools Misunderstand
Policy (2004) and Distributed Leadership (2005). Recent articles have been
published in the American Educational Research Journal, Cognition and
Instruction, Educational Evaluation and Policy Analysis, and Education
Researcher, among others. A graduate of the National University of Ireland,
he has a Ph.D. from Michigan State University (1993).

Carl Wieman is distinguished professor of physics at the University of Colo-
rado and winner of the 2001 Nobel Prize in physics for studies of the Bose-
Einstein condensate. He has been a member of the National Academy of
Sciences since 1995. His research has involved the use of lasers and atoms to
explore fundamental problems in physics. His group has carried out a vari-
ety of precise laser spectroscopy measurements, including accurate mea-
surements of parity nonconservation in atoms and the discovery of the anapole
moment. He has received numerous honors and awards in addition to the
Nobel, including the Benjamin Franklin Medal in Physics, the Schawlow
Prize for Laser Science, and the R.W. Wood Prize. In addition to his research
activities, he has been involved in innovations in undergraduate physics
education and has given many presentations to high school classes and
general audiences. He directs the physics education technology project, which
creates online interactive simulations for learning physics, and he has devel-
oped a popular physics course for nonscientists. Since 2000 he has worked
on the National Task Force for Undergraduate Physics, which emphasizes
improving undergraduate physics programs as a whole. At the National Re-
search Council, he is chair of the Board on Science Education, and was a
member of the Committee on Undergraduate Science Education. His contri-
butions to both research and education have been recognized by the Richtmyer
Memorial Lecture Award of the American Association of Physics Teachers
and the first Distinguished Teaching Scholar Award of the director of the
National Science Foundation. He has a Ph.D. from Stanford University (1977).
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Index

A
AAAS. See American Association

for the Advancement of
Science

AAPT. See American Association of
Physics Teachers

Access, to large databases, 32
Accidents, frequency of, 186–187
American Association for the

Advancement of Science
(AAAS), 20, 28, 54, 63, 83

American Association of Physics
Teachers (AAPT), 158

American Chemical Society, 64–65,
67

American College Testing Service,
47

American Geological Institute, 65
American Institute of Biological

Sciences, 64
American Institute of Physics, 65
American Physiological Society, 64
Arons, Arnold, 24

Assessment
large-scale, 68
of student learning in

laboratory experiences, 10,
200

in support of learning,
informing integrated
instructional units, 81

Assistance, expert, providing to
schools and teachers, 155–
156

B
Benchmarks for Science Literacy,

28
BGuILE science instructional unit,

94, 105
Biological Sciences Curriculum

Study (BSCS), 23, 154
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Budgeting for laboratory facilities,
equipment, and supplies,
173–174

Building Officials and Code
Administrators International,
Inc., 183

C
California Department of

Education, 30–31
California Institute of Technology,

155
Center for Embedded Networked

Sensing (CENS), 106
Changing goals

for the nature of science, 23
for science education, 22–23,

28–29
Chemical Education Materials

group, 23
Chemical hygiene plan (CHP), 183
Chemistry That Applies (CTA),

scaling up, 82–83
CHP. See Chemical hygiene plan
City University of New York, 155
Clearly communicating purposes,

101
CLP. See Computer as Learning

Partner
Community-centered

environments, informing
integrated instructional
units, 81

Complex phenomena and ideas,
structured interactions with,
105

Computer as Learning Partner
(CLP), 84–85

Computer technologies and
laboratory experiences,
103–106

computer technologies
designed to support
learning, 103–105

computer technologies
designed to support
science, 105–106

scaffolded representations of
natural phenomena, 103–
104

structured interactions with
complex phenomena and
ideas, 105

structured simulations of
inaccessible phenomena,
104–105

Conclusions
regarding current high school

laboratory experiences, 6
regarding definitions and goals

of high school science
laboratories, 2

regarding effectiveness of
laboratory experiences, 6

regarding laboratory facilities
and school organization, 8

regarding state standards and
accountability systems, 9

regarding teacher preparation
for laboratory experiences,
7

Continued learning about
laboratory experiences, 10,
200

Course-taking, disparities in
laboratory experiences by
variation in, 120–121

CTA. See Chemistry That Applies
Cultivating interest in science and

interest in learning science,
77

America's Lab Report: Investigations in High School Science

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/11311


INDEX 223

Current debates, 30–31
Current high school laboratory

experiences, 6–9, 197
conclusions regarding, 6
laboratory facilities and school
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state standards and

accountability systems, 8–9
teacher preparation for

laboratory experiences, 7
Current laboratory experiences,

116–137
features of, 119–120
quality of current laboratory

experiences, 123–133
quantity of laboratory

instruction, 118–123
summary, 133–134
the unique nature of

laboratory experiences,
117–118

Current patterns in implementing
safety policies, 184–186

estimated costs of improving
laboratory safety, 186

laboratory science safety
checklists, 185

Current state of teacher
knowledge, in preservice
education, 145–148

uneven qualifications of
preservice science
education, 147–148

uneven qualifications of
science teachers, 145–147

Curricula. See also New science
curricula, developing; Post-
Sputnik science curricula

changing roles of, 29–30
influence on science

instruction, 7, 61–64

D
Databases, access to large, 32
Daugherty, Ellyn, 65
Design of effective laboratory

experiences
clearly communicated

purposes, 101
integrated learning of science

concepts and processes, 102
ongoing discussion and

reflection, 102
principles for, 101–102
sequenced into the flow of

information, 4, 102
Developing new science curricula,

23–26
new approaches included in

post-Sputnik science
curricula, 25

Developing practical skills, 77, 92–
93

evidence from research on
integrated instructional
units, 93

evidence from research on
typical laboratory
experiences, 92–93

Developing scientific reasoning,
76–77, 90–92

evidence from research on
integrated instructional
units, 91–92

evidence from research on
typical laboratory
experiences, 90–91

Developing teamwork abilities, 77
Dewey, John, 20–21
Diffusion, across a selectively

permeable membrane, 125
Disabilities Education Act, 50
Discovery learning and inquiry,

26–27
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Discussion, ongoing, 102
Disparities

in laboratory equipment, 179–
180

in supplies, 180–182
Disparities in laboratory

experiences, 120–123
by ethnicity, 122–123
and science course offerings,

121–122
variation in course-taking,

120–121
Disparities in laboratory facilities,

177–179
by proportion of minority

students, 178
by proportion of students

eligible for free or reduced-
price lunch, 179

Diverse populations of learners,
10, 200

Diversity increases, 48–51
linguistic and ethnic diversity,

49
in schools, 27
special educational needs, 49–

51
in U.S. science education, 48–

51

E
The education context, 42–74

policies influencing high
school laboratory
experiences, 51–67

recent trends in U.S. science
education, 43–51

summary, 67–68
Educational goals. See Goals for

laboratory experiences

Effectiveness of laboratory
experiences, 4–6, 10, 86–
101, 200

conclusions regarding, 6
description of the literature

review, 86–88
developing practical skills, 92–

93
interest in science and interest

in learning science, 95–98
mastery of subject matter, 88–

90
overall effectiveness of

laboratory experiences, 99–
101

teamwork, 98–99
understanding the nature of

science, 93–95
Emergency Planning and Right-to-

Know laws and regulations,
183

Empirical work, understanding the
complexity and ambiguity
of, 77

Enrollment increases, 48–51
linguistic and ethnic diversity, 49
special educational needs, 49–

51
in U.S. science education, 48–

51
EPA. See U.S. Environmental

Protection Agency
Estimated costs, of improving

laboratory safety, 186
Ethnicity, disparities in laboratory

experiences by, 122–123
Evidence from research on

integrated instructional units
on developing practical skills,

93
on interest in science and

interest in learning science,
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on mastery of subject matter,
89–90

on teamwork, 98–99
on understanding the nature of

science, 94–95
Evidence from research on typical

laboratory experiences
on developing practical skills,

92–93
on interest in science and

interest in learning science,
95–96

on mastery of subject matter,
88–89

on teamwork, 98
on understanding the nature of

science, 94
Evidence on the effectiveness of

laboratory experiences,
195–197

attainment of educational goals
in different types of
laboratory experiences, 196

principles of instructional
design, 197

Examples
of high school chemistry

laboratory experiences, 130
of integrated instructional

units, 82–85
Examples of professional

development focused on
laboratory teaching, 151–156

13-week science methodology
course, 152–153

Biological Sciences Curriculum
Study, 154

Laboratory Learning: An
Inservice Institute, 152

professional development
partnerships with the
scientific community, 154–
155

Project ICAN, 153
providing expert assistance to

schools and teachers, 155–
156

Expert assistance, providing to
schools and teachers, 155–
156

F
Facilities, equipment

and safety, 168–192
disparities in laboratory
equipment, 179–180
disparities in laboratory
facilities, 177–179
disparities in supplies, 180–
182
laboratory safety, 182–189
providing, 168–192
summary, 189

and supplies, 168–192
budgeting for laboratory
facilities, equipment, and
supplies, 173–174
designing laboratory
experiences and facilities
when resources are scarce,
175–177
laboratories on wheels, 176
laboratory design and
student learning, 169–173

Feedback, 81
Fermi National Accelerator

Laboratory, 132
Fred Hutchinson Cancer Research

Center, 154
Frequency of accidents and

injuries, 186–187
Future perspectives, 199–201

assessment of student learning
in laboratory experiences,
10, 200

America's Lab Report: Investigations in High School Science

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/11311


226 AMERICA’S LAB REPORT

continued learning about
laboratory experiences, 10,
200

diverse populations of
learners, 10, 200

effective teaching and learning
in laboratory experiences,
10, 200

school organization for
effective laboratory
teaching, 10, 200

G
General pedagogical knowledge,

142–143
GenScope program, 104
Goals for laboratory experiences,

3–4, 76–78
cultivating interest in science

and interest in learning
science, 77

developing practical skills, 77
developing scientific

reasoning, 76–77
developing teamwork abilities,

77
in different types of laboratory

experiences, attainment of,
196

enhancing mastery of subject
matter, 76

understanding the complexity
and ambiguity of empirical
work, 77

understanding the nature of
science, 77

H
Hall, Edwin, 19
Harvard University, 19

HHMI. See Howard Hughes
Medical Institute

High school science
role and vision of laboratory

experiences in, 16
and undergraduate science

achievement, in U.S. science
education, 47–48

High school science laboratories
committee definition of

laboratory experiences, 3
conclusions regarding, 2
definitions and goals of, 2–4
goal of laboratory experiences,

3–4
History of laboratory education,

18–30
1850-1950, 18–22
1950-1975, 22–27
1975 to present, 27–30
changing goals for science

education, 22–23, 28–29
changing goals for the nature

of science, 23
changing role of teachers and

curriculum, 29–30
development of new science

curricula, 23–26
discovery learning and inquiry,

26–27
diversity in schools, 27

How People Learn, 79
Howard Hughes Medical Institute

(HHMI), 64, 66, 154, 175

I
ICAN. See Project ICAN
Inaccessible phenomena,

structured simulations of,
104–105

Injuries, frequency of, 186–187
Instruction, teachers’ duty of, 182

America's Lab Report: Investigations in High School Science

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/11311


INDEX 227

Instructional design, principles of,
6, 197

Instructional design principles,
quality of current laboratory
experiences compared with,
123–127

Integrated instructional units, 82–
85, 196

assessment to support
learning, 81

in community-centered
environments, 81

Computer as Learning Partner,
84–85

design of, 81–82
effectiveness of, 5
in knowledge-centered

environments, 80–81
in learner-centered

environments, 79
principles of learning

informing, 79–81
scaling up Chemistry That

Applies, 82–83
for science concepts and

processes, 102
ThinkerTools, 84

Interactions
with complex phenomena and

ideas, structured, 105
with data drawn from the real

world, 3, 32
with simulations, 31–32

Interest in science and interest in
learning science, 95–98

evidence from research on
integrated instructional
units, 97–98

evidence from research on
typical laboratory
experiences, 95–96

student perceptions of typical
laboratory experiences, 96–
97

International comparative test
results, 46–47

International Technology
Education Association, 172–
173

Internet links, 32, 120
Introductory Physical Science, 23–

24

K
Kilpatrick, William, 21
Knowledge-centered

environments, informing
integrated instructional
units, 80–81

Knowledge Integration
Environment project, 92

Knowledge of assessment, 143–144

L
Laboratories on wheels, 176
Laboratory design and student

learning, 169–173
Laboratory experiences, 127–131

approaches to learning physics
using a pendulum, 128–129

attainment of educational goals
in different types of, 196

committee definition of, 3
continued learning about, 10,

200
defining, 31–34, 37
diffusion across a selectively

permeable membrane, 125
disparities in, 120–123
examples of, 130
overall effectiveness of, 99–101
quality of current laboratory

experiences compared with
a range of, 127–131

America's Lab Report: Investigations in High School Science

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/11311


228 AMERICA’S LAB REPORT

role in science education, 193–
194

science courses and, 118–120
what students do in, 132–133

Laboratory experiences and
facilities, designing when
resources are scarce, 175–
177

Laboratory experiences and
student learning, 75–115,
194–197

computer technologies and
laboratory experiences,
103–106

defining, 194–195
effectiveness of laboratory

experiences, 86–101
evidence on the effectiveness

of laboratory experiences,
195–197

goals of laboratory
experiences, 76–78, 195

principles for design of
effective laboratory
experiences, 101–102

recent developments in
research and design of
laboratory experiences, 78–
85

summary, 106–108
Laboratory experiences for the 21st

century, 193–201
current high school laboratory

experiences, 197
readiness of teachers and

schools to provide
laboratory experiences,
198–199

role of laboratory experiences
in science education, 193–
194

toward the future, 199–201

Laboratory facilities and equipment
role of the scientific

community in providing,
65–66

and school organization, 7–8
Laboratory-focused curriculum,

role of the scientific
community in providing, 65

Laboratory Learning: An Inservice
Institute, 152

Laboratory safety, 182–189
checklists for, 185
current patterns in

implementing safety
policies, 184–186

estimated costs of improving,
186

frequency of accidents and
injuries, 186–187

lack of systemic safety
enforcement, 187–189

liability for student safety, 182
standards of care for student

safety, 183–184
Laboratory Science Teacher

Professional Development
Program, 154

Laboratory teaching and learning,
scheduling, 157–159

Learner-centered environments,
informing integrated
instructional units, 79

Learners, diverse populations of,
10, 200

Learning goals, need for focus on
clear, 6, 123–124

Liability for student safety, 182
teachers’ duty of instruction,

182
teachers’ duty of maintenance,

182
teachers’ duty of supervision,

182

America's Lab Report: Investigations in High School Science

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/11311


INDEX 229

Limitations of the research, 86–87
Linguistic and ethnic diversity, 49
The literature review, 86–88

description of, 86–88
limitations of the research, 86–

87
scope of the literature search,

87–88

M
Maintenance, teachers’ duty of, 182
Mann, Charles, 20
Mastery of subject matter, 88–90

evidence from research on
integrated instructional
units, 89–90

evidence from research on
typical laboratory
experiences, 88–89

Material Safety Data Sheets, 183
Miller, Jon, 43
Minority students, disparities in

laboratory facilities by
proportion of, 178

N
NAEP. See National Assessment of

Educational Progress
National Aeronautics and Space

Administration (NASA), 64
National Assessment of

Educational Progress
(NAEP), 1, 44–46, 56, 119–
120

National Center for Education
Statistics, 146

Schools and Staffing survey,
177

National Education Association, 19
National Education Longitudinal

Study, 122

National Fire Protection
Association, Inc., 183

National Human Genome Research
Institute, 67

National Institute for Occupational
Safety and Health, 183

National Institutes of Health (NIH),
67

National Research Council (NRC),
2, 14, 57, 79, 129, 146, 149,
171

National Science Achievement test
results, 44–46

National Science Education
Standards (NSES), 26, 28,
54–56, 59–60, 63

National Science Foundation
(NSF), 2, 14, 22–24, 29–30,
43, 59, 65, 106, 119, 175

National Science Teachers
Association (NSTA), 159,
172, 183, 187–188

“Negligence,” 182–183
New approaches, included in post-

Sputnik science curricula,
25

New science curricula, developing,
23–26

New York, hands-on performance
assessment of laboratory
learning experiences in, 58

New York State Regents exam, 20,
58, 174

NIH. See National Institutes of
Health

No Child Left Behind Act, 54, 57
Noble Foundation, 67
Northeastern University, 155
NRC. See National Research Council
NSF. See National Science

Foundation
NSTA. See National Science

Teachers Association

America's Lab Report: Investigations in High School Science

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/11311


230 AMERICA’S LAB REPORT

O
Organisation for Economic Co-

Operation and Development
(OECD), Programme for
International Student
Assessment, 44, 46–47

OSHA. See U.S. Occupational
Safety and Health
Administration

P
Partnership for the Assessment of

Standards-Based Science
(PASS), 59

Pedagogical knowledge
content, 141–142
general, 142–143

Pendulum, approaches to learning
physics using, 117, 126,
128–129

Performance assessment of
laboratory learning, 58–59

experiences in New York, 58
experiences in Vermont, 59

Physical manipulation, of the real-
world substances or
systems, 31

Physical Science Study Committee
(PSSC), 22–24

Piaget, Jean, 24
PISA. See Programme for

International Student
Assessment

Polanyi, Michael, 23
Policies influencing high school

laboratory experiences, 51–
67

influence of curriculum on
science instruction, 61–64

role of the scientific
community, 64–67

science standards and
assessments, 53–61

state high school graduation
requirements, 51–52

state requirements for higher
education admissions, 52–
53

Post-Sputnik science curricula, 22
new approaches included in,

25
Practical skills, developing, 77, 92–

93
Preservice science education,

uneven qualifications of,
147–148

Principles of learning informing
integrated instructional
units, 79–81

assessment to support
learning, 81

community-centered
environments, 81

knowledge-centered
environments, 80–81

learner-centered environments,
79

Professional development,
partnerships with the
scientific community, 154–
155

Professional development for
laboratory teaching, 149–156

examples of professional
development focused on
laboratory teaching, 151–
156

potential of professional
development for improved
laboratory teaching, 150–
151

Programme for International
Student Assessment (PISA),
44, 46–47

America's Lab Report: Investigations in High School Science

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/11311


INDEX 231

Project ICAN, 153
Project Physics, 24
Project SEED, 67
PSSC. See Physical Science Study

Committee
Public understanding of science, in

the United States, 43–44
Purposes, clearly communicating,

101

Q
Qualifications

of preservice science
education, uneven, 147–148

of science teachers, uneven,
145–147

Quality of current laboratory
experiences, 6, 123–133

comparison with a range of
laboratory experiences,
127–131

comparison with instructional
design principles, 123–127

isolation from the flow of
science instruction, 124–126

lack of focus on clear learning
goals, 123–124

lack of reflection and
discussion, 127

little integration of science
content and science
process, 126–127

what students do in laboratory
experiences, 132–133

Quantity of laboratory instruction,
118–123

disparities in laboratory
experiences, 120–123

science courses and laboratory
experiences, 118–120

R
Readiness of teachers and schools

to provide laboratory
experiences, 198–199

Reflection and discussion
lack of, 127
ongoing, 102

Remote access to scientific
instruments and
observations, 32

Representations of natural
phenomena, scaffolded,
103–104

Research, development, and
implementation of effective
laboratory experiences, 9–
11, 79–85

assessment of student learning
in laboratory experiences,
10, 200

continued learning about
laboratory experiences, 10,
200

design of integrated
instructional units, 81–82

diverse populations of
learners, 10, 200

effective teaching and learning
in laboratory experiences,
10, 200

examples of integrated
instructional units, 82–85

principles of learning
informing integrated
instructional units, 79–81

recent developments in, 78–85
school organization for

effective laboratory
teaching, 10, 200

America's Lab Report: Investigations in High School Science

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/11311


232 AMERICA’S LAB REPORT

RE-SEED. See Retirees Enhancing
Science Education through
Experiments and
Demonstration

Resource Conservation and
Recovery Act, 183–184

Retirees Enhancing Science
Education through
Experiments and
Demonstration, 155

S
School organization, for effective

laboratory teaching, 10, 200
Schools and Staffing Survey, 177
Schwab, Joseph, 23, 26
Science achievement in secondary

school, 44–47
results of international

comparative tests, 46–47
results of National Science

Achievement Tests, 44–46
in U.S. science education, 44–

47
Science content knowledge, 140–

141
little integration with science

process, 126–127
Science course offerings, 118–119

disparities in laboratory
experiences by, 121–122

Science courses and laboratory
experiences, 118–120

features of current laboratory
experiences, 119–120

science course-taking, 118–119
Science for All Americans, 26
Science instruction, isolation from

the flow of, 124–126
Science Laboratory Environment

Inventory (SLEI), 96–97

Science standards and assessments,
53–61

hands-on performance
assessment of laboratory
learning, 58–59

implementing state standards,
57, 60–61

state science assessments and
the goals of laboratories,
55–57

state science standards and the
goals of laboratories, 54–55

The scientific community, 64–67
providing laboratory facilities

and equipment, 65–66
providing laboratory-focused

curriculum, 65
providing student internships,

66–67
Scientific issues, making informed

decisions about, 1
Scientific reasoning, developing,

76–77, 90–92
Scientific societies, 64
Silliman, Benjamin, 19
Simulations of inaccessible

phenomena, structured,
104–105

SLEI. See Science Laboratory
Environment Inventory

Special education, need for, 49–51
Sputnik. See Post-Sputnik science

curricula
State high school graduation

requirements, 51–52
State requirements for higher

education admissions, 52–
53

State science assessments and the
goals of laboratories, 55–57

State standards, implementation of,
57, 60–61

America's Lab Report: Investigations in High School Science

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/11311


INDEX 233

State standards and accountability
systems, 8–9

conclusions regarding, 9
and the goals of laboratories,

54–55
Structured interactions, with

complex phenomena and
ideas, 105

Structured simulations, of
inaccessible phenomena,
104–105

Student activities included among
laboratory experiences, 31–
32

access to large databases, 32
enabling by Internet links, 32
interaction with data drawn

from the real world, 32
interaction with simulations,

31–32
physical manipulation of the

real-world substances or
systems, 31

remote access to scientific
instruments and
observations, 32

Student perceptions of typical
laboratory experiences, and
interest in science and
interest in learning science,
96–97

Student safety, standards of care
for, 183–184

Students
carrying out laboratory

investigations, 1
diverse populations of, 10, 200
eligible for free or reduced-

price lunch, disparities in
laboratory facilities by
proportion of, 179

role of the scientific
community in providing
internships for, 66–67

Subject matter, enhancing mastery
of, 76

Supervision, teachers’ duty of, 182
Support

for laboratory teaching, 156–
159

scheduling laboratory teaching
and learning, 157–159

for teachers with professional
development, 156–157

Systemic safety enforcement, lack
of, 187–189

T
Teacher and school readiness for

laboratory experiences,
138–167

summary, 160
supporting laboratory

teaching, 156–159
Teacher knowledge for a range of

laboratory experiences,
139–145

general pedagogical
knowledge, 142–143

knowledge of assessment,
143–144

pedagogical content
knowledge, 141–142

science content knowledge,
140–141

Teachers
changing roles of, 29–30
knowledge in action, 144–145
preparation for laboratory

experiences, 7
uneven qualifications of, 145–

147

America's Lab Report: Investigations in High School Science

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/11311


234 AMERICA’S LAB REPORT

Teachers’ capacity to lead
laboratory experiences,
139–156

current state of teacher
knowledge—preservice
education, 145–148

professional development for
laboratory teaching, 149–
156

Teachers’ duties
instruction, 182
maintenance, 182
supervision, 182

“Teaching for understanding,” 157
Teamwork, 98–99

evidence from research on
integrated instructional
units, 98–99

evidence from research on
typical laboratory
experiences, 98

Teamwork abilities, developing, 77
ThinkerTools, 81, 84, 94, 97–98,

103–104
13-week science methodology

course, 152–153
TIMSS. See Trends in International

Mathematics and Science
Study

Toxic Substances Control Act, 183–
184

Trends in International
Mathematics and Science
Study (TIMSS), 44, 46, 62–
63

Trends in U.S. science education,
43–51

high school science and
undergraduate science
achievement, 47–48

public understanding of
science, 43–44

rising enrollments and
increasing diversity, 48–51

science achievement in
secondary school, 44–47

toward the future, 199–201
Typology

of school laboratory
experiences, 36

of scientists’ activities, 35

U
Understanding the nature of

science, 77, 93–95
evidence from research on

integrated instructional
units, 94–95

evidence from research on
typical laboratory
experiences, 94

U.S. Census Bureau, 177
U.S. Constitution, 27
U.S. Department of Energy, 64, 154
U.S. Environmental Protection

Agency (EPA), 183
U.S. General Accounting Office

(GAO), 169, 177
U.S. Geological Survey, 65
U.S. Occupational Safety and

Health Administration
(OSHA), 183

V
Vanderbilt University, 154
Variety in laboratory experiences,

33–34
Vermont, hands-on performance

assessment of laboratory
learning experiences in, 59

Virginia Polytechnic Institute (VPI),
65–66, 175

America's Lab Report: Investigations in High School Science

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/11311


INDEX 235

von Liebig, Justus, 19
VPI. See Virginia Polytechnic

Institute

W
Waterman, Alan, 22

Z
Zacharias, Jerrold, 22, 24

America's Lab Report: Investigations in High School Science

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/11311


America's Lab Report: Investigations in High School Science

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/11311

	FrontMatter
	Foreword
	Acknowledgments
	Contents
	Executive Summary
	1 Introduction, History, and Definition of Laboratories
	2 The Education Context
	3 Laboratory Experiences and Student Learning
	4 Current Laboratory Experiences
	5 Teacher and School Readiness for Laboratory Experiences
	6 Facilities, Equipment, and Safety
	7 Laboratory Experiences for the 21st Century
	Appendixes
	APPENDIX A Agendas of Fact-Finding Meetings
	APPENDIX B Biographical Sketches of Committee Members and Staff
	Index

