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Abstract

This paper reviews the literature concerning the goals of elementary
school science teaching. The review reveals a consensus among scientists and
science education experts that elementary-school science instruction should
promote meaningful understanding of science concepts, processes, and attitudes.
Students should not just be memorizing scientific facts; they should be devel-
oping higher order thinking skills. However, the experts differ in their de-
scriptions of the kinds of higher level thinking that elementary children
should develop. As a result, teachers are faced with long lists of goals that
do not support them in providing coherent, meaningful science instruction. In
promoting ¢ "do it all” approach, experts may be dooming teachers to failure.
The author argues that a coherent model that focuses on a limited set of goals
may be more productive in helping elementary teachers provide meaningful
learning opportunities for their students.

The paper reviews three perspectives on science teaching that hold promise
for providing such a framework or model--an inquiry perspective, a science-
technology-society perspective, and a conceptual change perspective. Although
the three perspectives share overlapping features, the descriptions emphasizs
the differenceg among them. A particular focus is on the contrasts in the ways
in which higher level thinking and conceptual understanding are defined in
each. Patterns of current elementary science teaching practice are contrasted
with the three visions articulated by experts and reasons why current practice
i{s so far removed from these visions are explored. The paper concludes with
the author’s personal reflection on the usefulness of a conceptual change

perspective in guiding her own teaching of science to fifth-grade students.
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Preface

This is one of a set of seven reports being prepared for Study 1 of Phase
I of the research agenia of the Center for the Learning and Teaching of Elemen-
tary Subjects. Phase I of our wc»k calls for surveying and synthesizing the
opinions of various categories of experts concerning the nature of elementary-
level instruction in mathematics, science, social studies, literature, and the
arts, with particular attention to how teaching for un”arstanding and for
higher order thinking and problem solving should be handled within such in-
struction. Study 1 of Phase I calls for review of the literature in educa-
tional psychology, cognitive science, and related fields on teaching for under-
standing and for higher order thinking and problem solving, as well as the lic-
erature on these topics as they are discussed by curriculum and instruction ex-
perts within the context of teaching particular school subjects. The present
paper focuses on statements about teaching for understanding and for higher
order thinking and problem solving in science that have been advanced by che
leading scholars and organizations concerned with elementary-level science

education.
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CONCEPTUAL UNDERSTANDING AND HIGHER LEVEL THINKING
IN THE ELEMENTARY SCIENCE CURRICULUM: THREE PERSPECTIVES

Kathleen J. Roth1

At a fall open house in 1975, I explained to the parents of my middle
school science students that one of my goals for the year was to help the stu-
dents learn how to "think scientifically."” After my presentation, one of the
parents came up to me and asked, "Do you really think that you can teach some-
one how to think scientifically?"” That question triggered a whole set of ques-
tions for me about the purposes of teaching science: Is teaching children tn
"think sclentifically” a realistic outcome of elementary and middle school sci-
ence instruction? Or was that just rheto~ic that sounded good when communicat-
ing with parents? And what did I mean by "scientific thinking"? What is the
nature of scientific thinking? What cun and should children be taught about
scientific thinking?

1 asked myself about the other goals on my 1ist: To help students appre-
ciate the beauties and complexities of the natural world, to help students de-
velop more independence in their learning, to teach students basic concepts in
the 1ife sciences. How did these goals relates to the goal of teaching for sci-
entific thinking? And how did all of these goals match with what I was actu-
ally doing as a teacher? Which of theses goals were the most important, and
which could be achieved in meaningful ways while working with a group of 26
students for two-thres hours per week across a scheol year?

In the 14 years since that parent first‘challanged ay thinking about the

goals and purposes of teaching young children about science, I have explored

lxathleen J. Roth, an assistant professor of teacher education at Michigan
State University, is a senior researcher with the Center for the Learning and
Teaching of Elementary Subjects.

w



el RN E A U T
T

these questions in my teaching experience, in research projects in which I have
studied classroom teaching and learning of science, and in my work with preser-
vicr and inservice teachers. Thase experiences provided me with new perspec-
tives for thinking about the goals and purposes of elementary science instruc-
tion. They gave me insights both about what is possible to achisve and about
the real constraints teachers face in trying to achieve the "possible.” My
classroom research efforts convinced me that it i3 possible to teach for "high-
er level” outcomes in science--to teach young children to think scientifically.
But the research also revealed the complexities and challenges involved in
teaching for such higho; level outcomes.

However, my research-based insights about the difficulties of teaching stu-
dents to understand concepts and to "think" scientifically seemed at odds with
the statements from various groups of science education experts. The expansive
lists of goals completed by experts baffled me. How could a teacher possibly
vork toward all of these goals in meaningful ways? In compiling these lists,
how did the experts expect teachers to handle the contradictions between the
far-reaching goals and local constraints of classrooms? Did they expect teach-
ers to pick and choose from this list in order to deal with a few of the goals
in meaningful ways? Or did the experts define "understanding” of concepts and
of science thinking (process) skills in ways that would allow teachers to claim
success when students were maerely exposed to opportunities to understand con-
cepts and to think scientifically?

As a step toward clearer and more realistic articulation of the desired
outcomes of slementary science, I reviewed various cxperts’' recommendations.

In this literature raview, I arialyzed experts’ explicit and implicit defini-
tions of the nature of conceptual understanding and higher level thinking in

science. What do different experts mean by "scientific thinking?"” What

2 .l(}



does it mean to teach for conceptual understanding and higher level thinking in
elementary science? How feasible is it to achieve such outcomes in elementary
classrooms?

In this paper, 1 analyze the desired outcomes of elementary school science
instruction from three perspectives that are currently advocated by different
groups of sciance educators, educational researchers, and scientists. The
three perspectives will be referred to as the inquiry perspective, the science-
technology-society perspective, and the conceptual change perspective. The
three perspectives share overarching commitments to the teaching of science
content, (facts, concepts, generalizations, theories), science thinking pro-
cesses (predicting, hypothesis-making, observing, inferring, etc.) and scien-
tific attitudes, and their goals often overlap. However, each parspective does
select particular goals for focus and does suggest a framework or model that
could help teachers focus their planning and teaching on meaningful outcomes
instead of trying to "do it sl1". Each perspective also emphasizes higher
order aspects of scientific thinking as critical student outcomes. Thus, I be-
lieve each perspective is worth serious consideration for its potential to pro-
vide both a workable framework for teachers and a framework that has potential
to promote meaningful understanding of science and scientific thinking for stu-
dents.

In this analysis, I will push the distinctions among the three perspec-
tives. It i{s tempting to think about ways that the three perspectives could be
blended together to create a "super model”. That may be a worthwhile long-term
research effort, but I think it is a mistake to pick and choose from these
without a sound theoretical, pedagogical, or research-based rationale. Such an
eclectic approach to science instruction is all too evident, I fear, in most

elementary science textbooks in use today. These texts do provide workable
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frameworks for teachers; teachers find them useful in selecting both content
and instructional methods. And the texts do seem to "do it all"; they attempt
to address all of thes experts’ recommendations. However, these texts do not
help teachers plan and teach in ways that foster meaningful conceptual under-
standings and understandings of the nature of scientific thinking.

Thus, in this analysis I will focus on the differences among the three al-
ternative perspectives, contrasting the desired outcomes emphasized from each
perspective, the historical and theoretical development of each perspective,
and the ways in which conceptual undsrstanding and higher level thinking are
defined in each. The definitions of higher order thinking are intimately
linked to the ways in which each perspective views the relationships among sci-
ence content, scientific thinking process skills, and scientific values and at-
titudes. These contrasts will be described. Ways of assessing student concep-
tual understanding and higher level thinking in each perspective will also be
discussed. The assessment analysis gerves two purposes: First, sample assess-
ment items help clarify what counts as "understanding” in each perspective.
Secondly, assessments of stvi:ent learning completed in research studies provide
some insights about the effectiveness of the inquiry and conceptual change per-
spectives. Finally, the vision of ideal elementary science teaching and learnm-
ing that each perspective suggests will be described.

Although each of these three perspectives defines the terms differently,
they share an emphasis on teaching for higher level thinking outcomes and for
depth of understanding rather than breadth of coverage. However, studies of
current elementary science teaching practice reveal a quite different picture.
Patterns of current practice will be contrasted with the three visions articu-
lated by experts, and reasons why current practice is so far removed from these

visions will be explored. Such an analysis i{s critical in developing a
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realistic and useful framework for defining desired outcomes of science
instruction.

The paper concludes with personal reflections about ways in which a concep-
tual change framework has been useful in gulding my efforts to teach for con-
ceptual understanding in a fifth-grade classroom. Althoug' I argue that this
perspective has the potential to help teachers focus on teaching for conceptual
understanding and a rich view of the nature of science, important questions
about its limitations and usefulness remain. I conclude by raising these ques-

tions and suggesting ways in which these questions might be fruitfully

explored.

Background

Many of the goal statements for science education written by expert groups
of scientists and science educators and by authors of science methods textbooks
suffer from attempts to be all-encompassing (American Association for the Ad-
vancement of Science, 1989; Bybee et al., 1989; Jacobson & Bergman, 1980; Na-
tional Science Teachers Association, 1982; Rutherford, Ahlgren, Warren, & Merz,
1987; Simpson & Anderson, 1981; Wolfinger, 1984). As a result, these guide-
lines and position statements do not provide teachers and schools with a fo-
cused, manageable vision of good elementary science curriculum. Instead of ad-
vocating and developing such a vision, these statements are more typically a
compilation of experts’ opinions about ideal goals for science education. Such
opinions are often summarized in rather lengthy lists which suggest that ele-
me~tary sclence teaching should address multiple goals equally well. Because
the experts did not tackle the difficult task of limiting or prioritizing goals
to match classroom realities, the lists compiled by different groups reflect

little disagreement. They agree that elementary science instruction should "do
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it all." Ecch group acknowledges multiple purposes and goals for elementary
science instruction and typically organizes those goals into three categories:
science content/knowledge, science processes/thinking skills, and scientific
attitudes and values (Carin & Sund, 1980; Edwards & Fisher, 1977; Henson &
Janke, 1984; Jacobson & Bergman, 1980; Farmer & Farrell, 1980; Wolfinger,
1984). Despite the experts’ agreement about these gcals, it is clear that we
have not begun to actieve these kinds of student outcomes in schools. While
all the goals are lofty ones that no one could disagree with, their all-encom-
passing scope contrasts sharply with the limited attention given to science
instruction in elementary schools today.

Given the failure of present science teaching to accomplish these goals in
meaningful ways for the majority of students, it is problematic that these
lists of goals simply seem to grow longer over time. For example, in tracing
the historical development of statements from the National Science Teachers As-
sociation (NSTA), I found a gradual addition of new goals (most recently, goals
related to science-technology-society issues) with a shift in emphasis as new
goals are added. However, earlier goals are not abandoned, redefined, or re-
conceptualized as new goals are added; instead, they are kept in the list but
with new goals framing them. NSTA’s list of goals for the 1970s (NSTA, 1971),
for example, begins and ends with an emphasis on inquiry process outcomes. In
the 1980s position statement (NSTA, 1982), these pro.ess goals remain but the
list is framed with a new emphasis on science-technology-society goals (See
Table 1). Lengthening the lists of goals in this way does not seem likely to
provide a useful framework or vision for elementary science instruction.

The;e broad descriptions of what scientifically literate adults should be
able to do sound on the surface like reasonable and clearly articulated goals.

But there are at least two issues that need further exploration. First, the



Position Statement
.m%

The goal of science education
should be to develop scientifically
literate citizens with the necessary
intellectual resources, values,
attitudes, inquiry skills to promote
the development of many as a rational
human being.

The scientifically literate person:

* uses science concepts, process
skills, and values in making everyday
decisions as he interacts with other
people and with his environment;

* understands that the generation of
scientific knowledge depends upon the
inquiry process and upon conceptual
theories;

+ distinguishes between scientific
evidence and personal opinion;

* {dentifies the relationship between
facts and theory;

* recognizes the limitations as well
as the usefulness of science and
technology in advancing human welfare;

* understands the interrelationships
between science, technology, and other
facets of society, including social
and economic development;

* recognizes the human origin of
science and understands that
scientific knowledge is tentative,
subject to change as evidence
accumulates;

* has sufficient knowledge and
experience so that he can appreciate
the scientific work being carried out
by others;

Position Statement
— for the 1980s

Declaration

The goal of science education during the
1980s is to develop scientifically
literate individuals who understand how
science, technology and society
influence one another and who are able
to use this knowledge in their everyday
decision-making. The scientifically
literate person has a substantial
knowledge base of facts, concepts,
conceptual natworks, and process skills
which enable the individual to continue
to learn and think logically. This
individual both appreciates the value of
science and technology in society and
understands their limitations.

The attributes listed below help to
describe a scientifically literate
person.

The scientifically and teclinologically
literate person:

* uses science concepts, process skills,
and values in making responsible
everyday decisions;

* understands how society influences
science and technology as well as how
science and technology influence
society;

* understands that society controls
science and technology through the
allocation of resources;

* recognizes the limitations as well as
the usefulness of science and technology
in advancing human welfare;
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* has a richer and more exciting viaw
of the world as a result of his
science education; and

* has adopted values similar to those
that underlie science so that he can
use and enjoy science for its
intellectual stimulation, its
elegance of explanation, and its
excitement of inquiry;

* continues to inquire and increase
his scientific knowledge throughout
his 1life

* knows the major concepts, hypotheses,
and theories of science and is able to
use them;

* appreciates science and technology for
the intellectual stimulus they provide;

* understands that the generation of
scientific knowledge depends upon the
inquiry process and upon conceptual
theories:

* understands the applications of
technology and the decisions entailed in
usa of technology;

* has sufficient knowledge and exparience
to appreciates the worthiness of research
and technological + ,velopment;

* has a richer and more exciting view of
the world as the result of science
education; and

* knows reliable sources of scientifie
and technological information and uses
these sources in the process of decision
making

1€



e,
f

AR

statements are vague about the nature and depth of student understanding that
is desired. Second, the lists are overly ambitious given the present day con-
text of elementary science teaching. Ways in which these characteristics of

the statements are problematic are discussed below.

First, these goal statements are problematic in their lack of clarity about
the nature and depth of desired student understanding of science content,
thinking processes, and attitudes. ‘hat kinds of sclentific thinking, particu-
larly higher level thinking, about content, processes, and attitudes are the
desired outcomes? What is the nature of thinking that we want students to de-
velop? What does it look like when a fifth grader "understands” the concept of
ecosystems? What does it mean to "know"” the scientific processes? 1Is it suf-
ficient that a student "likes” sclence, or should the student demonstrate the
disposition to inquire and to think critically? These statements of desired
outcomes provide only partial answars to these questions, and the answers are
particularly sketchy at the elementary level. Most of these lists are written
in terms of desired qualities of scientifically literate gdults. They do not
suggest what the understanding of a first grader’s or fifth grader’'s under-
standing should or could be like. What does it mean for a first grader or a
fifth grader to "know the major concepts, hypotheses, and theories of science”
or to "use science thinking process skills"?

a. Copntent. Recommendations from these groups are particularcly silent
about the nature of content outcomes. “n the 1960s efforts to articulate the
central concepts and conceptual schemes that students should come to understand
were undertaken. Current efforts by the American Association for the

Advancement of Science (1989) are also focused on identifying central concepts
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that should form the core of the school science curriculum, These concepts
were derived from an analysis of the respective science disciplines (biology,
physics, earth science, etc.). Table 2 provides examples of such lists of
concepts.

Beyond these efforts, however, the statements from these groups leave many
questions unanswered. For example, how should content be selected and orga-
nized? Should content be selected because of its relevancy to students’ expe-
riences, because of its explanatory power within the discipline, or because it
is content that every literats adult should be familiar with? Or should con-
tent be selected based on the teacher’'s expertise? Should content be organized
topically (stars, plants, weather, etc.) as is done in most current science
textbooks, or should it be organized around central conceptual schemes of sci-
ence (matter and energy, interactions, etc.)? Or what about organizing the
content around societal problems that science addresses? Or should the curric-
ulum not be organized around content at all, but instead focus on the scie .-
tific processes? How should content goals mesh with process and attitude
goals? Although the various goal statements use rhetoric about balancing and
integrating content and process goals (%STA, 1964 & 1982; Edwards & Fisher,
1977; Esler & Esler, 1981; Farmer & Farrell, 1980; Rowe, 1978;, Wolfinger,
1984), they provide little vision of what the student who understands the goals
in such integrited ways would be able to say or do. In addition, what do these
lists of concepts communicate about breadth of the curriculum? Do all of the
concepts need to be covered in a K-6 curriculum? Does it matter which ones are
emphasized? Are thers particular concepts that young children are better able
to understand? In another vein, what connections among these concepts should
elementary students understand? How explicitly should students be able to ar-

ticulate their understanding of such comnections? Finally, what understanding

.
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-{onal Science Teachers Associatig mattec, energy, change,
interaction, equilibrium, entropy, transformation, t.me-space, motion,
patterns, pr. iiction, interdependence of living things, enviromment,
heredity, evolution

1 8nce U e 54 AN LS L 37 W SR A A 3 LUGY ANQ . AW ES L1 \ hAe (11§
Montgomer~: (1978): interactions, systems, relativity, equilibrium,
position and motion, matter, energy, ecosystem, organism, life cycles,
natural selection, time-space, variables, models, property, theory.

: cause-effect, change, cycle, energy-matter,
entropy, equilibrium, evolution, field, force, gradient, interaction,
invariance, model, orderliness, organism, perception, probability,
population, quantification replication, resonance, scale, significance,
system, theory, time-space, validation.

the Advancement of Science (1989): structure and
evolution of the universe, gravitation, conservation of energy, features of
earth (location, motion, origin, resources) and dynamics by which its
surface 1s changed; interaction between living organisms and earth and its
atmosphere; basic concepts related to matter, energy, force, motion with
emphasis on their use in models to explain diverse natural phenomena;
diversity of earth’s organisms--similarity in structure and function of
their cells: flow of matter and energy in life cycles; dependence of
species on each other and physical enviromment; biological evolution; human
organism, population, life cycle, body structures and functions; physical
and mental health, medical technologies, role of technology in shaping
social behavior, political and economic organization; nature of
technologies in history and today, data analysis, reasoning.

Bybee (1987): Unifying concepts for the science-technology-socisty theme:
systems and subsystems, organization and identity, hierarchy and diversity,
interaction and change, growth and cycles, patterns and processes,
probability and prediction, conservation and degradation, adaptation and
limitation, equilibrium and sustainabilicy.

11
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should students have about how these concepts developed and changed over time
and how they relate to the inquiry process?

Thus, the lists of key concepts Jo not provide a clear picture of the kinds
of understanding that are desired. If a fifth grader can say that animals need
plants for food, is that evidence that she understands "interdependence of
living things?* The vagueness of the expert recommendations leaves open the
possibility that the curriculum will be trivialized, with teachers checking off
student mastery of concepts based on quite superficial encounters with the con-
cer%s,

b. Procesges. Scientists and science educators in the 1960s and 70s
became very interested in the "processes" of science--the thinking processes
that scientists use to do their work. During that post-Sputnik era, much
effort was pit into defining these science thinking processes and translating
them into school curricular objectives. Although there are variations in the
terms used to describe science thinking process outcomes, there has been gen-
eral agreensnt-:hac these thinking processes are identifiable, discrete skills
that can be hierarchically arranged from concrete to abstract. Thus direct ob-
servation of phenomena is the most simple, concrete process while thinking
skills such as inferring, designing experiments, and interpreting data repre-
sent the "higher level” process outcomes. Examples of how experts have orga-
nized the science thinking processes shown in Tabls 3 {llustrate the similari-
ties among the different experts’ lists as well as the hierarchical arrange-
ments.

While there has been significant effort put into defining these science
thinking processes, there are still important unresolved issues concerning
these as goals in the elementary science curriculum. For example, should these

processes be taught as discrete skills in a carefully planned developmental
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Table 3

Science Processes
Commission of Science Education (1970):

Primary jrocess skills (grades K-3): observing, classifying, measuring,
communicating, inferring, predicting, cecognizing time-space relations,
recognizing number relations

Integrated process skills (grades 4-6): formulating hypotheses, making
operational decisions, contrelling and manipulating variables,
experimenting, interpreting data

Carin & Sund (1980):

Discovery processes: observing, classifying, measuring, communicating,
inferring, experimenting

Science processes: Iidentifying problems, observing, hypothesizing or
predicting, analyzing, inferring, asking insightful questions about
nature, formulating problems, designing experiments, carrying out
experiments, constructing principles, laws and theories from data,
extrapolating, synthesizing, evaluating

Wolfingex (1984):

communication r~.cesses
observation

using members
prediction

inference

conclusion
classification

space relations
interpreting data
formulating hypotheses
controlling variables
experimenting

cause & effect
operational questions
interaction and systems

Farmer and Farrell (1980):

Induction: observing --> gathering data --> data reducing -->
extrapolating --> classifying --> experimenting --> inferring

Deduction: generalizing <--> theorizing <--> reasoning by analogy and
other rules of logic
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sequence? Or should they be taught 1# a more integr.ted way from the very be-
ginning? What does it mean to say that a second grader or a €ifth grader unm-
derstands how to observe and make inferences? How should such understanding
deepen over time? Fow should our expectations of a student’s ability to ob-
serve or infer change across the K-6 years? Are there other important pro-
cesses in science that have been left off the experts’ lists? What about deci-
sion making? What about uring scientific knowledge to build a new machine?

Are such technological thinking processes part of science? Should they be part
of the elementary science curriculum? How are the thinking processes linked to
scientists’ conceptual knowledge, and how should that be reflected in the
schsol curriculum?

Thus, while there has been progress in defining the science process goals,
even in this area it is often unclear what i{s meant by "understanding.” The
nature and depth of desired student understanding of a process skill, such as
observing, neceds to be mors carefully investigated,

c. Attitudes. This is the area that is the least clearly articulated .
the literature. While it is easy enough to describe the attitudes and values
of scientists (see Table 4), it is not so easy to translate these into K-6 cur-
ricular goals. Should these attitudes and values be explicitly taught and dis-
cussed, or will thev grow out of students’ particivation in hands-on activi-
ties? Are all of thesa values able to be understood in meaningful ways by K-6
students? For example, are fifth graders better able than first graders to be
skeptical and to appreciate the changing nature of science?

Clarification of the complexities of some of these attitudes is also
needed. It is easy to say that young students studying science should be
*questioning of all things.” But don’'t we also want them to learn the differ-

ence between good questions and trivial ones? And we don’t want them to
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Table 4
Attitudes and Values of Sciencs

Carin & Sund (1980): intense curiosity, humility, skepticism, determination,
opemuindednass

longing to know and

“Luaders:and qusstioning}of a11 things. search for data - their meaning,
demand for verification, respect for logic, consideration of premises,
consideration of consequences

S 0 § . : percesption of the cultural
conditions within which science thrives, recognition of the need to view
science within the broad perspectives of culture, socisty, and history,
appreciation of universality of scientific endeavors

Simpson and Anderson (1981): science as a human activity, changing naturs of
science, relationships to other realms, limitations of science, science
requires openness, variable positions and disagreement, social influence on
science/technology, impact of science/technology, value of sclentific
knowledge

National Center for Improving Science Education (Bybee et al., 1989): desiring
knowledge, being skeptical, relying on data, accepting ambiguity,
willingness to modify explanations, cooperating in the answering of
questions and solving problems, respecting reason, being honesst

Ame : 0 ) g respect for the use of

evidenca and logtcal reasoning in making arguments honesty, curiosity,
openness to new ideas, skepticism in evaluating claims and arguments;
informed, balanced beliefs about social benefits of science; critical
response skills to judge assertions made by advertisers, public figures,
etc., and to subject their own claims to some scrutiny so as to be less
bound by prejudice and rationalization.

15




ask questions without ever getting personally satisfying answers. Students
should also develop an attitude that science can help them develop meaningful
answers to their questions.

And are there other attitudes that are important for learners that are not
so particular to science? For example, should attention be focused on stu-
dents’ attitudes towards themselves as learners? Might it be more imp rtant to
help a student develop matacognitiva strategies and a positive self-.concept
about his/her own ability to learn science (a personal relationship with sci-
ence) than to focus on helping that student investigate relationships between
science and society-at-large?

Thus, as with content and process goals, the experts’ lists of fdeal atti-
tudes need further analysis to define which ones are most important and reason-
abls for elementary children to learn. If thess lists of attitudes and values
are going to be a meaningful part of the elementary science curriculum, a
clearer picturs is needed of what a child who holds these values would look
like. Lists of goals have focused too much on the picturs of the graduating

18-year-old.

"Do It All"?2
A second issue that needs to be explored is whether these lists of goals
are reasonable and helpful given the current context of elementary science in-
struction. As I read these sets of lofty-sounding goals, I worry about elemen-
tary teachers’ reactions. It has been well documented that elementary scliools
teachers typically lack strong science preparation or interests (Coble & Rice,
1982; Hegelson, Blosser, & Howe, 1977; Stake & Easley, 1978; Weiss, 1978 &
1987) and that elementary science instruction is allotted a very small sl.ce of

the typical school week {f it is taught at all (Fulton, Gates & Krockover,
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1980; Horn & Jame~, 1981; Sirotnik, 1983; Weiss, 1978, 1987). It seems likely
that teachers who are insecure in their science background, whe are faced with
teaching, five or more subjects to their students, and who face particular pres-
sures to teach reading and mathematics well would be overwhelmed by the multi-
ple gnals that experts have identified for science instruction alone. It is
difficult to imagine that such lists of goals would be helpful to teachers in
either day-to-day or long-range planning for science. There are just too many

different balls to juggle.

Achievgble Goals
For the goals to be meaningfully addressed, I believe thay need to be em-

bedded in an integrated framework or model that addresses selected goals rather
than in long lists that cover all desirable goals. The main organizing frame-
work in current lists of goals are the content, process, and attitudes catego-
ries. This organization does not provide an integrated, workable model; in-
stead, each category of goals is a separate pisce of the science curriculum-.an
additional ball to juggle. The language in science methods textbooks and in
NSTA’s position statements communicates a similar balancing act.

NSTA (1982), for example, produced graphs showing approximate percentages
of science instructional times at each grade level that should be spent on pro-
cess skills, content goals, application, and science-based societal issues. In
first grade the process "ball” gets the most play. By fifth grade the content
ball is the biggest ball in the juggling act. The lists of ideal goals articu-
lated by NSTA and other experts seem far removed from what is possible in most
elementary classrooms. Instead, such list making about jdegl goals should only

be a first step in the development of agchievable goals for elementary science.
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A new way of defining achiavable goals for elementary science that incorpo-
rates knowledge about how young children learn science and knowledge about in-
structional practices that foster meaningful understandings is needed. .f we
want science to be taught at the elementary level and taught so that students
are developing rich and higher level understandings of science, the goals we
define need to be focused and organized in ways that are useful n guiding cur-
riculum decisions and teacher pianning. Hard decisions need to be made in
order to generate a realizable and clearly framed set of goals for elementary
science.

A second step in the process of defining realizable goals is to articulate
more clearly the kinds of scientific understanding and thinking we want stu-
dents to develop. What kinds of content should students study, and what kinds
of thinking should they learn to do about that content? What role should fact
learning play in elementary school science learning? How much content should
students study?

Each of the three perspectives reviewed in this paper makes important con-
tributions in clarifying possible visions of how particular goals might be
translated into curriculum, into instruction, and into achievable student cut-
comes. Each perspective also has a vision of what scientific thinking could
look iike in school classrooms. All three visions contrast sharply with
science teaching as it is typically taught at the elementary level.

¥hat Sclonce is Currently Taught in Elem.utary Schools?
_C ulum

A picture of the current status of elementary instruction will serve as a

point of contrast with the experts’ general recommendations and with each of

the three curriculum perspectives discussed in this paper. I offer this rather
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discouraging description of the status of elementary science instruction not to
denigrate teachers but rather as a way to emphasize the need for a statement of

limited but realizable goals for elementary science curriculum and instruction.

Iime Allotted for Science Instruction

Many studies have found that despite differing persrectives about what
should be taught in elementary science, there is in fact li:tle science taught
of any kind (Coble & Rice, 1982; Hurd, 1986; Sirotnik, 1983; Stake & Easley,
1978; Weiss, 1978). In their case studies of 11 school districts, for example,
Stake and Easley (1978) found that in none of the schools was science consis-
tently taught throughout the elementary grades. In some districts almost no
science was being taught. Science received the least time of the major curric-

ulum areas:

Although we found a few elementary teachers with strong interest and

understanding of science, the number was insufficient to suggest that

even half of the nation’s youngsters would have a single elementary
year in which their teacher would give scisnce a substantial share of
the curriculur and do a good job teaching it. (Veol. 2, p. 13:18)

In observations of 129 elementary classes (12 schools) Sirotnik (1983)
found that 2.4% of instructional time at the K-3 levels was spent on science
(the lowest of all subject areas including the arts) and 12.8% of instructional
time focused on science at the 4-6 grade levels (which was higher than the arts
and social studies). Sciencs was consistently found to be a poor fourth (to
reading, mathematics, and social studies) in instructional time in studies by
Weiss (1978), Fulton et al. (1980), aind Horn & James (198l1). Veiss (1987) re-
ported no change in the average number of minutes per day spent on science be-
tween 1977 and 1987 (19 minutes at K-3; 35-38 minutes at 4-6). Typlically
science is taught after 1:30 p.m. and 2 or less days per week (Fulton et al.,

1980).
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why so little scienca? There have been a number of studies that have in-
vestigated the reasons why so little science is taught. Survey data indicate
that teachers avoid science teaching because of a lack of confidence in their
own subject matter knowledge (Weiss, 1978), because of a lack of materials
(Miller, 1986), and because of lack of training in how to teach science. Horn
& James (1981) found that teachers not only feel unqualified to teach science,
but many of them do not see science as important to teach. The back-to-the-
basics movement fed this argument and also put demands on teachers to give
reading and mathematics more instructional time. In addition, teachers report
time pressures in plamning for science as a reason for not + ~hing more

science.

Conten! El

Stake & Easley (1978) reported that when science ig taught it is typically
textbook-based and characterized by teacher talk and teacher explanation. In a
classroom observational study of fifth-grade science teaching, Roth, Anderson,
& Smith (1987) found that the pattern of teaching in these text-based science
classrooms consisted of oral reading of the text followed by answering of pre-
dominantly factual questions. Teachers posed questions and listened to student
answers until right answers wers given. Thus, science teaching focused on
teacher/text presentation of content, and sclence learning was viewed as stu-
dent acquisition of facts.

There is evidence that little of the three perspectives described in this
papsr--the inquiry approach, the science-technology-society emphasis, or the
conceptual change approach--is enacted currently in elementary science teach-
j.g. Despite the lerge-scale curriculum development efforts in the 1960s and

early 1970s funded by the National Science Foundation (NSF), which emphasized
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hands-on science activities and inquiry approaches to science teaching, elemen-
tary science teaching in the 1980s is largely textbook-driven (Miller, 1986).
Weiss found, for exampi;, that the three major NSF inquiry programs were, in
1976-77, the "most often used” curriculum materials in only 8% of the nation’s
elementary school classes. The single textbook was the program used in the ma-
jority of classrooms where science was being taught (Coble & Rice, 1982; Weiss,
1978). 1In 37% of K-3 classrooms and 10% of 4-6 classrooms, no text or program
was reported being used (Weiss, 1978). The pattern of textbook use had not
changed in a similar survey conducted in 19£5-86 (Weiss, 1987).

One way to understand the substance and emphasis of the slementary science
curriculum is to look at the content and instructional emphases of the most
widely used science textbooks. A recent analysis of widely used science cur-
riculum materials at the fifth-, ninth-, and twelfth-grade lavels in the United
States was conducted as part of the Second International Science Study (Miller,
1986). At the fifth-grade level the science textbooks most widely used in the
early 1980s were characterized as emphasizing factual knowledge and content,

My own review of the most widely used elementary science textbooks, as well as

reviews by the National Center for Improving Science Zducation (Bybes et al.,
1989) and by Meyer, Cr.mmey, and Greer (1988), found a similar presentation of
science as a body of facts about natural phenomena.

This factual approach to science is generally organized around discrete
topics (such as fossils, plants, rocks, weather, electricity, ecology, magnets,
light, ete.). At each grade level, seven to nine such topics are presented.
Topics for a given grade level are selected to represent the major cubdisci-
plines in science (earth science, life science, physical science). These

topics can be taught in any order, and teachers usually select those topics

that they feel best prepared to teach. In the texts there is little or

-
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no attempt to make explicit conceptual connections among the topics addressed
at a given grade level. Topics are arranged in a K-6 scope based again on a
"sampling of science topics" strategy: If fourth graders study simple machines
and sound as their two physical sclience units, then f£ifth graders will study
light and electricity.

Within each topic, or unit, the text presents information related to the
topic in an "all about”™ fashion. These presentations of information are typi-
cally organized as a series of facts about light, weather, and so forth. Espe-
cially at the upper grade levels, these facts cover a lot of ground without ex-
Ploring any idea in depth. Explanations of phenomena are presented br:iefly and
in quick succession, as if each explanation were simple and straightforward, as
if all ideas presented are of equal importance, and as if one brief re.ding and
discussion of the explanation is adequate for students to understand. The most
skilled science teachers recognize that students camnot really understand ideas
presented so briefly and superficially. However, they sometimes justify cover-
ing the content in the text as a way to "expose"” students to lots of different
areas of scientific knowledge and do not worry about the sense scuéents make of
it: Understanding will come later on when they study this content in high
school or college.

Scientific Thinking and Process Skills in the
Enacted Elementary Science Curriculum

The texts (and teachers who follow the texts closely) also do little to
convey the spirit of scientific inquiry and debate. Theses issues are typically
addressed in a chapter at the beginning of each grads level text about "the”
scientific method, while the bulk of the text presents scientific knowledge as

facts without suggesting where these facts come from and without encouragings
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students to raise questions about the text’s authority in making these

statements,

The textbooks that are in use today incorporate more suggesfions for activ-

ities than pre-Sputnik textbooks, but these activities do not emphasize the
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process and inquiry goals of the NSF activity-based programs. Miller (1986)

notes that the activities are rarely used to develop higher order thinking

LT HE B g

skills such as analysis, evaluation, and synthesis. Instead, the opportunities
for "learning by doing" focus on simple observation and measurement:

Routine practice in techniques of science, such as weighing or mea-

suring objects, observing artifacts via instruments were stressed

above the more thoughtful, structured inquiry investigations that

wera at the heart of projects like SCIS or SAPA (p. 37).
; In my own review of popular science textbooks and in studies of thess texts
in use, I have found that hands-on activities are integrated into each unit as
options for teachers to use rather than as the focus of sclence instruction.
While the rhetoric of the teacher’s guides suggests that these activities de-
velop the thinking process skills of science, the activities usually are struc-
tured in ways that focus on observation and description of phenomena that have
already been described in the text. The questions asked in conjunction with
these activities frequently ask for correct descriptions (of flower parts, for
example) or textbook-acceptable explanations rather than eliciting students’
ideas and explanations. Just as the text presents content as discrete bits of
information that are not tightly linked into a conceptual framework, {t also
presents science activities as isolated experiences that seem to be selected
because they are interesting, fu., and easy to do rather than for their useful-
ness in developing conceptual understanding or higher level thinking. They are

always related to the topic at hand but often more as interesting sidelights
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rather than as tasks that are integrated into the development of student
understanding of important concepts.

Thus science textbooks typically separate science into a body of knowledge
about the natural world that comes from the text and into activities that sup-
posedly address process goals but that also have textbook-given right answers.

Miller concludes that the texts of the 80s have made attempts

to include some of the flavor of inquiry programs in science curric-
ula for the elementary grade levels, [but] it appears that en-
trenched, time-honored practices of learning such as textbook read-
ing, recitation and memorization leading to basic knowledge and com-
prehension of science are emphasized over training studemts to think
critically in science. (p. 38)

The questions posed in science textbooks and by teachers are most often
factual level questions. Only occasionally do questions require higher order
analysis, explanation, or critical thinking, and these questions are typically
buried at the end of chapters or units (Miller, 1986). Supplementary worksheets
inciude a preponderance of crossword puzzles, matching activities, and word
searches that engage students in reviewing facts and vocabulary. Questions
that requirs students to develop an explanation longer than a sentence are
rare. The short-answer questions do not serve to engage teachsr and students
in sustained dialogue about natural phenomena. Instead, teachers and students
quickly go over the correct answers to these questions. Because the questions
are usually answered in the text, there i{s little need to stop and discuss a
particular question in any depth: There is one, clearly stated answer, and
students’ personal ways of answering some of the questions do not get noticed

or examined in the search for "the” answer.
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Most textbooks in use today include ready-made chapter and unit tests.
What do these tests communicate to teachers about the goals of science instruc-
tion? What kind of learning do they assess? Not surprisingly, the tests typi-
cally assess students’ recall of factual information. These questions are fre-
quently in multiple choice, true/false, and matching formats, which are easy
for teachers to score but often difficult for students to interpret so that

teachers must prepare students for the test by talking about test-taking strat-
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egies as well as about sclence content. For example, teachers using Holt Sci-

YA

ence (Abruscato, Hassard, Fossaceca, & Peck, 1984) have told me how they have

to spend time teaching students unow to read and respond to questions like the

following for fourth graders:

Which does pot happen to light as it travels away from its source?
a. It spreads out.
b. It get thimmer,
c. It gets brighter.
d. It gets dimmer. (p. T 5%e)

Which sentence is true?
a. Light particles spread apart as they move away from their

source,
b. Light particles are closer together as they move away from

their source.
c¢. Light waves get bigger as they travel.
d. Light gets dimmer as light waves get bigger. (p. T 59e)
Which sentence is not true?

a. Air becomes hot as sunlight passes through it.

b. Sunlight can pass through the earth’s atmosphere.

c. The sarth’s surface heats up the air above it,

d. The energy to warm the earth’s air comes from the sun. (p. T 111d)
Again, higher level questions are few and far between, and students rarely have
to construct explanations or give answers of a sentence or more. The tests in-
clude questions about important concepts as well as about trivial details, so

students must know gll the content of the text and not just focus on under-

standing key ideas.

y ~y
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Many people concerned about the failures of science teaching in elementary
schools point to declining test scoras on the National Assessment of Educa-
tional Progress (NAEP). These tests have attempted to measure science achieve-
ment in four areas: content, inquiry, attitude, and science-technology-self.
Three studies by the NAEP (1978, 1979a) and a follow-up study by the Science
Assessment and Research Program (Hueftle, Rakow, & Welch, 1983) have shown
small but consistent declines in science achievement in four test administra-
tions to 9-, 13-, and 17-year-olds over the last 13 years. However, there are
fewer data on these tests for the elementary students, and the declines among
the slementary students are less than among the older students.

The inquiry questions on the NAEP assessments are aiso limited in what they
tell us about students’ use of science thinking process skills in meaningful
contexts. The inquiry items are generally "content-free® and focus on assess-
ing process skills in isolation from meaningful problems. Measurement and the
use of graphs and tables are assessed more frequently becsuse these skills are
easily isolated from particular conceptual domains.

Research studies of student learning in classroom settings (elementary,
secondary, and college) provides more disturbing f£indings about student
learning. Studies of students’ conceptions before and after instruction have
shown that even when science ig taught, the majority of students fail to
deve)op meaningful understandings of the central concepts being taught
{(Champagne, Klopfer, & Anderson, 1980; Champagne, Klopfer, Solomon, & Cahn,
1980; Clement, 1982; Eaton, Anderson, & Smith, 1984; Gunstone & White, 1981:
LeBoutet-Barrell, 1976; Nussbaum & Novick, 1982b; Roth, Smith, & Anderson,
1983; Tasker, 1981; Trowbridge & McDermott, 1980). Instead, they cling to

their entering misconceptions and naive theories about phenomena.
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They can memorize facts, but they cannct uge these facts to support their

explanations of observed phenomena.

Sumpary

' There is clearly little emphasis in current elementary science instruction
on teaching for conceptual understanding and higher level thinking. Students
ars presentsd with science as an accumulated stack of established facts and
theories, Although students sometimes do activities, these activities rarely
engage them in genuine scientific thinking. Instead of raising questions and
puzzling about the whys and hows of the natural world and instead of using sci-
entific knowledge to explain phenomena, to generate predictions and hypotheses
and experimental plans, to consider alternative perspectives, or to restructure
personal conceptions, students look for the official right answers to their
teachers’ questions. Because these questions are so predominantly fact-
oriented, tha "scientific thinking®” students have to do is to remember the
facts or to look them up in the book. This is certainly not the rich view of
scientific thinking that experts recommend as the intended goals of elementary
science instruction. We turn now to a consideration of these experts’ views

about the desired outcomes of elementary science instruction.

Science teaching has not changed much in the last 40 years; it was, and is
basically fact-oriented and didactic. Scientists, science educators, and edu-
cational researchers have never been satisfied with the status of science edu-
cation in public schools, so there have been a series of attempts to change the
nature of elementary science teaching. By far the most serious and best sup-
ported of these attempts was the inquiry movement, which was dominant among re-

formers during the 1960s and 1970s and which gave rise to several National
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Science Foundation K-6 curricular programs, extensive programs of inservice
education, and the dominant perspective in preservice teacher education
programs. By the 1980s, though, it was becoming apparent that the inquiry
movement had failed to achieve its goals. Teaching practice and commercial
materials had adopted some of the rhetoric of inquiry teaching but had not
changed their basic character.

Thus in the 1980s the reform movement split into threes groups: (a) a
still-powerful group that continues to advocate and fine tune inquiry teaching,
(b) a science-technology-society (STS) group that focuses on changing the goals
of sclence teaching, and (c) a conceptual change group that focuses on changing
the methods of instruction. All three groups agree about the need for reform,
but they differ in their anaiyses of the reasons for the failura of the 1960s
reforms and in their prescriptions as to what should be done now. In the next
three sections, I analyze the ways in which each perspective views the nature
of scientific thinking and translates that view into goals for elementary sci-
ence. Strengths and weaknesses in terms of the potential of each model to help
students develop conceptual understanding and higher order thinking will be de-
scribed. Following the descriptions of all three perspectives, I consider ex-
amples of how each perspective might be enacted (both in terms of content se-
lection and instructional methods) in teaching fifth graders about plants and
photosynthesis,

The Inguiry Pexspective:
an Egphasis on Scientific Thinking Processes
Desired outcomes and purposes. Many science educators, science teachers,

and scientists advocates an emphasis on science thinking process outcomes. They
contend that students will develop better understandings of the nature of

science and will be more interested in science if they are engaged in "doing”
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science. In this view students become lit:tles scientists who explore phenomena
through hands-on activities and who use and develop scientific thinking skills
to build conceptual understandings graduslly in the same way that scientists
use experimental work to construct new kaowledge, concepts, and theories.

In this inquiry approach, it is not important that students be exposed to a
broad range of sclentific facts and concepts. In fact, advocates of this per-
spective deplors the typical content focus of traditional science textbooks.
They argue that traditional science curricula overemphasize science as a body
of knowledge and overload students with long lists of facts and vocabulary.
This gives students a distorted view of the nature of science, and it encour-
ages students to view learning in science as a meaningless process of memoriz-
ing facts and terms. From the inquiry perspective, student investigations of
phenomena (and not textbooks) should be the backbone of the elementary science
curriculum, and the most important focus in those investigations should be on
the use and development of science inquiry or process thinking skills--
predicting, hypothesizing, observing, recording data, making inferences and
generalizations, etec.

The emphasis on inquiry and process outcomes is claimed to contribute to
several different overall purposes of elementary science teaéhing:

a, Development of future scientists. First, it is a way to de-

velop future scientists. Helping students understand what
scientists’ work is like and involving students in doing that
kind of work is a way of introducing science that will inter-
est potential scientists to develop their interests and un-
derstanding of science.

b. Development of transferable thinking skills. But the empha-

sis on process skills is not just important for future scien-
tists., A second overall purpose of the science inquiry ap-
proach is the development of critical thinking and problem-
solving skills that students can use in all aspects of their
lives. Science teaching is important as one vehicle for
helping students develop such "generic” thinking 5;1113.
Proponents of this view (Carin & Sund, 1980; Gagne, 1965;
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Jacobson & Bergman, 1980; Kessen, 1970; Lawson, 1985; Remner,

: Stafford, & Ragan, 1973; Trojcak, 1979) see ingquiry science

- teaching as a way to help students learn thinking skills that

: will later transfer to everyday decision making and problem
solving. The notions of objsctivity, logic, and controlled
experimentation developed in science will be internalized,
and students will use these kinds of thinking skills in their
adult lives in making decisions about which car to buy, in
trying to figure how to fix a clogged garbage disposal, in
analyzing political situations and making voter decisions, in
figuring out how to wire stereo and TV equipment, in deciding
vhether or not to switch jobs, etec.

- ¢. Preparations for future science study. In this view, devel-
opaent of science process skills in the elementary school is
important as a foundation for future science study (at the
high school or college level) that will be more focused on
science concepts and theories. Young children are not ready
to understand science concepts and theories in a meaningful
way. Plsgetian research suggests, for example, that elemen-
tary children are at the stage of concrete operations ar.d are
not yet capable of abstract thinking and formal reasoning.
Therefore, the emphasis should be on developing process
thinking skills to help move students toward formal reasening
and to develop science thinking skills that can later be used
to study in a meaningful way accepted science concepts and
theories.

d. Development of positive attitudes toward science. Proponents
of the inquiry perspective believe that the emphasis on sci-
ence processes and doing science will help develop future
citizens wvho value science and who are not fearful of science
and scientists. By becoming little scientists, students
learn to understand science as a human endeavor, and their
curiosity and wonder are stimulated. Rutherford (1988) de-

scribes this purpose as helping students become
*comfortable in the neighborhood of science”.

Historical and theoretical background. The inquiry perspective has its or-
igins in societal and political developments, arising largely as a response to
political events and concerns. Although advocates of process-orisnted ap-
proaches to science teaching existed before the lasunching of Sputnik by the
Russians in 1957, science teaching from 1920-1950 was predominantly textbook-
focused. Educators attempted to keep up with rapid changes in science and in-
dustry by presenting important ideas to students in sequenced textbooks. The

launching of Sputnik, however, created a national paranoia that the United




LI
e
&
5
)
N
4

States was falling behind the Russians in science and technology. Science edu-
car.ion needed to be improved quickly to develop a pool of future scientists
that would enable us to remain scientifically and technologically competitive
with the Russians.

In response to this concern, The National Science Foundation poured money
into national science curriculum development efforts. These curricula were
written by teams of scientists, psychologists, and educators. There was a
focus on tapping the best thinking of thess various experts to develop curric-
ula that mors accurately reflected the nature and structure of the science dis-
ciplines, Influenced by Bruner’s notion (1963) that any i{dea can be taught to
students at any level in an intellectually honest way and Plaget’s notions
(1929/1969) that children go through stages in the development of their
cognitive abilities, these curriculum development teams constructed curricula
that would engage students in acting as scientists in ways appropriate for
their level of cognitive development. The three most widely implemented
elexentary curricula were Sciencae--A Process Approach [SAPA] (American
Association for the Advancement of Science, 1970), Elementary Science Study
[ESS] (Education Devslopment Center, 1970), and the Science Curriculum
Inprovement Study [SCIS] (Science Curriculum Improvement Study, 1970).

While these three curricula repressnt important differences in the ways in
which content and process are related, they share a Piagetian framework for
thinking about children’s learning of science. This is reflected in their
strong emphasis on learning by doi.g and on involving students actively in the
learning process. The physical msanipulation of materials was viewed as a crit-
ical part of this learning process, and Piagetian ideas about developmental
stages ware used to make decisions about the kinds of activities, processes,

and content that would be appropriate for a given grade level. The "doing"”
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activities involved students in what was termed inquiry or discovery learning.
Students could explore events and phenomena firsthand and develop from those
observations important concepts and genaraliz;cioﬁ#. A popular slogan for this
active work was, "I do and I understand”.

These curriculum materials aud second generation versions of them were im-
plemented and studied during the 1950s and 70s, with substantial support from
the National Science Foundation. In the 1980s they have all but disappeared
from elementary classrooms, but the need for hands-on activities and the devel-
opment of process skills continues to be emphasized by many science tesaching
experts. Lawson, Abraham, & Renner (1989) for example, continue to revise, de-
velop, and study activities in the SCIS curriculum materials. It is almost a
commonplace among science teachers, science educators, and scientists today

that elementary scionce teaching should involve many hands-on activities (Amer-
ican Association for the Advancement of Science, 1989; Carin & Sund, 1980:
Esler & Esler, 1981; Nationsl Assessment of Educational Progress, 1979; NSTA,
1982; Remner, Stafford, & Ragan, 1973; Rowe, 1978: Trojcak, 1979).

The prop.-

nents of an inquiry orientation to elementary science teaching acknowledge that
science content and science thinking processes are both important parts of sci-
ence and that they are clearly interrelated. However, they place a clear em-
Phasis on science thinking process skills, allowing science content (facts,
concepts, generalization, theories) to play a sacondary role.

Within this inquiry perspective, there is a range of viewpoints about the
role of content in process-focused teaching. At one end of the continuum, con-
tent is seen as almost irrelsvant. The important thing is that children are

engaged in scientific thinking and actions: asking questions, manipulating

32

40




Z
;
o
s

A R AR TR e R s

o ‘t"u;'v"b"d;‘yfpff";_.;_ p”

BT AR

X
by
4

bl
-

materials, observing phenomena, and making up explanations to answer their
questions. This view of content is best represented in the Elementary Science
Study curriculum materials. The ESS group did not construct a curriculum
around a particular conceptual scheme. Instead, they "relied upon taking what
we thought were good scientific activities into (l-ssrooms to see how they
worked with children. We have tried to find out what . . . six-year-olds, and
nine- and thirteen-year-olds find interesting to explore® (Educational Develop-
ment Center, cited in Remmer, Stafford, & Ragan, 1973, p. 269). The ESS cur-
riculum consists of 56 units that can be taught in ary order, with each unit
being appropriate for students at several different grade levels. The units
consist of classroom activities and materials that teachers can use to involve
students in the processes of science. Units include butterflies, mobiles,
brine shrimp, clay boats, ice cubes, batteries and bulbs, optics, small things,
behavior of mealworms, starting from seeds. Hawkins (1965), an ESS director,
emphasized the importance of allowing children to "mess about” freely in sci-
ence. In his view, children should be allowed significant time to explore sci-
ence materials and equipment without directed questions as instructions,

In the mealworms unit, for example, students (grades 4-7) observe an
unfamiliar animal, ask questions about the animal’s observable behavior, and
design ways to answer their own questions:

As children observe and experiment, they learn some things about the
process of scientific inquiry while they gather information about the
sensory perception of the mealworm. The primary objective of the unit
is to help children learn how to carry out an investigation. (Renner,
Stafford, & Ragan, 1973, p. 273).
In this unit, mealworms are a convenient way to involve students in biological
investigation. The content learnid about mealworm behavior i{s not the central

goal of the instruction and will most likely be unrelated to the content of

other units studied across a given school year. Once the mealworm unit {is
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completed, for example, students may begin the unit on batteries and bulbs.
The connections between the units are the scientific thinking processes. Con-
ceptual links between units are not part of the design.

Rutherford recently described a similar view of the elementary science cur-
riculum. His notion of helping students feel comfortable in the neighborhood
of science shsres Hawkins’ notion of "messing about” in science:

Science is active. It’s pushing and pulling, counting, measuring,
proposing, testing. That’s what science is: science learning must be
the same. Science is making up stories. . . It’s inventing answers
to the questions we make up. So kids should have experience making
up stories about the things they encounter that they think could make
some sense out of this experience. The insights will grow and mature
over time and erratically and we shouldn’t worry about that. It
simply doesn’t matter that they get some things wrong along the way,
that their explanations aren’t correct. There’'s plenty of time in
spite of all the worry these days about people who have incorrect no-
tions. There’s a group of cognitive scientists these days, who worry
about misconceptions. I worry a lot less about that among young
people than most of us. Just remember, most of what we know about
things other than what we earn our living doing, is very fragmented,
very incomplete, and s large fraction of it is always wrong. We need
to make students feel comfortable with the things, ideas and pro-
cesses of science. Just as we want them to feel comfortable and ac-
cepted in their own neighborhood. They need tc develop confidence
that they can ask questions, that they can learn. (Rutherford, 1986,
p.-7)

In the SAPA curriculum materials, content is also of secondary importance,
but the units are more explicitly organized around conceptual as well as pro-
cess goals. The K-6 SAPA curriculum i{s structured around 13 process skills
that were identified by a task analysis of research scientists’ work (Commis-
sion on Science Education, 1970). Content was selected that would serve as a
vehicle for helping children develop facility with those 13 thinking processes.
The content was limited to 5 physical science concepts (solids and liquids,
gases, changes in properties, temperature and heat, force and motion) and 5 bi-
ological science concepts (observing and describing living things, animal be-
havior, human behavior and physiology, mi- sbiology, and seeds and plant
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growth), Each of the content topics is treated at several grade levels in the
SAPA program. The SAPA developers describe the secondary importance of content
in this program:

Certainly you cannot teach scientific processes without using some

content. Much sciencs content is included in Science--A Process Ap-
proach, but the emphasis {s on the processes. In order to attain

competence in the processes of science, children deal with such

topics as plants, animals, enexrgy, light. . . . The children become

very interested in and curious about the topic they are studying even

though the primary objective of instruction is for them to acquire

nevw compstencies in the processes of science. (Commission on Science

Education, 1970, p. 1l).

The SCIS curriculum represents the other end of the continuum. In this
program there i{s an attempt by the developers to integrate content and process
(Knott et al., 1978). The activity-focused units are organized around key con-
cepts that are central to the structure of the biological and physical sci-
ences. Through sets of activities, these concepts are developed and built upon
within a given grcade level as well as across grads lsvels. The total curricu-
lum is organized around 4 scientific concepts (matter, energy, organisms, and
ecosystem) and 5 process-oriented concepts (property, variable, system,
reference object, scientific theory).

In all units students participate in firsthand investigations designed to
lead to the development of understandings of particular scientific or process-
related concepts. In the fifth grade, for example, students observe plent
growth in varying conditions in order to develop ideas about how plants get
their food. The program is not intended to be a pure discovery (inductivist)
approach, however. At a key point in instruction the teacher explains key
concepts, such as photosynthesis, which students are encouraged to use in
explaining their firsthand observations. Thus, while the SCIS curriculum is
structured around hands-on activities designed to involve students in the

processes of science, it 1s also structured around key concepts in science.
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Unlike ESS and SAPA, the development of increasingly complex understanding.: of

these concepts is an explicit purpose of the investigations.

In the development of

the NSF-funded curriculum development projects, there was a careful analysis of
the nature of scientists’ thinking. This analysis was used to define the kinds
of scientific thinking that should be the desired outcomes of elementary sci-
ence inquiry programs. Most of this analysis focused on what is referred to as
scientific processes--the thinking processes that research scientists use as
they seek answers to questions and develop new knowledge and explanations of
natural phenomena.

From an inquiry perspective, the science process thinking skills are gen-
erally regarded as being at the heart of scientific thinking, and these are
typically organized in a hierarchical fashion. For example, SAPA developers
(Commiésion on Science Education, 1970; Gagn‘, 1965) identified 13 ccience pro-
cesses and organized them in a hierarchy related to students’ cognitive devel-
opment. Certain processes were identified as being particularly appropriate to
teach students in the primary grades: observing, classifying, measuring, using
time-space relationships, communicating, predicting, inferring, and using
numbers. Integrated process skills were deemed appropriate for the intermedi-
ate grades: formulating hypotheses, controlling variables, interpreting data,
defining operationally, experimenting. Within each of the 13 processes, a
developmental sequence was described. For example, in developing the ability
to formulate hypotheses students would first learn to distinguish hypotheses
from inferences, observations, and predictions. Later, students would learn to
construct hypotheses and to demonstrate tests of hypc heses. Wolfinger (1984)
extended this list and the levels within each and then matched that list with

quite specific recommendations about which processes can be taught effectively
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at different grade levels. Peterson, Bowyer, Butts, /.ud Bybee (1984) define 10
science processes and suggest that the first 4 can be learned by children in
K-4 (observing, comparing, measuring, and classifying) while the next four can
be developed during intermediate grades (gathering and organizing information,
constructing and interpreting graphs, inferring and predicting). [Two process
skills are associated with abstract thought or ressoning and can begin to de-
velop in grades 6-8 (forming hypotheses and cescribing relationships)].

Thus, process skills are often equated with and represented as the
scientific thinking skills, and they are defined and organized into a develop-
mental hlerarchy. For each process skill there is a hierarchy of children’s
developing abilities. Piagetian influence has played an important role in
constructing these hisrarchies based on students’ readiness levels.

While scientific thinking skills are often presented in a developmental
hierarchy, they are also organized in a hierarchy reflecting the sequential
steps in inductive models of scientific reasoning. The steps in this "scien-
tific method” include: observation, gathering of data, data reduction, extrap-
olation, classification, experimentation, inference (Farmer & Farrell, 1980).
Some experts also articulate deductive science processes such as generalizing,
theorizing, and reasoning by analogy or rules of logic (Farmer & Farrell,
1980), although these processes are more rarely incorporated into teaching
materials.

What is striking in the inquiry-oriented literature on higher level think-
ing skills in science is the careful attention paid to describing, organizing,
and sequencing the science thinking process skills and the relative lack of a:-
tention to the use of these thinking processes in a conceptual context. For
example, little attention is given in these analyses to the nature and develop-

nent of scientific conceptual understanding. There seems to bs an assumption
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that scientists’ development of conceptual knowledge is a fairly straightfor-
ward process that does not require serious analysis. The literature does at-
tempt to describe the central science concepts that scientists share and that
are important to teach (see Table 2), but there is little attempt to articulate
the kinds of thinking it takes to develop such conceptual understandings or to
explore the relationships and distinctions between understan-ing science pro-
cesses and understanding science concepts. For example, there is little atten-
tion to the ways in which a particular conceptual framework can drive the ques-
tions one asks and the aspects of an experiment that one "observes.” 1Instead,
the relationship between conceptual knowledge and scientific processes is de-
scribed in a one-way fashion, suggesting that conceptual knowledge is simply
the "product”, or outgrowth, of the scientific thinking processes. Thus, there
is an emphasis on identifying the gontent of scientists’ conceptual knowledge
(¥hat they know and how they organize that knowledge) without an equal emphasis
on analyzing the kinds of thinking needed to develop, organize, and use that
knowledge.

Not only is science process thinking sometimes envisioned and taught in
relative isolation from conceptual development. In some inquiry curricula,
thinking skills (processes) are also taught in relative isolation from each
other. Thus, a student may be taught to observe carefully in isolation from
problem setting, predicting, and other process skills. For example, children
may be asked to describe as many details as possible about a phenomenon. The
goal is to give detalled observations, not to develop better understandings of
the phenomenon being observed. While scientists rarely observe without some

guiding questions and frameworks, students are sometimes taught to observe for

practice in careful observation.
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The inquiry perspective as enacted in the NSF curricula of the 1960s and
1970s uses the discipline-bound research scientist as its model of scientific
thinking. The thinking process emphasized are those involved in gonstructing
knowledge about natural phenomena from experimental work (What does this exper-
iment suggest about plants’ need for water?) The thinking processes involved
in using scientific knowledge to solve everyday problems, to make societal
decisions, and to understand the limits and possibilities of technology were
not central in their model of the expert scientif!. thinker. As a result, the
NSF-funded curricula do not emphasize the links between scientific knowledge/
processes and personal/societal problems. In SCIS, for example, the emphasis
is on using experimental evidence to construct explanations about important
disciplinary ideas such as enexrgy and photosynthesis. Thore is little emphasis
on using such explanations to make better sense of students’ questions and
experiences in the world: Could we live without sunlight? Couldn’t we just
use electric lights? If the plants died, couldn’t we just live on candy bars?
There was also minimal attention to societal problems and decision making (How
can we conserve energy resources?) or to the role of technology in solving
societal problems.

Figure 1 is a simplified, schematic representation of the relationship
among content, process, and attitudes in an inquiry-oriented curriculum. It
highlights the prominence of science process skills as the main goal of elemen-
tary science teaching. Higher level thinking is promoted by ergaging students
in using science processes in hands-on investigations. Content knowledge,
conceptual understanding, and positive attitudes toward science are generally
viewed as outgrowths, or products, of students’ inquiry-oriented investiga-
tions. The focus of instruction is on a hierarchy of process skills. If

students can understand and use these general thinking process skills, they
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will be able to develop meaningful conceptual understandings in any area of

study.

Of the three perspectives
presented in this paper, the inquiry perspective has been the most widely im-
plemented and the most thoroughly evaluated. In fact, the National Science
Foundation funded several efforts to study and synthesize the findings of hun-
dreds of studies investigating the effectiveness of the inquiry curriculum de-
velopment projects (Bredderman, 1983; Harms, 1981; Stake and Easley, 1978).
There are four findings from studies of the inquiry programs that ars importasnt
to consider in thinking about feasible goals and purposes of elemertary science
teaching:

1. First, teachers had a difficult time implementing inquiry, activity-
based teaching approaches. Plamning and classroom management became much more
complex when students were frequently using hands-on materials in science.
Since most elementary teachers are also responsible for instruction in reading,
writing, language arts, mathematics, and social studies, the planning demands
for just the procedural parts of lessons were a burden. These practical and
time considerations were believed to be largely responsible for the lack of
widespread use of the NSF programs (Stake & Easley, 1978).

2. Many teachers also lacked adequate science knowledge to lead discus-
sions of activities that went beyond having students report results and tell
their own stories to explain them. Some teachers resolved this dilemma by fo-
cusing primarily on the doing of activities, eliminating discussions of the
meaning of the activities (Smith & Sendelbach, 1382). Other teachers had or
developed adequate science knowledge but interpreted the discovery orientation
to mean that the teacher should never tell students "answers” (Roth, 1984;

Smith & Anderson, 1984). They held discussions in which students contributed
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varying explanations of experimental observations, and each student’s perspec-
tive, or "story," was valued and treated as a reasonable explanation. But
students were not helped to reconcile their stories with accepted scientific
explanations. Instead, the important thing was to create a story or explana-
tion, and each person’s explanation was equally valid.

3. Learning outcomes were not dramatic., Studies demonstrated that in-
quiry programs generally had a positive effect on students’ development of pro-
cess skills (Bowyer & Linn, 1978; Bredderman, 1983; Shymansky, Kyle, & Alport,
1983). The prog-ims seemed to be particularly effective for disadvantaged
students. However, the differences between control and experimental groups
were not dramatic. In addition many of the studies of the NSF programs are
open to criticisa concerning the extent to which the process tests "were
content-free and independent of the context in which the material was origi-
nally presented to the students® (Millar & Driver, 1987, p. 55). Finally,
analysis of students’ conceptual development revealed that students had similar
problems to students in textbook-centered, didactic classrooms (Roth, Anderson,
& Smith, 1987).

Roth, Smith, and Anderson (1983) observed students during a six-week
activity-based unit about plants as producers from the SCIIS curriculum (Knott
et al., 1978). They administered pre- and posttests and conducted clinical
interviews to assess students’ conceptual understanding, and 93X of the stu-
dents in the study failed to develop the central concept of the unit that
plants get their energy-containing food only by making it internally out of
carbon dioxide and water. Instead, most students began and ended the unit
believing that plants take in food from the outside environment and that
plants, like people, have many different kinds of food (air,'watar, fertilizer,

minerals, soil, sun, etc.). Students watched and measured plants growing in
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the light and the dark, they conducted experiments with germinating seedlings,
but they interpreted these observations in terms of their preconceived ideas
and failed to integrate the teacher’s presentations of photosynthesis into
their interpretations of the experiments. At best, students added plants’ mak-
ing of food as one of pany sources of food for plants, failing to understand
the unique ability of green plants to use light energy to convert nonemnergy-
containing raw materials into energy-containing food that is necessary to sup-
port growth and life functions. A similar pattern was seen in textbook-focused
classrooms. Thus, an inquiry approach did not provide any advantage {n promot-
ing conceptual understanding.

4. Much work has been done to devise assessment strategies that can be
widely used to measure achievement of inquiry skills. Often these assessments
involve hands-on work and analysis (Assessment of Performance Unit, 1983-87,;
Mullis, 1987; Mullis & Jenkins, 1988; National Assessment of Education Pro-
gress, 1987). The 1987 NAEP pilot tests of such hands-on items revealed that
3rd, 7th, and 1lth grade students were relatively successful at classifying and
sorting birds, seeds, and vertebrae. They were less successful at drawing
inferences from observations. Students tended simply to describe observations
rather than to make inferences and identify relationships.

For example, they observed a whirlybird apparatus that was used to show
that placing weights from the center of the rotating arm will decrease the
speed of the arm. They did not generally talk about the relationship between
the placement of the weights and the speed of the arm unless prompted to do so
by the test administrator. In another set of tasks students were asked to con-
duct experiments to find out 1f sugar cubes dissolve faster than looss sugar or
to determine how length and widths of pegboards influenced pendulum swings.
Students were generally not successful at conducting these experiments and ma-
nipulating variables.
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While these assessment strategies represent an interesting attempt to
assess "higher level” thinking, they are limited by their efforts to assess
these skills in the absence of any conceptual context and as {solated skills
(Carrick, 1987; Millar & Driver, 1987). In fact, as Millar and Driver argue,
students’ conceptual knowledge should have a significant effect on how they
performed on so-called "process” items:

it is clear that the choice of content and context will greatly in-

fluence the pupils’ score. We must then ask: in what sense can we

claim it is the ’'process’ that we are assessing in any science-based

exanination designed to assess process? (p. 54).

The Roth, Smith, and Anderson (1983) study, on the other hand, assessed
scientific thinking, conceptual undersc;ndings: and understandings of the
nature of science in the context of a unit ¢f hands-on instruction about food
for plants. Students in this study failed to develop meaningful understandings
of science concepts about plants despite weeks of experimenting, graphing and
discussing. Many of the studsnts in this study found "doing" science (the sci-
ence processes) "fun" but ended up frustrated by the focus on processes and by
all the measuring and recording of data. As Rachel explained, "I don’t know
why we kept measuring those plants. I mean it was fun for awhila, but I al-
ready know that plants need light and now I know it again® (Roth, in press-b).

What did Rachel learn about science processes and scientific thinking?

She learned that it involves a lot of activity that does not help you make any
better sense of things. She learned that science activities and processes are
ends in themselves. It is important, for example, to make careful observations
and to record them accurately not because such care helps you develop better
understanding, but becausa "that’s what you do in science”. Because Rachel did

not develop better conceptual understanding, the processes of sclence seemed

meaningless and not worth the effort. Driver (1983) critiques this doing of
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science in the absence of meaningful conceptual development, suggesting that
the "I do and I understand” slogan might more appropriately be "I do and I am
even more confused.”

Rachel’s teacher accepted everybody'’'s "stories® and explanations as
equally valid, and this also communicated a misleading picture of science to
Rachel. She heard her classmates give many different explanations about why
plants need light without any discussion of which explanations make more sense
basaed on the observations. She may well have left this unit with the view that
the important thing in science is tu come up with an explanation. The nature
and quality of the explanation does not really matter. Again, is Rachel really
learning about the "processes” of science if she has learned that any explana-
tion of observed phenomena i{s alright as long as it makes sense to the creator?

The results of this study also suggest that involvement in hands-on activ-
iries did not produce the desired student attitudes toward science. Although
the activities made science seem fun, they did not necessarily help students
value and feel comfortable with science. As a learmer, Rachel was clearly
frustrated that the doing of science did not lead her to any better personal
understandings about plants’ need for light. Although she was in a classroom
environment where her ideas were valued and where she felt comfortable sharing
her ideas, Rachel did not leave the unit feeling good about herself as a learn-
er of science or comfortable in the neighborhood of science. She wondered why
she held the same understandings at the end of the unit that she had held at
the beginning. She had spent eight weeks measuring, observing, and talking
about plants, and no change in her understanding had occurred! This was not a
satisfying learning experience for her nor was it an experience that will make

her enthusiastic about studying more science. These findings suggest that
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assessments of student attitudes toward science must dig beneath the surface:
it is not enough to know that students have positive attitudes toward hands-on

activities. What are they learning about science and sciantific thinking?

Desired outcomes and purposes. Many science educators advocate a dramatic

change in ¢ sired outcomes of K-12 science education. They argue that the
overarching purpcse of school science is not to create future scientists but to
create citizens who understand science in multidimensional, multidisciplinary
ways that will enable them to participate inteliigencly in critical thinking,
problem solving, and decision making about how science and technology are used
to change socisty (environmental issues, nuclear power, personal health, energy
resources, etc.). This view 1s emphasized in the National Science Teachers As-
sociation position statement for the 1980s (NSTA, 1982):

The goal of science education during the 1980s is to develop scien-

tifically literate individuals who understand how science, technol-

ogy, and society influence one another and who are able to use this

knowledge in their everyday decision-making. (p. 2)

Yager and Hofstein (1986) describe this perspective in sharp contrast with

both the disciplinary-based content focus of traditional science teaching and

with the inquiry approach that emphasizes the development of understanding of

the sclence processes that are used by scientists in constructing new knowledge:

In some respects the traditional content and process dimensions of
science may be the dimensions least important and appropriate to us
in planning for the year 2000. They may be least important for
helping us attain a scientifically and technologically literate
citizenry for which so many yearn. If so, they may be the dimensions
of science that deserve little or no emphasis as a science curriculum
is planned and nswly conceived for all K-12 students (p. 134).

Yager and Hofstein drew from an NSTA study (Yager, 1980), the NSF status

studies (Helgeson, Blosser, & Howe, 1977; Stake & Easley, 1978; Weiss, 1978),
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and the Project Synthesis analysis (Harms & Kahl, 1981; Harms & Yager, 1981) to
suggest six essential goals of a quality K-12 science curriculum. These goals
and the curriculum they suggest stand in striking contrast with those espoused

by advocates of the inquiry perspective:

1. The human being, human potential, human advances, and human adaptations
will serve as the organizer for the curriculum (instead of the
structure of the disciplines or the nature of sclentific processes).

2. Current problems and societal issues will serve z2s the backbone of the
curriculum.

3. Science and technological processes that students can use in everyday
life will be emphasized over processes that scientists use.

4, Practice with decision-making skills using science and technology

knowledge in a rslevant, social context will be emphasized over skills

needed to "uncover corrsct answers to discipline-bound problems”,

Career awareness should be an integral part of science learning,

In dealing with problems and issues, ethical, moral, and value dimen-

sions will be considered (in contrast with traditional science

instruction which is taught as value-free and discipline-bound)

[< IRV ]

Thus, a science-technology-society curriculum is human and society-
focused, problem-centered, and responsive to local issues. Problems to be
investigated are selected for their relevance to students’ lives and thuir
multidisciplinary nature. As in the inquiry perspective, students are seen as
active learners, but the activities they engage in are focused on using
scientific and technological knowledge to solve problems and make decisions (so
that students act as young science citizens) rather than on greating scientific
knowledge (with s.udents acting as young scientists).

Historical and theoretical background. Like the inquiry perspective, the
science-technology-society (STS) perspective developed largely in reaction to a
social and political environment, and it has been initiated by groups of ex-
perts getting their hsads together and coming up with recommendations. In the
19703 concerns about the "space race” had waned, and the civil rights movement
focused educators’ attention on issues of equity. In a back-to-the-basics cli-

matz2, science education was not a national priority, especially at the
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elementary level. Educational efforts focused instead on raising all students’
reading and mathematics achievement. Beginning in 1976, NSF tapered off its
funding of school science curriculum development and inservice teacher educa-
tion and made drastic cuts in their support of science education research.

It was in this social and political climate that science educators in the
late 1970s began to reassess lessons learned from the inquiry movement and to
define new goals for the 1980s. Both the NSTA and the NSF-funded Project Syn-
thesis sought broad input in analyzing the inquiry movement and in deliberating
about new, broadened science-technology-society goals and purposes. The in-
quiry movement was criticized for its narrow vision of sciance and of science
learning. The NSTA analysis (Yager, 1980) raised questions about many of the
assumptions of inquiry science education. In particular, the inquiry approach
was viewed as too elitist (Fensham, 1986-87) in its focus on having all learn-
ers understand the major ideas and processes that professional scientists know
and use.2 vritics agreed that the average, nonscience career-bound students
might £ind other views of science more meaningful and useful. Thus, a more
human, issues-focused curriculum would better address the needs of all students

(not just those bound for careers in science).

2This criticism of elitism in the inquiry-oriented science curricula was
not supported by the research on student outcomes at the elementary level. In
a synthesis of approximately 100 research studies, Bredderman (1979) concluded
that the positive effects of the NSF-funded inquiry programs were larger for
disadvantaged students than for students from average and above average socio-
economic backgrounds. Studies demonstrated that activity-base” science pro-
grams contributed to low SES students’ oral language development (Bethel, 1974;
Huff & Languis, 1973; Rowe, 1968), to reading readiness (Ayers & Mason, 1969;
Lawson, Nordland, & Kahle, 1975; Morgan, Rachelson, & Lloyd, 1977; Renner,
1973), and to low SES students’ gains in certain science process skills and
reasoning ability (Ayers & Ayers, 1973; Bowyer & Linn, 1978; Linn & Peterson,
1973; Linn & Thier, 1975).
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The rapid changes in technology and the impact of these changes on society
during this period also had a profound influence on the thinking of these ex-
perts. They saw the need to help students learn how to adapt to technological
change, and they recognized that traditional science curricula are too disci-
pline-bound to address this need. While technological advances, especially the
personal computer, led many to promote the use of new technology in improving
mathods of science fnstruction (Linn, 1988; Linn & Songer, 1988; Tinker, 1987),
the STS advocates urged a reconceptualization of the gurriculum itself. The
science curriculum should teach students gbout technology and its relationships

to science (Bybee, 1987; Bybee et al., 1989).

The STS perspective
shares with many of the inquiry programs a relative lack of emphasis on ~ontent
and the nature of conceptual understanding in organizing the school science.
Like the developers of the ESS materials, STS advocates argue that content
should be selected based on its interest, appeal, and relevance for students
(for example, local issues and controversies are preferred over national
issues). A unique piece that characterizes the STS approach is that content
selection should also be based on the richness of the societal problem it pro-
vides. Thus, content is selected for its potential to serve the primary goals
of developing students’ decision-making and problem-solving skills and of help-
ing students learn to integrate values and moral thinking in this
decision-making process.

Thus, procass or thinking skills are of primary importance in the STS per-
spective, but the process skills aru defined quite differently from the skills
emphasized in inquiry programs (which are largely limited to skills that scien-
tists use in generating new knowledge). The processes emphasized in the STS

perspective focus on wise uge of scientific knowledge in decision making and
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problem solving rather than on the copstruction of scientific knowledge through
careful observation, infecencing, etc.

In the STS perspective attitudes, values, and morals are much more closely
linked to these process skills than in the inquiry perspective. Attitudes in
this approach are not just a desired by-product of students’ successful engage-
ment in problem-solving activities (although advocates do claim that active in-
volvement in exploring these issuss will foster positive citizen attitudes, en-
abling students to feel they have a stake in societal solutions and actions).
Rather, attitudes play a role in the decision-making process itself and are ac-
tively used in the thinking and problem-solving process. Students are taught
how to consider values and ethics in the decision-making process.

Yager and Hofstein (1986) list five critical features of the problems or
issues that are selacted for use: (a) they should be transdisciplinary and em-
phasize decision-making skills, (b) they should connect with current issues or
concerns, (c) they should have local relevance whenever possible, (d) they
should include moral and ethical dimensions, and (e) the teacher should create
issues or at least be able to select the most relevant issues for his/her stu-
dents. Yager and Hofstein identified the following topics as potentially rich
in powerful STS issues: use of energy in homes, for transportation, and for
recreation; planning for proper food use and preparation; care and maintenance
of the body; stress and mental health; life style and its effects on others:
pollution rights and responsibilities; disease prevention and cure. A series
of surveys of scientists and science education experts conducted by Bybee
(1987) generated the following list of appropriate problems: air quality and
atmosphere, world hunger and food resources, war technology, population growth,

water resources, energy shortages, hazardous substances, human health and
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disease, land use, nuclear reactors, extinction of plants and animals, mineral
resources.

Unlike the inquiry movement of the 1960s, the STS perspective has not been
extensively supported by federally funded curriculum development efforts. As a
result, thers is a much less c}aar plcture of how this perspective might be
translated into day-to-day science teaching. Sample units have been suggested
and field tested (especially at the secondary level), but attempts to construct
an outline or framework for an entire K-6 STS curriculum are now only in the
development stages (Biological Sciences Curriculum Study, 1988). However, ex-
amples of existing curriculum development efforts will be used to illustrate
the relationships among science content, process, and attitudes and the nature
of these components in the STS perspective.

Bybese, Peterson, Bowyer, and Butts (1984) developed a sourcebook of
science and society activities for elementary students. One activity they
describe as appropriate for grades 3-5 focuses on the question: What can be
done to conserve plant and animal 1life? Although science concepts relevant to
this activity are clearly identified in the teacher’s guide, the suggested
activities focus on studer:s’ brainstorming of ideas about ways to conserve
plants and animals locally, in the United States, and in the world. Students
engages {n debates and decision making about the proposed alternatives; they
then work in action groups to put some of these ideas into sffect. How the
teacher might relace these activities to the identified science concepts
(native plant and animal speciest the effects of humans in killing or displac-
ing species, and the conservation of matter and energy when ;pecies ars forced
to change beyond their limits) is not specified. Thus, the teacher’s guide
emphasizes decision-making processes and attitudes over content and conceptual

development.
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A unit for secondary Israeli students developed by Yager and Hofstein
(1986) integrates content more closely into the problem. 1In this unit students
study thres case studies of the chemical industry and then explore ecological
problems faced by a local chemical industry. In the course of these 1nvastig§-
tions students study how bromine and bromine compounds are extracted from the
Dead Sea and used as pesticides in agriculturs and as additives in gasoline.
The chemical processes of extraction and oxidation-veduction are studied along
with ecological concepts related to the use of pasticides and fertilizers.
Students use this knowledge in a decision-making simulation process to decide
on a location for a new factory that produces brorine and bromine compounds.

In this decision-making process students must considar their values and ethics
as well as their knowledge about the relevant. science, technology, and society
concepts.

Yager and Hofstein point to the problem-solving activities built into the
Unified Science and Math. atics for Elementary Schools Curriculum [USMES)
(Shann, 1977) as anot’ier model for appropriate slementary level STS units. The
USMES units engage students in long-term investigations of real and practical
problems taken from their school or community environment. The units fit the
STS emphasis on development of problem-solving skills and the call for inter-
disciplinary, locally relsvant issues. Examples of USMES problems (called
"challenges”) include:

- Pedestrian Crossings--to recommend and implement changes to improve the
safety and convenience of a pedestrian crossing near the school

- Soft Drink Design--to produce a popular new soft drink at a low cost

- Burglar Alarm Design--to build a burglar alarm which will give cdequate
warning to a specified area

- Weather Prediction--to determine what information is most helpful for
accurate weather predictions,
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In an evaluation of the USMES program, Shann (1977) found that science content
received little attention in the implementation of USMES. Teachers viewed most
of the units as teaching the scientific method but not the content of science.
In the new Biological Sciences Curriculum Study K-6 materials (BSCS,
1989), health is used as the central science and society issue. Bybee and
Landes (1988) argue that the societal issues relevant to elementary students
(in gheix society) centar around health concerns. Thus, each grade level in
the BSCS curriculum is organized around three conceptually linked units--one

focussing on science, one on technology, and one on health.

In the STS perspec-
tive, decision making and problem solving are the higher level scientific
thinking skills that are most important for students to develop. These think-
ing skills are seen as needed by all students, not just those bound for science
careers. They are the essential thinking skills for a scientifically literate
society. To "think scientifically,” then, one does not need to be able to
create or discover scientific ideas in the way a research scientist would do.
Rather, one needs to be a good consumer of scientific knowledge--finding and
using scientific ideas as needed to solve particular problems.

Like advocates of the inquiry perspective, STS proponents view active in-
volvemont in activities as the way to develop these higher level thinking
skills. MNowever, STS ac .- .ties differ from inquiry activities in their empha-
sis on decision making and problem solving. The key is to identify an appro-
priate problem for investigation that will capture students’ interest. As in
the inquiry perspective, the particular content or concepts being taught are of
secondary importance to the decision-making process itself. There is also a
similar and striking lack of analysis in the STS literature about the ways in

which students will develop knowledge about the particular content or concepts
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needed to make good decisions or to solve problems. This lack of attention to
the nature of conceptual understanding suggests an assumption that the concep-
tual knowledge needed to think scientifically (to maks decisions and solve
problems) 1is straightforward information that all students (and not just the
elite future scientists) will rather easily incorporate into their thinking.
Thus, the challenge (or higher level aspects) of scientific thinking is not in
understanding concepts but in using concepts to make decisions and solve prob-
lems (see Figure 2).

An important aspect of higher level thinking that has not been seriously
tackled by STS proponents is the nature of technological thinking. As Black
(1987) notes, technology goals are often added to science goals as if they were
merely an extension of science: "’and techriology’ trips off the tongue, wheirs-
as I think the distinction between the two, if we are orienting ourselves to-
wards a curriculum for preparing citizens for the future, is quite vital and
must be conceptually clarified.” (pp. 19-20). Black provides one analysis of
the differences between scientific and technological thinking and the implica-
tions of those differences for school science. He emphasizes that both scien-
tific thinking and technological thinking involve a complex integration of con-
cepts and processes. However, the naturs of those concepts and processes are
different in scientific and technological thinking. These differences need to
be understood and considered in constructing good science and technology school
tasks.

For example, in a school gcience task children may be given different
kinds of blocks and asked to compare the blocks and to find out why the blocks
float in different ways. Their task is to find out why, to propose and test a
model to explain a phenomena. A technological school task, in contrast, might

involve students in constructing a model turbine engina. Here the purpose is
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to find a solution to a problem. To solve the problem, children must draw from
relevant concepts to take action, make decisions, and produce a final product.
Black asserts that while this example does illustrate key features of techno-
logical thinking, it is not a particularly good school task for developing
technological thinking because it is not intimately related to human nesds and
values. "Who wants a steam turbine? What human purpose does it serve?”, he
asks. A full definition of technological thinking in his view should include
perception and understanding of human needs and value judgment about who denies
those needs and how decisions are made about whether a particular solution is
better or worse for society than another.

The National Center for Improving Science Education (Bybee et al., 1989)
has developed a model to clarify relationships between science and technology
and the implications of these relationships for education goals (see Figure 3),
They describe science as seeking explanations to questions about the natural

world and technology as proposing solutions to human problems of adaptation.

Technology is misrepresented, they assert, when it is defined simply as "ap-

plied science.” As the Center authors explain, the methods of scientific in-
quiry and technologic problem-solving share many commcn elements, but "the
latter are distinguished by a concentration on decision-making and risk-benefit
analysis” (p. 14). The report authors attempt to detail some of the complexi-
ties of such technological thinking:

There are many possible solutions to problems in human adaptation,
and inevitably there also are many objectives and requirements. Some
of these are constraints, such as availability of materials, proper-
ties of materials, laws of thermodynamics, and societal requirements.
Other variables are cost and performancs criteria (Caplon, 1988).
Engineers often complete several designs for projects so that they
can assess trade-offs among constraints and variables before making
decisions,

Although the methods of scientific inquiry and technologic
problem-solving have many common elements, the latter are distin-
guished by a concentration on decision-making and risk-benefit
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Technology
(Originates In problems
of human adaptation in
the environment)

Science
(Originates in

questions about
the natural world)

Applies Methods ¢ ) Applies Problem-
of Inquiry Solving Strategles
Proposes Explanations ) Proposes Soldtions
(for phenomena in the natural (to human probiems of
worid) adaptation)
New Soclal New
Questions Applications of Problems
Explanations
and Solutions

Personal Actions
Based on
Explanations
and Solutions

Figure 3. The relationships between science and
taechnology and their connection to
educational goals.

Source: Bybee et al., 1989, p. 12,
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analysis. Scientific methods of inquiry, on the other hand, focus on
explanatory power and like criteria (Bybee et al., 1989; p. 14).

The National Center proposes that science and technology cannot be easily
separated; each contributes to the other. Tharefore, it is reasonable to view
the contributions of science to technology and technology to science as varying
along a continuum.

Drawing from such a view, the Center proposed five principles that elemen-
tary children should understand concerning the relationships between scientific
and technological thinking: -

1. Science is an attempt to construct rational explanations of the

materials world.

2. Scientific explanations about the natural world are always ten-

tative; they continue to evolve,

3. Technologies exist within the context of nature, that is, no

technology can contravene biological or physical principles.

4. All technologies have side effects. Furthermore, just as expla-

nations about the world are imperfect and incomplete, technolog-

ical solutions to problems are incomplete and imperfect.

5. Because technologies are incomplste and imperfect, all technolo-

gles carry some risk; correspondingly, the degree to which any

society depends on technology is also the degree to which the

society must bear the burden of risk. (p. 15-16)
To help students develop this kind of thinking, the Center proposes that ele-
mentary schooi science programs should teach both scientific methods of inquiry
and technologic strategies for problem solving. Programs should also introduce
students to the relationships between answering questions and solving problems
and the interactions between proposed explanations and proposed solutions. Fi-
nally, school science curricula should emphasize the personal and social util-

ity, limits, and consequences of proposed explanations and solutions.

Because tle STS perspective has
not been implemented extensively in classrooms, there is almost no research
looking at teachers’ efforts to address these goals or at student learning when

such a curricular focus is used. The Biological Sciences Curriculum Study
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group is currently piloting and revising a K-6 science-technology-health cur-
riculum (Bybee, 1988). Analyses of their curriculum materials and the impact
of instruction from these materials on student understanding of science and
technologic thinking will be useful i{n assessments of the power of an STS
framework for elementary science. Assessments in the pilot stage of this pro-
ject are focused primarily on teachers’ use of the materials. In the future
these classrooms will provide an excellent context for in-depth studies of the

impact of STS goals on student learning and understanding.

Desired outcomes and purposesg. From the conceptual change perspective, the
primary goal of science education is to help students develop meaningful, con-

ceptual understanding of science and its ways of describing, explaining, pre-
dicting, and controlling natural phenomena (Anderson and Roth, in press;
Driver, i987; Hewson & Hewson, 1984; Nussbaum & Novick, 1982; West & Pines,
1985). In this view, scientific knowledge is meaningful to learners only when
it is useful in making sense of the world they encounter. Scientific knowledge
that can be used by learners iz characterized by rich connections among
concepts and facts, and is organized around key ideas in ways that make the
knowledge accessible and able to provide broad explanatory power (Prawst, 1988;
Roth, in press-a). This stands in contrast with knowledge that exists as iso-
lated fragments (facts, definitions, terms, concepts) which students can parrot
back for recall-tocused tests but that students cammot apply and use in ex-
plaining real-world phenomena. Such connected knowledge is not locked into one
tightly organized structure that simply gets larger as a learner adds new
knowledge into it (a passive, additive view of learning and a static view of
knowledge). Rather, this set of connected knowledge is flexible and constantly

r o ’,’
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changing as the learner revises, reorganizes, and deepens understandings over
time (an active, conceptual change view of learning and a growth view of knowl-
adge).

This web of knowledge, or the individual’s conceptual scology (Posner,
Strike, Hewson, & Gertzog, 1982), includes a tightly integrated and interdepen-
dent set of scientific concepts and processas, which only become useful and
meaningful to students when they are also integrated with the learners’ own
personal knowledge and experiences with natural phenomena. Thus, a central
goal of science teaching is to help students change theif intuitive, everyday
ways of explaining the world around them in ways that (a) incorporate scien-
tific conceptual frameworks and ways of thinking into their naive frameworks,
(b) empower students with increasingly satisfying and useful ways of explaining
their own experiences with natural phenomena, and (¢) contribute to students’
valuing of science and scientific knowledge and to students’ disposition to
strive for increasingly powerful ways of making sense of the world around them.

The conceptual change perspective has grown out of a research tradition
that has provided important insights into the difficulties students face in
constructing the integrated and useful understandings of science described
above and that has contributed new understandings about instructional strate-
gles that best foster such conceptual change. The findings from conceptual
change research have raised important, broad curricular issues for elementary
science, but researchsrs in this tradition have not yet developed positions
(either research-based or advocacy) about the specific content and organization
that should comprise the elementary science curriculum. The challenges stu-
dents face in developing meaningful understandings of science concepts suggest
one important curricular issue, however: The science curriculum should focus

on developing deep understandings of aefew concepts rather than superficial
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coverage of many concents (Anderson & Roth, in press; Bybee et al., 1989;
Driver, 1983; Glaser, 1984; Linn, 1987; Resnick, 1987). To help students truly
make sense of key concepts takes time. Conceptual learning is a much more
difficult, complex process than has previously been assumed. Thus, important
curricular decisions need to be made about what concepts to include and which
to eliminate.

A curriculum that fosters the development of meaningful, connected under-
standings also needs to be conceptually integrated, coherent, and linked both
within and across grade levels. Again, this general dictum r:ires questions
about the elementary science curriculum rather than provid:.ig guidelines about
the =:scific content goals of the elementary curriculum: Should the content be
srore 144 around key ideas/concepts from the traditional science disciplines
(sv v &. matter and energy, interactions in ecosystems, etc.)? Or should it be
orgar.ized around g ;.nce, technology, and society issues? Or should it be or-
ganized around concepts that are particularly powerful in helping students un-
derstand science in a conceptual change way? Should the elerantary curriculum
emulate the secondary curriculum, with yearlong sequences in the life, physi-
cal, and earth sciences? What alternativgs to the typical topical approach to
science teaching (plants one m.nth, the solar system the next) does the concep-
tual change perspective suggest? These are questions that have not yet been
systematically addressed by conceptual change researchers. Instead, their em-
phasis has been on the very complex and difficult tasks of studying students’
learning and identifying ways to help students construct meaningful understand-
ings. A position on which concepts students should understand has not yet been
articulated.

Advocates of the conceptual change perspective view the development of

flexible and usable scientific knowledge as being a critical goal for gll
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students, not just those students bound for science careers (Linn, 1987). Like
the STS advocates they argue that a goal of science education is to develop a
scientifically literate society; however, the two perspecti .as see different
means to that end. The conceptual change perspective focuses on the conceptual
nature and explanatory power of students’ developing understandings of science,
arguing that the way to develop scientifically literate citizens is to help
learners develop rich and meaningful understandings of whatever science they
study. This will enable students to understand and value science as a sense-
making endeavor. Millar and Driver (1987), for example, describe the ways in
vhich a pedagogy that promotes meaningful conceptual understandings can empower
students not only to act in the here and now (the goal of developing usaful
knowledge) but also in the future as citizens in a democratic society:

These are some of the characteristics of a new pedagogy which enables
pupils to develop useful conceptual tools; it is a pedagogy designed
to empower people to act more effsctively in their daily lives, in
their involvemsnt with natural events and with technological arti.
facts. In addicion to developing useful psrsonal knowledge, such a
pedagogy also adopts a perspective on science as public knowledge,
giving pupils some understanding of the epistemological basis on
which such knowledge rests. This may involve empirical work in
laboratories but it also encompasses broader considerations such as
the history of scientific ideas, cultural pluralism and science, the
social mechanisms whereby knowledge becomes validated by commun’ties
of scientists and the interaction of science and societal concerns.

Arguably the dsvelopment of the sciences is one of the greatest
achievements of human societies and svme appreciation of it as a
human endeavor should feature in our schools alongside studies of
other important cultural achievements such as the arts and humani-
ties. But it is not only on aesthatic grounds that a case is made
for giving pupils an understanding of the naturs of the scientific
enterprise. Just as psrsonal knowlerge of science empowsers pupils to
act in their everyday lives, so a critical appreciation of the way
scientists work empowers them, as future citizens in a participatory
democracy, to query, question and seek altermative views on scien- -
tific and technological decisions which affect their lives.

(pp 57-58)

The STS perspective, in contrast, has approached the need for a scientific I

citizenry from a curricular perspec-ive, arguing that it is changes in the
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content of the curriculum that are critically needed. Proponents argue that a
disciplinary-focused curriculum meets the needs of only a few students. To
capture the interest of all students, the content of the science curriculum
needs to shift. These arguments are not based on how students learn and make
meaning but rather are based on current science and society issues that today’s
citizens should understand and grapple with. Thus, if the goal of science edu-
cation is to create citizens who can make informed decisions about science and
society problems, then the school curriculum should treat students as little
science citizens (much as the inquiry perspective treats learners as little
laboratory scientists) who are involved in "doing" problem solving about cur-
rent science and society issues. There is an apparent assumption that practice
in working through current problems will have two benefits: It will be inter-
esting and motivating to students, and it will help students develop the
decision-making and problem-solving skills they will need in the future to deal
with new {ssues and problems that will arise. STS advocates do not see knowl-
edge of the traditionally taught, disciplinary-bound ideas of science as par-
ticularly powerful or useful in preparing students to become effective science
citizens.

Although conceptual change (CC) advocates are not committed to maintaining
the disciplinary focus of the science curriculum, it is easy to imagine the
kinds of arguments they might make before abandoning this disciplinary knowl-
edge as an important part of the science curriculum:

CC spokespergon: How can you talk about changing the content of the

science curriculum just as we are beginning to get a better handle on how

to help kids develop meaningful understandings of the content that we've
been teaching? What makes you think kids are going to understand science

better just because you are giving them new content? Aren’'t you just
giving them new content to not understand?
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SIS spokesperson: Most kids, especially young kids, will never make
sense of big concepts in science-such as matter and energy--because

it’s just too abstract for them, too remote from their experience. Why
not give them some content that is relevant to their lives?

CC: I agree that it is critical that links be made to students’
personal experiences, but "matter” and "energy” can be linked to their
experiences in meaningful ways. And don’t they need some basic
understandings of these concepts before they can do meaningful problem
solving and decision making sbout energy resources, about recycling,
etec.?

8IS: But the big concepts in science are just not inherently
interesting to most students. Like photosynthesis--what kid really
cares about how plants make food as long as they know how to take cars
of the plants in their gardens? Wouldn’t sclence come much mors alive
for students if you talked about the dilemmas we face {n deciding
whether or not to use fertilizers and pesticides in agriculture? Kids
could get really involved in their learning by arguing the pros and
cons of issues like that.

CC: It sounds like you want students to solve problems and mske
decisions without a sound conceptual framework in place to use in such
decision making. Yes, I think the farmer’s plight with fertilizers
would be an excellent way to deepen students’ understanding and appre-
ciation of concepts liks photosynthesis or ecosystems. It would show
the usefulness of knowledge about photosynthesis in explaining and
controlling the "real” world. But without that conceptual tool--the
knowledge about photosynthesis and the difference between food that
plants make and fertilizers they take in from the soil--isn’t the
decision-making process trivialized? Do we want citizens who make
decisions without a solid knowledge base?

Inguiry spokesperson (interrupting): But both of you make it all sound
too neat, too orderly. These are el-mentary kids we’'re talking about!

The best way to get all students interested and i{nvolved in science is
to let them mess about with nature and with science and not worry too
much about how deeply they understand particular concepts. They’re not
ready yet to understand in a meaningful way either the big ideas of _
science or the big issues society faces. Just let them get a feel for
the kinds of questions and issues science explores and help them
develop the process skills that they’ll need later on to develop more
sophisticated understandings.

Thus, the advocates for the three peispectives agree that all students should
experience and learn about science. But they disagres about the kind of sci-
ence that all students can and should understand, about the ways students learn
and are motivated to learn science, and about the kinds of curriculuas and in-

struction that will enable science to reach all students.
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Historical and theoretical background. Of the three perspectives dis-

cussed in this paper, the conceptual change perspective is the only one that
did not originate initially in response to social/political conditions. In
contrast, it is a research-based perspective that has grown out of cognitive
science studies of learning and knowing in complex knowledge domains (DiSessa &
Ploger, 1987; Resnick, 1983; Tweney & Walker, in press). This line of
research, including a rapidly growing body of research looking particularly at
science learning, has attempted to articulate the nature of both expert and
novice knowledge and to describe how that knowledge grows and changes (Chi,
Claser, & Rees, 1982; Larkin, McDermott, Simon, & Simon, 1980a, 1980b).
Important contributions from this knowledge-based study of learning include (a)
a richer and less linear view of the nature of science and expert knowledge in
science and (b) a new understanding of why it is so difficult for students to
develop useful, conceptual undarstandings of many of the subjects they are
taught in school. The conceptual change perspective is built on constructivist
views I knowledge growth both in science and in individual learners (Champagne
& Klopfer, 1984; Driver & Oldham, 1986; Erickson, 1984; Shuell, 1986).

a. Nature of science and expert knowledge in science. Studies of expert
learning and problem solving and recent philosophy of science both highlight
the importance of conceptual frameworks in learning, reasoning, and problem
solving. In summarizing findings from studies of expert and novice cognitions,
Glaser (1984) emphasized the central role of domain-specific knowledge in en-
abling and shaping higher level thinking and problem solving. Experts in vari-
ous domains hold well-st-uctured conceptual frameworks or schemas that include
knowledge about the usefulness of that knowledge in a variety of specific situ-
ations. These experts are not expert because they hava highly developed, ab-
stract reasoning skills; rather, the findings suggest that experts are able
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to reason in expert ways because of the well-structured and functional knowl-
edge of specific content and concepts in a particular domain.

GClaser cites several studies that show how children’s or novices’ abili-
ties to reason at abstract levels are improved as a result of new conceptual
knowledge structures. With Driver (1983) and others (Carey, 1986; Kuhn, 1986;
Resnick, 1987; Rumelhart & Norman, 1981), he concludes that conceptual unaer-
standing is at the heart of what is traditionally called higher level thinking,
self-regulated learning, and problem solving:

Thinking is greatly influenced by experience with new information.

Change occurs when theories are confronted by specific challenges and

contradictions to an individual’s knowledge. (Glaser, 1984, p. 98)

Thus, studies of experts’' knowledge have begun to unravel and examine the
nature and role of conceptual understanding and its relationship to reasoning
and higher level thinking. The idea that an individual’s knowledge structure
drives the kinds of reasoning that he or she is capable of doing is paralleled
in recent views of the nature of knowledge growth in science itself.

An inductivist or empiricist view of the nature of science assumes that
knowledge grows out of observation. Scientific corni.pts, laws, principles are
discovered hy rational induction based on observable facts. Scientific knowl-
edge gradually grows as more and more facts are urcovered by increasingly so-
phisticated methods of obsarvation. This is a view of sclence that is repre-
sented in many school curricula as "the" scientific method and is certainly ev-
ident in many of the process-focused school curricula. "Doing" science in this
view means muking observations and deriving important ideas from those observa-
tions through a logical, step-wise thought process.

An alternative constructivist view of science points to limitations in the
inductivist view and emphasizes the ways in which scientists’ knowladge and
theories interact with their experiences and observations of thes real world.
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This paints a much richer and messier view of knowledge growth in science.
Scientists’ current knowledge has a critical influence on the ways in which
they observe and perceive the natural world; thus, scientific theories do not
grow dir '1ly from observation but are constructed by humans who are constantly
testing and evaluating their conceptual frameworks against actual data from the
real world.

Thus, sclentists’ conceptual frameworks are at the heart of the sclentific
endeavor and are not viewed simply as the outgrowth of specific scientific pro-
cesses (the scientific method): The conceptual frameworks shared by scientists
also drive what scientists observe and pay attention to, what questions they
ask, the kinds of experiments they design, and so on. Conceptual frameworks
shared by the scientific commmity may remain unchanged for long periods of
tine not because these frameworks are immutable truths but because the kinds of
questions and observations scientists make are influenced by the accepted con-
ceptual framework. The longer a view is accepted and supported by observation,
tha harder it is for scientists to recognize data that challenge the view.

b. A constructlvist, conceptual change view of learning. The bulk of the
research that has helped shaps the conceptual change perspsctive has involved
detailed analyses of learmers’ ways of uiderstanding particular science
concepts. Extending the work of Piaget, this research has analyzed not only
the reasoning processes that learners use but also the role that the learner’s
conceptual knowledge plays in the learning/reasoning process. Insights about
the critical role that students’ existing knowledge structures play in the
learning process have led to a view of the learmer not as an empty bucket that
passively receives any new knowledge that is poured in but as an active
constructor of new knowledge whose prior knowledge shapes the way new knowledge

is perceived and how it is integrated into the learner’s schema or way of
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making sense. In this constructivist view of learning, what the learner al-
ready knows drives what he/she pays attention to and how new knowledge is un-
derstood (Anderson, 1987; Carey, 1986; Champagne & Hornig, 1987; Champagne,
Klopfer, & Gunstone, 1982; Driver, 1986; Linn, 1987, in press;, Resnick, 1983;
Osborn & Wittrock, 1983; Tobin, 1988). This makes learning new concepts a much
more complex, challenging, and messier task than previously assumed.

In a tabula rasa view of science learning, students’ difficulties with
science can be explained by the newness and abstractness of scientific terms
and concepts and by the students’ lack of prior knowledgse about these terms and
concepts. Learning about photosynthesis, for example, is difficult because the
learner has never heard of that word before, has no understandings of chemical
reactions, molecules, cells, or chlorophyll-.there is a lot of new information
to learn before photosynthesis will be meaningful. However, the conceptual
change research points to a more powerful explanation for students’ learning
difficulties than their lack of prior knowledge. A bigger problem is that stu-
dents often have very rich prior knowledge about many of the phenomena they
study in science class, but that knowledge is in conflict with scientific ex-
planations presented in science class. Students may not know the word "photo-
synthesis,” for example, but have a lot of everyday knowledge related to this
concept. They "know" for example, that plants need food and that plants get
their food like people do--by eating. The roots are like mouths that take in
food from the soil. This explanation conflicts in critical ways with scien-
tists’ understanding about plants’ unique and critical ability to use light
energy to make their own energy-containing food internally out of nonenergy-
containing materials (water, carbon dioxide) taken in from the environment.

But the students’ explanations have been constructed based on their own
experiences with real plants, and these explanations maks personal sense.

r; o~
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Numerous studies have demonstrated how difficult it is for students to give up
or change these personal theories (Champagne et al., 1980; Clement, 1982;
Gilbert & Watts, 1983; Roth, Smith, & Anderson, 1983; Trowbridge & McDermott,
1980). The personal theories shape the way students perceive and interpret
both explanations provided to them by teachers and textbooks and observations
of natural phenomena. Thus, meaningful learning in science requires students
to go through a very difficult process of conceptual change in which their own
way of thinking and viewing the world must be reconciled and linked with new
conceptual scientific frameworks.

In this conceptual change view of science and science learning the tradi-
tional ‘istinctions between science content and science processes as well as
the distinction between conceptual understandfng and higher level thinking are
problematic. Conceptual understanding is not seen as distinct from either the
thinking processes of science or from higher level thinking. Ways in which
these traditional distinctions may misrepresent the nature of science and sci-
entific thinking and be translated into pedagogies that fail to promote mean-
ingful conceptual change learning are discussed in the next two sections.

The philo-

sophical and psychological basis of the conceptual change perspective described
above points to the centrality of conceptual knowledge and conceptual frame-
works as tools in science and science learning. However, this {s not to say
that conceptual change advocates view science as primarily a body of knowledge
to be learned through a traditional, didactic approach. Rather, this perspec-
tive argues that scientific thinking i{s conceptually driven and that the
so-called scientific processes are intimately linked to scientific conceptual-
izations. Therefore, the conceptual change perspective calls for the integra-
tion of science processes and conceptual knowledge, in ways that better reflect
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both the richness and complexity of science itself and i{n ways that more effec-
tively map onto students’ ways of learning science (Johansson, Marton, &
Svensson, 1985; Marton & Ramsden, 1988; Millar & Driver, 1987; Ramsden, 1988).
An examination of how scientists use conceptual knowledge and the science
reasoning processes suggests the importance of integration of conceptual knowl-
edge and science processes. Expert scientists do not hypothesize, observe,
make inferences, or design experiments in the absence of conceptual frameworks.
Their conceptual frameworks are not only influenced by their observations and
inferences; their frameworks also drive and shape the hypotheses they make, the
questions they raise, the things they pay attention to in their observations.
What distinguishes their work as science is not these processes, which are pro-
cessas that are equally applicable in history, economics, mathematics, the
arts, or any other domain, but the particular knowledge that organizes how
these proc.sses ares used. A scientist who observes well, for example, is not
one who spends endless hours documenting and describing every possible detail
that can be observed about a particular phenomenon. A good scientific observa-
tion, in contrast, focuses on key features in ways that will contribute new
knowledge, increase the explanatory power of a particular conceptual framework,
generats new understandings of relationships among concepts, or raise signifi-
cant questions about accepted conceptual frameworks. The scientist who makes
such critical obsexvstions does not just happer to see what others have not
seen because of expert "observation skills.” To set up the conditions in which
important observations are made, the scientist draws from existing conceptual
knowledge, asks questions about important pileces of the framework, develops
hypotheses, and designs experiments that will permit the critical and relevant

observations to be made.
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The importance of the observation is not how accurately the scientist can
detail and describe all facets of the observed phenomenon out how the scientist
focuses the observation and uses the observed phenomenon to develop more power-
ful and complete explanations--in how useful the observation and the scien-
tist’s interpretation of the observation is in refining, changing, and chal-
lenging conceptual frameworks shared by the scientific community. Thus, skill-
ful expert observation is intimately linked with both conceptual knowledge and
with all of the other "processes™ of science. As Millar and Driver (1987)
argue, each of the so-called scientific "processes” can be submitted to a simi-
lar critique. These processes are not moaningful in {solation, and they and
are not science in the absence of a scientific conceptual framework.

Millar and Driver (1987), in their critique of this view of science in
which science processes ars isolaved from science concepts, describe how such a
separation has been translated into school curricula in ways that have not been
responsive to the research on how students learn in science. Their argument
supports findings in my own research in which inquiry- or process-focused
teaching left students like Rachel [see p. 44] (Roth, Smith, & Anderson, 1983)
with a misleading picture of science as "doing” for doing’s sake and with
personal theories unchallengesi and unchanged as a result of weeks of
process-focused instruction. Students did not view the process of science as
helping them better understand their world. In many of the inquiry curriculum
materials, for example, students are engaged in practicing the various
scientific processes, with "content” and particular concepts eliminated as much
as possible from instruction. Such curricula rest on the assumption that
students learn to do science by practicing thess process skills:

By basing the syllabuses firmly on the idea of discovery methods, the

pupil is required to react continuously in a thinking situation; he

learns by hypothesizing and discussion, by experimenting, by
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measuring, and by reassessing his hypothesis in the light of

experimental results., (Scottish Education Department, cited in

Millar & Driver, 1987, p 34)

But the conceptual change research reveals that students, even very young
students, "practice” the processes of science all the time as they strive to
make meaning of their personal world (Carey, 1986; Easley, in press). They
make observations, raise hypotheses, and test them out in constructing their
personal theories of natural phenomena. Students who believe plants take in
food from the soil, for example, have used their own observations of both
plants and people to construct this explanation of how plants get theii food.
O0f course, their observations are limited in important ways--they cannot see
into plants and watch photosynthesis occurring in leaf cells, But will
content-frse exercises designed to improve observation skill help students
change their personal theories of how plants get their food? Will such exer-
cises make students aware of what they nsed to pay attention to in their obser-
vation of plants in order to develop a more satisfying explanation of how
plants get their food?

Students have the capacity to observe, to classify, and to make infer-
ences. Providing opportunities for them to practice these processes in isola-
tion does not help them understand how these processes are useful in under-
standing the world. What will help students understand the richness and power
of scientific endeavors is learning how these processes can be helpful in de-
veloping increasingly meaningful explanations of the world. Instruction that
involves students in using these scientific processes to change their own theo-
ries in ways that provide them with explanations that are both more perscnally

meaningful and also more consistent with scientific explanations provides a

powerful alternative to process-focused instruction,
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In order to make such changes in their conceptions, students need to do
very difficult cognitive and metacognitive work. Much of this cognitive work
could be described as engaging in science processes (predicting, hypothesizing,
obsarving inferring, etc.), but students do not practice these processes in
isolation and the goal of their work is not simply to become better observars
or predictors. This cognitive work also requires metacognitive thinking pro-
cesses. Students need to be able to identify when they are confused and to de-
velop plans for resolving conceptual conflicts and monitoring progress. But
students do not undergo change in gonceptions by learning and practicing these
metacognitive strategies in content-free contexts. Instead, these science and
metacognitive processes are used in the service of devsloping better explana-
tions of natural phenomena. Such an iniegrated approach to science learning
provides students with riclier understandings of both the conter . and the pro-
cesses of science.

Marton and Ramsden (1988) make a similar critique of the relationships be-
tween content and process in a conceptual change view of learning. They criti-
cize both educational research and classroom teaching that promote learning of
broadly generalizable thinking skills in i{solation of particular content. They
use the example of attempts to teach students metacognitive skills independent
of content and context, If the kinl of learning we want students to develop is
genuine understanding ("a qualitative change in a persons’ way of seeing, expe-
riencing, understanding, conceptualizing something in the real world") as op-
posed to simple recall, it is logically impossible for learning to be defined
as content and context-frees:

Learning techniques and instructional strategies are inextricably

linked to subject matter and the students’ perceptions (of the sub-

ject matter). . . . In our understanding, while one can separate

process and content analytically, the two aspects simply cannot exist

without one another. There is obviously no learning without a
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content--you have to learn something. And there cannot be any learn-

ing without an act of learning--something has to be learned in a

certain way. (pp. 7-10)

Where do scientific attitudes fit into this? In the conceptual change
view, students’ attitudes toward science and science learning are tightly
linked to this integrated view of science processes and content. As students
are helped to develop more powsrful and personally meaningful explanations of
particular phenomena and concepts, they will gradually come to value science
and scientific investigation. As they are helped to change their personal the-
ories and integrate them with alternative explanations posed by scientists and
with their own personal observations, they will gradually develop dispositions
to raise questions about their own and others’ theories, to struggle with al-
ternative viewpoints, and ro have concertual change sense-making as a goal for
their science learning. Thus, positive attitudes and desirable dispositions
toward science and science learning do not grow out of the nature of classroom
activities--that it’s fun to do experiments. Nor do they grow out of the
nature of the content--that science is good if it’s not about difficult stuff
like molecules and energy and matter but rather is about current issues like
pollution, acid rain, toxic wastes, and nuclear power. Rather, positive atti-
rudes and dispositions to puzzle about the natural world and to be skeptical
grow out of students’ experiences in constructing meaningful understandings.
As students experience the satisfactions and rewards of conceptual change sense
making, their attitudes toward science as a sense making endeavor develops and
their disposition to take a questioning, critical stance grows.

Cognitive psycholo-

gists’ analyses of expert/novice thinking and learning in science and philo-
sophical analyses of knowledge growth in science have led to insights about the

nature of scientific thinking and about the relationships between conceptual

A
00

74



L
[y
oy
S
g
&
LEu
BN
AN
;jg
?‘,’.
;g.:
gs .
&
N
"
j§‘
i
o
Ea
L
b
L3
e
®
B
=
13
=
M
B
s
13\-
&
ﬁ .
M
5
g,
£
:;:«

S e S P v »_é&ﬂgg,s’f

Rl

knowledge/understanding and higher level thinking. From a conceptual change
perspective, two insights that have important curricular and instructional im-
plications grow out of these studies of scientific thinking in both experts and
in children.

First, the traditional representation of conceptual knowledge and science
processes as separate kinds of scientific thinking does not accurately reflect
what we have learned about the nature of science or about the naturs of science
learning. Conceptual knowledge and the so-called scientific processes or
thinking skills are intimately interwoven (as described in *he previous sec-
tion). Conceptual knowledge both influences and is influenced by scientific
thinking processes and experimentation.

This dichotomo. s view of scientific thinking has led to curricular changes
and instructional practices that have not improved students’ understandings of
science. Such a view is reflected in assumptions that there are basically two
wayé one can organize the science curriculum and teach children about science.
One can emphasize science processes and thinking skills and engage students in
hands-on activities to accoumplish this goal. Alternatively, one can organize
the curriculum around science concepts and content and teach students in a di-
dactic, textbook-focused way. The conceptual change research has shown that
neither of these approaches has helped the majority of students develop either
meaningful, conceptual understandings or higher level thinking skills, much
less an integrated understanding of them. Although there is rhstoric in the
schools and in existing science curriculum materials that both science concepts
and science processes should be taught and emphasized equally, the tendency to
think about scientific thinking - - either conceptually focused or process-
oriented prevails. The resulting "integration” of concepts and processes in

school carricula and in school classrooms ends up not to be an intagration at
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all but more like a balancing of competing goals. After three days of content-
focused teaching, for example, it’s time for some activities and process-
focused teaching. The activity selected to teach such process thinking may or
way not be closely linked to the concepts being read about in the textbook.

For example, in a fifth-grade unit in the most popular science textbook
series in the United States, (Silver Burdett & Ginn Sgience, Mallinson,
Mallinson, Valentino, & Smallwood, 1989) the textbook chapter presented a
anumber of concepts and facts about activities of preen plants (photosynthesis,
respira.ion, transport of materials, reproduction). Provided along with this
content coverage were supplementary worksheets designed to develop students’
process skills. The worksheets for this particular chapter were titled
"Critical thinking,” "Sequencing,” and "Observing and Inferrinz.®” Notice the
lack of reference to any concept or content knowledge in the focus of these
worksheets. And although all of the worksheet exercises related to plants,
they did not link closely to the particular concspts about plants that were
developed in the text coverage.

For example, the critical thinking worksheet included a short text passage
about insect-eat! g plants followed by a series of criticasl thinking questions.
Students were asked to identify the mechanical, electrical, and chemical pro-
cesses involved in the closing of the Venus flytrap’s leaves. The text chapter
never talked about the differences between mechanical, elec ~‘~al, and chemical
processes, and students were sxpected to complete the critic.. thinking exer-
cise without any explanation or development of the meaning of these concepts.
Thus, the worksheet introdursd new concepts for students to use as they "prac-
ticed"” critical thinking. A.d nona of the critical thinking questions engaged -
students in linking their study of concepts covered in the text, such as photo-

synthesis, to this new information about plants that "eat” insects. Thus the
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critical thinking exercise was not designed to palp students develop deeper
understandings of concepts that were presented in the text. Students could do
the critical thinking activity without reading or studying the concepts devel-
oped in the student text. The curriculum developers assumed that teachers
would elect to use at least some of the process worksheets in order to halance
the content focus of the text itself. Thus, the curriculum developers reflect-
ed this dichotomous view of scientific thinking by suggesting that content
teaching and process teaching could be taught independently of each other.

In contrast, the conceptual change research on students’ learning empha-
sizes the importance of taking students’ pers;nal conceptual frameworks seri-
ously in helping students understand the nature of science and scientific
thinking. The kinds of thinking that scientists do become understood and
valued by students when these thinking processes help them change their own ex-
planations of phenomena in ways that provide more powerful and personally mean-
ingful understandings of the natural world. This suggests a view of instruc-
tion in which conceptual understanding is the goal, and the development of such
understanding is seen as requiring the use of a variety of what are typically
called higher level or process thinking skills.

Second, hierarchical views of scientific thinking are problematic because
they imply that conceptual understanding is a relatively straightforward, lower
level process that students need as a basis for doing higher level thinking.
This view does not capture the ways in which thinking processes typlcally la-
belled as "higher level®™ are an integral part of the development of meaningful,
conceptual understandings. In my own studies of individual learners who suc-
cessfully integrated ideas about photosynthesis into their personal conceptions

sbout how plants get their food, I found these students using a variety of
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higher level thinking skills in the process of developiég conceptual under-
standings. These students did not treat new knowledge as facts to be memorized
but instead continually tried (with the support of their texts and teachers) to
use new information fo explain and make predictions about the world. Often
this was a difficult apd confusing process, as students encountered areas where
their knowledge was incomplete or in conflict with scientific ideas being pre-
sented. Such conflicts led to analyses of the differences between them and to
restructuring of students’ personal conceptual frameworks. Students used ex-
perimental observations as well as teacher explanations as sources of informa-
tion to help them rethink their ideas.

These students wers metacognitively active, monitoring their daveloping
understandings, recognizing areas of confusion, and seeking to resolve them.

In the end, they developed conceptual understandings that they could use to ex-
plain a variety of everyday phenomena. Their ability to use the concepts in
these application situations was a reflection of their conceptual understanding
rather than a higher level thinking skill that was developed after their con-
ceptual understanding was in place (as suggested by taxonomies like Bloom's
that place "application” as higher level than "knowledge.”). Thus, these stu-
dents’ conceptual lsarning was not straightforward, bounded, lower level think-
ing. Rather, their learning was a complex, intellectually active process of
conceptual change, in which their entering understandings of how plants get
their food were substantially restructured and integrated with their personal
theories.

This process of conceptual learning required the integration of a variety
of sophisticated, higher level cognitive and metacognitive thinking skills.
Therefore, conceptual understanding is a higher level process that involves a
variety of kinds of higner level thinking skills. Ramsden (1988) concurs with

@
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this view, describing the changing of conceptions as the most fundamental
aspect of learning and as a thinking process itself. The important point is
that a view of conceptual knowledge as less complicated thinking than applica-
tion, explanation, synthesis, and so forth, is misleading. Development of
meaningful conceptual knowledge is a complex process, involving many kinds of
what is generally refaerred to as higher order thinking.

A hierarchical view of scientific thinking and learning becomes even more
problematic when we consider the hierarchical view of science "process® skills
(with observing and classifying categorized as simple process skills and pro-
cesses such as inferring and controlling variables as higher level skills).
This view of scientific processes misrepresents the nature of scieﬂtific think-
ing by suggesting that some processes are easier to understand and use than
others and that these processes can be identified and used in isolation from
each other and from conceptual knowledge. This has been translated into cur-
riculum materials and science mathods texts that advocate the teaching of pro-
cess skills in isolation, with the easier processes (obseirving, classifying)
being appropriate for lower elementary children, and ...gher order processes
(like inferring) being appropriate only for older students. Both Norris (1985)
and Millar and Driver (1987) argue articulately about che complexitier of even
the "simplest” science process goal. As discussed in the last section, for ex-
ample, observing scilentifically is a complex process that is closely tied to a
person’s conceptual framework and that requires a variety of kinds of higher
level thinking.

Summary. Figure 4 summarizes the conceptual change perspective. It il-
lustrates that conceptual understanding results only when learners can use sci-
entific processes to reorganize and integrate their own everyday knowledge with

scientific conceptualizations. Development of such useful conceptual
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understanding is the heart of higher level thinking in science. As learners
experience the rewards of understanding phenomena and concepts in meaningful,
useful ways, they will be encouraged to pursue their learning of science as a
ser. .e-making, problem-solving endeavor. Thus, they will develop the disposi-
tion to be genuine inquirers who believe that they can develop increasingly
complex and satisfying explanations of the natural world.

Most of the work on assessment

in the conceptual change tradirion has focused on detailed analyses of stu-
dents’ conceptions of a wide variety of topics (Anderson & Smith, 1983; Bell,
1981; Champagne et al., 1980; Clement, 1982; Driver, Guesne & Tiberghien, 1985;
Erickson, 1979; Helm & Novak, 1983; Johnson, Wellman, 1982; McCloskey, 1983;
Novick & Nussbaum, 1981; Nussbaum, 1979; Nussbaum & Novak, 1976; Osborne &
Frayberg, 1985; Roth, Smith & Anderson, 1983; Stead & Osborne, 1980). These
analyses have provided critical insights about the role of prior knowledge in
the learning process, about students’ strategies for learning science, and
about new methodologies for assessing conceptual understanding.

One methodology that has been used extensively in this research tradition
is the detailed, clinical interview. Clinical interviews probe the learners’
knowledge and thinking through a series of tasks that engage students in ex-
Plaining scientific phenomena and concepts in the context of everyday experi-
ences and/or specific problem-solving activities. Such detailed interviews can
be used to construct maps of the cognitive structure of students’ conceptual
and procedural knowledge. Such interviews have been used in combination with
classroom observations to detall the process of conceptual change and the role
of instruction in promoting or constraining that change (Nussbaum & Novick,

1982b, Roth, 1984; Roth, Anderson, & Smith, 1987).
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Paper and pencil tests have also been designed to elicit stud-ats’ concep-
tual schemes in ways similar to the clinical interview approach. Such tests
emphasize students’ explanationz of phenomena. Instead of asking questions
that elicit students’ recall of science facts, questions are designed to elicit
students’ real world understandings of phenomena. Instead of asking, "What {s
photosynthesis?” for example, we have asked students

Do green plants need food? (Roth, 1985a, p.370)

Write down your ideas about how plants get their food. (Roth, 1985a,
p. 370) ‘

Describe what food is for plants. (Roth, 1985a, p. 370)

Do green plants need light? Why? (Roth, 1985a, p. 370)

A box was placed over the top of a plant so that the plant was cov-

ered except for ons leaf. The plant was watered and had plenty of

alr but only that one leaf could get any sunlight. What do you pre-

dict will happen to the plant? Why? (Roth & Anderson, 1987, p. 28)
By asking a series of such questions and aggregating evidence from students’
responses to several different questions, we can describe the strength of a
student’s commitment to a particular scientific conception or to or an alterna-
tive, personal conception. Because these tests rely heavily on students’ writ-
ten explanations, coding schemes to scors the featurss of students’ responses
are much more complex than scoring multiple choice format tests; however, reli-
able coding can be achieved. We have also experimented with multiple choice
format questions in which foils are designed to capture particular kinds of

common student misconceptions:

Most plants get food (you may circle more than ono if needed)

a. from soil

b. from air

c. from water

d. by making it themselves
a. I don’t know
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For plants food means

water

water, soil, air, & light

vater, air, & light

fertilizers & minerals in the soil
something plants make

I don’t know. (Roth, 1985a, p. 373)

mo Dok

These kinds of assessments of student learning stand in contrast with both
the typical assessment practices of classroom teachers and the kinds of state
and national assessments of science learning currently being used. Existing
gests (especially those provided with science textbook series) tend to ask many
content-focused quéstions that are at the rote or recall level and that empha-
size scientific terminology. "Higher level” questions are largely limited to
process-focused tasks that are designed to be answered independent of particu-
lar content knowledge (interpreting a graph, predicting an outcome, identifying
vhether or not an experiment has a control). The concentual change assess-
ments, in contrast, focus primarily on assessing students’ abilities to use
particular concepts to explain sveryday phenonena or experiences. Thus, the
tests assess meaningful, integrated conceptual understanding.

Conceptual change advocates assert that inquiry or process-focused assess-
ments that are isolated from conceptual assessments do not add critical infor-
mation to our knowledge of student learning in science. Because these tests
are designed to be "content-frse,” they tell us no more about the state of stu-
dent learning and knowledge than recall-focused content tests. Millar and
Driver (1987) point out that although the inquiry-oriented tests are designed
to ba content-frees, they camnot in fact be free of content. Students who are
asked to observe pictures of trees and tc notice the differences among them or
to make hypotheses about them may score differently on their "observing skills”

or "hypothesizing skills” because of differences in experience with and
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interest in trees, not necessarily differences in observing or hypothesizing
ability. Millar and Driver identify another problem with such process assess-
ments: They assume that because the students can identify differences among
trees, for example, that they have displayed the ability to observe. There is
little attempt to distinguish levels of observation skill or to assess stu-
dents’ observatlon skiil as embedded in complex, conceptual domains. Process
assessment remains isolated from content assessment.

Would it be rossible to develop state or national assessments that assess
meaningful, integrated conceptual understanding? The assessments used in con-
ceptual change research have provided a much richer picture of the nature of
student learning and understanding than existing methods of assessment. How-
ever, thay are much more time-consuming to create. to administer, and to score.
Another problem is that these tests are closely tied to particular conceptual
knowledge. It is easy to see how textbooks could incorporate such tests into
their format, because the tests come at the end of specific content-focused
chapters; assessment i{s closely linked to instruction. But how would this work
at the state and national level?

If a fifth-grade test asked students to explain a gituation {nvolving the
role of light in seeing, we would hope to see differences between students who
had studied about light and students who had not. Therefore, assessments would
need to link closely with instruction. This implies either state or national
guidelines about concepts to be covered at specific grade levels or tests that
can be shaped at the local level to reflect the particular concepts taught.
For example, test developers could develop large sets of explanation questions
appropriate for fifth graders on a wide variety of topics. Teachers at the
local level could select the four to five topics on which their students would

be evaluated. Eff s pursuing testing alternatives that probs students’
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understanding and ways of thinking in deeper, richer ways are currently being

explored (Anderson, 1983; Baron, 1988, Chittenden, 1984, 1988: Raizen et al.,

1989).

Although there has been ex-
tensive research in the conceptual change tradition focused on assessments of
students’ knowledge states, there have beer fewer efforts to implement and to
assess the effects of conceptual change approaches to instruction. Can a con-
ceptual change of model of instruction be incorporated into regular classroom
instruction in ways that will promote the development of meaningful and useful
scientific understandings? While a number of studies have explored this ques-
tion at the sacondary and college levels (Champagne, Gunstone, & Klopfer, 1983;
Hewson, 1983; Kuhn & Aguirre, 1987; Minstrell, 1982, 1984; Nussbaum & Novick,
1982b; White, 1984), there have been only a few efforts to study elementary
science instruction that has a conceptual change orientation (DiSessa, 1982;
Nussbaum & Sharoni-Dagan, 1983) and these studies involved special instruc-
tional contexts (student interacts with a computer program or audio-tutorial
lessons) rather than regular classroom settings. Several efforts in regular
classrooms are underway, but reporxts of the impact of these have either focused
on changes in the teachers’ knowledge and behaviors rather than on student
learning outcomes (Smith & Neale, 1987) or have not yet reported student learn-
ing outcomes (Brook & Driver, 1986; Driver et al., 1987).

The work that my colleagues and I have done at Michigan State University
over the last seven years has iuvolved observation and analysis of both
teachers and middle grade students (grades 5-7) and the ways in which instruc-
tion supports or fails to support conceptual change learning. Our assessments
of the effects of instruction typically included multiple sources of evidence:

Classroom obsarvations of instructional units, teacher interviews, student
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pre- and posttests, student interviews, and focused observations and analyses

~ of target students and their work. The results of that research are reported
in a series of papers. A number of those papers report cass studies of
individual teachers and their students (Anderson, Belt, Camalski, & Greminger,
1987; Eaton, Anderson, & Smith, 1984a; Hollon, Anderson, & Roth, in press;
Roth, 1984, 1987; Roth, Anderson, & Smith, 1987; Slinger, Anderson & Smith,
1983; Smith & Anderson, 1984; Smith & Sendelback, 1982). Other papers report
quantitative frequencies cf various types of teacher behavior and their rela-
tionship to student learning outcomes (Anderson & Smith, 1983b: Blakeslee &
Anderson, 1987). Although a wide variety of analytical systems and categories
vas used in developing these reports, the research in toto warrants several
generalizations about the activities of teachers and students in science
rlassroons,

The most important generalization is that conceptual change instruction
that engages students in integrating their own conceptions with scientific ex-
Planations and that actively involves students in using scientific knowledge to
describe, predict, explain and control their world can have a significant
impact on student learning. Table 5 shows that teachers who used the concep-
tual change curriculum materials that we developed were able to help more of
their students understand and uss important concepts than teachers who used
either d;daccic or discovery oriented approaches., These successes wexre accom-
plished despite the facts that these teachers had limited opportunities to
study the resear h and philosophy behind the materials and that they were using
the alternative materials for the first time. In the classrooms where we did
not intervene, even the most knowledgeable and dedicated teachers were only

comnecting with the small percentage of students (10-20%).
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Classrooms
per Group
Topic
and Grade level —  Referemce = Expt. Control
Light and vision Anderson & 6 5
(fifth grade) Smith, 1983b,
Photosynthesis Roth, 1984 1 1
(£ifth grade)
Photosynthesis Smith & 8 5
(middle school) Anderson,
1987
Respiration Smith & 4 9
(middle school) Anderson,
1987

Number of

Percentage” of Students
Undexstanding Goal Conception

Commercial

Experimental

Macexials Materials

18

28

12

58

57

60

23.5

a
Percentages are averaged across ceveral important conceptions in each case.
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Although we can summarize results in charts quantifying percentages of
students holding goal conceptions at the end of a unit and frequencies of par-
ticular kinds of teaching behaviors, qualitative analyses of these various
sources have provided additioral insights about aspects of learning that go
beyond knowledge of particular concepts. For example, such analyses have shed
light on issues related to students’ motivation to learn (Lee, 1989), strate-
gles for learning science (Roth, 1986), understandings of the nature of sci-
ence, and individual differences in learning science. Case studies we have de-
veloped illustrate, for example, how content-based discourse that is more fo-
cused around students’ ideas and that engages students in constructing and re-
constructing explanations (i.e., not just focused around memorizing the text-
book) can model for students ways to structure and regulate their indenendent
learning. It also can help them set goals of sense-making rather than mere
task completion (Anderson & Roth, in press; Roth, 1986).

"Thinking scientifically” for many students in traditional science class-
rooms, for example, generally means getting right answers. In one of my own
studies, I analyzed students’ approaches to getting those right answers. Stu-
dents had a variety of strategies for getting right answers that had little to
do with making sense or understanding. In contrast, students who used concep- _
tual change instructionai materials that engaged them in developing and recon-
structing their own explanations of scientific phenomena succeeded in making
sense of important scientific concepts and talked with pride about the progress
they had made in their thinking. These students bhad begun to understand that
scientific thinking is confusing and messy at times, is shaped by interactions
with others’ ideas ~.s well as by first hand observations of phenomena, and
helps you get better at making sense of phenomena in your personal world.

Driver and her colleagues (1987) are pursuing similar lines of inquiry,
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focusing on the changes in classroom discourse and in the quality and frequency
of student participation over time.

More assessment of the impact of conceptual change instruction is needed.
There are important questions needing further investigation: Will succes.=s in
learning in individual units have long-lasting impact? What kinds of support
and teacher knowledge ars needed to use conceptual change teaching strategiles
effectively? How can a conceptual change curriculum walk the fine line between
encouraging genuine student debate and exploration of alternative viewpoints
and developing student understanding of accepted scientific theories and con-
capts? How is the answer to that question the same or different for first
graders versus fifth graders? Despite the fact that many questions remain un-
answered, the success stories in the instructional studies, suggests an impor-

tant power to the conceptual change models.

What view of instruction and the role of the teacher do each of these cur-
ricular perspectives suggest? To what extent does each perspective provide
teachers with a teaching/learning framework or model that is both manageable in
the classroom and supportive of meaningful student learning? To further illus-
trate the differences and similarities among these perspectives, I will de-
scribe how a unit about photosynthesis and food for plants might be enacted at
the fifth-grade level in each of these paradigms. In describing units taught
in a traditional didactic manner, in an inquiry mode, and in a conceptual
change approach, I will describe existing materials and/or their use by teach-

ers involved in my own research studies. Because curriculum materials with a
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sclence-technology-society orgsnizatior are not yet available at the elementary

level, I will describe a hyrothetical unit in the STS tradition.

Ieaching About Photosvnthesis From Existing Textbooks--A Didactic Approach

In the most widely used elementary science textbook (Silver Burdett &
Ginn's Science, Mallinson, et al., 1989), fifth graders learn about photosyn-
thesis in a chapter about "Activities of Green Plants.® Photosynthesis is
included in the curriculum because it is one of several important activities of
green plants, and this chapter presents a smorgasbord of information about
activities of green plants. In a chapter that is divided into five lessons,
students learn about: 1life processes (similarities and differences between
Plants and animals; cells; needs for food, releasing energy, removing wastes,
growing, reproducing); transportation of materials in plants; functions of
roots, stems, and leaves; structure of leaf and stem cells (veins, stomata,
chloroplasts, chlorophyll); the process of photosynthesis (role of energy,
water, carbon dioxide; products); storage of manufactured food in fruits and
vegetables; use of food energy in respiration: comparison of respiration and
photosynthesis; and the use of energy for reproduction (parts of the flower,
pollination, fertilization, germination). Thus, a wide spectrum of content is
covered at a rapid pace.

The idea that plants make food is first suggested in lesson one. In Lesson
3 the word photosynthesis is given, and the cell structure of leaves where
photosynthesis occurs is described. Then five steps in the photosynthetic
pProcess are listed, and a summary of the process is provided in a word equation
(water + carbon dioxide + energy (from sunlight) --> sugar + oxygen). The di-
rections to the teacher for this lesson on photosynthesis suggest an instruc-

tional pattern of reading the text and posing questions to "evaluate student
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understanding.” The questions suggested in Lesson 3 to assess such understand-
ing can all be answered in short phrases that are taken directly from the text
passage:

What does a plant need to make food? (water, carbon dioxide, light
anergy)

How do materials needed to make food get to a green plant? (trans-
ported by root, stems, leaves)

Where does the energy for green plants to make food come from? (sun-

1ight)

What is the name of the process by which green plants make food?
(photosynthesis). (Mallinson et al., 1989, p, 12)

Suggested enrichment activities are to look at leaf cells under a micro-
scope (student task is to draw cells and label the chloroplasts) and to cover a
few leaves of a healthy green plant for one to two weeks (student task is to de-
scribe observations about the color and conditions of the covered leaves). In
this lesson on photosynthesis, students read a lot of information and are ex-
pected to reproduce it in small bits when prompted by teacher questions. Only
in a review question at the end of the lesson are students asked a question that
requires them to explain anything (How do green plants make food?). The lesson
does not include any application questions that require students to use photo-
synthesis to explain evnrjday observations or even to explain the observations
in the enrichment activities. After the fact-focused lessons, the text presents
a lesson on respiration followed by a lesson on reproduction. On that note the
chapter ends, with assessment questions in the chapter review and chapter check-
up again requiring students primarily to recall facts about plants:

Write the correct term for each number in the diigrams (of a seed and
a flower).

Write the letter of the term that best matches the definition

(chloroplast, embryo, vein, cell, seed, stamen, stomata, ovule, root
hair, chlorophyll).
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Write the terms that aie not required for respiration to occur. Use

the remaining terms to describe this process (light energy, carbon

dioxide, pistil, sugar, seed, oxygen). [Mallinson et al., 1589,

PP. 24-25]

In a final section of the chapter review, four application-type questions
are posed. Of the four "Thinking Like a Scientist” questions for this chapter,
only one relates to photosynthesis: How are plants that grow underwatezr simi-
lar and different from land plants? This is the only question in the chapter
that requires students to integrate their understandings about plant activities
and to go heyond recalling facts that are clearly spelled out in the text.

This chapter doeg provide teachers with a series of manageable lessons but
this sequence of lessons does not provide a coherent, focused instructional
model that is likely to foster conceptual understanding and higher level think-
ing. Instead, instruction is a parads of two-page lessons in which the text
(and teacher) show and tell students "all about” plants., Lessons are relative-
ly isolated segmen%s, much like the various acts and bands that follow one
another in a parade., And this parade marches along at a brisk pace, inundating
observers (students) with a panoply of facts and concepts to be absorbed.
Students learn by reading and listening (watching the parade) and trying to
mimic the performance of the teacher when questions are posed to them.

The role of the teacher that this text assumes is one of content authority
and evaluator. The text and the teacher construct the "story” of photosynthe-
sis as a sequence of facts and steps. The teacher monitors students’ reading
of this story by posing frequent short-answer, factual questions. Essentially,
classroom discourse consists of students £filling in the blanks in the text-
book’s and the teacher’'s "story.” Experimental evidence to support or develop

these stories is minimal. Higher level thinking of any kind is limited to a

set of questions tucked away at tha end-of-the-chapter review.
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The view of science that students would most likely get from this didactic
approach is as a large body of isolated, detailed facts and big words. The
spirit of inquiry, puzzlement, debate, and sense-making that characterizes
science is missing in these text pages. Students are assumed to "understand”

photosynthesis if they can define it and identify where it takes place.

Photosynthesis is included in the fifth grade SCIIS Copmunities Teacher'’s
Guide (Knott, Lawson, Karplus, Thier, & Montgomery, 1978) for two important rea-
sons: To build student understanding of a central concept in biology (the con-
cept of plants as producers) and to teach stude.*s important sclence process
skills. In this unit, three major activities serve as the focus of classroom
lessons, and no textbook is used. First students germinate and measure the
growth of various seed parts. This activity is designed to illustrate that ger-
minating seed embryos get food from the seed (the cotyledon).

In a second activity, students plant grass seeds and keep somé in the
light and some in the dark to demonstrate that plants need light to grow and to
suggest that plants do not get food from the soil. Toward the end of this ac-
tivity, the teacher explains photosynthesis to the students and the experiment
is interpreted in light of this explanation. Finally, students germinate and
measure the growth of bean plants under various conditions: With and without
cotyledons (the developing embryo’'s food supply in the seed) and with and with-
out light. Students are expected to use the idea of photosynthesis to explain
their results.

Ms. Kain (pseudonym) and three other teachers in our study (Roth, 1984;
Smith & Anderson, 1984) spent six to eight weeks teaching this unit. 1In each of

these classrooms, the bulk of instructional time was spent on setting up the
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experiments, measuring plants, recording results on a class scatter plot, and
using the scatter plots to average data and draw line graphs to show patterns of
growth., Much of Ms. Kain’s plamning time centered on the management details in-
volved in pulling off all these activities smoothly. Discussions were also im-
portant aspects of lessons. Ms. Kain’s questions focused on eliciting students’
observations and explanations,

In this classroom discourse, the teacher played a supportive rather than
evaluative role. She encouraged students to think about their observations and
to generate possible explanations for these observations. She rarely gave out
information (she explained photosynthesis only once during the unit and did not
mention {t again until the unit review). Nor did she give evaluative feedback
to students to indicate which kinds of thinking were more appropriate and
useful. She listened to students’ ideas, sometimes repeated ideas, and then
moved on, asking for other ideas or changing to new questions. Although the
quality of students’ ideas varied, all were received with equal receptiveness by
Ms. Kain. She praised them for having interesting explanstions but did not
probe or challenge the adequacy of those explanations. Thus, Ms. Kain created
many opportunities and a safe environment for students to explain observed phe-
nomena; she never drilled students about definitions or details of the photosyn-
thesis process. She spent eight weeks exploring photosynthesis with her stu-
dents (approximately 24 lessons), quite a contrast with the one-lesson coverage
of the Silver Burdett textbook.

And what did the students learn? Our posttests (Roth, Smith, & Anderson,
1983) focused on students’ conceptual undsrstanding by asking a variety of ques-
tions about how plants get their food. Only 11X of the students reorganized
their entering conceptions that plants have multiple sources of food and ended

the unit understanding that plants get their food only by making it themselves.
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The rest clung to a variety of personal explanations (such as plants’ getting
food from the soil) as frameworks for explaining their observations. For exam-
ple, many students’ interpretation of the grass plants’ dying in the dark was
merely that plants need light to grow, an idea most of them believed prior to
instruction. They did not, as intended, use the concept of photosynthesis to
explain tha experimental results.

Although students’ conceptual learning was disappointing, students also had
opportunities to learn about the necure of scientific inquiry, scientific pro-
cesses, and scientific attitudes. What was learned in that arena? As suggested
earlier with the case of Rachel (p. 44), many students were unclear why they
were doing so much measuring and graphing. Science was fun because you get to
do things but the meaning of that doing was unclear to many students. Students
may have learned important procedures for graphing data, but most students did
not use that graphing skill to improve their understanding about plants,

The instructional model embedded in this SCIIS unit was described in Ms.
Kain’s teachers’s guide as focused around a learning cycle (Knott et al., 1978).
The learning/teaching model has three phases: exploration, invention, and dis-
covery. During exploration, children explore materials with minimal teacher
guldance in the form of instruction or questions. The rationale for this phase
{s that "children learn about something through their own spontaneous handli;;
and experimenting with objects to see what happens.” (Knott et al., p. xviii).
The teacher’s role is to observe the children and draw conclusions about their
existing ideas and understandings. Invention provides children with new
concepts with which to interpret observations. The teacher provides definitions

and terms to children. However, more experiences with concepts are need before

students will understand and be able to sue the concepts.
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In the discovery phase, a child "finds a new application of a concept
through experience” (p. xviii). Discovery activities strengthen understanding
of the concepts. The teacher’s role is to engage students with the materials so
that they can see how concepts apply. The teacher monitors small groups, asking
questions to spur further investigation and reexplaining concepts where neces-
sary. During discovery activities, concepts already introduced can be rein-
vented and also lead to exploration of the next concept.

This was a manageable model for Ms. Kain but not one that produced concep-
tusl understanding and useful views of science among her students. Analysis of
Ms. Kain’s teaching of this unit over a three-year period helped us understand
the limits of this model. Ms. Kain understood and implemented effectively the
exploration phase of the cycle. However, the model did not help her appreciate
how difficult it would be to help change their ideas and develop deeper under-
standings during the discovery phase. The model did not provide Ms. Kain (or
other teachers in our study) with the support needed to develop such understand-
ings. The model emphasizes student activity and construction of meaning, mini-
mizing the teacher role as much as possible. While this approach has much po-
tential to promote meaningful learning, the model communicates to teachers that
understanding will grow out of students’ interactions with materials (that "pro-
cess” leads to conceptual understanding). Teachers were surprised that the con-

ceptions students brought with them to class did not change as a result of

their discovery activities.

A sclence-technology-society unit would not focus on photosynthesis prima-
rily because of its importance in the discipline or because of its power in
helping students u-.derstand how scientists use scientific processes to construct

1
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explanations and theories. Instead, photosynthesis would be addressed in the
context of exploring a technological or scientific problem facing soclety. For
example, a unit might be structured around the problem of the effects of defor-
estation and industrialization on the warming of the earth’s atmosphere due to
the greenhouse effect. Science concepts relevant to this problem include ab-
sorption of solar energy by the earth’s atmosphere, the changing balance of
02-002 in earth’s atmosphere due to the widespread use of fossil fuels, and the
changing balance of 02-002 in earth’s atmosphere due to widespread cutting of
rain forests (plants use carbon dioxide in the photosynthesis process and re-
lease oxygen). The teacher would help students use these concepts to assess the
severity of the problem and to think about possible solutions to the growing
danger of the greenhouse effect: Should chopping down of rain forests be slowed
down? How? Why would developing nations resist pressures to slow deforesta-
tion? What are other ways of slowing the greenhouse effect? How can local cit-
izens influence decisions about slowing fossil fuel usage?

Unit activities would focus on roie playing and looking at the problems
from different points of view. Scientific processes would be investigated in
the context of assessing the evidence that the greenhouse effect is actually a
danger. Students could read arguments from scientists holding different opin-
fons ahout the severity of the threat. The unit-culminating activity would be a
student-generated activity designed to take action in these issues, Examples of
such projects include:

1. Writing and circulating a pamphlet about ways to reduce energy
consunption in the home.

2. Studying home gas and electric bills and trying to decrease con-
sumption for a month.

3. Doing research to find out about home appliances that use partic-
ularly high amounts of energy to operate; brainstorming ways to
make such appliances more energy-efficient.
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4, VWriting to state or national congressmen in support of particular
bills related to energy issues,

5., Planting trees on school grounds and encouraging others to plant
trers.

Higher level thinking in this unit would focus on understanding enough about
photosynthesis and the atmosphere to be able to use that information in the
dacision-making process. Students would be engaged in rather complex thinking
that requires them first to understand and evaluate the soundness of the
evidence offered by expert scientists and then to integrate those understand-
ings with understandings of social and political processes.

The role of the teacher in this unit would be to guide students’ develop-
ing understanding of relevant science concepts and the use of those concepts in
addressing social problems. Attention would also be paid to helping students
understand scientific processes so that they could at some level svaluate the
reasonablensss of scientists’ predictions. Alrhough we do not have models of
such teaching in the research literature, it seems that for the unit to be
seaningful and to result in student generation of a worthwhile project, the
role of the teacher would be a very complex one. Teachers would have to under-
stand underlying scientific principles, the evidence supporting scientists’
predictions of the greenhouse effect, and the relationships betwean political
and scilentific issues.

For such teaching to be successful in addressing the larger goal of creat-
ing scientifically literate citizens, the unit would have te help students un-
derstand that knowledge of science concepts can enable better decision-making
so that they would be good consumers of scientific knowledge. If students are

to value this process, instruction must help them understand both the
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complexity of the problem (and the lack of easy answers) and the possibility
that individual ~itizens can contribute to the solution of the problem. This
creates a very demanding, conceptually complex role for the teacher,

The knowledge that students are likely to learn about photosynthesis in
such a unit would be limited in the traditional disciplinary sense. For exam-
ple, discussions of photosynthesis are likely té focus on Coz-o2 balance rather
than on the food-making function or on the nature of chemical change. Because
the unit activities focus on problem-solving and citizenship action, students
are more likely to end the unit understanding that extensive cutting of forests
and burning of fossil fuels may result in warming climates worldwide than to
remember that plants use up large amounts of atmospheric carbon dioxide in the
process of photosynthesis. Helping students see how science and technology can
both cause preblems and help solve problems would be another challenge in
teaching this unit., Without such an appreciation, students might come to view

science and technology as evil and threatening. Thus, they would not value

scientific inquiry and knowledge generated by science.

Recently, I taught my fifth-grade students about photosynthesis, using a
modified version of curriculum materials I had written and evaluated in two
earlier research studies (Roth, 1985b; Roth & Anderson, 1987). The materials
were designed to help students change their entering conceptions of how plants
get their food and to develop a useful understanding of photosynthesis, Photo-
synthesis was taught as a first step in helping students learn about ecological
interactions and about changes in energy and matter. Instruction was organized

around a modified version of Posner et al.’s (1982) conceptual change model:
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1. Establish a problem by

a. Eliciting students’ ideas/explanations and encouraging discus-
sion and debate among students,

b. Challenging students’ conceptions (creating dissatisfaction)
using appropriate activities (experiments, demonstrations,
discrepant events, discussions) and explanations,

¢. Presenting explanations of key concepts that will help resolve
the problem and that make sense from the students’ entering
perspectives;

d. Contrasting scientific explanations with students’ personal ex-
planations.

2. Provide numerous opportunities for students to apply new concepts to
explain real-world, everyday phenomena. At first students’ personal
conceptions will persist as they work on these questions and tasks.
The teacher, therefore, must play the role of "cognitive coach®
(Collins, Brown, & Newman, 1987), helping students develop better
strategies for comprenending concepts and explaining phenomena by:

a. Modeling and coaching students through scaffolded tasks and dia-
logue.

b. Fading amount of teacher support by engaging students that leads
to independent use of scientific knowledge and integration with
other scientific knowledge (from prior instruction and in future
instruction).

A key piece of this model is the creation of a classroom learning comnu-
nity in which teacher and students are working together to develop and use sci-
entific knowledge. To create this environment, the problem needs to be both
scientifically significant and "real” to the students. In addition, both
teacher and students need to listen ro others’ ideas seriously without accept-
ing them uncritically. Meaningful conceptual change is fostered in a climate
of sense making in which both students and ceacher can raise questions and
challenge and respond to others’ ideas in ways that reflect serious and re-
spectful attention and a concern for everyone’s learning. Such dialogues pro-

vide a context where teachers can coach students and students can coach each

other as they use new ideas. .
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A second critical feature ~ the model is students’ active engagement and
construction of meaning and the teacher’s role in supporting students’ con-
structing of meaning. The model fosters active student thinking at each stage
but also offers the students support (through modeling and scaffolded dia-
logues) to help them change and refine their entering conceptions in ways that
are personally satisfying. In order to promote such active work by all stu-
dents, instructional tasks often engage students in generating, defending, and
debating predictions and explanations in small groups or pairs as well as in
whole-class discussions. To foster students’ meaningful engagement in tasks,
the tasks at first require heavy teacher scaffolding. Over time and repeated
opportunities to work with new concepts, students gradually can engage in ap-
plication and problem-solving task without such heavy scaffolding.

Finally, the model provides for students’ integration of concepts over
time by building bridges from one instructional unit to the next. In my own
teaching example, photosynthesis built on concepts of structure and function
discussed in an earlier unit, were revisited as part of instruction about human
body systems and cell respiration and were revisited again as part of the stu-
dents’ study of ecosystems and chemical change.

The unit began by asking students to write and talk about definitions of
the word "food”. The text explained the differunce batween evaryday defini-
tions of food (anything we eat or drink) and a definition of food as
energy-containing matter. After agreeing that water is not food by this defi-
nition, the students became involved in a lively debate about how plants get
their food. Most students asserted that water is one important food for
plants, while others pointed out that water does not have energy in it.
Students had interesting experisnce-based arguments to support their belief

that water did provide energy for plants or that rain water has energy in it
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even if drinking water does not. The class made a chart listing each of their
ideas about how plants get their food, and this chart was revisited several
times throughout the month-long unit.

Two hands-on experiments (adapted from the SCIIS Producer’s unit, Knott et
al., 1978) and one discussion of an historical experiment provided initial in.
formation to help students puzzle through the problem of how plants get their
food and how plants get their food in ways that are similar/different from
humans. An experiment with germinating seed parts suggested that young plant
enbryos get food that is stored in the seed’'s cotyledon. Many students had
predicted that the seed’s embryo would grov i1f it were simply given water.

They were surprised to learn that the embryo had to be attached to the cotyle-
don in order to grow. In discussing the results of this experiment, the idea
that water did not contain energy for plants was again discussed. But many
students still made predictions in the next experiment that grass seeds would
grow in either light or dark conditions if they were watered because water is
their food. Water was still a confusing issuse.

While the grass seeds were given time to grow, von Helmont’s famous exper-
iment of 1642 was investigated. Students made predictions that agreed with von
Helmont’s: As the tree in the tub of soil grows, ths weight of the soil will
decrease as the tree "eats” materials from the soil. When the students found
out that, in fact, the soil in von Helmont’s experiment lost only a negligible
amount of weight, fér the most part, they accepted this as convincing evidence
that soil was not food for plants. But they remained puzzled about why plants
need soil and what fertilizers and minerals do for plants. I sncouraged these
questions while trying to keep the students focused on the problem of how
plants get food. As the grass plant experiment proceeded, and plants in the

dark began to yellow and die, students became increasingly convinced that
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sunlight was somehow important and unsure about the role of water. Clearly,
soil and water alone could not keep a plant alive. The sun seemed to be very
important. But is the sun itself the food for plants, as many students
belisved?

At this point most of the students’ entering ideas about food for plants
had been either ruled out or brought into question. This was when an explana-
tion of photosynthesis was given: That cells in plants’ leaves use light
energy from the sun to change water and air into energy-containing food. Ouce
this idea was explained and explored in contrast with students’ entering ideas,
students were given many opportunities to use this idea to explain everyday
phenomena. In addition, their own application questions were rewarded and en-
couraged. One student, for example, wondered about the fact that only green
plants could make food. Did that mean that without plants, there would be no
food? Another countered that we could live on candy bars if we didn’'t have
plants. I encouraged this debate and later brought in Snickers bars. We ana-
lyzed the list of ingredients, talking about how each ingredient (corn syrup,
sugar, peanuts, chocolate) had been made by a particular kind of plant.

Application opportunities also included teaches-give~. problems posed in
overhead transparencies, questions posed for students to write and/or talk
about, and further experimentation. Students also wrote in science log books
about their evolving ideas and received feedback questions and comments from
the teacher. Application activities included analysis of controlled experi-
ments as well as other, seemingly nonscientific activities, such as role-
playing the 1ife of a bean seed embryo. Card-sorting activities where students
constructed (in pairs and individually) different concept maps showing the
relationship among ideas were also used. The applications provided feedback

for me about student understanding; they enabled students to develop deeper
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understandings as they attempted to work through them individualiy, in pairs or
small groups, and in whole class discussions. Modeling and coaching was pro-
vided both by my written comments to students and by my dialogue with students.
It was also provided by gtudents in their small-group work and in their efforts
to teach each other in the whole class setting.

At the end of the unit, studants revisited their initial explanations of
how plants got their food and wrote and talked about how their ideas had
changed. The posttest asked a series of application questions for which stu-
dents had to write out predictions and explanations. There was also a mini-
interview question in which students were asked to arrange woris r-.ated to
photosynthesis (air, water, sun, fertilizers, soil, colyledon, leaf, stem,
ate.) in a conceptual map and then explain their arrangement. Most students
demonstrated a coherent understanding of the key concepts; the interviewer
questions permitted individual coaching to clarify remaining confusions.

The teacher’s role in this kind of instruction changes from day to day.
Initially, the teacher serves as a sounding board for students’ ideas, helping
them clarify their own explanations. At other times the teacher uses careful
questioning strategies, gives feedback ~hat challenges students to rethink
their ideas, and points out contrasts between their ideas. At other times, the
teacher presents and explains scientific terms and concepts. At all times, the
teacher is listening carefully to students’ ideas, trying to make instruction
be responsive to students’ thinking. During the application phase the teacher
movaes from modseling good responses to heavily scaffolding and coaching stu;
dents’' efforts to apply ideas. The goal is to fade the teacher’s structure and
support gradually in students’ application efforts. However, throughout the
unit the teacher’s role is to stimulate student thinking and to involve stu-

dents actively in working through ideas. In the photosynthesis unit, this

106 152



involved providing numerous occasions for students to write about their devel-
oping ideas, to talk about ideas in pairs, small groups, and in the whole
group, and to raise questions.

This unit involved much more time than the one lesson on photosynthesis
outlined in the Silver Burdett text (Mallinson et al., 1989). And yet the unit
did not present many of the technical terms covered in the Silver Burdett
lesson--chloroplasts, stomata, carbon dioxide, hydrogen. Students were able to
make predictions and observations, to change and develop explanations, and to
apply ideas in a meaningful time frame; that is, they were provided time to im-
prove their understandings and their abilities to explain and apply ideas. The
instructional model proved both workable for me and productive of meaningful
conceptual understanding of my students. Although it did not call for explicit
teaching of science processes, students regularly used these processes in con-
structing their developing understandings. Although it did not involve explo-
ration of societal issues, it did provide a base for a later study of the

cutting down of rain forests explored after a unit on ecosysteams.

Each of the three perspectives explored in this paper emphasizes teaching
students to think scientifically in much richer ways than being able to recall
scientific facts. Each perspective suggests instructional strategies that will
engage students more actively in scientific thinking, and each criticizes di-
dactic approaches to science teaching as failing to help students develop mean-
ingful understanding of the nature of science and scientific thinking. But
such didactic approaches to elementary science teaching are embedded in the

mostly widely used curriculum materials and characterize much of existing
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science instruction. Why is the existing curriculum so strikingly different
from the experts’ visions?

It is important to consider the reasons why textbook-bound, fact-oriented
didactic approaches to elementary science teaching continue to dominate despite
clear evidence that such iustruction is not meaningful for the majority of stu-
dents. If recommendations about the elementary science curriculum are going to
become realizable statements of goals rather than idealistic wishes and hopes,
the constraints facing elementary teachers must be understood and seriously
considered when formulating goals and desired outcomes. In this section, I
suggest two significant barriers to elementary science instruction that pro-
motes conceptual understanding, critical thinking, and dispositions to engage
in scientific inquiry: (a) the time and planning demands that teachers face
and (b) the knowledge required to teach students to do scientific thinking that

goes beyond rote memorization.

Ihe Pxoblem of Time

A critical constraint that elementary teachers face in teaching science is
time. Time is a problem in several ways. First, science is often squeezed out
of the school day due to pressures to teach the basics (reading, spelling,
writing, grammar, mathematics) and all the other curricular demands (art,
music, literature, soclal studies, physical education, health, sex education,
special projects in drama and community service, pull-out programs for special
needs children, instrumental music, etc.). Science is typically scheduled for
afternoon times, and as the day progresses its scheduled time is often eaten
away by other priorities, leaving even less time for instruction than was

planned.
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Time is an even more serious problem in terms of teacher planning time.
Teaching photosynthesis from any of the three perspectives described above re-
quires careful planning of materials, of grouping arrangements, of assignments
and tasks, and of classroom discussions. If students are going to do morae ex-
tensive writing than the fact-oriented, short answers required in standard
textbook teaching, teachers need time to read and respond to this writing.

When teachers are planning for five or more subjects daily, they do not have
time to spend extended blocks of time preparing for science lessons alone. Add

to this the fact that, unlike secondary teachers, elementary teachers are not

- typically guaranteed a daily planning hour and the time for planning becomes

even more critical. 1f teachers are going to tallor imstruction to students’
developing understandings rather than to a page number in the textbook, teach-
ers need time to reflect seriously on their instruction and their students’
thinking. Current workload expectations force teachers to pay lip service to
such quality in their planning. In reality, time pressures do not permit
thoughtful, analytic planning.

Finally, time is a problem because each of these three perspectives re-
quires that teachers spend considerable time on a given unit or concept in
order to develop meaningful conceptual understandings, decision-making skill,
or understandings of scientific approaches to inquiry, but textbooks and state
and local curriculum guidelines include long lists of topics and objectives to
be covered. Whether or not teachars are held closely to these lists by admin-
istrators, teachers feel driven by them to cover materisl at a quick pace. In
my own teaching experience, I remember patting myself on the back when I got
further through the textbook than my peers or than in my previous year’s expe-
rience. I1f covering content in depth is to be valued, teachers need the sup-
port of realistic expectations in curricular guidelines.

1i5
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Ieacher Knowledge

Although some experts argue that teachers can teach science effectively by
learning right along with their students (Duckworth, in press; Easley, in
press), my studies of the role of teachers’ Imowledge in science teaching sug-
gest that teachers’' effectiveness in promoting rich conceptual understandings of
sclence is facilitated when teachers have particular kinds of knowledge about
science, about learners, and about how learners best come to understand science
(Roth, 1987). Teachars’ effectiveness in helping students develop understand-
ings that they can use to explain a variety of phenomena is enhanced when they
have both well structured and functional understandings of the science topic.
Understandings of the structure of scientific knowledge in the domain (the vari-
ous ways in which scientists organize, relate, and integrate ideas) and the use-
fulness of the knowledge (functions) in explaining everyday phenomena that are
in students’ experiences are particularly important. Teachers also need to go
beyond understanding scientific thinking as just a logical set of steps from ob-
servation to conclusion. If they are going to engage students in genuine in-
quiry and problem solving, they need to understand sclence as a creative, sense-
making endeavor in which evidence can be drawn from a variety of sources, points
of view can be argued, answers change as evidence and arguments accumulate, and
a questioning, skeptical stance is valued.

In conjunction with these understandings of particular concepts and of the
nature of science, teachers are more effective in te.ching for conceptual under-
standing if they also understand how students’ thinking about particular topics
or concepts develops: What ideas are particularly problematic for students?
What misconceptions do students hold that pose barriers to their understanding
of scientific explanations? What kinds of questions do students typically have?

Teachers need knowledge about how students make sense of particular concepts at

108 o
12§



different developmental stages. They also need to know how to connect their
students’ conceptions and questions with scientific concepts and ways of
thinking.

Teachers also benefit when they are able to learn from their own teaching
and from their students. To do this requires an analytical stance toward teach-
ing, in which teachers do not interpret students’ learning failures as a per-
sonal threat or as student laziness but draw from the thinking that students age
doing to analyze appropriate next steps in instruction. Such reflective teach-
ing practice is not a part of the professional milieu in most elementary
schools; this is partly related to the time constraints issue but also repre-
sents 8 lack of knowledge. Most teachers have not had the opportunity to learn
how to analyze their teaching in this way.

In sum, teaching for understanding is supported by rich teacher knowledge
of the structure and functions of particular t¢ .iecs in the science curriculum,
of the nature of science as a discipline, of students’ ways of thinking and
learning about natural phenomena, and of analytical frameworks for learning from
one’s own teaching experience. In reality, however, elementary teachers have
limited backgrounds in science. Even worse, the sclence courses they have taken
did not model science as sense making. Science courses teachers take are typi-
cally taught in didactic, authoritative ways emphasizing detailed knowledge of
specialized abstract cycles, formulas, structures, and principles rather than

functional understandings of how these cycles, formula, structures, and princi-

ples can explain everyday phenomena in children’s (and adults’!) experiences (how

plants get their food, how and why we sweat, why we can see through some objects
and not others, why it snows, why bicycles rust, why it’s easier to ride a bike
uphill in "low gear”, etc.) [Roth, 1989]. Because of their limited subject

matter knowledge, teachers often lack the confidence to teach science and are
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reluctant to open up discussion for fear that their authority as an expert will
ba challenged. Because teachers do not open up discussions but instead search
for "correct” answers to the limited questions typically posed in science text-
books, they miss opportunities to engage students actively in understanding
science and. to learn about their students’ ways of thinking and understanding,
Finally, professional development in both inservice and preservice educa-
tion typically duves not foster the development of dispositions and skills for
reflective inquiry about one’s own teaching practice. Instead, inservice work-
shops are too often short shots of ideas and activities to try right away.
These "make and take®” science workshops that teachers find enjoyable and immedi-
ately useful do not foster long-term growth or promote teaching for understand-
ing. Teachers have not had opportunities to learn how longer term efforts to
study their own teaching can promote more meaningful changes and understandings.
In the current school climate such an approach to inservice teacher education
would constitute a dramatic shift in expectations of the purposes and structure

of inservice teacher education,

Summary

There are very real, important constraints that make it difficult for most
elementary teachers to teach for conceptual understanding, for problem solving
and decision making, or for inquiry-process thinking. Time and teacher knowl-
edge are two critical constraints that need to be seriously considered in ex-
perts’ attempts to outline realizable, desired cutcomes of slementary science

instruction,

Pers: 18l Persvectives agnd Quandarjes
In this paper, 1 have stressed the need for providing teachers with a

framework or model for thinking about science teaching. It is my contention
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that teachers’ understanding of such a framework will better enable them to pro-
mote good scientific thinking (conceptual understanding, problem-solving, in-
quiry) than long lists of goals and objectives that ate either ignored or are
checked off as they are "covered.”

Currently I am conducting a research project in which I am exploring the
possibilities and limitations of a conceptual change perspective to provide such
a workable and powerful model. To study these issues I am teaching fifth-grade
science frown a conceptual change orientation. I am studying both the impact of
such teaching on student learning across a school year and the kinds of supports
and knowledge needed to teach effectively using this model. 1 am using a con-
ceptual change framework for selecting content, in planning, and in teaching, in
assessing student learning. What is possible in terms of student learning when
this one perspective is selected for focus? What pieces of the inquiry and STS
perspectives get incorporated into my teaching and my student’s learning? What
important pleces of the other perspectives get left out? What are the conse-

quences for students?

A Workable Model for Teachers
As 1 plan lessons and teach my fifth graders, I do not have long lists of

"higher level” goals and process thinking skills in mind. Instead, using a con-
ceptual change perspective, I focus on helping students genuinely make sense of
important, central concepts of science. Making sense of concepts requires that
students be able to relate these concepts to their personal ideas, that they see
how these concepts can help them make better sense of experiences around them,
and that they gradually begin to link scientific concepts together. The
conceptual change model referred to earlier has proved a useful framework in

keeping this overall goal in focus.
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In selecting content to be covered, for example, I think about changes in
student understanding: What concepts and topics could students come to under-
stand in deeper ways? How could concepts studied across the school year be in-
tegrated to contribute to students’ deepening understendings? 1 consider what I
know about students’ thinking to make such decisions: What kind of undsrstand-
ing/misconceptions do fifth-grade students typically have about particular con-
cepts? What views of scientific thinking do they have? What events in their
experience would intrigue them to understand? What kinds of things are they cu-
rious about? In plamning and teaching I keep in mind a conceptual change model
for selecting, monitoring, and evaluating student tasks. The questions that
guide my ongoing decision makin, are: How are students making sense of this?
What are their conceptions? What classroom activity will be most supportive of
helping them think about X or y in new and more powerful ways?

Using this conceptual change framework, I do not plan to teach specific
process skills. However, in analyzing my teaching post hoc, I can "check off"
the lists of higher level goals or process skills that my students have engaged
in. They are frequently engaged, for example, in predicting, hypothesizing, in-

ferring, raising questions, analyzing, and synthesizing ideas. They are often

involved in metacognitive activities--analyzing the gaps in their own kn. ‘edge,

identifying ideas that ars confusing, asking clarification questions. However,
oy measure of success is not that students have engaged in these thinking skills
but in how well the students understand the concepts, can apply them, and can
raise thoughtful qusstions about them. Did all the "thinking skills” lead
anywhere? Thus, the conceptual change model frees me as a teacher from over-
wvhelming lists of isolated thinking skills that I need to monitor. It provides
a framework that helps me integrate those thinking skills in teaching for mean-

ingful understanding.
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I also do not specifi.ally plan to address science-technology-society
goals. However, analysis of my teaching reveals that such goals are addressed
as a natural part of conceptual change teaching. Using a conceptual change ori-
entation, I am constantly trying to help students 1link their experiences to the
science concepts I am teaching. Technology, society, and health issues come up
in this context. For example, my students (after much work) changed their con-
ception that food taken into the body does not just go in the body, through the
digestive system, and out of the body (the concept they brought with them after
an extensive fourth-grade health unit on digestion). Instead, they came to un-
derstand that food and other ingested materials end up in the bloodstream and
travel to all cells in the body.

This led to a series of concerned student questions and observations such
as Bob’s: "My Mom smoked and drank when she was pregnant with me; is that why
I’'m short?® This unit also led to student requests to do a frog dissection.
This request provided an occasion for a series of discussions about the use of
animals in research and a consideration of when new technologies might provide
alternatives to animal testing. I had a university researcher in bilology visit
the class to help students consider this science-technology-society issue. Stu-
dents engaged in informed decision-making about whether or not to do a frog dis-
section,

There are certainly important pieces of the inquiry and STS perspectives
that were not addressed in my teaching, and I am currently analyzing student
learning to assess the consequences of such cmissions. For example, I did not
do much explicit teaching about either controlled experimentation or graphing of
data. 1 also did not "fade"” my scaffolding of student application work to the
point of providing more open-endsd, complex, and less structured problem-solving

tasks, However, I am convinced that this model enabled me to manage the complex
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task of helping 29 fifth graders undergo significant changes in their under-
standings of particular science concepts, in their ways of thinking and in their
dispositions to inquire and make sense. Thus, the conceptual change model
helped me define and achieve meaningful, selected goals for elementary science
teaching.

Can this wodel be equally useful for teachers who lack my personal ! jck-
ground and Interest in science? What kinds of support would teachers need to
teach for conceptual change? For this approach to be feasible teachers nead new
kinds of curriculum materials to support them = well as school structures and
curriculum puidelines that pay more than lip service to the goal of teaching for
conceptual understanding. Elementary teachers cannot be truly thoughtful about
their work as long as they must work with inadequate textbooks and must plan and
teach five or more preparations each day. Careful curricular development done
hand-in-hand with research on gtudenc learning is a critical need. However,
even such curriculum development efforts are likely to fail unless teachers’

work 1s restructured to give them time to be thoughtful and reflective.

Meaningful Learning for Students

My enthusiasm for a conceptual change perspective stems primarily from its
impact on student learning. A conceptual change perspective puts the focus on
how students learn and what students understand. Both didactic and inquiry ori-
entations to teaching have focused too much on what scientists know and do. The
conceptual change perspective reflects a richer view of the n..cure of science,
avoiding a lopsided emphasis on either science process skills or science con-
tent. Ths emphasis on applications gives students opportunities to use scisn-

tific knowledge, not just to learm how new scientific knowledge is created.

114 1 by




A &
e

el

é’é

?}'J
2l

AT iR /:..'mwy:{-{ﬂe B Wﬁ:y?a u‘awyjagf«g&%ﬁpﬁﬂﬂzﬁﬁg?ﬂ,ﬁp&%% wf@f&g%%«%gﬁﬁri; ‘%’;&} ?;2% 4”‘?”

This richer, more meaningful understanding of science seems likely to help
students develop important scientific attitudes and dispositions. One change ’
have observed in my fifth-grade students is their increased willingness, eager-
ness, and ability to ask thoughtful questions. These questions reflect a dis-
position to inquire, to puzzle about things, and to link ideas together to make
better sense of the world. This disposition may perhaps be the critical
outcome of elementary science education. While students may like science in an
inquiry perspective because of all the activities, or they may enjoy science in
STS perspective because they talk about relevant issues, there is a difference
between liking science and developing the disposition to inquire in meaningful
ways. The dsvelopment of such a disposition is not always recognized as fun or
enjoyabls. And such dispositions do not necessarily grow out zI fun activi.
ties. Rather, they grow out of careful learning about what it means to really
understand something and about the nature of good, scientific explanations.
Students need to appreciate the way in which understanding and knowledge are
not only ends; they are also gates that allow them to ask new and important
questions.

In my unit on photosynthesis, I was impressed by the improvement in the
quality and quantity of my students’ questions once they had begun to make real
sense of photosynthesis. I hope that they, too, were excited by their own
questions and will appreciate that understanding is worth struggling for not
only becauss it answers questions but also because it leads to new and more
interesting questions. A conceptual change perspective seems to me to have the
potential to help the majority of students develop the conceptual understanding

that will foster dispositions to make sense, to puzzle, and to inquire.
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