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SUMMARY

A number of recent policieshave tried to rmprove
i
learning by
screncelearrung
science
Dy
increasingthe number of sciencecoursesrequired
uired for high school graduation or
admissionto nlgner
aom$slon
higher eoucauon
education msutuuons.
institutions. t'ut
But lt
it N
is rugruy
highly un-uKely
unlikely tnat
that tnese
these
mandatesalone will materially affect the amount and quality of scienceeducation
for students. Any effort to improve the outcome of scienceeducation must
carefully consider-the effectivenessof the sciencecurriculum. This paper
examinesoptions for improving the sciencecurriculum based on research,best
extant practices and experiencein other countries. Although the word
"curriculum" has acquired many different meanings,both in the professional
literature and in lay usage,this paper defines curriculum as the intended
substantiveand pedagogiccontent of scienceeducation to be presented to
studentsin order to develop their knowledgeand skills.
Goals and SubstantiveContent of the Curriculum
Policies aimed at improving scienceeducation must first define clear goals
for that education. Simply stat;d, who will be taught what? Should there-be
different goals--andtherefore different curricula-- for students of different
interestsand competencies?Which is of higher priority: the developmentof
scientific talent and technical manpower, or achievinga basic level of scientific
literary for all students? Philosopiical differencesaSout what subject matter is
most important must be also be resolved. Should teaching of fundamental
processesand conceptsof say, biology, take precedenceover an understandingof
one's own body, good health practices,and preparation for sexuallyresponsible
conduct leading to good parent behavior? What is the place of technology
educationin the curriculum?
These goal conflictscannot simply be papered over. Scientists,together with
teachersfrom the relevantgrade levels,scienceeducators,employers,and others
with interest and understandinsof current needs in scienceeducationmust detine
its goals and the core knowledlgeand understandingto be expected of all
students.
Improvementsmade in curriculumand instructionmust be reflected in the
wavs that student knowledgeand performancein scienceare assessed,and
assessments
must plumb all important curriculargoals.
Increasing Curriculum Effectiveness
Several possible methods of making the sciencecurriculum more efficient
are:
-Introducingcoherentsubstantivecurriculumcontent into elementaryschool
to provide a sound foundationfor secondaryschool science;
-providingsufficientchallengeand opportunitiesfor student involvementin

sciencelearning at the lower levels to maintain interest (and increase
student enrollment) at the secondarylevel; and
-reforming the secondaryschool curriculum so that courses,no matter
whether aimed at the science-ableor designedfor general scientific literacy,
deal with a limited number of core topics in depth rather than presenting a
smattering of many topics as at present.
A move in this directions would be the developmentof curriculum
frameworks such as those suggestedby the Indicatoi Committee of the National
ResearchCouncil. Framewoi[s should cover substantialblocks of the curriculum,
for example: grades K-5 science,grades 68 science,grades 9-12 science,and
grades 9-12 sciencefor college-boundstudents. The frameworks would serve to
inform state and local agenciesas to the desirable content of textbooks, tests,
and their own curriculum guidelines. Specificationof curriculum content should
be done by scientists,learning researchersand educators. Curriculum content
and sciencelearning achievedin other countriescan provide a model for what is
possible,if not necEssarilydesirablefor wholesaleadription in this country.
If the suggestionsabove were to be implemented successfully,twq
improvementscould be expected to result:
1. At equivalent stagesof their mandated education studentswould know
more sciencethan they do now; and
2. studentswould further increasetheir scienceknowledge and achievement
by opting to enroll in additional sciencecoursesbeyond those required.
In addition to content, several interrelated elements of the curriculum that
can be altered to achieve improvement include:
Time. Almost 20 percent of the in-classtime in U.S. elementaryschoolsis
spent in such non-instructionalactivitiesas classbusinessand transition benryeen
attivities. Furthermore, teachersvary in their ability to keep students engagedin
learning from about 80 percent of instructional time to about 60 percent. In
order to use time more effectively as an element of the curriculum, greater
commitment to the primary purpose of educatingstudentsmust be demonstrated
by the school and the teacher; and time in the classroomneeds to be used more
efficiently through improved curricula. Additionally, the time spent on science
education could be expandedthrough melding out-of-schoolscienceactivities with
formal classroominstruction and homework.
Sequencing. The sciencecurriculum in elementaryschool should consist of a
coherentsequenceof core topics that initially build on the students'experiences
and environment and advanceto increasinglydescriptiveknowledge
and abstract
-courses
conceptsas studentsmature. Insteadof tf,e stand-ilonescience
currentlv
offered in high schools,there should be a parallel progressionof coursesin the'
life and physical scienccsbuilding on the previous years' learning as is the case
in schoolsin most other countries.
Scienceinstructionin Japan,where studentsdo much better in science
achievementthan they do in this countrlr providesan exampleof the spiral
vl

curriculum advocatedby scienceeducatorsas oPtimal for sciencelearning.
Beginning with first grade, studentsspend about ten percent of their time
learning-science. The sci€ncetopics taught are grouped into three areas: living
things, matter and energy, and the earth and the universe. These topics do not
all rtceive equal emphaiis; several are taken up throughout the grades,whereas
others are treated only once. The topics are pursued in greater detail and with
increasingacademic rilor and abstractionin gr'ades7-9. Ey upper secondary
school, coursesparallel the sciencedisciplines(physics,chemistry,biology, earth
science).Such ah organizationallows exploration of core scientific concepts
- in
The spiral
minimized.
repetition
is
unprciductive
provided
and
that-needless
depth,
as
students
science
skills,
learning
for
also
offers
re-enforcement
cuiriculum
progressto increasinglycomplex laboratory investigationsand research.
Instnrctional Strategies. Scienceinstruction should take advantageof leads
being provided by current researchon sciencelearning, scienceteaching ald.
teachei education. Depth of treatment of the core material needs to be built into
the curriculum from el€mentaryschool on, even at the expenseof having to omit
favorite topics. Hands-on experiencesin elementaryschool and laboratory
investigationsin secondaryschool shoulcibe an integral part of science
lnstructlon.
technologiesoffer opportunities
Computer and associatedtelecommunication
potential
to enable all studentsto
for restructuringscienceeducationand their
become scientificallyliterate should be explor^ed.For example,computerscan be
used for simulationsand exercisesnot easilyperformed in school labs.
Investing for the Future
The only evidencethat the sciencecurriculumcan be made more efficient is
provided by the erperienceof other countriesand by a select number of high
ichools that, year after year, have producedhigh acliieversin science. Neitfier of
these provides convincingevidencefor what can be done for the great majority
of studentsin this country. Experimentationmust take place to establishwhether
the suggestedreforms actuallyincreasestudent learningand enrollment in science.
This is likely to require considerableinvestmentto create not only the needed
curriculum but also the flexible school environment that will permit a different
instructionalstyle and arrangementof content.
While the emphasishere is on enhancingsciencelearning,it must be
remembered that any policies aiming to achieve productivity gains must be
concernednot only with desiredincreasesin learning,but also with the costs
associatedwith such increases. If learnins can indeed be enhancedfor the
majority of students,what will be the cosis of implementingthe reformed
of
curricula,includingchangesin in-serviceteachereducationand assessment
student performance? What will be the costsof maintainingeffectivescience
curricula in the schools,once developmentand implementationcosts have been
met? Also to be consideredare the costsof improving teacher preparation,
continuingeducation,and working conditionsin schools. Though these issuesare
beyond the scope of this paper,ihey need to be addressedwh-enmaking policy
decisions.
vll
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I.

INTRODUCTION

The need for increasedsciencelearning by of all studentshas been argued
cogently over the last five years (see, for example,National ScienceBoard
Commissionon PrecollegeEducation in Mathematics,Scienceand Technolory,
1984; National Commissionon Excellence,1983; ScienceCouncil of Canada, 1984).
This paper addressespossibilitiesfor making improvementsin sciencelearning
through improving the sciencecurriculum, that is, increasingthe efficienry of the
curriculum so that more learning takes place without great increasesin the costs
of scienceeducation. Experience has taught that curriculum improvement, to take
hold in schools,needs to be supportedby improved teachereducation,logistics
support for hands-oninstruction, and effective implementation processes.
Nevertheless,it is analyticallyuseful to treat curriculum improvement and each of
the enablingcontextualfactors separately,since they require quite ditferent
intervention strategies.
The discussionbelow focusseson curriculum. The question is: How might
the sciencecurriculum in grades K-12 be changedso as to increase the
productivity of scienceeducation? Before attempting some responsesto this
question, one needs to define "educationalproductivity" and "curriculum."

II.

DEFINING PRODUCTIVITY

The usual model of educationalproduction features three components:
inputs, processes(or transactions),and outcomes(Welch, 1983; Shavelsonet al.,
1987). In this type of model, inputs include fiscal and other resources,teacher
quality, and student background;processesinclude school quality, curriculum
quality (sometimesconsideredan input), and teaching and instructional quality;
and outcomes include student achievement,participation (sometimesconsidereda
processvariable), and attitudes and aspirations. (Note that outcomes at one
educationalendpoint strongly affect one of the inputs--studentbackground--tothe
next educationalphase.)
A somewhat different conception is advancedby the National Research
Council report edited by Murnane and Raizen (1987),namely,that what happensin
educationand what studentslearn is a function of the behavior of students
(including their participatiron)and the behavior of teachers. These behaviors are
mediatedby the factors consideredas inputs and processesin the more traditional
model. The quality of the curriculum is critically important in shaping the
behavior of students and of teachers,as is teaching quality, and both curriculum
and teaching qualiry are themselvesinfluenced by other variables generally labeled
input or process. This conception has the advantageof doing away with the
sometimesartificial distinctionsbetweeninputs and processes,
both of which need
to be consideredin any attempt to enhanceproductivity. Thus, no matter
whether curriculumis consideredan input or a processvariable,it exerts major
influence on the behavior of teachersand of studentsand therefore on the
outcomesof education.
There are at least three ways to increaseproductivity in education:
1. The same amount of learning might be accomplishedwith a lesser
investmentof resources. For example,classroomsize might be increasedbut the
curriculum and teaching strategiesaltered so that no loss of learning occurs;
lower-paidteacheraides might be used to extend the reach of a more adequateiy
trained and therefore more highly priced teacher;capital investmentin computers
and related information technologyto take over certain teachingtasks might
make possiblea reductionof investmentin human labor (Melmed, 1987);creatinga
more efficient curriculummisht decreasethe amount of time it takes to learn

given topics, concepts,and skills. Variations in producing the same learning
while lesseningthe cost include the distribution of achievementand participation:
One might wish to increasethe sciencelearning and participationof the most
able studentswhile decreasingexpectationsfor those studentswho are not
science-inclined,or one might wish to emphasizeincreasedachievementand
participation for those very studentsin order to achieve a modicum of science
literacy for all.
2. A more popular conception of productivity gains in education is to have
studentslearn more, preferably at no or little increasein cost. Some possible
mechanismsinclude improved teacher training that leads to better instruction,
differentiated staffing that allows master teachersto guide curriculum and
instruction, more efficient curricula from which students learn more, and, again,
the use of computers for instructionaltasks to which they are particularly well
suited.
In reality, none of these mechanismsis cost-free,although the costs of
several may not be immediately apparent in school budgets. Schoolswill not
directly pay for the costs of improved teacher education,which may in part be
borne by teacher training institutions but more likely will be passedon to the
individual student, particularly when improvement entails an additional year of
study, as suggestedby several reform'groups (Boyer, 1983; Carnegie Forum on
Education and the Economy, 1986;Holmes Group Consortium,1984). However,
indivrdualshaving to pay for the increasedcost of their educationmay wish to
make up tor it through demandsfor higher pay and upgraded protessional
opportunities such as sabbaticals,better inserviceeducation,and leave for
professionalactivities (attending meetings,giving presentations,etc.).
Similarly, the costs of improving curricula may initially be incurred by public
agenciesand foundations through support of relevant researchand development,
but their likely unconventionalformat will undoubtedly cause an increase in the
cost of textbooks,computer software, and laboratory materials. Even the clearly
visible cost of acquiring computers for instruction has additional hidden costs
associatedwith it in the training required to use this and associatedtechnology
effectively. In the "more-learning-at-little-additional-cost"
conception of
increasededucationalproductivity, the same choice" as to distribution cif increased
learning and participation arise as in the previous case: Should increasedlearning
be distributedevenly,emphasizedfor the science-able,
or focussedon students

currently not achievingwell? The choice made may well affect what mechanism
is to be preferred to achieve productivity gains and, if the mechanismis to be
curriculum, how curricula need to be changedto bring about the desired
improvement.
3. It is conceivablethat the current mood will make possible a considerable
increasein the funding for education,provided there is belief and, eventually,
evidencethat the increasebrings about improved learning. The mechanismsare
much the same as already noted, although some may be more powerful if greater
than marginal improvement is to be achieved. In particular, a restructuring of
the classroomenvironment using information technologyand substantiallyaltered
curricula and teaching strategiesmay be necessaryto bring about notable
increasesin learning for large sectorsof the student population (Cole and Griffin,
1e87).
Becausecurriculum is the vehicle used to convby what students are to learn,
its effectivenessmust be consideredin any attempt to improve educational
outcomes. A primary questionis to what extent the curriculumprovidesleverage
for learning increases;a subsidiaryquestion concernsthe costs involved in
changingthe curriculum so as to bring about the desired improvements.

III.

DEFINING TEE CIJRRICI,JLTJM

The word "curriculum" has acquired many different meanings,both in the
professionalliterature and in lay usage. One set of meaningsdepends on the
philosophy of education being espousedor discerned as the driving force molding
curricula. While all education aims to develop the individual, the end purpose of
that development is seen to differ accordingto different interpretationsof what
happens or should happen in school. One philosophy holds that the purpose is
the development of the good citizen and productive worker or, put more
negatively,school teachesnot only substantiveknowledge (the overt curriculum)
but also one's own social and economic roles (the covert curriculum). (See, tbr
example,Bowles and Gintis, 1976). The educationaloutcomesgenerallyconsidered
in analysesascribing this meaning to curriculum include the level of school
achievement(or years of educationcompleted)as well as adult occupationalstatus
and earnings. Becausethese effects are the sum of factors well beyond what
happens in school (even though the school itself and its curriculum are influenced
by the same factors), such a broad definition of curriculum and its outcomes is
not very useful in thinking about productivity increasesin education.
A secondpurpose often stated in philosophicaldeclarationsabout education
is the developmentof the human potentialof each individual;the consequence
tor
curriculumis that it should parallelthe natural developmentof learningin
children and adolescents.This posesproblems,however,since psychologists
have
had different models of how children learn, from the behaviorists(Thorndike,
L932;Skinner, 1968, 1953) through Piaget (1954) and his hypothesizedstagesof
developmentto the current constructionistview of cognitive psychologistsin
which education is seen as helping individualsimprove their own constructionsof
reality (Resnick, 1987). As better theories of learning are developed,their
application may make possible curricula that are more effective than current ones
for children of different ages and competencies.
A third more narrowly framed purpose of education is the development of
the intellect and intellectualskills through the study of academicdisciplines,
startingfirst with the tools of learningand then branchingout into the teaching
of the sciences,humanities,and arts. This is the purposewhich nearly half the
teachersand over half the parents(but only a third of secondary-school
students)

consider primary and which they (as well as their students) perceive to be the
main educationalgoal of their own school (Goodlad, 1984). In this formulation,
of
the curriculum is the substantivecontent of education. Most assessments
student achievementand of teacher or school effectivenessalso assume
intellectual development to be the main purpose of education. Becauseit is the
most commonly acceptedgoal, and becausethe elements deemed necessaryto its
achievementsuch as effective instructional materials and strategiesare the direct
responsibilityof school, it is also the most appropriate formulation for examining
possibilitiesfor achievingproductivity gains in education.
Narrowing the definition of curriculum to being the substantivecontent of
education still leaves too wide a domain for the analysisof potential for
productMty improvement. Curriculum involves several different elements--the
amount of time spent on a topic or a subject, the sequencein which topics or
subjectsare presented,the specific subject matter content, and the instructional
strategiesbuilt into the presentationof the subject matter. Although these
elements are melded in any working curriculum, they are subject to separate
manipulation and therefore need to be consideredseparately. Moreover, these
different elements of the curriculum are expressedin different forms-through the
textboolg for example, or the teacher'sday-to-dayinstruction in the
classroom-and these forms mav deviate considerablyfrom each other.
TIME AS A CURRICULUM ELEMENT
Current poliry initiatives have largely focussedon the time eiement. Can
curriculumbe defined by the number of coursestaken in, say, science,or--in
elementary school--theamount of time spent on a specific subject? At the
extreme,perhapsso. If no time is spent on scienceinstructionor studentschose
not to enroll in sciencecourses.then there is no sciencecurriculum.
Much recent policy intervention has sought to bring about improvement in
sciencelearning by increasingrequirementsfor the number of sciencecourses
necessaryfor high school graduation (Education Commissionof the States, 1985)
or entry to state institutionsof higher education. A number of questionsarise,
however. On average,studentsalreadywere taking 2.2 years of sciencein grades
9-12 before the new courserequirements(usuallyfor two years of science,
sometimesfor three) were instituted; even in the vocational track, the average
was 1.7 years (National Center for EducationStatistics,1984). One may well ask

whether the new mandatesmaterially affect the amount and quality of scienceto
which students are exposed,particularly since there is almost no control over the
substantivecontent of the additional coursesmandated. Is exposure to quality
scienceinstruction being increased? If exposureis indeed increased,how much
more is being learned? If there is increasein learning, how is it distributed?
One would assumethat the increasedrequirementswill affect mainly studentswho
would not voluntarily have taken that much sciencebefore. Will these students
be asked to enroll in existing sciencecoursesor will special coursesbe designed
to make sciencemore interestingto them? Will such coursesbe watered down?
Or will these studentsbe offered coursesin which they enrolled previously,say,
in vocational education,but now relabeled science? How many studentswill avoid
the additional requirementsby dropping out and perhaps later obtaining a GED?
All these questionsneed to be addressedbefore one can document
improvementin sciencelearning. (It should be noted that, to documentan
increasein productivity, one would also need information on the costs of otfering
more sectionsof previously existing sciencecoursesor designingand offering new
courses.) Only the last question can be answeredwithout reference to the
content of the courses: one can observe changesin drop-out statisticsand try to
determine the reasonsfor any changes. At least two studies,one a new national
longitudinal study of secondaryschool studentsby the Center for National
Statistics(NEIS: 88) and one being conductedby the Center for Policy Research
in Education (1986) in six statesis focussingon this question. The fact that
none of the other questionscan be answeredwithout examiningcourse content
makes it clear that listing number and titles of courses--ortime spent on a
subjectin elementaryschool--isa wholly inadequateconceptionof curriculum.
SEQUENCE OF TOPTCSAt[D COURSES
There is an interestingdisjuncturein scienceeducationin this country: in
elementary school, the purpose of scienceeducation is commonly construed to be
familiarization with "the scientific method" and developmentof interest in the
further study of science;hence,the sequencingof topics is often not considered
as critical an issueas the quality of each individualcurriculumunit. In
secondaryschool,on the other hand, the sequenceof courses has been
prescribedfor decades,at least for the academicprogram: first, biology; then,
chemistry;and physicslast, with earth sciencesor generalscienceoffered as an

introduction to this sequence. The order of coursesis based at least in part on
the increasingmathematicalknowledge needed as the coursesare traditionally
taught. At least one physicist(Holton, 1984) has argued, however, that the
increasingcomplexity of the subject matter as one moves from physicsto biology
ought in fact to dictate the reverse order, with the mathematics curriculum
adjusted accordingly. Scienceofferings and sequencestend to be more
hodge-podgefor the general and vocational tracks (Guthrie and Irventhal, 1985).
So far, there has been little inclination to change traditional course sequencesin
order to improve sciencelearning.
SUBJECT MATTER CONTEI{T
Particularly for scientistsconcernedwith the conceptual and factual
accuracyof the sciencebeing presentedto students,course content has been the
curriculum component of greatest interest. Reforming the content of the science
coursestaught in high school was a principal activity of the scienceeducation
reforms of the 1960s,followed later by attempts to introduce such new subjects
as introductory coursesdealing with fundamental engineeringnotions (The
Man-Made World) and social-scienceconcepts(Man. A Course Of Study).
Development of coherent sciencecurricula for the lower grades followed still
later. (For a brief history of the curriculum projects of the 1960s,see Committee
on Researchin Mathematics,Science,and TechnologyEducation, 1987).
Curriculum changebasedon reforming subjectmatter content is enjoying
somethingof a revival today, spurred by the unacceptablylow performance of
many students in scienceand by changesin the scientific disciplinesbrought
about by new discoveries,new working methods,and the advent of the computer.
Mathematiciansand mathematicseducatorshave been particularly active in
recommendingneeded curriculum reform in grades K-12 mathematics(Conference
Board of the Mathematical Sciences,1983; Mathematical SciencesEducation Board,
1987). An especiallyattractive opportunity for curriculum development is
presentedby the general void in scienceinstruction at the elementary level: the
small amount of time devoted to sciencein grades K-6 has remained virtually
unchangedover the last decade (Weiss, 1978, 1987) despite the new emphasison
sciencein secondaryschools. The current NSF/SEE program recognizesthe
importanceof improving this situation;severalnew projectsto develop elementary
school sciencecurriculawere initiated with NSF fundine in 1986.

10

INSTRUCTIONAL STRATEGY
To some extent, curriculum materials can incorporate particular teaching
strategies. A scienceunit intended to have children learn how to classify
objects, for example, may give specific instructionsto the teacher on what sorts
of objects to use (or even supply the objects), how to present them, and what
kinds of commandsand cues to give. More fundamentally,sequenceand content
may be selectedand fashioned accordingto a particular learning theory, as was
the case with Science.A ProcessApproach, developedby AAAS based on Gagne's
theories, and with the materials produced by the ScienceCurriculum Improvement
Study which took a Piagetian approach. Interestingly,the willingnessto
incorporate instructional strategybased on learning theory into curriculum
materialsis more evident at the elementaryschool level, possiblybecauseresearch
on learning has concentratedon young children rather than adolescentsand
adults. Instruction in secondaryschool is largely based on the college model of
lecturing. Several of the reform curricula of the 1960sattempted to introduce
teachingthrough inquiry approaches,but this instructionalstrategyis not common
in today's high school courses. Perhaps the time required for inquiry-based
instruction conflicts with the need perceivedby teachersto cover the material in
the textbook and prepare their studentsto perform well on tests.
TIIE INTENDED AND THE IMPLEMENTED CURRICULUM
Different elementsof the curriculumare likely to be put together somewhat
differentlveven within the same classroomand for the same subject dependingon
where one looks for the "curriculum." Is the curriculumwhat is in the textbook?
What a state or local authority mandates? What the teacher actuallypresentsin
the classroom? What the student actuallystudiesin and out of school? What
the student is expected to know to perform adequatelyon a given test? All of
these? A set of clariffing definitions, used by the International Associationfor
the Evaluation of Educational Achievement (IEA), considerscurriculum at three
points (see, for example, Crosswhiteet al., 1985): the intended or planned
curriculum, the implemented or actual curriculum, and the achieved curriculum as
discernedin student learning (i.e., educationaloutcome). The intended curriculum
includes such prepared materials as plans, guidelines,and mandatesprovided by
school authorities at the state and local levels; textbooks and-for science-laboratory materials,computer software, and other technology-basedaids; lesson
plans and auxiliary teaching materials put together by teachers;and tests of
11

student achievement,particularly if they represent a sampling from the intended
curriculum, as is the case with the New York Board of Regents exams.
The implemented curriculum representsthe substantivecontent (including, for
science,processskills) as actually presented to the student. For most classrooms,
that means the teacher's presentationof subject matter constructedof the various
pieces of the intended curriculum--oftenlargely the textbook (Stake and Easley,
1978; Komoski, 1985; Weiss, 1987), but also incorporating district and test
requirements--asmediated by the teacher's own instructional strategies. For the
implemented curriculum, substantivecontent melds with teaching quality. As
noted, some elements of teaching quality can be built into course materials and
other elements of the intended curriculum; others depend on the quality of the
teacher.
Efforts to improve productivity through improving the intended curriculum
need to deal with the substantiveand pedagogiccontent of its various elements;
efforts to improve productivity through improving the implemented curriculum will
in addition have to addressteacher quality. This is true for traditionally
presented materials as well as for content presented through computers,
videodiscs,and other learning technologies,since such presentationstoo are likely
to be mediated at least to some extent by the teacher. The interventions needed
to improve curriculum content include reformulating course sequencesand
guidelinesfor what and how subjectmatter should be taught at various levels,
revisingtextbooksand related materialsto incorporateeffectivepresentationsof
topics, exploring the potential of computers to increaselearning efficiency,
creatingexercisesto assessstudent achievementthat sample from all important
learning goals representedin the curriculum, and the like. These interventions
are quite different from those needed to improve teacher quality which will need
to deal with the preparationand continuingeducationof teachersand the
improvementof their working conditions(Murnane and Raizen, 1987)--subjects
beyond the scope of this paper.
To summarize,for purposesof the following discussion,the science
curriculum is defined as the intendedsubstantiveand pedagogiccontent of science
educationto be pr:sented to studentsin order to develop their intellectual
knowledgeand sk;lis. The succeedingsectionsdeal with some possibilitiesfor
enhancingproductivityin scienceeducationthrough changesin the curriculum
thus defined.

t2

ry. ALTERNATTVESFOR PRODUCTIVITYENEANCEMENT

Options for making the sciencecurriculum more effective can be conceived
in different ways: One might start with the curriculum elements--time,sequence,
substantivecontent, teaching stratery; one might consider the possibilitiesfor
change-for example, adding time or improving the sequencingso as to use the
same amount of time more efficiently, changingthe substantivecontent or built-in
teaching strategy so that studentslearn more; or one might examine new
opportunities for improving any or several of the elementsbrought about by the
advent of new knowledge (e.g., in learning theory) and new technology(e.g.,
computers,videodiscs,etc.).
Unfortunately, except for the time element, applicable researchis scarce.
Suggestionsfor productivity improvement tend to be based as much on strongly
held views about what ought to be (often based on limited evidence) as on a
convincingbody of research. For example,a major curriculum effort in physics
was undertaken in the mid-60s to attract more studentsto enroll in high-school
physics. It was hypothesizedthat inclusion of historical and cultural material and
some astronomywould prove of interest to studentsnot already attracted to
physics. Students learned from the course,and a somewhatgreater proportion of
female studentschose to take it. but the overall enrollment was no greater than
in straight physicscourses. Currently,an interdisciplinaryhuman biology course
is being developedas an alternative to the traditional scienceofferings in grades
7-8 based on the notion that studentswho are not particularlyinterestedor able
in sciencewill learn more from materials that reflect their concerns(see, for
example,Moore, 1981;also, recommendations
to the National ScienceBoard
Commissionon PrecollegeEducation in Mathematics,Scienceand Technology,
1984). The developerspropose to have studentssee themselvesas the object of
study, viewed through the lensesof anthropology,conventionalbiology, medicine,
sociology,and psychology. Such a course in human biology was originally
developedfor Stanford University studentsand evolved into a very popular
four-year major. It remains to be seen whether adaptation for a very different
student population is possibleand will provide a successfulreplacenientfor the
sciencecurrently taught in junior high school. A different exampleis provided
by claims being made as to the teachingefficienry made possibleby the computer.

13

e.9., a 50 percent improvement in student learning, based on experimentsinvolving
very limited sorts of instruction involving drill and practice of arithmetic or
spelling facts (Melmed, 1987; Office of TechnologyAssessment,in press).
Without extensiveevidencedrawn from U.S. schoolsas to what actual
productivity gains might be attainable, this paper will have to limit itself to
discussingpossibilitiesthat are worthy of exploration based on research,best
extant practice, and experiencein other countries. Each of the curriculum
elementswill be consideredin turn. While the emphasiswill be on enhancing
sciencelearning, it must be remembered that any policies aiming to achieve
productivity gains must be concernednot only with desired increasesin learning
but also with the costs associatedwith such increases.
TIME
There are three ways in which time might be used to make sciencelearning
more efficient: more time could be devoted in school to science,as discussed
above; the time spent could be used more effectively;and time for out-of-school
learning could be increased.
Additional fime
Requiring that more time be spent on science,either by all students (e.g., in
elementaryschool) or by studentsnow deemed deficient in sciencelearning
(increasingsecondary-school
requirements),appearsto be a favored solution.
However,without evidenceon the overall increasein learning or on the additional
costs involved in spendingmore time on science,one cannot draw any firm
conclusionson productivity gains. Obviously,studentswill not learn a subject if
they are not exposedto it; researchdocumentsthe common-senseproposition that
the amount of time spent on a subject correlateswith student achievement(Wiley
and Harnischfeger,1974; Borg, 1980), particularly in a sequentialsubject such as
mathematics(Joneset al., 1986). Of course,whether studentspay attention and
are actively involved in the subject matter affects how much they will learn (B.
Bloom, 1977;Rosenshineand Berliner, 1978),and this is likely to depend on the
quality of the curriculum as well as the t:aching. Simply lengtheningthe amount
of exposurewithout engagingthe student may have little effect (Levin, 1984).
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More Elficient Use of Time
The caveat on active involvementof studentsin their learning relates closely
to the second way of using time to enhanceproductivity, namely, to make
curriculum materials and instruction more effective. That this is possible is
clearly illustrated by the recent IEA assessmentof mathematicsachievementin
grade 8 in 20 countries: The averageamount of time spent on mathematics
instruction in the U.S.--144hours per year-compaFesfavorably with most
countries that exhibit higher student performance--Japan: 101 hours; Netherlands:
112 hours; Hungary: 96 hours; and on through 13 countries ranking above the
U.S. in student performanceonly two of which spend as much or more time as
the U.S. on mathematicsinstruction (McKnight et al., 1987). Since class size in
the U.S. is about at the internationalaverage(26 studentsas compared to Japan's
40), and U.S. teachersappear to be as well if not better trained as their
counterpartsin other countries,the inescapableconclusionis that at least part of
the reason for the disappointingperformanceof U.S. students lies in the qualiry
of the curriculum.
Curriculum quality entails looking at curriculum sequence,substantive
content, and instructional strategy,all of which will be discussedin gleater detail
below. Curriculum alone, however,cannot accomplisha more efficient use of
time. An important ingredientis the commitmentof the school and the teacher
to the primary purpose of developingstudents'intellectualknowledgeand skills.
This is not alwayspresent in U.S. schools: Almost 20 percent of the in-class
time in elementary school is spent in such non-instructionalactivities as
nonacademicclass businessand transition between activities (Rosenshine,1980).
Instruction is intemrpted with impunity for housekeepingchores and
announcementsover the public addresssystem(Sizer, 1984). Teachersvary in
their ability to keep studentsengagedin learning, from about 80 percent of time
allocatedto instructionto 60 percent (Rosenshine,1980;Goodlad, 1984). Thus,
many children spend less than half their time in school on the intended
curriculum. Teacher attitude may also be a factor: in Japan, for example,
teacherstend to accept responsibilityfor the low performanceof their students,
whereasU.S. teacherstend to blame externalcircumstances.
such as lack of
student ability (McKnight et al., 1987). These attitudesare mirrored by mothers
in both countries(Stevensonet al., 1986),thus reinforcingstudents'negative
motivation.
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Lcarning fime Outside School
The most common way to increaseciassroomlearning time is to assign
homework to be done outside of school. This can be an effective strategy for
increasinglearning, provided the homework is evaluated and discussedby the
teacher (Walberg, 1984). However, the amount of time given to scienceeducation
could be extended considerably more through activities sponsored by institutions
other than traditional schools. A good deal of technical education already is
provided at the workplace, particularly in industriesthat rely upon a high rate of
innovation (Office of TechnologyAssessment,in press). Examples in addition to
the computer and biotechnologyindustries are the communicationsindustry and
associatedunions (e.g., CommunicationWorkers of America) and energy-related
businessessuch as utility companies. Informal scienceeducation programs
provided through the print and broadcastmedia, some aimed at school-age
children, also have received attention and some funding from public and private
sources(e.9., 3,2,1,,CONTACT; the Voyage of the Mimi; Searchfor Solutions).
Successfulprogramsexist at a variety of sciencemuseumsas well; a few examples
are the San FranciscoExploratorium, the Boston ScienceMuseum, the Capitol
Children's Museum, the l-awrence Hall of Science,and the Toronto Museum of
Science,all of which conduct programs in conjunction with schools and also
independentof schools.
There are, however,more innovativepossibilitiesfor increasingexposureto
sciencethat have hardly been explored. Modern telecommunications
technologv
makes possible netr,vorkingamong a variety of individuals and communiry
organizations. As a consequence,
a number of observersforeseethe school as
merely one node in a learning community that will involve libraries, community
centers,local communitycollegesand other institutionsof higher education,
museums,workplaces,and the home as well (Cremins, 1976; Fantini and Sinclair,
1985; Goodlad, 1984). Cole and Griffin (1987) describe one such system,the
Community Educational Resource and ResearchCenter in San Diego, which links
after-schoollearning centers located in minority communitiesaffected by high
dropout rates with the school systemand the university. Participantsinclude not
only elementaryschool and high school studentsbut also university
undergraduates,
graduatestudents,and universiryfaculty, all of whom expect to
learn as well as teach. The activitiesare managedby coordinatingexisting
resourcesfor minoritv educationfrom within the universiw. The lessonto be
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drawn is that educationalproductivity may have to be conceivedmore broadly
than what goes on within the shell of the school building.
TOPrC AND COURSE SEQUENCE
As noted earlier, the problems and the opportunities for improving science
learning through changingthe instructionalarrangementof sciencetopics and
coursesare quite different at the elementaryand secondarylevels.
Topic Sequencein Elementar.vSchool
Scienceinstruction in elementaryschool is largely nonexistent. The average
amount of time spent on sciencein grades K-3 is 18 minutes per week compared
to 77 minutes per week spent on reading; in grades 4-6, 29 minutes per week is
spent on science,less than half the time (69 minutes) spent on reading (Weiss,
1987). Another indication of the lack of importance ascribed to elementary
scienceinstructionis the small number of statesthat, until quite recently,
mandated assessmentof sciencelearning--three,as of two years ago, 27
currently--ascontrastedto mandated testing of reading and mathematicsin nearly
all states (Council of Chief State School Officers, 1987). Where science
instruction exists,it tends to lean heavily on lecture and memorization of text
(Stake and Easley, 1978),a teaching method that is condemnedby scientistsand
scienceeducatorsas inimical to the learningof sciencein elementaryschool
(Penick, 1983a). Only 9 percent of the nation'selementaryschool teachersotfer
hands-onscienceas a daily experience,whereas57 percent do in programsthat
have been recognizedas best current practice(Penick, 1983b). But even in the
programs that stresshands-onactivities,selectionof topics often depends on the
teacher'sfamiliarity with specific units. There appears to be no content
recognizedas essential,and the order of the content is deemed close to
irrelevant.
This somewhateclectic approach has been justified on the basis that the
important learning in elementaryschool is the process,method, and nature of
sciencerather than particular scientific subject matter. Moreover, elementary
school teachersreport that they are not very secure in such subject matter. In
the physicalsciences,only 16 percent consider themselvesvery well qualified to
teach material relevant at their grade level, and 28 percent do so in the life
sciences,as contrastedto 67 percent in mathematicsand 82 percent in language
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arts and English (Weiss, 1987; see also Helgeson et al., 7977; Stake and Easley,
1978). Given this lack of confidence,teachersmay be better off teaching units
that excite their students' interest and that they feel competent to handle rather
than following a prescribed sequenceof substantivetopics.
This laissez-faireattitude about scienceinstruction in elementary school is
changing. Several of the reports on educational reform published during the early
1980shave urged that sciencebe recognizedas a new 'basic" (see, for example,
the National Commissionon Excellencein Education, 1983). While the immediate
consequencewas an increasein most states in the number of sciencecourses
required for high-schoolgraduation,it is now widely recognizedthat the basis for
study of sciencein secondaryschool needs to be laid in elementary school. Thus,
34 states have developed frameworks for scienceat the elementary level; 34 have
done so at the secondarylevel; 14 of the states require that the framework guide
the curriculum. These frameworks vary considerablyin the amount of detail they
contain. Some lay out content to be covered in blocks, e.g., K-3, 3-6, 5-8; some
spell out specific topic sequencesgrade by grade. The sciencecontent may be
encapsulatedin a brief set of instructionsas to what studentsshould be able to
do (e.9., 13 bullets consistingof such phrasesas "Describesmixtures and solutions
by special characteristics"and "Identifies models of interdependenceof living
things") or the kinds of activities they should carry out ("Observesand records
the apparent paths of stars," "Conductsa controlled experiment and records and
explains the results"); less frequently, a comprehensiveframework is produced
such as that for California which sets out sciencegoals and objectivesfor grades
K-3, 3-6, and so forth, examplesof behaviorsthat could serve as evidence of the
learner's progress,and models that school systemscan use to develop their own
detailed frameworks. While encouraginglocal option, the California framework
does assert that certain scienceconceptsand skills are basic to scientific
literary, and that the order in which they are introduced and reenforced in later
more extensivetreatment does matter (California Department of Education, 1984).
As yet, it is too early to tell whether these state attempts are having a
marked effect on sciencelearning in elementaryschool. A major vehicle for
doing so is the promised periodic NAEP assessmentof sciencelearning, provided
the test items are consonantwith the states' curriculum goals. It should be
noted here that a persistentproblem in the assessmentof sciencelearning is the
limited ability of machine-scorabletests to capture important processskills
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emphasizedin most goal statementsand in exemplary elementary-schoolcurricula.
To assesssuch skills in an adequate manner requires, for young students,
expensiveobservationaltechniquesand training of observersto yield reliable
generally too costly to use
scoring of observedstudent performance--procedures
on a wide scale. Even for older studentswho can present answersin written
form, evaluation by protocol analysis,though possible (Frederiksen,1985), is
costly when done for large numbers of students. For some purposes,however,
nation-wide achievementlevels in sciencerather than state or district
achievementlevels may be of greatest interest. In that case, the needed sample
of students may be small enough and the resourcesavailable adequate to allow use
of tests containing hands-onexercisessuch as those adapted from the British
Assessmentof Perfonnance Units in a recent pilot study by the National
Assessmentof Educational Progress(1987). I-arge states or districts could use
similar techniqueswhen test results for individual studentsare not required.
Two sourcesof curricular sequencingare available that should be examined
for their potential for improving current scienceinstruction in elementary school.
One is the elementaryschool sciencematerials supported by NSF in the 1960s,in
particular those developedby the ScienceCurriculum Improvement Study (SCIS)
and the Asqu{S'Science--AProcessApproach. Both of these sets of materials
represent a coherent curricular approach as well as incorporating many relevant
hands-onactivities. They also have a record of use and evaluation with students
of different backgrounds. Fortunately,these curricula are still commercially
obtainable;more important, they as well as the other NSF-supportedeiementary
sciencematerials are now available on videodiscstogether with detailed indices as
to their content (Rowe, 1987). In the judgment of scientistsand science
educatorswho have examined them, these materials still have much to offer
(Arons, 1983;Penick, 1983b;Pratt, 1981,Harms and Yager, 1981). Severalnew
efforts along these lines are now going forward, in particular, the development
projects supported by NSF in 1986 and the AIAv{SProject 2061 (Rutherford et al.,
1987) intended first to identify what studentsshould have learned in scienceas
they emerge from grade 12 and then identifyrngthe curriculum in grades K-12
neededto get there. It will be some time, however,before information on
effectivenessin the classroomwill be available on these new efforts.
The secondsource is the sciencecurriculumthat is taught in various
countriesabroad. In most countries,the core sciences--biology,
chemistry,
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physics--aretaught continuouslyfrom upper elementary school on as part of the
basic school curriculum. Even when the total teaching time devoted to these
subjectsis not much different from U.S. classrooms,as for example in West
Germany (Klein, 1985), a firm foundation is laid for the more intensive secondary
school sciencecurriculum, which continuesparallel instruction in all three
subjects.
It is particularly interesting to examine the integrated sciencesequencein
countries such as Japan, a where studentsdo considerablybetter in science
achievementthan they do in this country. The reason for singling out the
Japaneseeducational system is not only the achievementof the Japanesestudents,
but also that it retains almost all students (94 percent) through high-schooland
sets very high curricular standardsthat are virtually met throughout the country's
schools(Troost, 1985). One result is that the achievementof Japanesestudents is
less closely tied to parents' education and income than in many other countries,
including the United States (Comber and Keeves, 1973; Husen, 1967). Although
there are many cultural and organizationalfactors that are not readily
transferrableto this country such as parental attitude (Stevensonet al., 1986) and
centralizationof educationalauthority (Troost, 1985), effective curriculum
elements may be adaptable.
What is the sequenceof sciencetopics and coursesin Japaneseschools?
Troost (1985) describesthe curriculum in grades 1-6 in some detail. About a
tenth of all classperiods is devoted to science,startingwith grade 1. The
instruction emphasizesobservationand experimentationinvolving active
manipulation of objects. Virtually every primary school has a sciencelaboratory,
and most schoolshave at least two. Textbooks are coordinated with the
inquiry-orientedcurriculum and are handsomelyillustrated. The topics taught are
grouped into three areas: Living things (plants, animals, human body), matter and
energy (aqueous solution, substance,air, forces, heat, magnets,electricity, light,
sound), and the earth and universe (weather, rocks and soil, celestial bodies).
These topics do not all receive equal emphasis;several are taken up throughout
the grades (plants, aqueous solution, weather) whereas others are treated only
once (human body, air, magnets,sound,celestialbodies),a good exampleof what
McKnight et al. (1987) have cailed the pattern of intensityof a curriculum The
topics are pursued in greater detail and with increasingacademicrigor and
abstractionin grades 7-9, on the assumptionthat the elementary curriculum has
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provided a substantiveexperientialbase. By upper secondaryschool, courses
parallel the disciplines(physics,chemistry,biology, earth science). Most students
at that level, which permits some choice, take at least one course per year; 25
percent take two sciencecoursesper year. The topic sequenceexemplifiesthe
spiral curriculum advocated by science educators as optimal for science learning
(Moore, 1981). Such an organizationallows exploration of core scientific concepts
in depth, provided that needlessand unpgoductive repetition is minimized. The
spiral curriculum also offers reenforcementfor learning scienceprocessskills, as
students progressto increasinglycomplex laboratory investigations,field work,
and independent inquiry and research. There are dangers,however: failure to
build depth and progressioninto a spiral curriculum and the tendenry to treat all
topics with equal weight can lead to the kind of low-intensitycurriculum that
characterizesU.S. elementary-school
mathematics(McKnight et al., 1987).
Recent Canadianrecommendations
by the ScienceCouncil of Canada (1984:
48) follow a simiiar approach. The Council recommendsthat "[e]lementaryscience
programsshould be focussedon the student'senvironmentand include materials
from such fields as geology,agriculture,forestry, botany, anatomy, engineering,
health scienceand nutrition. Middle-yearsscienceprograms should gradually add
descriptiveaspectsof physicsand chemistry. Advanced theoretical concepts
should be postponed until higher-levelcoursesor university....Ministries
[of
education]should incorporatea science-technology-society
emphasisin science
coursesat all levels...S0
per cent in coursesat the early-yearslevel, 33 per cent
at the middle-yearslevel, and 25 per cent at the senior-yearslevel."
Course Sequencein SecondarySchool
The usual coursesequencein grades 10-12for the academicor college-bound
track in U.S. schoolsis biology,chemistry,and then physics,although the
chemistry/physics
sequencemay be reversedfor some studentsin small schools
that offer these two coursesin alternate years only. The sequencein upper
secondaryschool is preceded in grades 7-9 by general scienceor earth science.
Able studentsstart the sequenceearlier, which allows them to take an advanced
coursein grade 12. Each course is a "stand-alone"semesteror, more commonly,
two semesters;there is no sequentialbuilding of knowledgeand skills through a
seriesof years. The nearly unbreakabledominanceof this sequencewas
demonstratedby the failure to find widespreadacceptanceof an alternativeto the
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physicscourse introducing engineeringprinciples and topics on the interaction of
society and technology(The Man-Made World), despite the high quality of the
text and accompanyingmaterials and the ostensiblerelevanceof such a course.
(The course has since been successfullyadapted for lower-divisioncollege students
and is being widely and successfullytaught. At this time, as scientific and
technologicalliteracy for all studentshas become a primary educational concern,
this sort of approach is being urged once again for high school students. See,
for example, Peel, 1981). The inflexibility may be occasionedas much by the
requirementsfor college entrance set by institutions of higher education as by the
reluctanceof schools to make any changes.
Scienceofferings for students in the general or vocational tracks appear to
offer somewhat greater variety but no particular vision of a core of science
knowledge that all students ought to master. The biology course commonly taken
in 1fth grade might be followed by a course in physiologyor in environmental
science,in wildlife zoology, animal behavior, landscapegardening,applied physics
or applied chemistry,or in astronomy or earth science(Guthrie and lrventhal,

1e8s).
The stand-alonenature of the coursesin all'three tracks permits them to be
offered without any preceding sciencepreparation or any need to assumefurther
sciencestudy. This fits both the lack of scienceinstruction in the lower grades
and the proclivity of most U.S. high-schoolstudentsto drop scienceas soon as
possible. Would any other sequenceof coursesin secondaryschool be more
effective without an accompanyingreform in elementary school that lays a sound
formation for further sciencestudy? Placing physicsas it is currently taught in
12th grade (or llth grade for advancedstudents) makes sense,given that some
knowledge of mathematicsis needed. On the other hand, physics deals with less
complex systemsthan does chemistry;chemistry is a prerequisite for the study of
the fundamental processeswithin living organisms;and all three of these sciences
contribute to the earth sciences. Thus, there would be intellectual logic in
turning the usual sequenceupside down. Another argument for the status quo,
however, is that students are more interested in and need a knowledge of living
things. The fact that nearly two-thirds of studentstake biology, whereas only a
third take chemistryand somewherebetween 10 and 15 percent take'physics,
makes this argument plausible. Yet, these enrollment statisticsmay well be an
artifact of the existing sequence--students
will drop scienceas soon as their

22

sciencerequirementsare met, no matter what the courses--orthe perception that
physicsis more difficult than chemistry and chemistry more difficult than biology.
Coursesin middle and junior high schoolsare particularly problematical.
Hurd et al. (1981) report that there are two major patterns: a three-year
sequenceof life, physical,and earth sciences,or a one-, two-, or three-year
offering called general science. No matter which s€quenceis followed, programs
at this level tend to be watered-downversionsof their high-schoolcounterparts,
with great emphasison the learning of sciencefacts. In most programs, students
have little opportunity to experiment on their own.
There is scarce evidencefrom the U.S. experienceto indicate that merely
changingthe establishedcourse sequencefor the academictrack or creating a
new one for the general and vocational tracks would bring about any great
change in sciencelearning of studentswho currently enroll in sciencecoursesor
would encouragemore studentsto enroll. What is needed is a coherent plan for
introducing key topics through hands-onexperiencesin the early grades and then
returning to coherent sequencesof them in increasinglyrigorous fashion as
studentsprogressthrough school until they acquire the necessaryquantitative and
reasoningskills to profit from instruction in the individual scientific disciplines.
Even then, instruction in parallel throughout the grades in the life and physical
sciences,as practiced in most other countries,may be preferable to the
layer-cakeapproachthat characterizes
U.S. high schools. Assessments
of the
scientificliteracy of the adult populationin this country (Miller, 1983, 1986)
documentthe minimal retention of sciencelearned in school as presently
organized.
CURRICULUM CONTENT
In a sense,decisionson time, sequence,and instructionalstrategy depend
critically on content, i.e., on what the student is expectedto learn.
Unfortunately, especiallyat the elementaryschool level, it has been easier to
achieve some consensuson the processesand methods that studentsshould
understandas being associatedwith sciencethan on the core of conceptualand
factual knowledge they need to learn.
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Goals
The inability to deal in an intellectuallyrigorous fashion with curriculum
content is not confined to scient: education or to lower education (Sizer, 1984;
Cheney, 1987; Ravitch and Finn, 1987; A. Bloom, 1987; Hirsch, 1987; Boyer, 1986).
Much of the vaguenessand vacuity come about becauseof the attempt to
accommodatethe very real differencesin philosophy and purpose that animate the
country's educational system. On the face of it, schoolssubscribeto all
educational purposesin equal degree, making for remarkable unanimity across the
country (Sizer, 1984),yet this unanimity breaks down when it comes to the choice
of specific subject matter.
In science,as in other subjects,debates on curriculum content mirror the
philosophicaldifferences: Should the teachingof fundamentalprocessesand
conceptsof, say, biology take precedenceover an understandingof one's own
body, good health practices,and preparation for sexuallyresponsibleconduct
leading to good parent behavior (i.e., intellectualdevelopmentthrough study of
the discipline versus developmentof the good citizen able to handle individual and
family responsibilities)? Should the connectionsbetween scienceand technology
be emphasized,including discussionof the ethical dilemmas raised for society by
the rapid development of, for example,biotechnology(i.e., understandingof the
effects of scienceand technologyon society and development of social
responsibility)? What is the appropriate balance between learning the powerful
abstractionsof the basic scientificdisciplinesand their most important
applicationsthat continue to change society? What is the place of technology
education in the curriculum? Rather than academiclearning, should the main
objectivebe for studentsto acquire the technicalskills and abiliry for continued
Iearningneeded to contributeeffectivelyto the U.S. economy(i.e., developmentof
productive workers competitive in the world market)? Should there be different
goals--andtherefore different curricula--for studentsof different competencies
and backgrounds? Which is of higher priority: the developmentof scientific
talent and technical manpower or achievinga modicum of scientific literacy for
all students?
These goal conflicts cannot simply be papered over, particularly when
student learning is to be increaseCthrough curriculumchanges. Curriculum
only if the learninggoals are clearly laid out. An
efficienry can be assessed
exampleof the confusionthat arisesthrough shifting goals is provided by the
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judgments made about one of the 1960scurricula, the physicscourse developed by
the PhysicalSciencesStudy Committee (PSSC). The developersclearly stated that
they wanted to create a sounder course for studentswho elect to take physicsin
11th or 12th grade, i.€., the 10-15 percent traditionally enrolled, let the course
was criticized for not attracting greater numbers of studentsto the study of
physics-neverone of its goals.
Influences on Curriculum Content
How are the differencesin goals handled? Ultimately, local school districts
have responsibilityfor the curriculum taught in the schools. Often, this
responsibilityis carried out through textbook selection,with the textbook serving
as the foundation of the curriculum. Since the early 1980s,however, states have
become more active in providing districts with guidelineson scienceinstruction.
In some states,such guidelinesare mandatory,in others, voluntary. States that
mandate sciencecontent (e.g., New York) or offer assistanceto local districts in
meeting instructionalgoals (e.g., Connecticut,Michigan, Pennsylvania)tend to
generate greater commonality in curriculum content than those that limit their
requirementsto number of credit hours needed for graduation.
A less obvious influence making for commonality of content among the
sciencecurricula of different school districts arises from the use of nationally
developed and standardizedtests. This influence will grow as states increasinglv
mandate assessmentof sciencelearning. Pressureto have studentsobtain
adequate or high scoresis likely to lead teachersto emphasizethe material on
the tests; in turn, the tests, to encouragewide usage,will tend to emphasize
what is most likely to be taught in most schools. A gteater conformity in
curriculum is the inevitable result. This conformity is already evident for the
secondary-school
academictrack, particularly for advancedplacement courses
which require standard examinationsbefore college credit is given.
The main centralizingforce, however, is the textbook. Reliance on the
textbook in all instruction is great; surveyshave found that well over 90 percent
of the curriculum content being taught in both elementaryand secondaryschool is
contained in the instructional materials being used, with the textbook occupi'ing
studentsand teachersabout 70 percent of the time (Komoski, 1985). A recent
survey specificallyof scienceand mathematicseducation documentssimilar
findings: in secondaryschool, 93 percent of the teachersuse textbooks for
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teaching science;89 percent do so in grades 4-6 (Weiss, 1987). A similar survey
done some years ago showed that one half of all scienceclassesused a single
published textbook or program, r d many of these used one of four or five of the
most popular texts (Weiss, 1978). These texts, in an attempt to ensure an
adequate market, generally pay close attention to the requirementsset by state
textbook adoption boards in some of the more populous states,such as California,
Florida, and Texas (Apple, 1985). Critics have argued that the need for public
acceptanceleads to trivialization of content in sciencetextbooks,providing a
superficial treatment of a wide variety of topics without depth or rigor (Hurd,
L982;Taylor, 1984; Komoski, 1985).
Professionalscientific societieshave been active in developingguidelineson
what should be taught in high school coursesin their disciplines(e.g., American
Chemical Sociery, 1984; Joint Committee on Geographic Education, 1984;
Conference Board of the Mathematical Sciences,1983). While it has not proved
easy to come to agreementon the core knowledgeto be learned within the
stand-alone,single-discipline
coursesof the senior high school,the difficultiesare
multiplied when more than one discipline is involved. Thus, the attempt to
develop a rigorous physicalsciencescourse was given up by the PhysicalSciences
Study Committee in favor of concentratingon physics. It is not surprising,
therefore,that no consensushas been reachedamong the scientificdisciplineson
the core conceptsand factual scientificknowledgeto be included in the
elementaryschool curriculum. The A/d{S plans eventuallyto develop the needed
synthesisin Project 2061 (Rutherford et al., 1987),working down through the
gradesfrom a coherentstatementof what the scientificallyliterate high-school
graduate should be expected to know.
The present lack of consensusamong scientiststhemselvesas to what
content really matters is no doubt part of the reason why the emphasisin
elementary school tends to be on learning such general processesas observing,
comparing, ordering, measuring,classiffing,and the like. Perhaps one should say
learning about these processes,for, as noted, all too often not only substantive
content but also "the scientific method" are taught from the textbook rather than
through hands-on activities that model scientific inquiry. On average,well over
half the instructional time given to scienceis spent on lcctureSdrrr.ireading about
science,less than a fifth on working with hands-onor laboratory materials
(Weiss, 1987). It should not come as a great shock that liking for sciencedrops
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from four-fifths of studentsin upper elementary school to trvo-thirds in secondary
school compared to a much smaller drop for such subjectsas arts and physical
education that actively involve the student (Goodlad, 1984). (Attitude measures
are quite unreliable [Munby, 1983], but the direction is always the same. Some
studies have found that only a fifth of secondaryschool students--ratherthan
two-thirds--havea positive attitude toward scienceand that the popularity of
mathematicsdrops from 48 percent in grade 3 to 18 percent in grade 12 [National
Assessmentof Educational Progress,7979; Hurd et al., 1981]). Participation in
sciencecontinues to diminish through the secondarygrades,as course enrollment
becomesvoluntary (Raizen and Jones, 1985). Clearly, most students are turned
off by the current sciencecurriculum.
Productivity Impmvements
What can be done to make the sciencecurriculum more efficient? Three
possibilitiesemerge from the precedinganalysis: 1. Introduce coherent
substantivecurriculum content into elementaryschool to provide a sound
foundation for secondary-school
science;2. provide sufficient challengeand
opportunities for student involvementin sciencelearning at the lower levels to
maintain interest (and increasestudent enrollment) at the secondarylevel; and 3.
reform the secondaryschool curriculum so that courses,no matter whether aimed
at the science-ableor designedfor generalscientificliteracy,deal with a limited
number of core topics in depth rather than presentinga smatteringof many
topics as at present.
If these suggestionswere to be implemented successfully,two productivity
improvementscould be expectedto result: 1. At equivalent stagesof their
mandated education (e.g., end of elementaryschool), studentswould know more
sciencethan they do now, and 2. studentswould further increasetheir science
knowledgeand achievementby opting to enroll in additional sciencecourses
beyond those required. The three suggestionsare consistentwith the
recommendationsof the Committee on Indicators of PrecollegeScienceand
Mathematics Education (Murnane and Raizen, 1987) that frameworks be
constntctedfor the following curriculum blocks: grades K-5 science,grades 6-8
science,grades 9'12 literacy in science,and grades 9-I2 sciencefor college-bound
students,and that curriculabe evaluatedfor depth of treatment as well as
breadth of coverage. The frameworkswould serve to inform state and local
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agenciesas to desirable content of textbooks,tests, and their own curriculum
guidelines. In view of the already existing tendenciesmaking for a common
curriculum, the specter of a "national" curriculum possiblyraised by such a
recommendationis not nearly as threatening as the present condition of the
curriculum which leads most studentsto learn much less than they are able.
Specificationof curriculum content that meets the three reform suggestions
made above should build on cunent efforts by the AAAS, the professional
societies,and the states. But the reforms will not come about without strong
leadershipfrom the scientific community. Scientistsneed to define the core
conceptsand knowledge that make up their disciplines,but they need to do so in
cooperation with individuals --teachers,educators,cognitive scientists,learning
researchers--whounderstandthe reach of a student's intellectual development at
any given level. Curriculum content and sciencelearning achieved in other
countries can provide a model for what is possible,if not necessarilydesirable for
whole-saleadoption in this country.
Scientistsalso need to participate in the definition of goals for science
education,but this is too important to be left to scientistsalone. The
"recipients"of the learner must help set goals and expectationsas well, that is,
the teachersat the next stage of education and, ultimately, the employers. At
present, expectationsare rather low. The attitude tends to be: "Just provide the
general learningtools at your (the preceding)level, and I'll teach the real physics
(chemistry,calculus,computer programming,technical knowledge,job skills, or
whatever)" (See, for instance,Panel on SecondaryEducation for the Changing
Workplace, 1984.)

If neither teachersnor employersexpect any substantive
learning in their fields at preceding levels of education,is it surprising that there
is so little?
The only evidencethat the sciencecurriculum can be made more efficient is
provided by the experienceof other countries (see IEA test results for U.S.
student performance in sciencecompared to that of students in other
industrializednations) and by a select number of high schoolsthat, year after
year, have producedhigh achieversin science(see, for example,the annual list of
WestinghouseScienceFair Winners and their schools). Neither of these provides
convincingevidencefor what can be done for the great majoriry of students in
this country. Experimentationmust take place to establishwhether the suggested
reforms actually increasestudent learning and enrollment in science. This will
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require considerableinvestmentto create not only the needed curriculum but
also the flexible school environment that will permit a different instructional style
and arrangementof content. It will also require agreementon curriculum goals
that plumb all these goals. If learning can indeed be enhanced
and assessments
for the majority of students,what will be the costs of implementing the reformed
curricula, including changesin in-serviceteacher education and in assessmentof
student performance? What will be the costs of maintaining effective science
curricula in the schools,once developmentand implementation costs have been
met? These may be even more difficult questionsto answer than the one on
increasedlearning achievement,since-judging from the experienceof the
1960s-the reformed curricula are likely to require teacherseducated in greater
depth both in subject matter and in appropriate teaching strategies,reformulation
of classroomand school organization,continuing instructional support services
now absent from most schools,and ryclical revision of curricula as the substance
of scienceand of scienceteaching changesover time.
INSTRUCTIONAL STRATEGIES
The experienceof scienceeducators,the researchof cognitive scientists,and
the possibilitiesopened by the advent of inexpensivemicroprocessorsand
associatedtechnologiesall provide possibilitiesfor improving the ways in which
scienceis currently taught. Unfortunately,exploitingthese possibilitieswill
require substantialchangein the way most scienceclassesare now conducted.
karnine ScienceThrough Hands-on Experience
Researchersin scienceeducation have analyzedthe results of the reform
curricula of the 1960s,which stresseddiscovery-based
learning through hands-on
erperiencesand laboratory exercises,and documentedtheir greater efficacy for
learning higher-order skills (reasoning,problem solving,dealing with unfamiliar
situations) than traditional materials without any loss in factual learning
(Shymanskiet al., 1983). The National ScienceTeachersAssociationin its Focus
on Excellenceseries(Penick et al., 1983-1984)has publishedseveralmonographs
that feature outstandingscienceinstructionin elementaryschool and in each of
the disciplinesin secondaryschool;almost all the featured programshave a
strong hands-onor laboratorycomponent. The National ResearchCouncil's
Committeeon Indicatorsof PrecolleseMathematicsand ScienceEducation
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(Murnane and Raizen, 1987) has identified the dimensionsof scientific literacy to
include an understandingof the scientific world view, the nature of the scientific
enterPrise,scientific habits of mind, and the role of sciencein human affairs. It
is difficult to reconcile the goal of teaching scienceas a way of viewing the
world or scientific habits of mind with instruction that consistsof reading texts
or hearing the teacher lecture about the scientific method or about experimental
procedures. Yet, these are the predominant teaching modes in classroomsat all
levels of education (weiss, 1987; Goodlad, 1984; Stake and Easley, t978). No
wonder, then, that according to the National Assessmentof Educational Progress,
students have improved their test scoreson items that involve rote learning and
are losing ground in app$ing their learning to problems that involve a modicum
of reasoningand creativity.
Contributions of Cognitive Science
Collaborative studies between researchersinvestigatinglearning and experts
in one of the sciencestaught in school (largely physicistsor mathematicians)are
providing interesting information that may help improve instruction in the long
term. Resnick (1987, 1983) has summarizedsome of the cogent findings:
Learners construct understanding;they do not merely passivelyreflect what they
read or are told. Hence, they come to scienceclasseswith preformulated notions
that may conflict with the scientific conceptsbeing taught which remain
unconnectedto their past experienceand hence less powerful than their own
"naive" theories. One implication is that scienceteaching needs to start as early
as possible,with as many scienceexperiencesprovided to young children as the
teaching day allows. In this respect, the findings of scienceeducatorsand
cognitive scientistsreinforce each other.
Another finding coming from cognitive researchis that higher-order thinking
is driven and supported by specific subject-matterknowledge. Research on how
experts in different fields solve problems as contrastedto novices indicates that
their greater competencecomes from greater knowledge of specific facts and
organizing principles, as well as their greater experience. This implies that
instructionin thinking skills needsto be embeddedin a coherentpresentationof
the substantivesubjectmatter of a discipline,calling inro questionthe
laissez-faireapproachto scienceinstructionin elementaryschool.
Resnick (1987) points out that effective instruction deals not only with
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learning but also with motivation to learn. Here, again, interesting hands-on
scienceerperiencesin the early grades teach not only the processesand some of
the substanceof sciencebut also critical communicationskills, as demonstrated
with Science-A ProcessApproach. an elementary-schoolcurriculum developed by
fuAvds. Parental and teacher attitudes are all important in motivating students, as
demonstratedby the previouslycited example of Japan, but not easily influenced
by policy. Another powerful motivator is the computer terminal, as discussedin
the next section.
The Promise of Technolory
Of all the alternativesfor increasingthe productivity of scienceeducation,
investmentin computers and associatedinformation technologyand in
accompanyinginnovative and creative software offers the least exploited potential.
Other information-basedsystems,such as banking, insurance,and communications,
have materiallyaltered what they do and how they do it through integratingthe
computer into their operations,thereby greatly increasingtheir productivity.
Education alone, the largest knowledge'basedindustry of all, stands virtually
unchanged. The nelft decade will tell whether the potential offered by the new
technologieswill be realized for the benefit of the studentsin the country's
schools.
A recent report by the Office of TechnologyAssessment(in press) estimates,
perhapssomewhatoptimistically,that significantuse of computersand
communicationhardwarein educationcould bring about a 50 percent increasein
productiviry in elementary and secondaryschoolsat expendituresno greater than
current schoolingcosts. Becausestudentswould spend 25-50 percent of their
time at terminals (costing $250-500per student as an initial investment),
student/facultyratios could be increasedto 40 or 50. Much of the traditional
lecture time would be given over to small-grouptutorials as well as time spent on
terminals, either individually or in groups. Teacherswould be relieved of their
many non-professionalchores and command considerablyhigher salaries,e.g.,
increasesof 40-50 percent, both of which conditions could be erpected to attract
highly competent individuals to teaching.
How would such a systemproduce the predictedlearninggains? The new
technologymakes possible the following educationalimprovements(Lesgold and
Reif, 1983;Office of TechnologyAssessment,
in press):
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1 . Instruction can be tailored to the individual needs and learning style of
the student. Current classroompractice aims at the "average;" there is
no way in which a teacher can tailor instruction to each of 30 students
(Gallagher, 1983). Computer programs, however, perhaps created by gifted
teachers themselves,can take into account the knowledge that individual
students have and the pace and learning method that best suits them, as
diagnosedby the computer itself. Since the computer can record a
student's progressas he or she proceeds,both the student and teacher
receive immediate feedback on the effectivenessof the chosen learning
strategy and can change or augment it. Prototypes of such intelligent
tutoring systemshave been created for teaching geometric proofs and
programming (Anderson et al., 1985).
)

Computers can be used to create new learning environments. Experiments
too dangerousor lengthy for the classroomcan be simulated; situations
impossibleto observe in reality can be modeled through speedingup or
slowing down time or through creating imaginary worlds such as a
frictionlessunivbrse to illustrate Newton's laws of motion (diSessa,1982);
graphic animation can illustrate phenomenaimpossibleto demonstratein
the classroom. This capability allows students to explore ideas and
hands-on learning in ways never before possible.
Computers can represent knowledge in many different ways. For exampie,
data may be displayedin form of a physicalphenornenon,a table, a
graphic representation,or an algebraic function, permitting students to
work with the representationmost meaningful to them. Moreover, the
representationscan be linked, so that students learn to understand their
relationshipsand which representationis most usefully employed to
analyze a particular problem.

4. Computers can provide powerful intellectual tools for both students and
teachers. They can calculate and manipulate equations;they can retrieve
information from large data bases. Problem exercisesin sciencecan be
based on real data rather than being artificially constructedbased on
time limits for gathering data and doing long-hand arithmetic.
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5. Computers in associationwith telecommunicationstechnologycan create
learner networks apart from the physicallocation of the learner. Rather
than isolating learners and teachers,computers provide a wide range of
choices of how learning can occur-through individual study, through
lectures or peer interaction, through collaboration among individuals of
different competencies(Cole and Griffin). Specializedinstruction can be
brought to any school, no matter how small or remote; out-of-school
learning sites can be connectedto schools,institutions of higher
education,or experts in industry; teacherscan have accessto each
other's best ideas as well as those of scientistsand scienceeducators.
6. Computers can motivate learning. The computer is an ever-patient tutor.
The student can control the pace of instruction, can repeat sequencesnot
fully understood or change the approach, can skip material already
familiar, or can take excursionsinto material of special interest. The
open learning environment that the computer makes possible could
demonstrateto nearly all studentsthe joy of learning and the power of
knowledgc.
While these educationalfeatures made possibleby the computer would
improve all learning,and all of them are important in scienceeducation,the
features discussedin points 2. and 3. are of special value in enhancingthe
learning of science. Unfortunately, the real potential of the computer is unlikely
to be realized in the near tenn. Computers in schoolsare becoming widely
accessible,but they are mainly used as adjuncts to traditional classroom
organizationand instruction (Becker, 1986),repeating the history of such earlier
educationaltechnologyas programmed instruction, educationalTV, and slides and
filmstrips. By 1984, almost 95 percent of all senior high schoolswere using
computers,largely to teach programming. In elementaryschool, 67 percent of
teachersrecently surveyedreported having computers available for teaching
science;the main instructionaluse was for drill and practice (Weiss, 1987).
There are several reasonsfor the failure so far of the new technologyto
make serious inroads: Schoolshave invested in (or been given) microprocessors
with inadequatepower for the applicationssuggestedabove; the necessary
JJ

software exists only in form of a few protoq?es; demonstrationsof the
educational power of computers and telecommunicationstechnologyhave largely
come from the military, private rdustry,and higher education--thatis, from
outside the K-12 education system;and computers in the classroomare seen as a
threat by many teachersand parents who fear that technologywill dehumanize
education. Behind this fear lies the deeper threat of a radical reorganizationof
school.
This paper argues,as do others (Goodlad, 1984; Sizer, 1984), that such a
reorganizationis necessaryif effective education is to become the norm for
almost all students. It further argues that technology,far from dehumanizing
education,makes possibl: a rich educationalenvironment that will allow teachers
to concentrateon their teaching and enable students to learn more. But several
critical steps are necessaryfirst: schoolsmust be encouragedto acquire
appropriate hardware (speciallydesignedfor educationalrather than business
purposes,if necessary);soft'waremust be developed;and demonstrationsof what is
possible must be set up. Each of these steps will be costly, particularly the
development of software. In the absenceof a strong market, it is unlikely that
private industry will make the necessaryinvestments;several past attempts have
proved discouragingand occasionedthe private sector to withdraw from
innovation in education (Rhodes, 1987). Nor can indMdual states or school
systems,no matter how wealthy, carry on the sustaineddevelopmentactivities
that will be necessary.Until there is a decisionat the national level that
education is as important as other sectorsof the economy and warrants the
necessaryresearch and developmentto improve its productivity through the
application of computer and telecommunicationtechnology,the potential will
continue to remain just that.
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SUMMARY AND DISCUSSION
There are several possibilitiesfor improving the effectivenessof science
education through changingthe curriculum:
o Time in the classroomneeds to be used more efficiently through the use
of improved curricula;
o The time spent on scienceeducation could be expandedthrough melding
out-of-schoolscienceactivitieswith formal classroominstruction and
homework, using modern telecommunicationstechnology;
o The sciencecurriculum in elementaryschool should consist of a coherent
sequenceof core topics that initially build on the students' experience
and environment and advanceto increasinglydescriptiveknowledge and
abstract conceptsas studentsmature;
o Instead of the current stand-alonesciencecoursesoffered in secondary
school, there should be a parallel progressionof coursesin the life and
physical sciencesbuilding on the previous years' learning at least through
grade 11, as is the case in the schoolsystemsof most other countries.
o To provide guidanceon the substantivecontent of the sciencecurricuium.
scientiststogether with teachersfrom the relevant grade levels, science
educators,employers,and others with interest and understandingof
current needs in scienceeducationmust define its goals and the core
knowledge and understandingto be expectedof all students;
o Depth of treatment of the core material needs to be built into the
curriculum from elementaryschool on, even at the expenseof having to
omit favorite topics;
Hands-on experiencesin elementaryschool and laboratory investigations
in secondaryschool are an indispensablepart of scienceinstruction,
fosteringboth student understandingand student motivation;
Scienceinstruction,to become more effective,should take advantaqeof
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leads being provided by current researchon sciencelearning, science
teaching, and teacher education;
Improvements made in curriculum and instruction must be reflected in the
ways that student knowledge and perfonnance in science are assessed,and
assessmentsmust plumb all important curricular goals;
o Computers and associatedtelecommunicationtechnologyoffer great
potential for restructuringscienceeducation so as to enable all students
to become scientificallyliterate, but this opportunity-becauseit entails
the greatest change-is the least likely to be exploited.
An important caveat needs to be attached to all these possibilities.
Although each deservesseparate exploration, development,and piloting, including
adequate investment of professionaltime and financial resources,none can be
expected to work in isolation. A rethinking of all aspectsof the science
curriculum is necessary--time,
sequencing,content, and instructional strategy.
Even that will prove a futile effort unless the problems of the schools are
thought about in a systemicway: What kinds of teachersare needed to teach the
reformed curricula? How must schoolsand classroomsbe organized to permit
effectiveteachingof the reformed curricula? What connectionsmust be built
betweenschoolsand other institutions,includingthe communitiesin which the
schoolsare located,to enhanceand reinforce student learning?
The Committee on Researchin Mathematics,Science,and Technology
Education (1985,p.44) stated the problem as follows: "...thepast decadeshave
seen a cumulation of knowledge from several pertinent disciplinesand the
developmentof new technologies,but applicationto mathematicsand science
education,as to all education,has been episodic,unsystematic,
and limited in
scope....Atpresent, there is no mechanismto serve the function of integrating the
new knowledge and technology... and applying them to the development of
improved systemsfor teachingand learning science....In
other enterprises,this
integrative function is called slstems design anJ engineering....Moderneducational
activities,too, should be considereda systemin which improvementof components
in isolation may not lead to improvementof the overall system."
Although the applicationof engineeringprinciplesto social systemsis
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fraught with problems, there is an important lesson in the analogy. Curriculum
reform, no matter how soundlybased,will not by itself enhanceeducational
productivity unless it is accompaniedby concomitant changesin teaching and in
classroomand school organization. This much the last quarter century of
educational reform should have taught all who want to improve education. The
country will continue to experiencedisappointmentand failure in creating
effective education unless this lesson is taken to heart.
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