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Educational Interventions to Advance
Children's Scientific Thinking

David Klahr,* Corinne Zimmerman,? Jamie Jirout®

The god d science education interventionsisto nurture, enrich, and sustain children's natural
and spontaneousinterest in scientific knowledge and procedures. \We present taxonomy for
dassfying different types d research on scientific thinking from the perspectived cognitive
development and associated attemptsto teach science. We summarizethe literature on the

early —unschooled-development

d scientific thinking, and then focus an recent research an

how best to teach scienceto children from preschool to middle school. Ve summarize some d
the current disagreementsin the fidd d science education and offer some suggestionsn weys
to continue to advance the science d science ingtruction.

ience education aims to advance child-
%s knowledge about the natural world
to help them master procedures for
discovering, assessi ng, revising, and communi-
cating that knowledge. We believethat science
interventionscan bemost effectivevinen they are
consgtent with what research in cognitive de-
velopment has reveded about children's  thinking
and learning. This is not the only lens through
which to view science education literature, nor
isit one usudly used by scienceeducators, who
necessarily focus on the complexities of the
knowledgethey ere attempting to convey andthe
constraints imposed by theredlitiesof classrooms

and schools.
Psychologi ] igati -
Vel e Rk Do g

port scientific literacy for more than 50 years
(1), making it possible to design theoretically
grounded educationd interventionsthat can ad-
vancechildren's scientificthinking. Three neces-
sary componentsfor any such interventionare: a
statement of the knowledgeto be acquired, a
st of ingructiond activities that are consistent
with what is known about the constraints of hu-
man thinking and learning, and an assessment
process.

Here we describe some ways in which re-
search in cognitive development has advanced
our understanding of children's scientific think-
ing, and review how this research interfaces with
sience instruction at two different developmen-
tal phases: preschool (includinginfancy) and K:8
sience.

A Taxonomy for Classfying Interventions

in Science Education

Scientific thinking can be characterized in terms
of two principa fegtures (i) content, which in-
cludesanarray of domain-specific topics, suchas
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physics, chemidtry, biology, Earth sciences, and
0 on, combined with a smaller s&t of domain-
general concepts, such as equilibrium, time,

Table 1. Categorization of types of fod in psychologicd sudies

d children's scientific thinking.

Type d scientific processes
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feedback, and camsality; and (i) processes, in-
cluding formulation of hypotheses, design of ex-
periments and observations, and evauation of
evidence. (5).

This framework can be used to classify dif-
ferent types of psychologicd investigations of
scientific thinking (Table 1). The two rowsin
Table1 ar e intendedto emphasize the fact that
""'tience educators aim to convey not only the
content of science™ (row 1) “but &0 the pro-
cesses Whereby scientific knowledgeisacqui 1 ed,
refined, revised, extended, and disseminated, in-
cluding nades of argumentation and the socid
and professional context of the scientific enter-
prisg’ (row 2). (6). Research on domain-specific
hypotheseg(cel | A) assesses young children's
knowledgeabout the Sun-Moon-Earth system,
in which children progress, between first and
third grade, from avariety of geocentricbeliefs
to a variety of heliocentric beliefs (Table 2).
Even by third grade, most children's modelsare
only partially correct (7). One of the chalenges
of science instruction isthat rather
than being empty vessds into
which knowledgecan be poured,
novice science learners bring to
the dassroom many misconcep-

Type o Fomng  Desgning ad Evduging  tioms, including some that nay

knowledge ~ hypothesss rumning experiments evidence  Tequire radical reconceptualiza-
and obsarvations tion. @. .

Domanspedfic . A B C Studies in cdl F, focusing

Domaingeneral D E F on how children evauate ab-

stract evidence patterns, reved

Table 2. Digributionof children's beliefsabout the rdative mationd theSun, Earth, and Moon Numbers
indicate the number d children in each grade holding the various beliefsabout the mation d the Earth,

Moon, and Sn (7).
Grade Grade
Earth motion Mam mation Sn mation "1 3 Tod
1. Rotaes, revaves Rotates revolves Naoe 0 1 1
aound SN aound Eath
2 Rotaes, revolves Redves aound Eath  Nae 1 5 6
aound Sn
3. Rotates revalves Moss padld to Eath Nae 0 1 1
aound Sn aound Sn
4. Rotaes, revolves Nore Nore 2 2 4
aound 9N
5. Rotaes revaves Nare Nae 0 1 1
around Sun and Moon
6. Rataes Rotaes Rotates 1 0 1
7. Rodes Nare Nae 0 2 2
8. Rataes Radves aound Eath  Revdves around Eath 0 1 1
9. Noe Radves aound Eath Redvesaound Eath 0 2 2
10. Rotates Rotates up and doan  Roatates yp and doan 1 0 1
11. Rotates p ad down b ad domn 2 1 3
12. Nae Up and coan b ad comn 9 3 12
13. Nae Nore Nare 2 0 2
14. Rotaes revolves Moses with Eath Rotes pad don 1 0 1
aound Sn aound 9N,
wp ad coan
Total 19 19 38
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thet preschoolerscan distinguish conclusive from
inconclusive evidence patterns and that they can
be traned to correctly interpret even complex
pattems. (9). Studiesin cdls B and E focus on
the logic of unconfounded experiments. In cell
B, invedtigatorsexamine children's ahility to leam
about the conceptua and procedural basi s of ex-
perimental design, without concern for underly-
ing domain-specific knowledge (10), whereas
studies in cell B explore the interaction between
domain-specificknowledge and the logic of ex-
perimentation (11).

In some laboratory studies of children's sdi-
entific thinking, and in most science education
contexts, children negotiate the entire cycle of
inquiry (cellsA through F) whileengaged in self-
di rect ed explorationof multivariablesystems thet
simulate the processes of scientific discovery.
Such studies enableresearchersto examinethe
dynamic interaction between domain-general
drategiesand devel oping conceptua knowledge
(12, 13). Thisresearch hasidentified severa fac-
torsthet influence the development of scientific
thinkingskills, including the following:

1) The amount, streagth, and veridicality of
prior knowledge (14). For example, most chil-
dren believe that heavy objects Sink faster than
light objects. Wheninvestigatingthesink rates of
objectsof different Size, shape, and density, chil-
dren often fail to isolate weight as a possible
causal factor, because they believethat they a-
readly know itscausal status, or if they dosoand
find unexpected results, they often attempt to
explainthem away (15).

2) The specific domain of inquiry. For ex-
ample, fifth-graders exhibit greater metastrategic
understanding and make more vdid causad in-
ferences when reasoning about physical, rather
than social, domains( 6).

3) Theperceivedgoa of inquiry; iie., whether
children approach multivariable tasks with a sci-
entist versus an engineering mindset. The former
aims to uncover causal regularities,and the letter
ai ns to produce effects (17).

Phases d Scientific Thinkingin the Early Years
The issues associ a ed with nurturing, enriching,
and sustaining children's interest in scientific
knowledge and procedures differ with the phase
of development

Preschool science assessments and interven-
tens. The enthusiastic wonder with which both
children and scientists approachtheworld around
t han may account for thealluring notion of "the
ientiginthecrib™ (18).However, researchon
early cognitiveprocessesreveals that thinking
processes follow a developmentd trgjectory in-
volving the acquisition and coordinationof mamy
component skills. Althoughvery young children
have competencies thet support aspect s of scien-
tific thinking (19), many children leave school
having failed to leam much about science Even
for those who go on to advanced careers in
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science, many yearsof intensetrain-
ing are necessaryto becomea “real”
sientig.

Much of theliterature(Z) on in-
fants' acquisition of fundamental
knowledgefocuseson aspectsof the
physicd world, such as momentum
(20), slidity (20), and gravity (21),
but thereisresearchonirfats un-
derstanding of the biological (22)
and socia worldsaswell. However,
there is no consensus on how sci-
entific the thinking of young chil-
dren redlly is. Some researchers
upportthe*child as a scientist” po-
stion(19), wheressotherschallenge
thisview (10).Effortsto trdn scien-
tificthinking inyoungchildrenhave
yielded mixed results. Althoughthere
is no evidencethat interventionsin
the first 18 months can accelerate
the course of these developmental -
ly primary (23)processest o produce
“baby Einsteins” (24), thereisevi-
dence that preschool children can
be trained to improvetheir control
of some menta processes thd are
widely agreed to be important for
learning and understanding science
(and mathematics): sdf-@ation,
cognitiveflexibility, and inhibitory
control (25).

Another general cognitive, and
motivational, aspect of scientific
thinkingis curiosity. G | dren bring
a spontaneous curiosity to the net-
ural world (4). However, the con-
struct of curiosity hasprovendifficult
to operationalize. One broad ap-
proach to preschool science educa-
tion, perhaps influenced by Piagetian
theory, presumes that preschoolers
traverse a fixed sequence of stages
with respect to scientific thought.
This perspectivetendsto constrain
efforts to include much scientific
content in the preschool curricutum.
For example, astudy of 20 Midwest-
em middle-class preschools found
that less than 5% of instructional
activities were_explicitly designed
to promote science learning (26).
The other gpproach presumes that
preschool programs should am to
nurture children's natural scientificcuriosity be-
cause, it is argued, "'Red science begins With
childhood curiogity" (27). The god of such -
terventions ist 0 help children devel opearly forms
of the complex concepts involved in scientific
reasoning (28). |

This developing interest in the feasibility of
early scienceinstruction has ledmost stat es inthe
United States, as well as high-level nationa ad-

Fig. 1. Curiosity gamefor preschoolers. Children chaos
d two windows to open in order to see what kind of
outsde the submarine. For esch d severd trids, the
adjacent to each initidly dosed window showsoneto si;
aquestion mark. The number d possiblefish correpond
amount d uncertainty associated with each window.
midde pane shown here, the window on the Let hes mi
uncertainty and the window an the right hes the m
uncertainty {if children chaose it, they know for surewt
will gppear). The middle pandl contrasts two levds of
tainty: window A will reved one d three fish, windov
reved oned s fish. Children wark their wey through a«
tree of 18 trials contrasting varying levels d uncertail
riosity isindicated by theamount d uncertaintythechild
throughout the task (36),

visory panels, to formulate science stand:
preschool education in which curiosity
oatrd role (29). But preschool teachers
dilemma because there is no consensu
what curiosity isor how to measureit (3i
Neverthdess scienceisfinding aplace
school curricula thet encourage teachers
tend, sti nul & e, encour age, and draw on ch
curiosity (31).Procedures to produce suche
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must address questions of content, delivery, and
assessment. Unfortunately, these curricula lack
clear procedures for assessing their curiosity-
increasing effects. The first two questionsarethe
essest to answer because they concern inputs
(instruction) rather than outputs (measures of
changesin curiosity), and preliminary answers
can be found in the following three preschool
sciencecurricula.

Oneprogram, the Young Scientist Series (32),
provides professional development tools for
teachers, building on prior knowledge and en-
couraging scientific thinking and behavior. As-
sessments Of its effectiveness focus
primarily oninstructi ol support
rather than studentoutcomes(33).
Science Start, another preschool
program emphasizing profession-
al development, aligns content
with existing science standards
and mtegrates science instruction
with language and literacy, <« -
- 1 awmlsocid studies (37, 34).

plicit, often including mistakes and misconcep-
tions (Table 2). The instructiona chalenge is
to diagnoseand remediate these misconceptions
while simultaneously building on correct knowl-
edge. Examples of how to do this in specific
content arees are availablefor K-8 scienceteach-
ers(37).

The expanding range of subgtantivetopicsin
scienceis daunting. By some edimates, thereare
thousands of concept s that could be taught (33).
Therefore, rather than focus on the content of
interventionsfor t eachi ng ether domain-specific
Or cross-cutting COncepts, we review cwrent re-
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students) (43). The design, implementation, and
assessment of these artifacts may be influenced
by theoretica stances, but ultimately an opera-
tiona definition of the teaching method must be
provided, so thet others can replicate, modify,
and assess it. However, becausethisis difficult,
interventions are often given broad nongpecific
labels, Such as teacher-centered, student-centered,
discovery, direct instruction, or hands-on
Thesebroad, and vague, |abdsfor different
types of interventions can be replaced with
descriptions of ingtructional methods that are
presented in sufficient detail to be replicated.
Studies from our |abassess the irn-
pact of different gpproaches to
teaching children fium second to
sixth grade how to design uncon-
founded experiments This csotral
domain-generd topic, often called
the control of varidbles drategy
(CVS) mtheliterature, isincuded
m the Nationd Research Coun-

cl's (NRC’s) science education

It emphasizes scientific vocabu-

standards (29); Benchmarks for

lary development, as well as plan-
ning and problem-solving skills.
Theeffectivenessof thelanguage
development portion of the pro-
gram has been empirically sup-
ported (35), dthough its impact
on other agpects of children’s scien-
Preschool Pathwayste Sdencein-
corporates basic research on chil-
dren’s i lity to engagem relatively

Fig. 2. TED (Training in Experimental Design) is an intelligent computer-based
tutor for teaching children how to design unconfounded experiments (53). In this

Sdence Literacy (44); and high-
stakes science tests a state, nar
tiona, and internationd levels.
In our studies, we used ma-
terids in which four two-level
factors could be varied to deter-
minewhether or not those factors
aecsd withrespect to anout-
come. Our contextshaveincluded
ramps, springs, sinking objects,
and pendutums and have been

dzen: :|vw: e't(h armn%dlﬁmm ;;'l_ screen shot, children are being asked to design an unconfounded experimerit to b?il?;tfﬁég%hﬂfﬁﬂi
ing a bese of knowledgean which determine whether the type of surface makes a difference in how far a ball rolls. include an adaptive computer-

to build when experiencing new
information. It focuses on teaching the vocabulary
and processes of observing, predicting, and ob-
serving to check predictions (36).

Thus, the questi on of how to assess the im-
pact of preschool scienceprogramson children’s
curiosity remains. Operationally defining curios-
ity isafirst step. Recentwor k suggests thet it can
be assessad using a neasure of children’s ex-
ploratory preference for different levels of un-
certanty, in a computer-based game in which
children choose to explore among situations
varyingin the amount of informationavailable
(Fig. 1). The vdidity and reliability of this mea-
sureof curiosity indicatethatitis in f&, related
to children's basic inquiry skills (28).

Elementary and middle-school children. K-8
curriculum developers have traditionally under-
estimated the developmentd readiness of chil-
dren to engage in scientific thinking. Chi | dren
entering school have already leamed asubstantial
amount about thenat ra world, and they possess
reasoning processesthat support causal i nf erence
and evidenceinterpretation (). However, much
of children's scientific content knowledge is im-

search about how best to teach sdence. THS
active ad contentious (39) research areais im-
portart becausetheway that scienceistaught is
inextricably connected to what students learn
about thenat ure of sciencettself. Thecontroversy
over inquiry approachesis characterized by sev-
ad dichotomies, the most common of which is
dred indruction versus discovery learning (40).
Most influential science curriculum publications
lean heavily t ovar d inquiry (30), whereas many
researchers from acognitive science tradition ar-
gue that a guided f ormof explicit instruction is
consstent with decades of research on the pa-
rameters and structures Of the human cognitive
sysem (41, 42).

Educational interventions as engineering ar-
tifacts. Instructional desgn and curriculum de-
velopment can be viewed as the engineering
application of the basic science of cognition:
Based on the best available science, one crafts a
complex artifact, ranging from aproblemsetto a
lesson plan to an entire curricutum, and then
meeaures performance iN non-idealized circum-
stances (red classrooms with red teachers and

basad tutor (Fig. 2), inwhich four
potentially causal factors can becont rast ed or con-
trolled: surface texture, um length, ramp height,
and ball type Thelearner is asked to design ex-
periments t0 investigate Specific questions (such
as, doessurface t ext ure make adifferencein how
far a ball will roll?), and the system diagnoses
learners’ responses and adaptively decidesonthe
next instructional component.

In one of our studies (9), we contrasted thres
interverti oslabded discovery leamning, Socratic
instruction, and direct instruction. Because eech
of these tams on its own could cover a huge
variety of instructional interventions, we pro-
vided an unambiguous operationd definition for
each nethod (Fg. 3). Indeed, it is essentid to
satethe detal sof thethreegpproachesin order to
assess and replicate them The explicit informa-
tion contained m Hg. 3 enables discussions of
differential effectiveness to be grounded in well-
defined aspect s of theindructiond manipulations.

At each grade leve, direct instruction was
the et effectivefor immediate learning, near-
transfer assessments, far-transfer assessments
(in new contexts), and remote transfer assess-
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determine how five variables af-

IS

R. A Duschl, H A Schweingruber, A Shouse, Taki

Three instructional conditioris

“ v om w o " %% ermination. After an

Aspect Direct Socratic Discovery |n|t|a mvestigation of the task,
Materials Remps, springs; sinking objects ” 3y the control group was tught about
Goal setting By teacher: Can you find out whether X seed germination, Whereasthe ex-
makes a difference in how far the ball rolls? narirmantal, arann, wae odven a

Physical . o T T R S SRR '2} metastrategic knowledge interven-
_ mantpulatuon of I Yes * Yes Yes . tion. The intervention consisted
matere by shid L . s bt o oeemee? of describing the CVS and dis

Deslgn of each X .

expegnment _ Teacher LStudent Student ] cussmg which features of a task
§f ' Yes : R the MVQ

Probe questtons k2 shouldbxl.llsegdméd ents recexv-

Explanations ing theinterventionshowed both
ey Stmteglcandme:’mst:mtegtcgams

Execution of

) et were admtmta months

experiments Yes .
- 3 later. Low academic achievers
. Obsenmﬂnn * ves 1 .
ot outconies oS showed the greatest gains. Thus,

Fig. 3. An operational definition of the generic tems "Direct In-
Socratic Instruction,” and "Discovery Leaning," used
in an experiment to teach second-, third-, and fourthgrade chil-
dren how to design unconfounded experiments (9). Each column—
coresponding to one type of instruction—contains the values of the
rows. For example, the “Probe Questions™

ToW jndicates that there are probe questions for two of the conditions,
but not for the “Discovery” condition, and the “Execution”
that students do net execut € experimentsin the Direct condition, but

» u

struction,

essential features listed in the

they do in the two. QUfficent d royided
researchers Gn% rEphcatlons angm OEfP tions

instruction. The column headings are convenient generic labels, but
they are not intended to be universally accepted definitions.

ments (after delays of months or even years).
Subsequent studieshave replicated the genera
finding that explicit instruction was most ef-
fectlveln theshort and long terrm, in both care-
fully controlled single-classroom studies as well
as large-scale interventions (36 classrooms With
nearly 800 total students) (46). Similar studies
from other labs have demonstrated that chil-
dren can learn CVS from |ess-directed instruc-
tion, given extensive scaffolding (i.e., guided
instruction/discovery). However, children take
much longer to reech mastery in that case, and
they are no tette a trandferring knowledge to
new contexts than children who received more
explicit instruction (47).

Kuhn and colleagues (48) have do inves-
tigated children's dility to learn about CVS,
but with a broader focus in which studentsuse
computer-based experimenta design contexts
to explore ways to promote the metacognitive
and metastrategic skills involved in differentiat-
ing and coordinating theory and evidence. Kuhn
maintains that such skills differentiate individ-
uals with more or less sophisticated scientific
thinking and represent one of thewaysin which
childrenare not necessarily intuitivescientists.
For example, fifth-graders classified a5 ejther

high or low academic achievers were explicitl
taught metastrategic kmowledge o the CVS (49{

Students interacted with a computerized task to

ajtho etalevel competen-
cies #%1;/ rlt%t develop(): rgﬁnely,

they can be leamed via a<pl|crt

mstwc& respect to the ;oo o ©

unambiguous operational def-
initions, we note that the de-

scriptions Of the three types of
CVS instruction used in our re-
search (Fig. 3) are less complex

descriptio: eces-
sary to geflneme?ly other metti-
ods used i science instruction,

b RO o g
tation, etc. Neverthdess, we bdievet hat in order
to replicate evaluate, and fulty interpret educa-

tional ents, it iS n for researchers
to strive { OWar d stich darity (59.

row indicates

that other
ch type of

Converging Trends to Improve the Quality
of Science Education

The curent state, and likely future, of science
education have been profoundly influenced by
three NRC reports crafted by experts from the
learning Sciences, cognitive and developmental
psychology, and science educationthat summa-
rize the state of the art of knowledge about
humen cognition and leaming (41), lay the ground-
work for the integration of psychological models
and psychometric Pr ocedur es (57), and challenge
the existing state Of educational research by set-
ting forth clear guidelines for increasing the sci-
entific rigor of the discipline (52). All of this
bodes well for the ftureof this field and suggests
that we will continueto see substantia progress
toward solving many of the chalenging issues
msmmmbimg cffective science education for our
children (54).
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