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The goal of science education interventions is to nurture, enrich, and sustain children's natural 
and spontaneous interest in scientific knowledge and prohdures. We present taxonomy for 
classifying different types of research on scientific thinking from the perspective of cognitive 
development and associated attempts to teach science. We summarize the literature on the 
early-unschooled-development of scientific thinking, and then focus on recent research on 
how best to teach science to children from preschool to middle schooL We summarize some of 
the current disagreements in the field of science education and offer some suggestions on ways 
to continue to advance the science of science instruction. 

S cience education aims to advance child- physics, chemistry, biology, Earth sciences, and 
reds knowledge about the natural world so on, c o m b i i  with a smaller set of domain- 
and to help them master procedures for general concepts, such as equilibrium, time, 

discovering, assessing, revising, and communi- 

f m t  types of psychological investiNons of 
scientific thinking (Table 1). The two rows in 
Table 1 are intended to emphasize the fact that 
"science educatoxs aim to convey not only the 
content of sciencen (row 1) '%but also the p r e  
cesses whereby scient5c knowledge is acquired, 
rehed, revised, extmded, and dkmbkd, in- 
cluding modes of argumentation and the social 
and profasional conkxf of the scientific enter- 
prise" (row 2). (6). Research on domain-spdc 
hypotheses (cell A) assesses young children's 
knowledge about the Sun-Moon-Earth system, 
in which children progress, between Grst and 
third grade, from a variety of geocentric beliefs 
to a variety of heliocentric beliefs (Table 2). 
Even by third grade, most children's models are 
only p d y  correct (7). One of the challenges 

of science instruction is that rather 
cating that knowledge. We believe that science 
interventions can be most effective when they are 
consistent with what research in cognitive de 
velopment has revealed about children's thjnkjng 
and learning. This is not the only lens through 
which to view science education literature, nor 
is it one usually used by science edwaton, who 
necessarily focus on the complexities of the 
knowledge they are attempting to convey and the 
conshints imposed by the realities of classrooms 

Table 1. Categorization of fypes of foci in psychological studies 
of children's scientific thinking. 

Type of scientific processes 

Type of Forming Designing and Evaluating 
knowledge hypotheses running experiments evidence 

and observations 
Domain-specific . A B C 
Domaingeneral D E F 

than being empty vessels into 
which knowledge can be poured, 
novice science learners bring to 
the classroom many miswncep- 
tiom, including some that may 
require mdical reconceptualiza- 
tion (8). 

Studies in cell F, focusing 
on how children evaluate ab- 
stract evidence patterns, reveal 

and schools. 
Psychologists have been investiHg the de- Table 2. Distribution of children's beliefs about the relative motion of the Sun, Earth, and Moon. Numbers 

velopment of basic cognitive skills that sup- indicate the number of children in each grade holding the various beliefs about the motion of the Earth, 

~ o r t  scientific literacy for more than 50 years Moon, and Sun (7). 

il+, making it possible to design theo&cally Grade Grade 
grounded educational interventions that can ad- 
vance children's scientific thinking. Three neces- Earth Moon motion Sun motion '1 3 Total ' 

sary components for any such intervention are: a 1. Rotates, revolves Rotates, revolves None 
statement of the knowledge to be acquired, a around Sun around Earth 
set of instructional activities that are consistent 2. Rotates, revolves Revolves around Earth None 
with what is known about the amstrahts of hu- around Sun 
man thinking and learning, and an assessment 3. Rotates, revolves Moves parallel to Earth None 
process. around Sun around Sun 

Here we descnie some ways in which re- 4. Rotates, revolves None None 
search in cognitive development has advanced around Sun 
our understandinrr of children's scientific think- 5. Rotates. revolves None None 0 1 1  
ing,andreviewhowthisresearchinterfaceswith around~unandloon 
science d c t i o n  at two different developmen- 6. Rotates Rotates Rotates 
ial phases: preschool (including infancy) and K-8 7. Rotates None None 
science. 

A Taxonomy for Classifying Interventions 
in Science Education 
Scienac thinking can be characbizd in terms 
of two principal features: (i) content, which in- 
cludes an array of domain-speci6c topics, such as 

8. Rotates 
9. None 
10. Rotates 
11. Rotates 
12. None 
13. None 
14. Rotates, revolves 

around Sun 
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Revolves around Earth 
Revolves around Earth 
Rotates, up  and down 
Up and down 
Up and down 
None 
Moves with Earth 

around Sun, 
up and down 

Revolves around Earth 0 1 1  
Revolves around Earth 0 2 2 
Rotates, up and down 1 0 1 
Up and down 2 1 3  
Up and down 9 3 12 
None 2 0 2 
Rotates, up and down 1 0 1 
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that preschoolers can distiuguish conclusive from science, many years of intense train- 
in&clusive evidence and that they can 
be trained to correctly interpret even complex 
patterns. (9). Studies in cells I3 and E focus on 
the logic of unconfounded experiments. In cell 
E, investigators examhe children's ability to leam 
about the conceptual and pmxdmd basis of ex- 
perimental design, without concern for underly- 
ing domain-specific knowledge ( lo ) ,  whereas 
studies in cell B explore the interaction between 
domain-specific knowledge and the logic of ex- 
perimentation (11). 

In some laboratory studies of children's sci- 
entific ~ g ,  and in most science education 
contexts, children negotiate the entire cycle of 
in* (cells A through F) while engaged in self- 
directed exploration of multivariable systems that 
simulate the processes of scientific discovery. 
Such studies enable researchers to examine the 
dynamic interaction between domain-general 
strategies and developing conceptual knowledge 
(12,13). This research has identified several fac- 
tors that iduence the development of scientific 
thinking skills, including the following: 

1) The amount, stmgth, and veridicality of 
prior knowledge (14). For example, most chil- 
dren believe that heavy objects sink W e r  than 
light objects. When investigating the sink rates of 
objects of different size, shape, and density, chil- 
dren often fail to isolate weight as a possible 
causal f8ctor, became they believe that they al- 
ready h o w  its causal status, or if they do so and 
find unexpected results, they often attempt to 
explain them away (15). 

2) The specific domain of inquiry. For ex- 
ample, fifb-graders exhibit greater metastrategic 
unde&mding and make more valid causal in- 
f-ces when reasoning about physical, rather 
than social, domains (I 6). 

3) The perceived goal of inquky; i;e., whether 
children approach multivariable tasks with a sci- 
entist versus an e n g i n e  mindset. The former 
aims to uncover causal regularities, and the latter 
aims to produce effects (1 7). 

Phases of Scientific Thinking in the Early Years 
The issues associated with nuturhg, enriching, 
and sustaining children's interest in scientific 
knowledge and pmcedures differ with the phase 
of development 

Presdmol science assessments and int- 
tiom. The enthusiastic wonder with which both 
children and scientists approach the world around 
than may account for the allwing notion of "the 
scientist in the crib" (18). However, research on 
early cognitive processes reveals that thinking 
procesm follow a developmental trajectory in- 
volving the acquStion and coordination of many 
component skills. Although very young children 
have m q c i e s  that support aspects 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 

. .. 

ing are necessary to become a Yeal'' 
scientist. 

Much of the literature (1) on in- 
fants' acquisition of fundamental 
knowledge focuses on aspects of the 
physical world, such as momentum 
(20), solidity (20), and gravity (21), 
but there is research on infants' un- 
derstanding of the biological (22) 
and social worlds as well. However, 
there is no consensus on how sci- 
entific the thinking of young chil- - - -  
dren really is. Some researchers 
support the "child as a scienW po- 
sition (19), whereas others challenge 
this view (1 0). Efforts to train scien- 
tific tbking in young children have 
yielded mixed d t s .  Although there 
is no evidence that interventions in 
the first 18 months can accelerate 
the course of these developmental- 
ly primary (23) processes to produce 
'%baby Einsteins" (24), there is evi- 
dence that preschool children can 
be trained to improve their control 
of some mental processes that are 
widely agreed to be important for 
leamiug and understanding science 
(and mathematics): self-@ation, 
cognitive flexibility, and inhlhitory 
control (25). 

Another general cognitive, and 
motivational, aspect of scientific 
thinking is curiosity. Children bring 
a spontaneous curiosity to the nat- 
ural world (4). However, the con- 
struct of mjosity has proven difficult 
to operationalize. One aP- Fig. 1. Curiosity game for preschoolers. Children choos 
preach to preschool ~cience educa- of two windows to open in order to see what kind oi 
tioq- Piagetian outside the submarine. For each of several trials, tht 
theory, presumes that preschoolers adjacent to each initially closed window shows one to n': 
traverse a h e d  sequence of stages a question mark. The number of possible fish correspond 
with respect to scientific thought. amount of uncertainty associated with each window. 
This perspective tends to constrain middle panel shown here, the window on the Left has mi 
efforts to include much scientific uncertainty and the window on the right has the m 
content in the pmchaol -cuhnn. uncertainty (if children choose it, they know for sure wt 
For example, a study of 20 ~i&&: d l  appear). The middie panel contra* two levels 01 
em middle-class preschools found tainw window A will reveal one of three fish, window 
that less than 5% of insmctional reveal one of six fish. Children work their way through a r 

a&ties were explicitly designed tree of 18 triak contrasting varying l e k  of uncertail 

to promote science learning (26). riosity is indicated by the amount of uncertaintythe child 

The other approach presumes that throughout the task (36). 

preschool programs should aim to 
mnture children's natural scientific curiosity be- visory panels, to formulate science stand; 
cause, it is argued, "Real science begins with preschml education in which curiosity 
childhood curiosity" (27). The goal of such in- central role (29). But preschool teachers 
terventions is to help childTen develop early forms dilemma because there is no consen- 
of the complex concepts involved in scientific what curiosity is or how to measure it (3i 
reaSOning(28. , Nevertheless, science is finding a placx 

This developing interest in the f e a s i t y  of school d c u l a  that encourage teachem 
early science instruction has led most states in the tend, stimulate, encourage, and draw on ch 
United States, as well as high-level national ad- curiosity (31). Procedures to produce such e 
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must address questions of content, delivery, and 
assessment. Unfortunately, these cunicula lack 
clear procedures for assasing their curiosity- 
increasing effkcts. The fht two questions are the 
easiest to answer because they concern inputs 
(instruction) rather than outputs (measures of 
changes in curiosity), and preliminary answers 
can be found in the following three preschool 
science curricula. 

One program, the Yomg Sciepltist Swies (32), 
provides professional development tools for 
teachers, building on prior knowledge and en- 
couraging scientific thinking and behavior. As- 
se?&ments of its effectmess focus 
primarily on instructional support 
rather than student outcomes (33). 
Science Stin?, another preschool 
program emphasizing profision- 
al development, aligns content 
with existing science standards 
and mtegratm science jmhudion 
with language and litmtcy, &- 
~ I S ,  and social stUdig (31,34). 
It emp-es scientific vocabu- 
lary development, as well as plan- 
ning and problem-solviug skills. 
The effectiveness of the language 
development portion of the pro- 
g..n has been e o U y  sup 
ported (33, although its impact 
on other aspects of c W s  scien- 
t i s c ~ h a s n o t b e e n d  
A.escho01 Pathways to Science in- 
corpomtes basic research on chil- 
M s  ability to engage m relatively 
complex m g  It pro* chil- 
&en with a mental stmhm, cwt- 
ing a base of knowledge an which 

plicit, often including mistakes and misconcep- 
tions (Table 2). The instructional challenge is 
to diagnose and remediate these misconceptions 
while simultaneously building on correct howl- 
edge. Examples of how to do this in specific 
content areas are available for K-8 science teach- 
ers (373. . , 

The expanding m g e  of substantive topics in 
science is daunting. By some estimates, there are 
thousands of concepts that could be taught (38). 
Therefore, rather than focus on the content of 
interventions for teaching either domain-specific 
or mss-cuaing concepts, we review current re- 

students) (43). The design, implementation, and 
assessment of these artifacts may be influenced 
by theoretical stances, but ultimately an opera- 
tional definition of the teaching method must be 
provided, so that others can replicate, modify, 
and assess it. However, because this is difficult, 
interventions are often given broad nonspecific 
labels, such as teacher-centmxl, studentcentaed, 
discovery, direct b c t i o n ,  or hands-on 

These broad, and vague, labels for different 
types of interventions can be replaced with 
descriptions of instructional methods that are 
presented in sufficient detail to be replicated. 

Studid fium our lab assess the im- 

Select the explanation that best describes what you were trying to do.- 

Fig. 2. TED (Raining in Experimental Design) is  an intelligent computer-based 
M o r  for teaching children how to design unconfounded experiments (53). In this 
screen shot, children are being asked to design an unconfounded aperimerit to 
determine whether the type of surface makes a difference in how far a ball r o k  

pact of different approaches to 
teaching children fium second to 
sixth grade how to design uncon- 
founded experiments. This d 
domain-general topic, often called 
the confml of variables strategy 
(CVS) mthe literahre, is included 
m the National Research Coun- 
cil's (NRC's) science education 
standads (29); Benchmarks for 
Science Litmaw (44); and high- 
stakes science tests at state, na- 
tional, and international levels. 

In our studies, we used ma- 
terials in which f o q  two-level 
factors could be varied to deter- 
mine whether or not those hcto~9 
are causal with respect to an out- 
come. Our contexts have i n c M  
ramps, springs, sinking objects, 
and penduiums and have been 
instantiated in both physical and 
virtual worlds (45) and currently 
include an adaptive computer- 

@-build when &&cing new based tutor (Fig.2), in which four . 

iuhmtion. It focuses on teachimg the v- search about how best to teach science. This potentially causal ftrctoIs can be contrasted or con- 
and processes of observing, pndiding, and ob- active and contentious (39) research area is im- trolled: srrrface textme, run length, ramp height, 
serving to check predictions (36). p o m t  because the way that science is taught is and ball type. The learner is asked to design ex- 

Thus, the question of how to assess the im- inextricably connected to what students learn p a k a t s  to investigate specific questions (such 
pact of preschool science programs on children's about the nature of science itself The controversy as, does sl.trface texture make a difference in how 
miosity remains. OpemkianalIy defining curios- 
ity is a fmt step. Recent work suggests that it can 
be assessed using a measure of childreds ex- 
ploratory preference for diffkut levels of uu- 
certainty, in a computer-based game in which 
children choose to explore among situations 
varying in the amount of information available 
(Fig. 1). The validity and rekddity of this mea- 

over inquiry approaches is characterized by sev- 
eral dichotomies, the most common of which is 
direct instruction verw discovery learning (40). 
Most intluential science curriculum publications 
lean heavily toward mw (30), whereas many 
researchers h n  a coguitive science tradition ar- 
gue that a guided form of explicit hstruction is 
consistent with decades of research on the pa- 

fas a ball will roll?), and the system diagnoses 
learners' respanses and adaptively decides on the 
next inslmdonal component 

In one of our studies (9), we contrasted three 
interventions labeled &very laming, S m t i c  
htmction, and direct i n s d o n .  Because each 
of these terms on its oivn could cover a huge 
variety of inslTuCtiona1 interventions, we pro- 

sure of curiosity indicate that it is, in f&, related meters and simctmx of the human cognitive vided an unambiguous operational definition for 
to children's basic inquhy skills (28). system (41,42). each method (Fig. 3). Indeed, it is essential to 

Elementary and mid- &Wren. K-8 -8ucatioml interventions as enginwring ar- state the details of the three approaches in order to 
curriculum developers have tmiitionally under- tifacts. hstmctional design and cuniculum de- assess and replicate them The explicit informa- 
&hated the developmental &ess of chil- velopment can be viewed as the engineering tion contained m Fig. 3 enables discussio~s of 
ctren to engage in s c i d c  thinking. Children applidon of the basic science of cognition: diffaenhl effectiveness to be grounded in weU- 
entering school bave already learned a substantial Based on the best available science, one crafts a d&ed aspects of the instructional manipulations. 
amount about the natural world, a d  they possess complex amfitct, ranging h m  a problem set to a At each grade level, direct instruction was 
reasoning processes that support causal inference lesson plan to an entire cunicuium, and then the most effective for immediate learning, near- 
and evidence inteqmtation (4). However, much measures p e r f i i c e  in non-idealized circum- transfer assessments, far-transfer assessments 
of children's scientific content knowledge is im- stances (real classrooms with real teachers and (in new contexts), and remote transfer assess- 
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determine how five variables af- 4. R A Duschl, H. A Schweingruber, A Shouse, Toh 

Thne instructionel condki0M 
f . ~  seed gamindon. man to SchaaL Learning and Teoching Science in Grac 

(National Academies Press, Washington, DC, 200 
"Dbrect" "Socratic" "Dlscover~" initial investigation of the W 5. D. Klahr, H. A. Simon, Bull. 125, 52r 
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