
Full Terms & Conditions of access and use can be found at
http://www.tandfonline.com/action/journalInformation?journalCode=pecp21

Download by: [Aristotle University of Thessaloniki] Date: 06 November 2015, At: 03:55

Journal of Cognitive Psychology

ISSN: 2044-5911 (Print) 2044-592X (Online) Journal homepage: http://www.tandfonline.com/loi/pecp21

Cognitive change in mental models with
experience in the domain of organic chemistry

Mary Hegarty , Mike Stieff & Bonnie L. Dixon

To cite this article: Mary Hegarty , Mike Stieff & Bonnie L. Dixon (2013) Cognitive change
in mental models with experience in the domain of organic chemistry, Journal of Cognitive
Psychology, 25:2, 220-228, DOI: 10.1080/20445911.2012.725044

To link to this article:  http://dx.doi.org/10.1080/20445911.2012.725044

Published online: 23 Oct 2012.

Submit your article to this journal 

Article views: 177

View related articles 

Citing articles: 5 View citing articles 

http://www.tandfonline.com/action/journalInformation?journalCode=pecp21
http://www.tandfonline.com/loi/pecp21
http://www.tandfonline.com/action/showCitFormats?doi=10.1080/20445911.2012.725044
http://dx.doi.org/10.1080/20445911.2012.725044
http://www.tandfonline.com/action/authorSubmission?journalCode=pecp21&page=instructions
http://www.tandfonline.com/action/authorSubmission?journalCode=pecp21&page=instructions
http://www.tandfonline.com/doi/mlt/10.1080/20445911.2012.725044
http://www.tandfonline.com/doi/mlt/10.1080/20445911.2012.725044
http://www.tandfonline.com/doi/citedby/10.1080/20445911.2012.725044#tabModule
http://www.tandfonline.com/doi/citedby/10.1080/20445911.2012.725044#tabModule


Cognitive change in mental models with experience
in the domain of organic chemistry

Mary Hegarty1, Mike Stieff2, and Bonnie L. Dixon3

1Department of Psychological & Brain Sciences, University of California, Santa Barbara,

CA, USA
2Department of Chemistry and Learning Sciences, University of Illinois, Chicago, IL,

USA
3Department of Chemistry, University of Maryland, College Park, MD, USA

We examined cognitive change in students’ mental models, and consequently their problem-solving
strategies, as a result of instruction in the domain of organic chemistry. Three groups of students received
organic chemistry instruction that emphasised either imagistic strategies, analytic problem-solving
strategies, or their combination. Before instruction, students’ solution strategies were largely imagistic.
After instruction, imagistic strategies comprised a minority of the strategies reported, indicating a switch
from analogue mental models to more abstract representations. This switch was moderated by instruction
and ability such that students who received analytic instruction used more analytic strategies after
instruction and students with higher spatial ability used more imagistic strategies after instruction.
Problem-solving success was associated with using a greater range of strategies. These results are
consistent with research in other domains suggesting that imagistic mental models are associated with
novelty, and as students gain more experience in a domain, they adopt domain-specific heuristics and
rules when possible.

Keywords: Chemistry problem solving; Imagistic strategies; Analytic strategies; Instruction; Spatial ability.

There have been two different senses of mental

model in the psychological literature. In one

sense, often adopted in studies of reasoning

(Johnson-Laird, 1983) and text comprehension

(Van Dijk & Kintsch, 1983), a mental model (or

situation model) is a representation of the situa-

tion or possible range of situations described by a

set of premises or a more integrated text. In this

case the input to the reasoning process is typically

verbal. In another sense, a mental model is a

characterisation of the knowledge and cognitive

processes that allow humans to understand and

predict the behaviour of physical systems such as

mechanical, electronic, and biological systems

(Gentner & Stevens, 1983), and the input to the

reasoning process is often a picture or diagram.

This sense of mental model does not make any

strong predictions about the format of the knowl-

edge representations or inferences involved.

Rather, it can involve different types of repre-

sentations at different levels of abstraction from

the physical situation. This paper is in the second

tradition and examines cognitive change in stu-

dents’ mental models, and consequently their

problem-solving strategies, as they gain knowl-

edge in the domain of organic chemistry.
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Different modes of reasoning about physical
systems suggest that problem solvers represent
such systems with mental models that vary from
more imagistic to more abstract and analytic. For
example, in mechanical reasoning, simulation-
based reasoning involves forming a mental image
of a mechanical system and using analogue
imagery processes (e.g., mental rotation) to infer
the behaviour of the system. We will refer to this
process as running an imagistic mental model or
using an imagistic strategy. Analytic reasoning, on
the other hand, can involve decomposing the
mechanical system into subsystems or applying
rule-based strategies to infer how the system will
behave. Take, for example, a simple mechanical
reasoning problem with a picture or diagram
representing interconnected gears. The direction
of motion of one gear is indicated and the goal is
to infer the direction of another gear in the chain.
Solving this problem via simulation-based reason-
ing involves forming an imagistic mental model of
the gears and mentally simulating their motions
using visual and perhaps motor imagery. Solving
this problem via analytic reasoning involves
identifying the number of interconnected gears
and applying the rule that two interlocking gears
move in opposite directions (Schwartz & Black,
1996).

Another type of analytic strategy, task decom-
position, is often used when reasoning about
complex physical systems. For example, using
task decomposition, participants mentally simu-
late the behaviour of complex mechanical systems
piecemeal rather than holistically (Hegarty, 1992,
2004). The choice of internal representation and
reasoning strategy can depend on how the pro-
blem is presented. People are more likely to use
imagistic simulation when viewing a realistic
picture of a mechanical system; conversely,
when shown a more abstract diagram, they are
more likely to use analytic strategies (Schwartz,
1995). Diagrams typically abstract from the rea-
lity that they represent so that they highlight
some spatial aspects of the referent but not
others. So although diagrams are models of the
situation, they are typically more abstract than
images and abstraction may prompt people to use
more analytic inference processes. The presence
of a diagram also facilitates piecemeal strategies,
as it provides an external representation that can
be viewed piece by piece, and obviates the need
to maintain an internal representation, such as a
mental image, in working memory. Furthermore,
reasoners can annotate the external diagram as

they solve parts of a problem to further reduce
the working memory load.

Running imagistic mental models has also been
associated with novel problem solving. For ex-
ample, when Schwartz and Black (1996) asked
people to solve the gear problem described ear-
lier, participants’ gestures indicated that they
initially mentally simulated the motion of the
individual gears, but on the basis of these simula-
tions, they discovered the simple rule that any two
interlocking gears must move in opposite direc-
tions and switched to the rule-based strategy.
However, they reverted to the mental simulation
strategy when given a novel type of gear problem.
Similarly, when studying the strategies adopted by
students to solve mathematics word problems,
Lowrie and Kay (2001) found that students are
more likely to report imagistic thinking processes
(such as imagining the situation described in the
problem) when solving more difficult problems.
They argued that imagistic strategies are used in
novel problem-solving situations in which stu-
dents do not have a readily available algorithm,
but algorithms are used, when available, because
they are less effortful.

Chemistry is an interesting domain in which to
examine mental models of physical systems. The
objects under study in chemistry, namely atoms
and molecules, exist on such a small scale that we
have no direct visual experience on which to base
our mental models in this domain. In response,
chemists have invented a variety of physical
models and diagrams to represent molecules,
raising questions regarding how these external
representations influence learners’ developing
mental models and strategy use.

Like mechanical and mathematical reasoning,
studies in chemistry have revealed a variety of
reasoning strategies, ranging from imagistic simu-
lations to rule-based reasoning, that reflect varia-
tion in learners’ mental models. For example, Stieff
(2007) examined how novices and experts in
organic chemistry solved a problem in which they
were shown two molecular diagrams and tasked
with deciding if the two diagrams represented the
same molecule or a mirror image pair. Judgements
such as this are critical in organic chemistry, given
that two molecules may be composed of the same
atoms with different spatial configurations that
result in very different physical and chemical
properties. Novices used mental rotation to
perform this task, but experts typically used a
rule-based strategy when applicable. Specifically,
experts were able determine that two diagrams

COGNITIVE CHANGE IN ORGANIC CHEMISTRY 221

D
ow

nl
oa

de
d 

by
 [

A
ri

st
ot

le
 U

ni
ve

rs
ity

 o
f 

T
he

ss
al

on
ik

i]
 a

t 0
3:

55
 0

6 
N

ov
em

be
r 

20
15

 



were identical if either of the two diagrams was
symmetrical around a central axis. Using this rule,
experts’ response times were significantly faster
and independent of angular disparity. Novices did
not use this rule spontaneously, despite exposure
to the rule through routine instruction; however,
when directly instructed to use the rule, novices
switched to rule-based reasoning instead of ima-
gery. Interestingly, both experts and novices fell
back on the mental rotation strategy on items to
which the rule could not be applied.

More generally, a switch from imagistic to rule-
based mental models with increasing expertise is
evident across a range of organic chemistry
problems that involve predicting reaction pro-
ducts, translating between different molecular
representations, and determining the mechanisms
underlying chemical reactions (see examples in
Figure 1). Verbal protocols reveal that both
experts and novices use analytic strategies for
problem solving on these tasks, but experts use
them more frequently and consistently, whereas
novices rely more on imagistic mental models
(Stieff, 2011; Stieff & Raje, 2010). Stieff, Ryu,
Dixon, and Hegarty (2012) demonstrated that the
switch from imagistic to analytic strategies occurs
naturally over the course of instruction. When we
asked organic chemistry students report their
strategies on chemistry problems immediately
after they had covered the relevant content in
their classes, students reported primarily imagistic
strategies. However, when asked to report their
strategies at the end of the semester, students
reported more analytic strategies, including dia-
gram manipulation and rule-based reasoning.

Research in the domains of mechanics, mathe-
matics, and chemistry has therefore revealed that
learners shift from more imagistic to more
abstract mental models and reasoning processes
with experience in a domain. Here we examine
how this development is moderated by the
strategies that are emphasised in instruction and
by students’ spatial abilities. Although changes in
students’ mental models result at least partially
from spontaneous discovery of rules (e.g.,
Schwartz & Black, 1996), it is clear that a major
factor in this cognitive change is that students are
exposed to a variety of domain-specific models
and strategies in the course of instruction. How-
ever, students do not always adopt strategies that
they are taught (Stieff, 2007; Lowrie, 1996). Thus,
it is unclear how students’ thinking processes are
influenced by the strategies emphasised by their
instructor and by their abilities.

To clarify these issues, we studied changes in
students’ mental models and problem-solving
strategies in three organic chemistry classes taught
by the same instructor, but emphasising different
strategies. In one semester the instructor empha-
sised physical models and imagistic simulations, in
a second semester she emphasised applying analy-
tic rules and heuristics, and in a third she gave
equal emphasis to both types of strategies. We
expected that students would switch from primar-
ily imagistic to more analytic methods as they
gained more domain knowledge. We predicted
that this switch would be more evident for students
who were exposed to analytic strategies in instruc-
tion. We also examined whether students’ spatial
abilities affected the switch from imagistic to
analytic thinking. A shift to analytic thinking
might be characterised as one of adopting less
effortful strategies. Given that imagistic strategies
should be less effortful for higher spatial ability
students than for lower spatial ability students, we
speculate that higher spatial students might be less
likely to switch to analytic strategies, regardless of
how they are taught.

Finally, we examined the use of different types
of analytic strategies that varied in the extent to
which they relied on internal representations
(mental images) versus external representations
(diagrams), imagistic versus analytic processes,
and the amount of spatial information that was
considered in solving the problems. Imagistic
strategies were those that relied on construction
of an internal visuospatial image of the molecule
or situation given in the problem and involved
analogue imagery processes to derive the answer.
Diagrammatic strategies relied on external vi-
suospatial representations and processes that
involved modifying existing diagrams or re-repre-
senting the problem in a different diagrammatic
format. Spatial analytic strategies involved rules
and heuristics that operated on spatial informa-
tion extracted from a diagram or verbal statement
of a problem. Algorithmic strategies involved
rules and heuristics that operated on nonspatial
information extracted from a diagram or verbal
statement (see examples in Table 1).

To assess strategies we used a method devel-
oped by mathematics educators (Lean & Clem-
ents, 1981). This involves first conducting protocol
studies to discover the range of strategies used by
students to solve a set of problems and then
developing strategy-choice questionnaires that
ask students first to solve a set of problems and
then choose from a set of strategy descriptions the
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method(s) that they used to solve each problem.
Although there are limitations of self-report data
of this type, pilot research for the study presented
here indicated that strategy classifications based
on verbal protocols and students’ self-reports
were consistent.

METHOD

Participants

Students were recruited from three introductory
organic chemistry courses taught at a research
university by the same instructor in successive
semesters. The sample consisted of 469 students,
136 students (53 male, 83 female) in the class that
emphasised analytic problem solving, 158 stu-
dents (52 male, 106 female) in the class that
emphasised imagistic problem solving, and 185
students (71 male, 104 female) in the class that
emphasised both types of strategies. The samples
consisted of 70% or more of the students enrolled
in each class and did not differ significantly in
self-reported Scholastic Aptitude Test (SAT)
scores or spatial abilities.

Materials

Measures of spatial ability. Students were tested
on three measures of spatial ability, the Mental
Rotation test (Vandenberg & Kuse, 1978), the Paper
Folding test (Ekstrom, French, Harman, & Dermen,
1976), and a modified version of Guay’s Visualisation
of Views test (Guay & McDaniel, 1976).

Measure of organic chemistry problem solving
and strategy choice. The Organic Chemistry
Problem Solving test consisted of 12 problems

that assessed student understanding of spatial
relationships relevant to organic molecules and
organic transformations (two of the problems are
shown in Figure 1). Each item required students
(1) to identify spatial relationships between
molecules or substituents (groups of atoms) with-
in a molecule and (2) self-report one or more
strategies used to solve each problem immedi-
ately after solving the problem. The measure of
problem-solving performance was the total num-
ber of problems answered correctly. The Pearson
correlation of this measure with course grade was
.58 (pB.001), indicating that it was representative
of student achievement in the class. Participants
were asked to report the strategy (or strategies)
they used to solve each item by selecting
from a fixed list of applicable strategies, adapted
from previous studies (Stieff, 2011; Stieff &
Raje, 2010). They were allowed to report
more than one strategy per problem and to write
in their own strategy if none of the choices
matched it.

Procedure

The spatial ability measures were administered
online during the first week of each semester with
the standard test instructions and time limits. At
this time the students also completed a question-
naire in which they reported their SAT scores.
The 12-item organic chemistry problem-solving
test was administered during the first and final
weeks of each semester.

In each semester, strategy training was deliv-
ered via three 1-hour workshops that were
supplementary to normal curriculum activities
and emphasised in lecture. Both the courses and
workshops were delivered by the same female
instructor who had 7 years of experience teaching

TABLE 1

Examples of each type of strategy (Stieff et al., 2012)

Strategy type Sample strategy responses

Spatial-imagistic I tend to imagine the molecule in 3D and rotate it ‘‘in my head’’.

I tend to imagine myself moving into the paper or around the molecule.

Spatial-diagrammatic I tend to first draw a basic skeletal structure and then make changes as I go.

I tend to redraw the molecule using a different chemical representation to help me think about it.

Spatial-analytic I tend to assign R/S labels to each molecule.

Algorithmic I just know that in stable molecules particular groups must be in a specific relationship.

I tend to use a specific formula to calculate the number of stereoisomers.
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this class. Imagistic training emphasised learning
to mentally visualise molecular structures with the
use of three-dimensional molecular models. Ana-
lytic training emphasised applying learned algo-
rithms to transform molecular diagrams and rule-
based reasoning while discouraging mental visua-
lisation. Combined training gave equal emphasis
to analytical and imagistic strategies.

Coding

Each strategy choice was coded a priori as
imagistic, diagrammatic, spatial-analytic, or algo-
rithmic (see examples in Table 1). Participants

could also indicate if they guessed or did not

know how they derived the answer; these answer

choices were not included in the analysis. Write-in

strategies (less than 2% of all reported strategies)

were classified by two independent coders. Inter-

rater agreement was 81% and discrepancies were

resolved by consensus of the two coders.
Pearson correlations between the three spatial

ability measures ranged from .40 to .54 (pB.001

in all cases). We created a composite spatial

ability measure by converting students’ scores to

standardised Z-scores and taking the average of

these scores. Students were classified as either

higher or lower in spatial ability based on a

median split of this composite measure.

OH OH2

H

O

Circle the three species (from the choices below) that exist in the mechanism 
for the reaction above.

CH2OH

H OH

H OH

H OH

H OH

O
H

CH2OH

H OH

HO H

H OH

HO H

O
H

CH2OH

HO H

H OH

HO H

H OH

O
H

CH2OH

HO H

HO H

HO H

HO H

O
H

HO

H

OOH

OH

OH

OH

H

H

H

H

A B C D

Choose the Fischer projection that corresponds to the following molecule:

Figure 1. Examples of two problems from the test. The upper panel involves relating different diagrammatic representations and

the lower one involves analysing the products of reactions.
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RESULTS

Cognitive change in problem-solving
strategies

Table 2 reports both the number and the propor-
tion of each type of strategy reported before and
after instruction. Not surprisingly, students re-
ported using more strategies after instruction
than before, and this was true for all strategy types,
t(468) �16, pB.001, d�0.9, in all cases. A com-
parison of the proportion of each type of strategy
reported before and after instruction reveals that
the proportion of imagistic strategies decreased
significantly from before to after instruction,
t(468) ��7.42, p B.001, d��0.46. In contrast,
the proportion of diagrammatic strategies,
t(468) �3.16, p�.002, d�0.19, spatial analytic
strategies, t(468) �20.94, pB.001, d�1.32, and
algorithmic strategies, t(468) �4.38, pB.001,
d�0.32, all increased. Thus, as expected, students
depended largely on imagistic strategies at the
beginning of instruction but switched to using a
greater proportion of analytic methods by the end.

To examine how instructional method and
spatial abilities affected the cognitive change
from imagistic to analytic strategies, we examined
the number of reported imagistic, diagrammatic,
spatial analytic, and algorithmic strategies
adopted after instruction in 3 (type of instruction:
imagistic, analytic, or combined)�2 (higher/low-
er spatial ability) analyses of covariance.. Because
there was some variability between groups in the
strategies adopted at pretest,1 the number of
pretest strategies of each type was entered as a
covariate in each analysis. Relevant descriptive
statistics are shown in Figure 2.

Figure 2a shows the number of imagistic
strategies reported by students with higher and

lower spatial ability as a function of instruction.
The analysis of covariance revealed a significant
effect of instruction type, F(2, 428) �255.56,
p�.002, g2

p ¼ :03. Pairwise comparisons revealed
that students who had received combined (ima-
gistic plus analytic) instruction reported more
imagistic strategies (M �6.15, SD�3.03) than
those who received either imagistic (M�5.23,
SD�3.02, d�0.30) or analytic instruction alone
(M�4.92, SD �3.06, d�0.41).2 There was also a
main effect of spatial ability, F(1, 428) �22.914,
pB.001, g2

p ¼ :05, such that higher spatial indivi-
duals reported using more imagistic strategies
(M�6.13, SD�3.05) than lower spatial indivi-
duals (M�4.74, SD�3.01, d�0.46). The inter-
action of instruction and spatial ability was not
significant (FB1). In sum, students reported
more imagistic strategies at the end of the
semester if their instruction emphasised the
combination of imagistic and analytic strategies
and if they had higher spatial ability.

As shown in Figure 2b, there was also an effect
of instruction on use of diagrammatic strategies,
F(2, 428) �5.97, p�.003, g2

p ¼ :03. In pairwise
comparisons, students reported more diagram-
matic strategies when they received analytic
(M�4.31, SD�2.53, d �0.38) or mixed strategy
instruction (M �4.15, SD�2.54, d�0.32) than if
they received instruction that emphasised imagis-
tic strategies (M�3.34, SD�2.53). Interestingly,
use of diagrammatic strategies was unrelated to
spatial ability (FB1) or the interaction of spatial
ability and instruction (FB1).

Figure 2c illustrates there was a main effect of
instruction on report of spatial-analytic strategies
after instruction, F(2, 428) �8.49, pB.001,
g2

p ¼ :04. Pairwise comparisons indicated that
students who received analytic instruction

TABLE 2

Descriptive statistics for number and proportion of each type of strategy reported before (pretest) and after (posttest) instruction

Before instruction After instruction

Number Mean (SD) Proportion Mean (SD) Number Mean (SD) Proportion Mean (SD)

Strategy type

Imagistic 2.59 (2.60) 0.50 (0.34) 5.40 (3.20) 0.37 (0.21)

Diagrammatic 1.20 (1.71) 0.20 (0.26) 3.88 (2.58) 0.24 (0.14)

Spatial analytic 0.24 (0.60) 0.04 (0.10) 3.02 (2.22) 0.20 (0.14)

Algorithmic 0.79 (1.03) 0.14 (0.20) 2.82 (1.45) 0.19 (0.09)

Total (all strategies) 4.83 (4.22) 15.11 (4.45)

1 There was a significant difference only in the case of

imagistic problem solving.

2 The alpha level for all pairwise comparisons reported in

this paper was .05, after Bonferroni adjustment for multiple

comparisons.
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reported more spatial-analytic strategies
(M�3.67, SD�2.17) than those who received
imagistic (M�2.78, SD�2.16, d �0.41) or com-
bined (M�2.62, SD�2.16, d�0.48) instruction.

There was also a trend for students with lower
spatial ability to adopt more spatial-analytic
strategies than higher spatial individuals, F(1,
428) �3.29, p�.07, g2

p ¼ :01. The interaction of
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Figure 2. Mean number of strategies reported before (pretest) and after (posttest) instruction as a function of type of instruction

received (imagistic, analytic, or combined) and spatial ability. Error bars show standard errors of the mean.
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instruction and spatial ability was not significant
(FB1).

Finally, Figure 2d shows that instruction af-
fected the adoption of algorithmic strategies after
instruction, F(2, 428) �4.18, p�.016, g2

p ¼ :02.
Pairwise comparisons indicated that students who
received analytic instruction used these strategies
more often (M�3.00, SD�1.39) than those
who received imagistic instruction (M�2.55,
SD�1.34, d�0.33). Students who received com-
bined instruction (M�2.91, SD�1.40) did not
differ significantly from the other two groups.
Neither spatial ability nor the interaction of spatial
ability and instruction had significant effects on use
of algorithmic strategies (FB1, in both cases).

Problem-solving performance

Not surprisingly, students solved more problems
correctly at the end of the semester (6.74,
SD�2.27) than at the beginning (2.87,
SD�1.38), t(468) �33.33, pB.001, d �2.06, but
even at the end of the semester, solution rate was
well below the maximum possible score of 12,
indicating that the problems were challenging.
Students who reported using more strategies after
instruction had better problem-solving perfor-
mance, Pearson r � .287, pB.001. Specifically,
reporting more diagrammatic, r�.257, p B.001,
spatial analytic, r � .115, pB.05, and algorithmic
strategies, r�.186, pB.001, was associated with
greater problem-solving success. In contrast, the
number of imagistic strategies reported at the end
of the semester was unrelated to problem-solving
success, r�.029, p�.53.

DISCUSSION

We observed cognitive change in students’ reason-
ing strategies, which reflects a change in their
mental models of molecular structures and pro-
cesses, as they gained more knowledge in the
domain of organic chemistry. At the beginning of
an introductory course, half of the strategies
reported by students involved constructing imagis-
tic mental models of the molecules and mentally
transforming these models using analogue pro-
cesses such as mental rotation and perspective
taking. By the end of the course, such imagistic
strategies constituted about a third of the strategies
reported, indicating a switch from more analogue
mental models to more abstract representations.

These results are consistent with research in other
domains suggesting that imagistic strategies are
associated with novelty, and as students gain more
experience in a domain, they adopt more domain-
specific analytic strategies (Lowrie & Kay, 2001;
Schwartz & Black, 1996; Stieff, 2007).

The change from imagistic to analytic thinking
was influenced by instruction. Specifically, stu-
dents who received imagistic instruction reported
fewer diagrammatic, spatial-analytic, and algo-
rithmic strategies than the other groups, whereas
those who receive analytic instruction reported
more of these strategies. In contrast, students who
received both imagistic and analytic instruction
were more likely to use imagistic strategies at the
end of the semester. Interestingly, students who
were taught only imagistic strategies did not show
this trend. This finding is consistent with research
with third-grade mathematics students who adopt
strategies selectively as a function of instruction
(Heinze, Marschick, & Lipowsky, 2009).

Importantly, instruction did not determine stu-
dents’ mental models independent from other
factors. The use of all types of strategies increased
for all instruction groups. For example, students
who received analytic instruction increased their
use of imagistic strategies and students who re-
ceived imagistic instruction increased their use of
diagrammatic, spatial analytic, and algorithmic
strategies. Moreover, ability influenced students’
strategies such that those with good spatial abilities
used relatively more imagistic strategies and
tended to use few spatial-analytic strategies after
instruction, compared to the other groups. Higher
spatial ability individuals may prefer imagistic
strategies because these strategies are not effortful
for this group. In contrast, students with lower
spatial ability may be more likely to adopt alter-
native analytic strategies because imagistic strate-
gies are effortful for them. Thus, strategy choice
appears to be adaptive. Spatial ability did not affect
adoption of diagrammatic strategies, suggesting
that this ability is more related to use of analogue
imagery processes that operate on imagistic mental
models than to strategies that involve modification
of external visual-spatial representations. There
was also no effect of spatial ability on the use of
algorithmic strategies

Finally, this study supports the view that
mental models of physical systems involve inter-
play between a range of representations and
strategies from more imagistic to more abstract
(Hegarty, 2004). A similar conclusion has been
reached in studies of verbal reasoning tasks, such
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as linear syllogisms (e.g., Goel, 2007; Sternberg,
1980), and, more generally, the idea of multiple
reasoning strategies is compatible with theories of
dual processes in reasoning (Sloman, 1996). At
the end of instruction, students who used a
greater range of strategies, and adopted more
diagrammatic, spatial analytic, and algorithmic
strategies, were more successful problem solvers.
In sum, successful problem solving in organic
chemistry involves flexible strategy choice among
a range of strategies. Research in other domains
has also demonstrated higher success rates among
problem solvers who employ a range of strategies
across multiple problems compared to students
who steadfastly employ the same strategies
(Crowley & Siegler, 1993).

A possible limitation of our study is that we
observed strategy choice during the first week of
the organic chemistry class, when students could
not be expected to have all the knowledge
necessary to solve these problems. However,
even at this early stage, students attempted
some of these problems, and their preliminary
attempts were primarily imagistic. Furthermore,
when students report their strategies on organic
chemistry problems immediately after learning
the relevant content knowledge, they also re-
ported primarily imagistic strategies that involve
imagining rigid transformations of objects (Stieff
et al., 2012). Initial mental models and inferences
in chemistry may rely on analogies from our
everyday experiences with rigid objects and
from the common use of rigid ball-and-stick
models of molecules in the domain. Our research
suggests that, with experience, students add more
abstract rules and heuristics to their available
strategies for problem solving, but that the most
successful problem solvers are those who inte-
grate these domain-specific strategies with their
naı̈ve mechanistic models.
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