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Facilitating Conceptual Change by 
Engaging Students’ Preconceptions 
During College Science Classroom 
Instruction
By Leilani A. Arthurs, Justin Elwonger, and Chelsie M. Kowalski

Whether to engage student pre-
conceptions to facilitate concep-
tual change is an area of debate 
among conceptual change theorists. 
Here, we evaluate the efficacy of a 
preconceptions-based instructional 
sequence about groundwater previ-
ously described by (Arthurs, 2019). 
To assess the impact this instruc-
tional sequence had on facilitating 
the development of more expert-like 
mental models about groundwa-
ter among college students, this 
research is rooted in the design 
study methodology and framed 
within the knowledge integration 
perspective of conceptual change. 
The relation of the instructional 
sequence to conceptual change is 
investigated in terms of cognitive, 
temporal, and social considerations. 
Students’ responses to items in in-
class activities, homework, exams, 
and pre- and postcourse surveys; 
the instructor’s lesson plans and 
notes; and classroom observations 
provide evidence of the preconcep-
tions-based instructional sequence’s 
impact. We conclude the sequence 
has a significant positive impact on 
facilitating conceptual change for 
a range of student demographics, 
including gender and race.

Students arrive in science 
classrooms with a range of 
ideas based on prior knowl-
edge and experiences (NRC, 

2000). These ideas or preconcep-
tions are the basis of students’ men-
tal models, which are conceptual 
models about how the world around 
them works (Norman, 1983). Con-
ceptual change theorists disagree 
about the importance of extinguish-
ing or distinguishing novice ideas 
(Linn, 2008). For this study, con-
ceptual change is identified as an 
individual’s trajectory away from 
novice-like ways of conceptualizing 
a given phenomenon toward more 
expert-like ways. 

The phenomenon of groundwater 
is critical in geoscience education. 
Yet, there is evidence that students 
across age groups and regions hold 
persistent novice conceptions about 
groundwater (Arthurs & Elwonger, 
2018). For some time, it was opined 
these ideas could be used as in-
structional tools (Bar, 1989; Meyer, 
1987) but it was not until recently 
that education research illustrated 
how this could be accomplished. 
The present study is part of a larger 
project undertaken in response to the 
question of how students’ conceptions 
about groundwater could be used as 
instructional tools. While a previous 

study describes how these concep-
tions can be incorporated into class-
room instruction as tools for learning 
about groundwater (Arthurs, 2019), 
the present study examines the im-
pact of soliciting student conceptions 
and actively incorporating them into 
classroom instruction. The driving 
research question is: How effective is 
a preconceptions-based instructional 
sequence at facilitating conceptual 
change of students’ mental models 
about groundwater?

Theoretical framework
The knowledge integration perspec-
tive of conceptual change (Linn, 
2008) provides the theoretical 
framework for this study. This per-
spective brings together cognitive, 
temporal, and social considerations 
underpinning a fuller understand-
ing of conceptual change. It argues 
that several practices promote stu-
dent learning and should be incor-
porated into classroom instruction. 
They include (1) using personally 
relevant problems, (2) making indi-
vidual student thinking visible; (3) 
enabling students to learn from one 
another by sharing, discussing, and 
evaluating one another’s ideas; and 
(4) providing students with opportu-
nities to reflect on and monitor their 
performance. 
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Methodology
Design study 
The goal of research conducted us-
ing the design study methodology is 
to “use the close study of [teaching 
and learning] in naturalistic contexts, 
to develop new theories, artifacts, 
and practices that can be generalized 
to other schools and classrooms” 
(Barab, 2012, p. 153). According to 
Confrey (2012), such research is an 
“investigation of educational inter-
actions provoked by use of a careful-

ly sequenced and typically novel set 
of designed curricular tasks study-
ing how some conceptual field, or 
set of proficiencies and interests, are 
learned through interactions among 
learners with guidance” (p. 135–
136). Furthermore, student work, 
classroom assessments, and instruc-
tional records are used to document 
“prior knowledge the students bring 
to the task, how students and teach-
ers interact, how records and inscrip-
tions are created, how conceptions 

emerge and change, what resources 
are used and how teaching is accom-
plished over the course of instruc-
tion” (p. 136).

These studies are like case stud-
ies because they examine a single 
bounded case of complex interactions 
in detail over extended periods of time 
(Confrey, 2012; Yin, 2013). They are 
also akin to ethnographies because the 
researcher is a participant observer 
(Barab, 2012; Confrey, 2012). Peer 
review by an expert in mixed methods 

TABLE 1

Participant demographics compared against class and institutional demographics.

Demographic

Participants in 
first iteration 
% (n = 29)

Entire class in 
first  iteration 
%  
(n = 48)

University 
undergrads 
during first 
iteration %  
(n = 19,979)

Participants 
in second 
iteration %  
(n = 32)

Entire class 
in second 
iteration % 
 (n = 40)

University 
undergrads 
during second 
iteration %  
(n = 20,182)

Gender

Male 45 53 53 44 45 53

Female 55 47 47 56 55 47

Class standing

Freshmen 41 28 19 34 42 19

Sophomore 17 18 19 34 28 19

Junior 24 25 24 16 15 25

Senior 17 28 30 16 15 29

Unclassified 0 1 0.6 0 0 0.6

Race

Asian 14 2 2 6 5 2

Caucasian 79 79 78 88 85 77

Other 7 19 20 6 10 21

Major

STEM1 41 43 46 31 35 47

NonSTEM 59 57 54 69 65 53

First generation2 21 17 9 6 15 9

International 10 10 7 6 8 8

1STEM: Science, technology, engineering, and mathematics
2Incoming first-generation students that academic year
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research and external to the project in-
dicated that the selected methodology 
and methods are appropriate for an-
swering the stated research question.

Methods
Locating the study
This study was approved by the In-
stitutional Review Board. The focal 
case of this study is a week-long in-
structional sequence about ground-
water resources, which constituted 
part of a five-week module on natu-
ral resources in an introductory-level 
college geoscience course. The se-
quence consists of three 50-minute 
class meetings. The details of its it-
erative design over five years at two 
large universities in the United States 
are described in Arthurs (2019). As 
the focal case for the present study, 
the sequence was implemented in 
two iterations (i.e., two different 
semesters) at the same large public 
midwestern university. 

Sample population
During one iteration, 29 out of 48 
students both (1) consented to their 
course work being used for research 
and (2) completed the pre- and post-
instruction assessments. In another 
iteration, 32 out of 40 consented and 
completed assessments. Although 
all students completed the postin-
struction assessment, not all students 
provided consent and not all stu-
dents were in class on the day of the 
preinstruction assessment. Thus, 61 
students compose the study’s sample 
population and its demographics are 
summarized in Table 1. 

Data sources
To address the cognitive, tempo-
ral, and social considerations as-
sociated with the knowledge inte-
gration perspective of conceptual 
change and consistent with a design 

study methodology, the following 
sources of data were used: instruc-
tor lesson plans; student responses 
to paper-and-pencil in-class activi-
ties; instructor notes about in-class 
activities and discussions; and stu-
dent responses to homework, exams, 
and pre- and postcourse surveys. 
Classroom observations were also 
recorded. 

The cognitive dimension of con-
ceptual change herein is conceptual 
learning gains. They were estimated 
using responses to a free-response 
item before and after the instructional 
sequence (see supplemental Table 
1 at https://www.nsta.org/online-
connections-journal-college-science-
teaching). Students completed an in-
class activity as a gauge of their prior 
knowledge a week before the instruc-
tional sequence began. Students ad-
dressed a similar item in the course’s 
final exam. The items consisted of 
a prompt and a large blank space in 
which to draw and label a sketch. In 
this study, such an activity is referred 
to as a free-sketch activity because 
students begin with an entirely blank 
space where they are free to construct 
a sketch from scratch. 

The temporal dimension of con-
ceptual change herein is the longitu-
dinal development of students’ mental 
models. They were assessed at four 
different times during the course (see 
supplemental Table 1 at https://www.
nsta.org/online-connections-journal-
college-science-teaching). The first 
time (T1) was the week before the 
instructional sequence began. T2 was 
during the instructional sequence, 
after a mini lecture that separately 
described three main types of aqui-
fers. T3 was three weeks after the 
instructional sequence ended (during 
a mid-term exam). The last time (T4) 
was eight weeks after the instruc-
tional sequence ended (during the 

final exam). 
In contrast to the free-sketch ac-

tivities at T1 and T4, the assessments 
at T2 and T3 were delimited-sketch 
activities. A delimited-sketch activity 
begins with a partial sketch already 
provided, which we refer to as a 
base-form sketch. Students add to 
the base-form sketch by drawing ad-
ditional features, amending existing 
features, and labeling their sketch to 
help clarify their ideas. 

The formative assessments ad-
ministered at T1 and T2 were in-class 
activities. As with other in-class ac-
tivities in the instructional sequence 
and course, the instructor let students 
know that their responses would help 
her better understand what they know 
and their current thinking, which 
would assist her in helping them take 
what they already learned to the next 
level. The instructor also reminded 
students they would earn two points 
toward their in-class activity com-
ponent of the course for completing 
their work clearly and demonstrating 
a good-faith effort at communicating 
their ideas, not for correctness. As 
formative assessments, anonymized 
responses were displayed and dis-
cussed in subsequent lessons in the 
instructional sequence to summarize 
the diversity of ideas expressed and to 
build on those ideas through follow-
up in-class activities and discussions.

 The summative assessments ad-
ministered at T3 and T4 were exams. 
All exam items were worth up to two 
points each, and the items used in 
this study were worth two points. As 
summative assessments, the results 
of these exams were not discussed as 
part of any follow-up instruction in 
class. Responses to other homework 
and exam items that were not sketch 
based and the instructor’s notes about 
in-class discussions and interactions 
with the students provide additional 
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information about the longitu-
dinal development of students’ 
mental models.

The social dimension of 
conceptual change herein 
addresses primarily student 
interactions during the focal 
instructional sequence. To 
explore these interactions, 
sources of data include: the 
instructor’s lesson plans and 
notes about student interactions dur-
ing in-class activities and discussions, 
student responses to pre- and post-
course survey items (see supplemen-
tal Table 2 at https://www.nsta.org/
online-connections-journal-college-
science-teaching), and classroom 
observations. Two trained observers 
external to the course and department 
used the Classroom Observation Pro-
tocol for Undergraduate Science (CO-
PUS) (Smith et al., 2013) to observe 
the instructional sequence.

Data analyses
Analyses of concept sketch items

Sketches generated during free- and 
delimited-sketch activities were ana-
lyzed using diagrammatic (Gobert, 
2000) and textual content analysis 
(Sapsford, 1999). Analyses were 
formalized with a rubric (see supple-
mental Table 3 and 4 at https://www.
nsta.org/online-connections-journal-
college-science-teaching). The ru-
bric was developed to evaluate spe-
cific features in the concept sketches 
against an expert standard for com-
parison. The expert standard used for 
this study is described in the course 
textbook and describes three types 
of aquifers in which groundwater 
resides: perched aquifers, uncon-
fined aquifers, and confined aquifers 
(Reichard, 2010). Using this de-
scription, one researcher developed 
a scoring rubric in which the highest 
score that could be assigned to a con-

cept sketch is “6” and these scores 
are then translated into percentages 
(six points = 100%). The closer to 
100% a concept sketch is, the more 
expert-like the communicated men-
tal model about groundwater is. Af-
ter the scoring rubric was developed, 
two research assistants with a geol-
ogy background critiqued the rubric 
for content, clarity, and organization. 
The critiques contributed to the ru-
bric’s trustworthiness (Guba, 1990).

One researcher applied the rubric 
to all concept sketches using a process 
of double coding to ensure the repeat-
ability of coding results (Krefting, 
1991). The two coding sessions were 
spaced approximately a week apart, 
so the coding results from the first 
session were forgotten. There was 
more than 95% agreement between 
results from both coding sessions. The 
researcher contemplated disparities 
and assigned a code.

To further check and recheck the 
coding results, another researcher 
independently applied the rubric to all 
concept sketches. The two researchers 
then compared their coding results to 
achieve interrater agreement (LeBre-
ton & Senter, 2008). A comparison of 
scores assigned by the two researchers 
resulted in more than 84% interrater 
agreement prior to discussion, and 
after discussion resulted in 100% 
interrater agreement. The final con-
cept sketch scores were statistically 
analyzed. 

Data collected at T1, T2, T3, and T4 
were statistically analyzed to examine 
the overall development of students’ 
mental models over time. Potential 
statistical differences from one time 
period to another was determined 
using a two-tailed t-test and the effect 
size was determined by calculating 
Cohen’s d. The same analyses were 
performed to determine potential 
differential impacts based on gender 
and race. 

Analysis of other items

Additional insights on the evolution 
of students’ ideas about groundwa-
ter were obtained via answers to 
groundwater-related items in home-
work and exams. These items were 
mainly multiple-choice items and a 
few were open-ended items. 

Classroom observations

Two trained observers used the CO-
PUS to observe all three days of the 
focal instructional sequence. They 
produced a report describing their 
observations. Information in their re-
port is used in conjunction with the 
instructor’s lesson plans and notes to 
help characterize the social dimen-
sions of conceptual change.

Pre- and postcourse surveys

Additional insights on the social 
dimensions of conceptual change 
were obtained via responses to items 
on the pre- and postcourse surveys. 

TABLE 2

Analysis with Rubric C of the free-form concept sketches created prior to the 
instructional sequence (T1) and eight weeks after its end (T4) reveals significant 
positive shifts toward more expert-like mental models (n = 61).  

T1 average 
score (%)

T1 Standard 
Error (%)

T4 average 
score (%)

T4 Standard 
Error (%) t-value p-value Cohen’s d

3.07 0.91 82.5 3.09 -24.6 < 0 .00001 4.46
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Matching Likert-scale items were 
analyzed to determine whether any 
shifts in students’ attitudes toward 
working alone and with others might 
have occurred. A free-response item 
in the postcourse survey was ana-
lyzed to determine the frequency with 
which social aspects of the course 
were mentioned by students.

Results
Cognitive dimension
The overall conceptual learning gains 
were determined by comparing rubric 
C scores for the concept sketches cre-
ated at T1 and T4 (Table 2). The results 
show a significant positive shift to-
ward more expert-like mental models 
for all students in the study group (p = 
< 0 .00001, d = 4.460217). 

Temporal dimension
The most prevalent preinstructional 
mental model of groundwater is that 
it exists as large open underground 
pockets or reservoirs; whereas, in fact, 
only a small percentage of ground 
water is found in such reservoirs. The 
results show a gradual change toward 

more expert-like mental models over 
time. Evidence of students’ concep-
tual change as a function of time were 
determined by applying the rubric to 
concept sketches collected at T1, T2, 
T3, an T4 (Figure 1). Additional evi-
dence of a shift toward more expert-
like ways of conceptualizing ground-
water comes from performance on 
groundwater-related items in home-
work and exams, which have a com-
bined average of more than 80%. The 
instructional sequence had a positive 
impact on students’ conceptual devel-
opment for male and female students 
as well as Caucasian and non-Cauca-
sian students, with no statistically sig-
nificant difference.

Social dimension
The instructor’s lesson plans, instruc-
tor notes, and external observers’ 
report show that the instructional se-
quence is best described as an inter-
active lecture with a conversational 
tone, with back-and-forth sharing of 
ideas between students and between 
students and instructor. Each class 
meeting comprised 19 or 20 Power-

Point slides. Of them, 40% were used 
to facilitate in-class activities and dis-
cussions, 35% were used to transfer 
information via lecture, 15% engaged 
students as part of lecture, and 10% 
were used as visual transitions from 
one topic to another and/or as an-
nouncements. During times of lec-
ture, students were actively engaged 
in note taking, listening, and asking 
questions. During times of individual 
work, they were engaged in think-
ing and committing their thinking to 
paper. During group work and class 
discussion, the room was alive with 
audible discussion, inquiry, and even 
laughter.

Based on results of the pre- and 
postcourse survey items, there were 
no shifts in the extent to which the 
sample population liked working 
alone, working with other people, and 
their preferences for working in one 
way or another. The free-response 
item on the postcourse survey revealed 
3% of the students wanted “fewer in-
class activities” or “less participation.” 
Meanwhile, 52% of students noted 
they enjoyed one or more social as-
pects of the course. Of these students, 
12% (n = 6) provided suggestions for 
doing more.

Discussion
Cognitive implications
The dominant preconception of 
groundwater existing as large under-
ground pockets or reservoirs of water 
is shared by students across grade lev-
els and regions (Arthurs & Elwonger, 
2018). The pre- and postinstruction 
results indicate the preconceptions-
based instructional sequence was 
very effective at facilitating a high 
degree of overall conceptual change 
for most students (Table 2). This is 
counterintuitive to notions that nov-
ice conceptions are potential barriers 
to learning, potentially harmful to the 

FIGURE 1

Conceptual development of mental models about groundwater. This 
analysis and visualization used BioVinci version 1.1.5 developed by 
BioTuring Inc., San Diego, California. www.bioturing.com
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learning process, and should be extin-
guished. 

The empirically derived results 
suggest deliberate solicitation and en-
gagement of students’ preconceptions 
can be effective as instructional tools. 
This is consistent with the knowledge 
integration perspective of conceptual 
change, which argues “variability in 
student ideas is fundamentally a 
valuable feature and that instruction 
designed to capitalize on the vari-
ability … has potential for facilitating 
conceptual change” (Linn, 2008, p. 
715). It also promotes the practice 
of characterizing the repertoire of 
student-held ideas and “adding the 
right ideas to the mix held by students 
… as a way to increase the efficiency 
and effectiveness of instruction” (Linn, 
2008, p. 716).

Temporal implications
The postlecture results (T2) suggest 
lecture alone has limited impact on 
student learning. The learning gains 
made between T2 and T3 provide evi-
dence that actively engaging students’ 
preconceptions and ideas facilitates 
conceptual change. Furthermore, the 
results from T3 to T4 suggest the learn-
ing gains persisted even two months 
after the instructional sequence. The 
same pattern of general improvement 
is similar between male and female 
students as well as Caucasian and 
non-Caucasian students, suggesting 
the engagement of student precon-
ceptions is an instructional tool that 
benefits students from diverse back-
grounds.

Also, the results from T1 to T4 
(Figure 1) indicate conceptual change 
occurs at different rates for different 
students and is, overall, a more gradual 
process rather than a revolutionary 
process. These empirical data support 
the knowledge integration perspec-
tive, which suggests learning is grad-

ual (Linn, 2008). Gradual conceptual 
changes occur because students need to 
grapple with their own perhaps confus-
ing and conflicting ideas (Linn, 2008). 
Indeed, it takes time for students to 
more fully understand their own ideas 
and how they integrate or not with the 
ideas learned in class. 

Social implications
The COPUS results corroborate the 
opportunities described in the instruc-
tor’s lesson plans and notes. Consis-
tent with the knowledge integration 
perspective of conceptual change, 
such opportunities allowed students 
to (1) individually engage in a person-
ally relevant issue (i.e., groundwater 
as a drinking water source); (2) make 
their individual thinking visible to 
themselves, their peers, and instruc-
tor; (3) learn from one another by 
sharing, discussing, and evaluating 
one another’s ideas; and (4) reflecting 
on and monitoring their performance.

Although not specific to the focal in-
structional sequence, the results of the 
free-response item in the postcourse 
survey indicate that many students 
valued various social aspects of the 
course and their learning experiences 
in it. These responses provide some af-
fective insights into how students value 
social interactions as a part of their 
learning experiences. The course had 
no statistically significant impact on 
how the sample population liked work-
ing individually and with others. Their 
views and their preferences in this 
regard remained largely unchanged. 
The instructional sequence positively 
impacted students who preferred to 
work alone, those who preferred to 
work with others, and those who had 
no preference.

Limitations
In this study, mental models were 
characterized using concept sketches. 

The free- and delimited-sketch ac-
tivities were designed to elicit two 
different but complementary ways 
of communicating students’ ideas: 
diagrammatic and textual commu-
nication. Although a concept sketch 
can communicate key elements of 
an individual’s mental model, it does 
not necessarily communicate all ele-
ments that may be present (Clement, 
1982; Henriques, 2002; Osborne & 
Wittrock, 1983). Drawing to commu-
nicate one’s ideas has similar goals 
and limitations to communicating 
verbally—the goal of clarity and the 
potential for imperfect conveyance of 
ideas. Despite its limitations, drawing 
has a long and demonstrated history 
as a useful tool for studying mental 
models and cognitive development 
(e.g., Piaget, 1956). 

Research based on the design study 
methodology has local impact, and the 
challenge is scaling up in such a way 
that the findings can inform implemen-
tation in other contexts (Dede, 2012). A 
perceived limitation of the design study 
methodology is that complex learning 
environments contain multiple interact-
ing variables that may be confounding. 
Despite these criticisms, design stud-
ies provide valuable perspectives and 
insights that cannot be obtained under 
contrived and controlled laboratory 
conditions because, as Barab (2012) 
notes, “If researchers only study that 
which takes place in controlled condi-
tions, they run the risk of developing 
artificial meanings and interactive 
dynamics that are so free of contextual 
realities that they may not be able to 
inform real-world practice” (p. 154). 

Generalizability
Design studies have constraints to 
generalizability as a “whole pack-
age;” however, the developed theo-
ries, artifacts, and practices can be 
generalizable for other instructors and 
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students (Barab, 2012). The results 
of this study provide empirical sup-
port for the knowledge integration 
perspective of conceptual change, 
the artifacts it produced are mental 
models of groundwater that are com-
parable to other studies, the practices 
developed include the instructional 
sequence itself and the parts that 
comprise it (e.g., base-form sketch). 
Evidence of the instructional se-
quence’s potential generalizability 
rests in its development taking place 
in courses taught at two different 
institutions with enrollments rang-
ing from 48 to 312 (Arthurs, 2019). 
Additional evidence of the potential 
generalizability rests in the knowl-
edge that the preinstructional mental 
models held by students in the sam-
ple population are held in common 
with students across grade levels and 
regions (Arthurs & Elwonger, 2018). 
The evidence suggests that the in-
structional sequence, or parts of it, 
may have applicability and utility 
in other science courses that study 
groundwater, at different grade lev-
els, and in different regions.

Conclusion
The theoretical value of using stu-
dent ideas to facilitate conceptual 
change (Linn, 2008) and student-
held conceptions as instructional 
tools for developing deeper under-
standings about groundwater (Bar, 
1989; Meyer, 1987) were empirical-
ly tested in this study. The findings 
of this study help connect theory and 
practice. Consistent with the knowl-
edge integration perspective of con-
ceptual change and the design study 
methodology, this study:

•	 provides empirical support for 
the knowledge integration per-
spective of conceptual change by 
showing students become more 

expert-like when their precon-
ceptions and evolving ideas are 
engaged during instruction.

•	 illustrates how student-produced 
artifacts (e.g., concept sketches) 
can be used to further understand 
their mental models and gain 
insights into their developmental 
trajectories.

•	 evaluates the impact a precon-
ceptions-based instructional 
sequence had on students’ con-
ceptual change, to help inform 
others’ decisions about using the 
instructional sequence or parts of 
it for instruction and/or research.

Furthermore, this study provides 
evidence that preconceptions-based 
instruction benefits diverse students 
including males and females, Cau-
casians and non-Caucasians, and 
students who prefer to work alone 
and those who prefer to work with 
others. ■
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