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Abstract
Geoscience instructors depend upon photos, diagrams, and other visualizations to depict geologic structures and processes that
occur over a wide range of temporal and spatial scales. This proof-of-concept study tests click-on-diagram (COD) questions,
administered using a classroom response system (CRS), as a research tool for identifying spatial misconceptions. First, we
propose a categorization of spatial conceptions associated with geoscience concepts. Second, we implemented the COD ques-
tions in an undergraduate introductory geology course. Each question was implemented three times: pre-instruction, post-
instruction, and at the end of the course to evaluate the stability of students’ conceptual understanding. We classified each
instance as (1) a false belief that was easily remediated, (2) a flawed mental model that was not fully transformed, or (3) a robust
misconception that persisted despite targeted instruction. Geographic Information System (GIS) software facilitated spatial
analysis of students’ answers. The COD data confirmed known misconceptions about Earth’s structure, geologic time, and base
level and revealed a novel robust misconception about hot spot formation. Questions with complex spatial attributes were less
likely to change following instruction and more likely to be classified as a robust misconception. COD questions provided
efficient access to students’ conceptual understanding. CRS-administered COD questions present an opportunity to gather spatial
conceptions with large groups of students, immediately, building the knowledge base about students’ misconceptions and
providing feedback to guide instruction.
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Introduction

Introductory, general education courses must provide students
with the knowledge and skills necessary for civic participation.
Students come to classwith naïve theories about natural phenom-
ena (Vosniadou 2002; Vosniadou and Brewer 1987; Brewer
2008) and conceptual frameworks that diverge from the scientific
consensus (Chi 2008). Changing students’ conceptions of scien-
tific phenomena can consist of simple belief revisions (i.e., false
beliefs) that are easily remediated in the presence of new infor-
mation. The process of conceptual change can also be incremen-
tal. Students’ mental models may become more scientifically

accurate, while still being incomplete or containing errors (i.e.,
flawed mental model) (Chi 2008). Highly resistant conceptions
that do not change despite rigorous contradictions (i.e., robust
misconceptions) may be so because they require an ontological
shift to a different conceptual category with different plausible
attributes (Chi 2008; Lombardi et al. 2016). For example, stu-
dents may have a misconception of heat as an entity (i.e., heat
Brises^) rather than a process (i.e., heat as the process of mole-
cules moving at various speeds) (Chi 2008). In this example,
students must be able to switch the category to which they as-
cribe the concept of heat in order to hold a scientific conception
of heat. To access this level of conceptual understanding, most
researchers studying conceptual change use interviews and draw-
ings to capture students’ thinking (Cheek 2010; Gurel et al.
2015). While these methods provide detailed information about
students’ conceptual frameworks and can be used to develop
new approaches to instruction, they are too time-intensive to
allow large-scale surveys of students’ concepts.

Student conceptions in geology are complicated by the unfa-
miliar spatial and temporal scales on which geologic structures
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and processes occur (Tretter et al. 2006; Jones et al. 2008; Cheek
2013). Learning materials for geology mirror this spatial com-
plexity by integrating a variety of diagrams (Cheek et al. 2017;
Kastens and Rivet 2010; LaDue et al. 2015; Manduca and
Kastens 2012). Diagrams can be more efficient for learning than
text descriptions (Larkin and Simon 1987; Sweller 1994), partic-
ularly if they are aligned with the task they serve (Schnotz and
Bannert 2003; Hegarty et al. 2010). Nevertheless, interpreting
geology diagrams can range from simple identification tasks to
more complex spatial tasks (Kastens andRivet 2010). Visualizing
a three-dimensional structure, where the viewer must make sense
of relationships within or between pieces of information
contained in the diagram (Newcombe and Shipley 2015), and
mentally animating or unraveling a sequence of events (Kastens
et al. 2014) are both important geoscience thinking skills.

Drawing, sketching, or diagram labeling tasks can be a
useful assessment of students’ internal mental representations
of a structure or process in science (Forbus et al. 2017).
However, student-generated sketches still require researchers
to make a significant time investment to analyze the data
(Clark and Libarkin 2011). A new application of classroom
response systems (CRS) offers instructors and science educa-
tion researchers a spatial tool to access students’ conceptions
in geology. CRS, also known as clickers, are now offering a
greater variety of response formats (Shea 2016) that can be
exploited to investigate spatial aspects of students’ concep-
tions. Although adoption by undergraduate instructors has
been slow (Emenike and Holme 2012), CRS technology of-
fers the opportunity for the educational researcher to study the
spatial nature of students’ conceptions.

Modern CRS technology places fewer limitations on stu-
dents because web-based and app-based interfaces allow stu-
dents to participate on smart devices, such as cell phones and
tablets. Students can indicate their answer by clicking on their

device screen. Instructors can now ask students click-on-
diagram (COD) questions to identify objects within an image.
The COD question format allows instructors to view the spa-
tial distribution of responses as a smoothed probability density
function, referred to as a heat map, where the color represents
the relative concentration of responses (Fig. 1). This immedi-
ate feedback tells students and instructors, alike, a great deal
about the distribution and nature of students’ understanding.
Gagnier et al. (2017) showed that providing students with
spatial feedback on the nature of their error supported the
development of students’ mental models. CODs are also an
open-ended response option that does not require researchers
to construct multiple-choice options based on hunches about
students’ alternative conceptions.

The present study explores the opportunity to identify nov-
el misconceptions using COD questions. We situate this study
within Chi’s (2008) framework of conceptual change because
we observed that some spatial concepts were easily adjusted
(false belief) and others were resistant to multiple iterations of
instruction and displayed systematic errors (robust
misconception). Central to the efficacy in revealing student
concepts is the spatial information provided by CODs. The
examples presented below demonstrate the unique utility of
this tool to engage students in spatial feedback (Gagnier et al.
2017). Deploying CODs over the course of instruction can
reveal particularly robust spatial misconceptions that warrant
further attention by both instructor and researcher. We present
examples of spatial reasoning problems associated with time,
scale, and multiple frames-of-reference. The focus of this
study is the utility of COD questions as a research tool.
Researchers need expedient ways to identify previously un-
recognized errors that are present in students’ mental models,
evaluate their prevalence and impact on learning, and develop
new fruitful lines of research on teaching geoscience concepts.

Fig. 1 Top Hat generated heat
map of students’ post-instruction
responses to a question about
where the next hot spot will form
if the plate started moving to the
North (N = 33)
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The Structure of Students’ Conceptions

Students’ conceptions may take the form of mental models, or
frameworks, representing the relationships between ideas in
science (Vosniadou and Brewer 1992; Vosniadou et al. 2008).
These mental models change gradually in the presence of new
information (i.e., assimilation) or are replaced when concep-
tual conflicts with existing knowledge are great (i.e., accom-
modation) (Posner et al. 1982). A useful example from
Vosniadou and Brewer (1992) describes how young children
who start with a mental model that the earth is flat describe a
variety of other shapes (i.e., rectangular solid, flattened disc)
while trying to reconcile their models with scientific represen-
tations of Earth as a sphere. Following Chi (2008), we use the
term mental models to indicate coherent explanations of a
phenomena that can be probed with predictable results. This
framework is a good fit for the geology conceptions we are
targeting because the questions are based in diagrams, which
are coherent, visual models that may influence the structure of
students’ conceptions.

Misconceptions are characterized by a Bsystematicity in the
pattern of [students’] responses^ (Chi 2008, p.68). Chi’s
(2008) framework of conceptual change provides suggestions
for how one might categorize conceptions that are easily re-
vised versus those that are more resistant to change. False
beliefs are described as missing or incomplete conceptions
about a single idea (Chi 2008, p.66). When confronted with
information about the scientific model, simple false beliefs
will be easily revised. For example, students believe the center
of the Earth is made of hot liquid. Later in this study, we
demonstrate how this stand-alone concept is easily revised to
the scientific conception of a liquid outer core surrounding a
solid inner core following instruction on the Earth’s interior.
Chi (2008) distinguishes a robust misconception from a
flawed mental model such that correcting a robust misconcep-
tion requires people to re-categorize something into a different
ontological category (i.e., a conceptual category with different
attributes, such as matter versus process; Chi 1997; Libarkin
and Kurdziel 2006). Our goal is to develop a technique for
researchers to identify the difficulties related to the spatial
nature of students’ geoscience conceptions; therefore, the
present study is situated using Chi’s (2008) framework

because we hypothesize that spatial conceptions in geology
will fall into distinct ontological categories.

Conceptions in Geology

Several reports have synthesized the extant literature on geol-
ogy misconceptions (Cheek 2010; Francek 2013; Dove 1998;
King 2008), yet there are substantially fewer analyses of con-
ceptual understanding in geology compared to physics and
chemistry (Cheek 2010; National Research Council 2012).
The majority of peer-reviewed studies on misconceptions in
geology have focused on plate tectonics, weathering and ero-
sion, rocks andminerals, and geologic time (Francek 2013). In
some cases, students’ misconceptions appear to stem from
early learning experiences in and out of school. The language
(King 2010) and diagrams (Clark et al. 2011) used in common
textbooks are also a source of misconceptions. Dolphin and
Benoit (2016) explored the metaphor of tectonic plates and
found that every day knowledge about dinner plates interferes
with students’ conceptual model of plate tectonics. Finally, the
difficulty in knowing how to help students apply what they
know about common events to the events on the spatial and
temporal scales of geosciences means that conceptions of geo-
logic processes are relatively understudied (Cheek 2010).

One difficulty developing robust conceptual understanding
of geology is that geologic processes are frequently unobserv-
able on the spatial and temporal scales on which they occur.
Drawing from existing frameworks for spatial thinking, we
propose three distinct spatial ontological categories that drive
students’misconceptions in geology (Table 1). First, to predict
how a geologic structure originally formed people must inte-
grate multiple distinct spatial patterns to infer a geologic pro-
cess (Shipley et al. 2013). When a geologist looks at a rock
outcrop, they may engage in retrodiction (Trend 2000; Ault
1998), or infer past events from a present situation. For exam-
ple, a geologist who sees folded rock layers may mentally
unfold the layers to evaluate the sequence of events that led
to the present appearance of the rocks. This spatial visualiza-
tion achievement requires mental animation, or mentally
transforming objects in rigid and non-rigid ways (Resnick
and Shipley 2013; Atit et al. 2013). Second, students struggle

Table 1 Categorizing the ontology of spatial conceptions in geology with examples and existing spatial processes

Spatial category Example Spatial cognitive process

Spatial integration Combining field observations to construct a geologic
explanation (Shipley et al. 2013)

Spatial visualization (Newcombe and Shipley 2015)

Scaler relationships Spacing of geologic events in deep time (Libarkin et al. 2007) Spatial visualization (Newcombe and Shipley 2015)

Spatial reference frame Mentally animating the geologic processes forming a
static structure (Shipley et al. 2013)

Mental animation (Newcombe and Shipley 2015)
Perspective-taking (Hegarty and Waller 2004)
Retrodiction (Ault 1998; Trend 2000)
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with the scale of deep geologic time. Understanding the mag-
nitude and relationship of extremely old events or extremely
large structures, beyond the scope of the average human be-
ing, is especially challenging (Cheek et al. 2017; Tretter et al.
2006; Jones et al. 2008). Students have a sense of the relative
order of events in geologic time, but struggle to place those
events in an accurate spacing along a geologic timeline
(Libarkin et al. 2007). This may be, in part, caused by the
non-linear representations of geologic time that are used in
geology instruction and in part student’s categorical represen-
tation of time (Resnick et al. 2017). Third, understanding
many geologic processes requires the observer to imagine
multiple frames of reference (Wade 1996; Wade and
Swanston 2013). People approaching a problem are likely to
use human-centric reference frames (Carlson 1999), while
geologic processes require alternative reference frames. For
example, many geologic hot spots are laterally stationary rel-
ative to the Earth’s mantle (Konrad et al. 2018). As a tectonic
plate moves over the hot spot, it leaves a chain of successively
younger volcanic calderas. To understand the past from the
present, a geologist has to imagine the ground beneath them is
movable relative to the stationary mantle reference frame be-
neath the lithosphere. This brief review is not intended to be
exhaustive, but to ground this study in the extant literature on
the spatial demands of geoscience understanding. Not surpris-
ingly, geologists self-report high levels of spatial skill in rea-
soning about both small-scale objects and large-scale naviga-
tion (Hegarty et al. 2010).

Overall, spatial and temporal reasoning in the geosciences
remains understudied in the research literature (National
Research Council 2012). For a discipline so enmeshed in di-
agrams (LaDue et al. 2015) and spatial concepts (Shipley et al.
2013), there is troublingly scant research on students’ concep-
tions that utilizes diagrams and spatial reasoning tasks (Cheek
2010). The present study explores a tool that may accelerate
research on students’ spatial thinking and conceptions of
diagrams associated with geologic structures and processes.

Methods for Studying Geology Conceptions

In a review of geoscience learning, Cheek (2010) offered pre-
liminary categorization of both geologic concepts and the
methods researchers have used to study them. The majority
of the studies were descriptive, focusing on interviews to elicit
students’ conceptual frameworks (Cheek 2010). Only 12 of
the 79 studies reviewed by Cheek (2010) required students to
draw, and an additional 8 studies asked students to engage in a
visually mediated, physical task (i.e., card sorting, mineral
identification, concept mapping). In the broader education lit-
erature, studies of students’ science conceptions primarily uti-
lize interviews, open-ended tests, and multiple-choice tests
(Gurel et al. 2015; Cheek 2010; Mills et al. 2016). Often, the

goal of such efforts is to develop concept inventories
(Hestenes et al. 1992; Libarkin and Anderson 2005; Garvin-
Doxas and Klymkowsky 2008). Interviews and open-ended
questions provide in-depth information about the students’
conceptions and flexibility for any given specific question,
but such methods are time-consuming both for the participant
and researcher. To address this challenge, researchers have
developed multiple-tier misconceptions instruments to merge
the strengths of qualitative methods and mitigate the weak-
nesses of quantitative measures (Gurel et al. 2015). Despite
this recent effort to balance research method efficiency and
data quality, using these approaches to uncover the spatial
nature of students’ conceptions is limited by the spatial lan-
guage available to the participants or interpretation by the
researchers. Given the demands of time, it is understandable
that few studies in the geosciences have utilized visual
methods (Cheek 2010).

A New Tool to Study Conceptions
and Diagrams

COD questions have similar affordances to traditional data
collection, where students label diagrams (Libarkin et al.
2007) or sketch (Gagnier et al. 2017; Libarkin 2006), but offer
greater efficiency for gathering large data sets. COD questions
can be administered in large or small classes alike with the
same time to prepare and analyze data; they can yield a large
volume of research-quality data from a broad range of stu-
dents. More importantly, research using COD questions target
gaps in the geoscience conceptions literature on diagrams
(King 2010) and spatial thinking (Cheek 2010). Since they
are open-ended, and students can click anywhere on the im-
age, they do not require anticipating which, if any, misconcep-
tions students may have. This response style has existed for a
few years, yet few studies have combined CRS technology
with research on diagrams or spatial thinking.

Two recent studies have included images to investigate
students’ conceptions associated with astronomy. Lee and
Schneider (2015) developed a set of clicker questions with
accompanying photographs that may be used in large lecture.
Students were asked to view a photo while answering the
question, but were not asked to click on the photo (Lee and
Schneider 2015). The questions required students to retrieve
knowledge about astronomical structure and features, not de-
cipher spatial relations between the structures. This type of
question is an identification question and has the power to
reveal a false belief (Chi 2008). However, the information
obtained from the question does not provide further insight
into students’ mental models.

A second astronomy study by Lee and Feldman (2015)
used the Technology-Enhanced Formative Assessment
(TEFA; Beatty and Gerace 2009) model to engage middle
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school students in collaborative reasoning associated with
CRS questions. The questions related to the time of day and
year associated with photos of the sun’s position relative to the
horizon. This type of question asks students to consider the
spatial relationship between actual or inferred objects in the
image. In contrast to Lee and Schneider (2015), Lee and
Feldman (2015) did have students’ reason about spatial infor-
mation using images (i.e., photos). The limitation of this ap-
proach is in choosing a finite set of response options based on
intuition about the common errors.

COD questions have the potential for a more efficient ap-
proach to identifying robust misconceptions. They require
students to respond to a spatially open-ended question, since
they click directly on a diagram. For example, one of Lee and
Schneider’s (2015) questions asked students about the dark
space on a picture of a spiral galaxy. Students were presented
with a photo of the galaxy and asked, Bwhat are the dark
features at B?^ (Lee and Schneider 2015, p.6). The correct
multiple-choice option indicated the dark feature is a relatively
cool region of the galaxy. With a COD question, students
could be asked to click on an area that is relatively cool.
This open-ended version requires students to reflect on what
they know about the structure and spatial distribution of ener-
gy in the galaxy. Therefore, the COD question can be more
conceptually revealing than a multiple-choice concept inven-
tory question but equally efficient, instructionally. The CRS
software constructs a heat map, where density of student
clicks is represented with a range of colors, giving the instruc-
tor immediate feedback about the most common student errors
(Fig.1). Thus, COD questions reveal more than the number of
incorrect responses, provide insights about how and howmuch
students mental model may differ from the scientific consen-
sus, and thus offer clues to improving students’ understand-
ing. Similarly, the open-ended nature of the COD questions
allows researchers to circumvent the first, time-consuming
step of collecting and coding written open-response answers.
Researchers can selectively target students with specific, com-
mon incorrect answers for interviews or more fully developed
explanations. This efficiency could facilitate rapid data collec-
tion to fill gaps in the research base on geoscience misconcep-
tions (National Research Council 2012).

Present Study

The purpose of this study is to test COD questions as a method
for uncovering students’ conceptions. The research questions
focusing this study are as follows: (1) Are COD questions an
effective technique for identifying students’ conceptions? and
(2) Can COD questions be used to identify novel, robust mis-
conceptions? Our hypothesis is that the open-ended nature of
students’ responses to COD questions will be especially effec-
tive for identifying robust spatial misconceptions because they

will reveal how and how much students’ answers differ from
the scientific consensus. This rich information will reveal stu-
dents’ understanding of scaler relationships, spatial integra-
tion, and spatial reference frame. Four content topics were
investigated (e.g., Earth’s interior, base level, geologic time,
and hot spot formation) within an introductory geology class
to demonstrate that COD questions can detect false beliefs,
flawed mental models, and robust conceptual errors that war-
rant additional research (Chi 2008). We apply a variety of
analytical techniques that build on the basic distribution visu-
alization provided by the software (i.e., heat map) to provide
the reader with an understanding of the complexity of mea-
suring spatial and diagrammatic reasoning and to offer sug-
gestions for future work using COD diagrams in research.

Methods

The study includes student data collected in two sections of an
introductory geology course at a 4-year, public university in
the US Midwest region. The undergraduate population is
57.0% white, 15.9% black, 15.4% Latino/Hispanic, and
5.0% Asian. The ACT score for incoming freshman is 22;
however, over 40% of the undergraduates transfer from anoth-
er institution. Introductory geology is a general education
course primarily serving non-majors, although five geology
majors enrolled in the course during the data collection in
spring 2017. The one-credit laboratory associated with the
course is not required. Less than half of the students included
in this study were concurrently enrolled in the laboratory. The
two course sections had a total enrollment of 32 and 39 stu-
dents. Both sections were taught by the same tenure-track
geology professor with over 10 years of experience
implementing active learning pedagogies. The study protocol
was approved by the Institutional Review Board and was de-
termined exempt by the human-subjects institution review
board under protocol #HS16-0409.

Participants Students enrolled in introductory geology gave
consent to the investigator to gather data throughout the semes-
ter for this study. Students who did not give consent (n = 1),
withdrew from the course (n = 3), or had incomplete data for the
pre-instruction and end-of-course administration of the ques-
tions were removed (n = 28) from the data set. There was a high
rate of incomplete data due to late enrollments caused by the
State of Illinois budgetary challenges that disproportionately
impacted low-income students. Nevertheless, the pattern in
the incomplete data was consistent with all conclusions present-
ed below. Each COD item presented in this study has a different
number of students included in the analysis due to variations in
which individuals were in attendance on the day the post-
instruction data were collected. The post-instruction questions
were administered on the day the specific material was covered
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in lecture to insure all data for the question was collected from
students who had been present for the relevant instruction. We
included data for students who completed all three administra-
tions for a specific question, and report that number in the
narrative that follows. Demographic information was not col-
lected as a part of this study. Students enrolled in the course
were predominantly freshman and sophomores seeking general
education credit. Most students in the course were pursuing
majors in early childhood education, elementary education, or
communications.

ImplementationDiagrams that address the key content goals of
the course were selected from textbooks, google image
searches, and the New York State Regents Exam (New York
State Education Department [NYSED] 2018). The researchers
developed questions that required students to identify the loca-
tion of an object or predict the location of something based on a
process. The diagrams were then re-drawn based on cognitive
principles to maximize the salience of the target concept
(Hegarty 2011) and eliminate unnecessary detail. Specifically,
the diagrams were all drawn using simple lines, with minimal
shading in grayscale and representing two dimensions.
Superfluous patterns, structures, and process symbols were
eliminated to support students’ attention to the essential infor-
mation in the diagram. An example of a diagram and the
redrawn version we used for the study are found in Fig. 2.

Data for this study was collected during classes that use
Top Hat, a web-based CRS software, as a formative assess-
ment tool. Students were required to participate in Top Hat
throughout the course as an active learning strategy to im-
prove their attention in class and retention of the course ma-
terial. The instructor would lecture for 10–15 min, then use
Top Hat to pose multiple-choice and COD questions on the
material covered in lecture. After each question, the instructor
displayed the answer and re-explained the content if students
did not converge on the correct answer. Students earned class

participation points, which were 20% of their final course
grade, for participating in the Top Hat questions throughout
the semester. Students knew they received this credit regard-
less of whether their responses were correct or incorrect, and
that they are essentially an attendance incentive. Over the
course of the semester, students answeredmore than 150 ques-
tions using Top Hat, the majority of which were traditional
multiple-choice questions. The present study examines re-
sponses from a selection of the 23 COD questions that were
administered three times during the course: pre-instruction,
immediately post-instruction, and at the end of the course.
Students were pre-assessed on the 23 COD questions in the
first 2 weeks of the course. Questions were administered a
second time following instruction on the relevant course ma-
terial. The timing of the post-instruction administration ranged
within the semester from the first to 14th week of the semester.
The third and final administration was at the end of the course
when students were offered extra credit to answer the click-
on-diagram questions outside of class time, prior to their final
exam. The minimum delay between a post-instruction ques-
tion and the end-of-course questions was 5 weeks.

Data Analysis Top Hat is presently the only CRS software that
allows instructors to download the coordinates of each student
click. The x-coordinate is the left-to-right position within the
image and the y-coordinate is the top-to-bottom position with-
in the image. The coordinates are provided as proportions
relative to the top left corner (0,0), such that the top right
corner is (1,0), the bottom left corner is (0,1) and bottom right
corner is (1,1). CRS software like Top Hat use students’ smart
devices (i.e., cell phones, tablets, and laptops) and therefore
precision will be higher on devices with a larger screen and
lower on those with a smaller screen. We tested the spatial
precision of students’ responses (N= 35) by asking them to
click on a dot within a larger square diagram. Figure 3 is a plot
of the student clicks. The mean X value is within 1% screen

Fig. 2 Example diagrams of a typical diagram (left) (USGS 2017) and the redrawn diagram employed in the present study (right)
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width (SD= 0.02) of the true location and the mean of the Y
value is within 0.1% of the screen height (SD= 0.01) of the
true location. To characterize the dispersion of points around
the mean, we calculated the root mean square distance and
evaluated how many students fell within one or two standard
deviations of the mean. The standard deviation ellipses for one
and two standard deviations are plotted along with the indi-
vidual click locations in Fig. 3. Approximately 70% of stu-
dents’ clicks fell within the first standard deviation ellipse
(n = 24 of 34) and 97% of students’ clicks were within two
standard deviations (n = 33 of 34), meaning the distribution
was approximately normal with few outliers. There was a
slight bias in the student data trending toward the center and
top of the image. Students used a variety of devices, including
Apple and android smart phones, tablets, and laptops. We did
not collect information about each students’ device, but a lab-
oratory test of a Lenovo laptop (SDx = 0.001, SDy = 0.002),
Surface Pro tablet (SDx = 0.002, SDy = 0.005), and iPhone 6
(SDx = 0.003, SDy = 0.006) demonstrated consistently high
precision across devices.

The data for each questions were analyzed using statistical
techniques that were appropriate for the type of data in each
example (ex. chi-square, t test). Since the students’ responses
were distributed in a two-dimensional space, we plotted and
analyzed data using ArcGIS. The ArcGIS tools allowed us to
quickly count which students clicked in correct versus incor-
rect regions of a diagram using polygons and plot lines that
demonstrate shifts in the locations of answers from pre- to
post-instruction.

Categorizing Conceptions The questions focus on topics for
which students have well-documented misconceptions (ex.
Earth’s interior, geologic time) and novel conceptual chal-
lenges observed in the classroom (ex. hot spot formation, ero-
sion to base level). We selected COD questions that are rep-
resentative of the different aspects of Chi’s (2008) conceptual
change framework. Chi’s (2008) three categories of concep-
tions are (1) false beliefs, (2) flawed mental models, and (3)
robust misconceptions. For our purposes, false beliefs were
identified as cases where a change was evident immediately
following instruction that remained stable at the end of the
course. We grouped the latter two categories due to the small

sample size of this study, though we observed systematic and
persistent errors from a subset of students on COD questions
categorized into the misconceptions category. The narrative
below describes four examples of COD question that are cat-
egorized using Chi’s framework.

Results

The goal of this study was to test the value of COD questions
as a tool for studying students’ geoscience conceptions. For
each of the four examples below, we review what, if any,
relevant misconceptions were already documented in the lit-
erature, present results from the COD questions administered
during this study, review how the data inform classification of
the misconceptions according to Chi’s (2008) framework, and
interpret which spatial category the conception represents
(Table 1). The four cases are ordered by the pattern of change
over the course of the semester, ranging from false belief to
robust misconception.

False Belief

Earth’s Interior

Libarkin et al. (2005) identified several common erroneous
beliefs about the Earth’s interior in a study of undergraduate
non-science majors. Students are able to identify concentric
layers in the Earth’s interior but know little detail about the
layers. Students struggle to explain why Earth is made of
concentric spheres and which layers are solid or liquid. In a
study of middle school students, Gobert (2000) found that
students identified the center of the Earth as a source of mag-
ma for volcanic eruptions. Students were confused about how
and where melting occurs within the Earth (Clark et al. 2011).
Many textbooks and media represent the mantle as Bmolten,^
or liquid (King 2010), despite research using seismic tomog-
raphy indicating that the mantle is solid with relatively warmer
and cooler regions where convection as a solid occurs.

In response to the literature on student conceptions of the
Earth’s interior, we asked students to click on the layer within
the Earth that is entirely liquid. Pre-instruction, most students
incorrectly selected the inner core as being liquid (Fig. 4a).
Following lecture slides on the process of differentiation and
the physical characteristics of Earth’s layers, most students ad-
justed their response to the outer core (Fig. 4b), correctly identi-
fying it as liquid. Students appear to retain this concept because
there was little reversion to the pre-conception at the end of the
course; the majority of the students at the end identified the outer
core as the layer which is entirely liquid (Fig. 4c).

To analyze students’ responses, the location of their clicks
was plotted in ArcGIS. We were most interested in which
students clicked within the outer core layer versus the rest of

Fig. 3 Standard deviation ellipses for one and two standard deviations
from the mean of students’ clicks on an in-class calibration test (N = 34)
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the diagram, so we created a polygon tracing the space that
contained the outer core within ArcGIS. Using the Bselect by
location^ function, we identified which clicks were within the
correct layer versus all other places on the image. Overall,
there was clear and relatively stable improvement from pre-
instruction (8% correct), to post-instruction (60% correct), and
end of the course (76% correct). Counts of correct and incor-
rect clicks in each condition were analyzed using 2 × 2 con-
tingency tables by calculating Pearson’s chi-square. There was
a significant improvement between students’ responses pre-
instruction and post-instruction (X2(1, N = 25) = 33.59, p
< .001, ϕ = .82) and post-instruction and end of the course
(X2(1, N= 25) = 29.31, p < .001, ϕ = .77). A Cramer’s V value
over 0.5 is considered a large effect (Cohen 1988). This dem-
onstrates that substantially more students shifted to the correct
answer in the time between post-instruction and the end of the
course. This concept appeared on the first exam and the final
exam, and therefore, we suggest that this was due to repetition
of this concept in the course material.

The data indicate that students maintain their improved
scientific conception from post-instruction to the end of the
course. Therefore, we classified this conceptual change as a
false belief (Chi 2008). This question asked students to iden-
tify a structure and is a simple recall question. Consequently,
the question did not require much spatial reasoning and we did
not categorize this into a spatial ontological category from
Table 1. This example demonstrates that COD questions can

confirm misconceptions that are documented in the literature
(Libarkin et al. 2005).

Misconceptions: Flawed Mental Model or Robust
Misconception

Base Level

In geology, the term base level means Bthe lowest elevation a
stream channel’s floor can reach at a given locality^ (Marshak
2016, p.472). Base level may also be thought of as a Bfour-
dimensional surface of equilibrium between erosion and de-
position^ (Catuneanu 2006, p. 84). Above base level, sedi-
ments will be eroded and below base level, sediments will
be deposited. Simply put, a surface will be subject to erosion
as long as it is above the elevation of the water body nearest to
it. The profile (or side view) of a river from the headwaters
upstream to the mouth, where the river empties into a body of
water, typically shows a graded profile (i.e., concave and
smooth) that erodes over time (Fig. 5). Because most rivers
start as small tributaries with little discharge and end as large
rivers with a high discharge, the rivers typically erode to base
level more quickly toward the mouth. Once the river is eroded
to base level, it does not continue eroding unless other geo-
logic processes occur (i.e., regional tectonic uplift lowers rel-
ative sea level). Herrera and Riggs (2013) studied students’
conceptions of sedimentary systems. Of the concepts they
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studied, base level was the most difficult for students to un-
derstand (Herrera and Riggs 2013). In addition to requiring
complex spatial and temporal reasoning, the concepts of base
level and river profiles are typically only superficially covered
in introductory courses.

To test the concept of base level, students were asked to
predict the vertical elevation to which the river will erode, or
downcut, at A and C (Fig. 5). During class, students observed
the instructor sketching what the river profile would look like
over time. The river should erode at a faster rate at A, near the
headwaters, than at C, near the mouth of the river. This pattern
is seen because the elevation of C is already at or near base
level. Students with a scientific conception of base level
would select locations for A and C that produce a flatter river
profile, because as time progresses, location A erodes more
than location C.

To evaluate whether students’ conceptions of erosion to
base level improved, we tested whether students’ clicks for
C were significantly different from base level (i.e., the level
of the lake) and whether the elevation of points A and C
significantly changed (Fig. 6). A single-sample t test revealed
that students’ elevations for C (M = 0.78, SD = 0.05) were
significantly different from base-level elevation (0.70) pre-
instruction (tpre(24) 7.91, p < 0.0001, d = 1.6) and post-
instruction (tpost(24) = 2.38, p = 0.03. d = 0.43), but not at the
end of the course (tend(24) = 1.12, p = 0.27). A Cohen’s d ef-
fect size of 0.5 is commonly regarded as a medium effect size
while a 0.8 is a large effect size (Cohen 1988), indicating that
there is a substantial difference between students’ responses
and the correct elevation of C pre-instruction and a moderate
difference post-instruction. The insignificant t test at the end
of the course demonstrates that students’ clicks were correctly
located at or near base level and that the river stopped eroding
at the level of the lake (i.e., base level).

When we tested whether the slope of the line connecting
students clicks for points A and C became flatter (i.e., lower
slope), paired-sample t tests indicated that the slope of the line
connecting students’ clicks did not change significantly from
pre- to post-instruction (tpre-post(24) = 1.43, p = 0.17), from
post-instruction to end of the course (tpost-end(24) = 0.73, p =
0.47), or from pre-instruction to end of the course (tpre-

end(24) = 0.91, p = 0.37). This indicates that students did not
fully grasp that the slope of the river profile would become
flatter with time, because C was already at base level.

The COD data show some improvement in one aspect of
students’mental model of base level, erosion at C, while other
aspects of erosion are not correctly represented (i.e., decreas-
ing slope of the river profile). This incremental improvement
in students’ answers may suggest this is an example of a
flawed mental model. Understanding base level requires the
integration of several spatial concepts (Table 1). Students must
recognize that there are both vertical and lateral patterns of
erosion. Vertically, there will be a faster rate of erosion at A
than at C. Laterally, there will be decreasing slope over time as
a consequence of the vertical pattern of erosion. Students may
initially understand erosion as a local removal of sediment
without understanding the system, with its spatial variation
in erosion due to the variation in water flow. The integration
may require a combination of spatial processes described by
Newcombe and Shipley (2015): spatial visualization of mul-
tiple parts and how they change over time. Spatial visualiza-
tion involves putting together spatial relations across multiple
locations to, in this case, integrate the vertical and lateral pat-
terns, and how relationships among the parts change over
time. We propose this is an ontological shift that combines
content knowledge (about how the process of water flowing
varies and differentially effects different locations) and spatial
thinking skills (Table 1). Testing this conception with an in-
depth conceptual change, classroom intervention and
documenting any systematic errors in students’ answers
would clarify whether this should be categorized as a flawed
mental model or robust misconception.

Geologic Time

Geologic time is a challenging conceptual hurdle for students
because the magnitude of geologic events occurred at a scale
beyond typical human experience (Cheek et al. 2017; Jones et
al. 2009; Tretter et al. 2006); therefore, students often struggle
with the relative spacing of geologic events (Libarkin et al.
2007). Understanding deep time in geology also impacts stu-
dents’ understanding of other scientific phenomena, such as
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climate change (Lombardi and Sinatra 2012). There are sev-
eral factors contributing to the misunderstanding of geologic
time, including the non-linear nature of the geologic time scale
as it is depicted in many textbooks (Resnick et al. 2017).
Research on temporal reasoning indicates a cognitive relation-
ship between space and time both in language (Lakoff and
Johnson 2008), generally, and with respect to biology
(Catley and Novick 2009) and geologic time (Dodick and
Orion 2003; Trend 2001), specifically. To combat this concep-
tual challenge, geologists have implemented classroom activ-
ities (Richardson 2005) and informal education opportunities,
such as the Trail of Time Exhibit at the Grand Canyon
(Karlstrom et al. 2008), to build students’ understanding of
the distribution of geologic events. These activities require
the analogical mapping of time onto a spatial representation

(i.e., a rope or location) (Gentner 1989). Chi (2008) asserts
that adjusting a robust misconception requires a shift between
ontological categories. We chose an intervention where stu-
dents relate space and time to improve students’ mental
models. This is the type of intervention that could help coun-
teract a robust misconception because students are confronted
with a physical, scalar model of geologic time (Cheek et al.
2017). Here, the ontological adjustment is from a human-
centric time frame to the vastness of geologic time using a
spatially represented model.

Prior to instruction, students were asked to click on a geo-
logic timeline where they thought humans and dinosaurs ap-
pear (Fig. 7). Next, we implemented an activity requiring pairs
of students to predict the order and spacing of a set of geologic
events on a meter stick. After students committed to their
prediction, they received a laminated strip of poster paper with
the geologically accurate scaled model of the geologic event.
Students attached the scientific model to their meter stick and
were asked to compare their model to the scientific model
(Fig. 7). We did not analyze students’ models from the class
activity. Anecdotally, the instructor reported observing that
students’ errors were consistent with the extant literature
(e.g., overestimation of the time since dinosaurs appeared)
(Libarkin et al. 2007; Resnick et al. 2017).

Click locations on the time line were based on the y-
coordinate alone because the timeline is a vertical line. A
paired-sample t test shows a significant improvement from
pre-instruction (M = 0.39, SD = 0.24) to both post-instruction
(M = 0.17, SD = 0.03) and end of the course (M = 0.19, SD =
0.05) responses for the appearance of humans on the geologic
time scale (tpre-post(23) = 4.27, p < 0.001, d = 1.25; tpre-end(23) =
4,10, p < 0.001, d = 1.16) (Fig. 8). A Cohen’s d of 1.0 repre-
sents a one standard deviation improvement in students’ an-
swers, indicating that there was a substantial and stable change
after instruction. There was also a significant improvement
from pre-instruction (M = 0.54, SD = 0.24) to both post-
instruction (M = 0.29, SD = 0.13) and end of the course (M =
0.31, SD = 0.15) responses for the appearance of dinosaurs on

Fig. 7 Photo of three students’ geologic timelines, with flags indicating
their placement of events, and the correct placement for the COD question
on geologic time
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Fig. 8 Student responses to BIf the line represents the entire timespan since Earth formed, click where you expect humans appeared on Earth^ for a pre-
instruction, b post-instruction, and c end of the course show improvement in students’ mental model (N = 25)
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the geologic time scale (tpre-post(23) = 4.69, p < 0.001, d = 1.32,
tpre-end(23) = 4.76, p < 0.001, d = 1.15) (Fig. 9). The large
Cohen’s d indicates a substantial and stable change after in-
struction. Students answers did not significantly change from
post-instruction to the end of the course (thuman (23) = 1.13,
p = 0.135; tdino (23) = 0.77, p = 0.224), suggesting the change
was stable over the length of the course. Students responses
post-instruction converged on a more accurate and precise an-
swer, with a standard deviation that was only 20% of the stan-
dard deviation of pre-instruction responses. Despite the stu-
dents’ clicks being significantly closer to the correct response
for humans (the scientific consensus location is 0.00005) and
dinosaurs (the scientific consensus location is 0.05), the stu-
dents’ responses overestimated the age of the appearance by
several orders of magnitude at the end of the course.

Geologic time is an example of a robust misconception
because persistent systematic errors in students’ conceptions
of deep time are well documented (Dodick and Orion 2003;
Libarkin et al. 2007; Trend 2001). A conceptual change inter-
vention (LaDue 2018), in which students generate their own
model of geologic time and compare that to a spatially accu-
rate model, led to substantial improvement in their mental
model of the appearance of humans and dinosaurs since the
Earth was formed. Anecdotally, several students made verbal
comments of surprise at the scientific spacing of the geologic
events. Students experienced a shift from human-centric to
geologic temporal scale, indicative of a scalar relationship
ontological category shift (Table 1).

Hot Spot Formation

Several aspects of volcanic processes have been included in
past research on conceptions (Parham et al. 2010), including
the mechanisms involved in melting within the asthenosphere
(Clark et al. 2011). We were unable to identify any prior stud-
ies on students’ understanding of spatial reference frame with
respect to hot spots and tectonic plate motion. As described in
the introduction, a geologic hot spot results from a rising

plume of hot mantle rock that melts near the surface
(Marshak 2016). The lithospheric tectonic plate moves over
the hot spot causing a chain of successively younger volcanic
calderas to form. Most people are familiar with the Hawaiian
volcanic island chain. Yellowstone National Park is another, if
less well-known, example of a currently active hot spot, with a
chain of extinct volcanic calderas located in the Snake River
Plain of Idaho. The concept of hot spots is spatially complex
because from the human-centric perspective of standing on
the surface, hot spots move across the fixed landscape. From
a geologic reference frame, the landscape (i.e., lithospheric
plate) is moving relative to the hot spot, which has a fixed
location in the mantle below. In fact, the progressive age of
volcanic calderas at hot spots was the original evidence used
to deduce the rate and direction of past tectonic plate motion
(Jarrard and Clague 1977). Similar to the ontological shift
from a human to a geologic temporal scale, understanding
hot spot formation represents a shift from a human to geologic
spatial frame of reference. Therefore, we expect to find a ro-
bust misconception (Chi 2008) about hot spot formation.

We developed a COD question to evaluate whether stu-
dents are able to predict where the next hot spot will form if
they are given the direction of plate motion. The COD ques-
tion indicated that X is the currently active volcanic caldera
and that the tectonic plate had moved southwest over the hot
spot (Fig. 10). Students were asked to click where the next
caldera would form if the plate started moving north. The
correct location of the next caldera is to the south of the cal-
dera labeled with the X. Pre-instruction, many students made
the incorrect prediction that the next hot spot will form north
of the currently active hot spot. Other students selected points
generally north of various points on the hot spot track. During
class, students were asked to discuss their predictions with
their group partners. Subsequently, all students viewed a
video that included map-view diagrams of hot spots and a side
view animation about how hot spots form (Incorporated
Research Institutions for Seismology [IRIS], no date).
Following the video, students were asked again to discuss
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instruction, b post-instruction, and c end of the course show improvement in students’ mental model (N = 25)
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with their partners where the next volcano would be likely to
form. Results of the post-instruction student responses con-
verged on one of two possible locations, north or south of the
most recent hot spot (Fig. 10b). At the end of the course, the
misconception clearly had persisted (Fig. 10c).

Students’ responses were plotted in ArcGIS and we gener-
ated a polygon of the region containing the correct answer
(i.e., south of the current hot spot X). Using the Bselect by
location^ feature, ArcGIS generated a list of students with
correct and incorrect answers. There was a significant differ-
ence between students’ answers pre-instruction to post-
instruction (X2 (1, n = 35) = 19.66, p < 0.00001, ϕ = 0.53)
and there was not a significant change from post-instruction
to end of the course (X2 (1, N = 35) = 0.952, p < 0.329). This
suggests that there was a substantial shift from pre- to post-
instruction but that changes between post-instruction and the
end-of-course responses were modest. Nevertheless, we ob-
served a pattern of switching between North (the incorrect
answers) and South (the correct answer) tended toward cor-
rection and warrant further investigation. From post-
instruction to end of the course, seven students switched from
incorrect (North) to correct (South), while three students
persisted in the incorrect answer (North) and another four
students reverted from the correct (South) to the incorrect
(North) answer.

One line of evidence that distinguishes a robust misconception
from a flawed mental models is its persistence in the presence of
conflicting information. After discovering the cluster of incorrect
responses north of the hot spot post-instruction, the instructor
engaged the students in modeling the plate motion using a piece
of paper with a pencil held vertically beneath the paper (i.e.,
gesturing the relative plate motion). When students moved the
paper north, modeling the plate moving north, some responded
with immediate surprise that the pencil, modeling the mantle
plume, was south of the most recent hot spot. This was a post
hoc, informal attempt at physicallymodeling platemotion,which
may be a profitable component of a comprehensive activity to
address conceptual understanding of hot spot formation. Despite
multiple encounters with the content (i.e., worksheet, animation,
physical modeling), 20% of the students (n= 7 of 35) still chose

an incorrect location (North) for the next hot spot at the end of the
course. We propose this persistent error is a result of the need to
change spatial reference frames (Table 1). The human-centric
reference frame may be hard to abandon because our experience
is that the lithosphere, on which we live, is not moving. In the
Earth-centric reference frame, the mantle plume is stationary and
the lithospheric tectonic plate is moving relative to the mantle
plume. Despite several rounds of refutation, the persistence of a
systematic incorrect answer is consistent with the definition of a
robust misconception (Chi 2008).

Discussion

The foci of this study were to test the value of COD questions
as a tool for identifying students’ conceptions and to probe for
as yet undiscovered robust misconceptions in geology. We
demonstrated that COD questions can elicit and confirm
known misconceptions related to the Earth’s interior, base
level, and geologic time.We uncovered a previously unreport-
edmisconception using a COD question: conceptual difficulty
predicting the location of a new hot spot. Conceptual change
research typically utilizes multiple-choice text and image
questions, open-ended text questions, drawing tasks, and in-
terviews to reveal students’ concepts. COD questions supple-
ment the existing toolbox in a unique way. COD questions
allow large numbers of students to provide spatial information
about their mental models in the form of an open-ended spatial
response. A critical next step is to confirm the spatial ontolog-
ical categories we propose with semi-structured interviews
about the COD conceptions tested in this study. This approach
would clarify to what extent the spatial information afforded
by CODs relates to various types of mental models and, con-
sequently, misconceptions.

The unique benefit of COD questions is the ability to gather
conceptual challenges associated with spatial information
with large groups of students, immediately. Although COD
questions are useful for common false beliefs, like the
Earth’s interior, students’ conceptual challenges appear to be
more robust and persistent for questions involving spatial
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processes. Three spatial categories we tested were spatial in-
tegration, scalar relationships, and spatial reference frame.
The base level example demonstrated how students’ integrat-
ed patterns of erosion in a river to understand how base level
changes over time. Integration of pieces of information into a
whole structure is one of the critical spatial skills for geologic
thinking identified in Shipley et al. (2013). The geologic time
questions demonstrated that students improved their sense of
scalar relationships by shifting from human-centric to a deep
time framework. This is a well-studied conceptual challenge
and our study demonstrates that it is easily diagnosed using a
COD question (Cheek et al. 2017; Tretter et al. 2006; Jones et
al. 2008; Libarkin et al. 2007). The hot spot example supports
spatial reference frame as a necessary category. Students must
reconcile the human-centric model of a stationary lithosphere
with the geo-centric model of a stationary mantle beneath the
moving lithosphere. Spatial reference frame may be particu-
larly challenging (and perhaps the most complex of those
considered here), involving spatial skills such as mental ani-
mation (Newcombe and Shipley 2015), perspective-taking
(Hegarty and Waller 2004), and/or retrodiction (Ault 1998;
Trend 2000). COD questions offer an elegant research tool
to identify, analyze, and respond to students’ spatial concep-
tions, particularly for a spatially rich domain like geology.

The sampling of statistical and analytical techniques presented
here illustrates the range of analysis options for COD data. For
questionswhere slope of a line connecting two points is critical to
the conception, the data may be plotted in a graphical software so
that the slopes can be compared pre- and post-instruction within
one program. Means and standard deviation of points on a line
are easily calculated using Excel. Themost powerful software for
analyzing COD data is ArcGIS because the software is designed
for spatial statistics. Polygon analysis combined with the chi-
square statistic is useful for comparing the location of students’
conceptions pre- and post-instruction when a region of the dia-
gram contains the correct answer rather than a single point. The
potential for spatial statistics using ArcGIS was not fully
exploited in this study, and opportunities for other types of anal-
yses should be explored further. ArcGIS has additional spatial
analysis tools, such as cluster analysis and regression, that could
profitably be applied to future studies that involve COD data.

The examples presented above demonstrate that COD ques-
tions are a useful tool in service to a program of research inves-
tigating students spatial and temporal reasoning. This is an op-
portunity to use smart technology to fill a gap in the literature
(Cheek 2010; Herrera and Riggs 2013; NRC 2012). The tech-
nique couples geologic reasoning and diagrams, both of which
can involve challenging spatial concepts. COD offer a way to
improve students’mental model and thus support learning in the
classroom. Administering COD question in a classroom requires
students to commit to a prediction, by clicking on a diagram. The
instructor provides feedback on the spatial location of the correct
answer by showing the resulting heat map generated by the CRS

software and noting the correct location or regions. Recent work
has tested prediction and feedback as a pedagogy to promote
spatial and temporal reasoning in geology. Gagnier et al.
(2017) found that asking students to make predictions of the
interior of a geologic structure led to significant improvement
on a geologic penetrative-thinking test, compared with visuali-
zation alone or copying the sketch of a structure. The authors
suggest that sketching facilitates spatial reasoning about three-
dimensional structures because students are asked to commit to
their mental models through externalization as a sketch.
Engaging students in predictions using COD questions, which
are also open-ended and spatial responses, could have a similar
effect. Resnick et al. (2017) compared multiple-choice CRS
questions about the geologic time scale to a hands-on activity
with a physical model of the geologic time scale on ameter stick.
In both cases, students made predictions and received feedback
about their errors; however, the amount of class time required for
the clickers was much less than the hands-on activity. The au-
thors found that both conditions promoted accurate representa-
tions of the linear spacing of large-scale geologic events, indicat-
ing that CRS questionsmay be a sufficientmechanism for spatial
feedback to improve students’mental models. AlthoughResnick
et al. (2017) used multiple-choice response options, the alterna-
tive choices were placed at points on the geologic time scale
based on previous work on likely errors. The open-ended nature
of COD questions eliminates the need for previous research or
practitioners’ intuition in choosing response options. The possi-
bility of spatial prediction and feedback as a pedagogical inter-
vention to generally improve spatial and temporal reasoning
(Uttal et al. 2013) warrants further study.

In addition to being a useful tool for researchers and a means
for providing individual feedback, COD questions offer signifi-
cant benefits for instructors. COD questions can reveal students’
conceptual understanding in real time to allow instructors to
adapt their teaching. This formative assessment technique facili-
tates students’ learning more efficiently than passively listening
to a lecture. The principles of CRS-based pedagogy outlined in
the TEFA framework (Beatty and Gerace 2009) have already
been tested with astronomy photographs by Lee and Feldman
(2015)with success. CODquestions have the added benefit of an
open-ended, spatial response, which may be more engaging than
multiple-choice questions, and reduce the demand on instructor
to generate alternative answers. Spatial prediction and feedback
using COD questions extend the usefulness of the TEFA frame-
work to spatially challenging concepts and diagrams. This is
fertile ground for future research on students’ conceptual models
of spatially and temporally complex concepts.

Limitations and Future Research

The present study is limited by several issues, including the
proprietary online platform where x-y data may be gathered

504 J Sci Educ Technol (2018) 27:492–507



and the need for a mixed-methods study to evaluate the con-
vergence of COD data with interviews and drawings of con-
ceptual understanding. There are currently several companies
that offer COD-style question formats but only Top Hat pro-
vides the x-y coordinate data. For the researcher, Qualtrics, an
online survey platform, does offer COD questions and x-y
data capture. This may be a useful alternative for research
purposes, but does not provide the resources of a CRS soft-
ware platform for instructional use.

A limitation of the study is the possibility of test-retest
effects resulting from administering the same question three
times throughout a 15-week course (for more detail, see
BImplementation^ section). The authors acknowledge this po-
tential confound to the effect size, but prioritized good class-
room pedagogy for learning over the goal of the research
study. Furthermore, the test-retest effect would also underes-
timate the robustness of the misconceptions we identified in
the study.

The utility of COD questions to document misconceptions
and conceptual change will require additional work with tra-
ditional methods of assessing conceptual change. For this ini-
tial work, we did not interview students or ask them to draw. A
mixed-methods approach that purposefully samples a cross-
section of students who respond to COD questions with the
most common errors would facilitate deeper understanding
and any potential limitations of this technique as a research
method. In the case of Gagnier et al.’s (2017) study, the act of
sketching was a robust externalization of a students’ mental
model. A useful next step is to test sketching versus clicking
on an open-ended COD question to evaluate how robust the
externalization must be, or whether, in the case of Resnick et
al. (2017), spatial prediction and feedback through clicker
response can be sufficient to promote an improved, scientific
model for a variety of changes to mental models.

Conclusion

Diagrams are an important tool for communicating spatial and
temporal models of Earth processes. Current methods to study
students’ conceptual understanding are laborious for the re-
searcher and prohibitive for the classroom instructor. COD
questions offer a tool to supplement the existing methods
available to researchers. COD questions enable the researcher
to target conceptions associated with spatially complex struc-
tures and processes more efficiently than is possible using
traditional multiple-choice questions and verbal reports.
Further, COD questions are a promising pedagogical tool for
implementing a TEFA framework to improve conceptual un-
derstanding of spatial structures and processes in the class.
Future research should exploit COD questions to understand
the mechanism of spatial feedback in building scientific
models of geoscience processes.
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