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Introducing variability during learning often facilitates transfer to new contexts (i.e., generalization). The
goal of the present study was to explore the concept of variability in an area of research where its effects
have received little attention: learning through retrieval practice. In four experiments, we investigated
whether retrieval practice with different examples of a concept promotes greater transfer than repeated
retrieval practice with the same example. Participants watched video clips from a lecture about geological
science and answered application questions about concepts: either the same question three times or three
different questions. Experiments 3 and 4 also included conditions that involved repeatedly studying the
information in the application questions (either the same example or three different examples). Two days
later, participants took a final test with new application questions. All four experiments showed that
variability during retrieval practice produced superior transfer of knowledge to new examples. Experi-
ments 3 and 4 also showed a testing effect and a benefit from studying different examples. Overall, these
findings suggest that repeatedly retrieving and applying knowledge to different examples is a powerful
method for acquiring knowledge that will transfer to a variety of new contexts.
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“. . . The same thing recurring on different days, in different contexts,
read, recited on, referred to again and again, related to other things and
reviewed, gets well wrought into mental structure. This is the reason
why you should enforce on your pupils habits of continuous applica-
tion.”

—William James (1899/1962, p. 64)

Introducing variability during learning often facilitates transfer
to new contexts (i.e., generalization). When learners practice with
different exemplars or under varied conditions, it generally im-
proves their subsequent performance in novel situations. Such
positive effects of variability have been demonstrated in many

different domains, including analogical reasoning (Bassok & Ho-
lyoak, 1989; Gick & Holyoak, 1983), speech perception (Barcroft
& Sommers, 2005; Logan, Lively, & Pisoni, 1991), motor skills
(Shapiro & Schmidt, 1982; Shea & Kohl, 1990), and categoriza-
tion (Dukes & Bevan, 1967; Wahlheim, Finn, & Jacoby, 2012).
The goal of the present study was to explore the concept of
variability in an area of research where its effects have received
little attention: learning through retrieval practice. Over the past
decade, there has been a surge of interest in the mnemonic benefits
of retrieval practice (i.e., “the testing effect”; for a review, see
Dunlosky, Rawson, Marsh, Nathan, & Willingham, 2013; Roedi-
ger & Butler, 2011; Roediger & Karpicke, 2006; Rowland, 2014);
however, among the multitude of studies that have been con-
ducted, the effects of variability during repeated retrieval have
rarely been examined.

Investigating how introducing variability during retrieval
practice affects learning is important for several reasons. First,
numerous studies have recently begun to explore the potential
for retrieval practice to promote transfer of learning (for a
review, see Carpenter, 2012), and variability is a critical factor
in promoting transfer of learning in many domains. Second,
knowledge about how variability affects learning through re-
trieval practice can inform theoretical explanations of the test-
ing effect and, more broadly, the acquisition of declarative
knowledge (e.g., facts, concepts, etc.). Third, the concept of
introducing variability during retrieval practice parallels the
way in which repeated practice on a particular fact or concept
is often implemented in education (e.g., students are given
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practice on different questions rather than the same exact ques-
tion repeatedly).

To this end, we report a series of experiments that investigated
how repeatedly retrieving and applying newly acquired knowledge
to different examples affects learning. Of specific interest was how
introducing variability during retrieval practice affects the devel-
opment of deeper understanding that enables learners to transfer
their knowledge to new examples. We first briefly review relevant
prior research before describing the experiments that we con-
ducted.

Background

Retrieving information just once improves subsequent memory
performance relative to restudying the information (Butler & Roe-
diger, 2007; Carpenter, 2009; Carrier & Pashler, 1992; Glover,
1989), and repeated retrieval practice is even more beneficial (Pyc
& Rawson, 2009; Rawson & Dunlosky, 2011; Wheeler & Roedi-
ger, 1992). The vast majority of research on retrieval practice has
focused on retention (see Dunlosky et al., 2013; Rowland, 2014);
that is, the criterial test consists of retrieval cues that are identical
to the cues given for practice during initial learning. However,
there is growing interest in how retrieval practice affects subse-
quent transfer of learning to criterial tests with different retrieval
cues. Recently, numerous studies have found that practicing re-
trieval produces superior transfer relative to various comparison
activities, such as restudying information (Butler, 2010; Blunt &
Karpicke, 2014; Hinze & Wiley, 2011; Johnson & Mayer, 2009;
Kang, McDaniel, & Pashler, 2011; McDaniel, Howard, & Ein-
stein, 2009; Rohrer, Taylor, & Sholar, 2010; for a review, see
Carpenter, 2012). Now that the benefits of retrieval practice for
subsequent transfer are well established, it is important to inves-
tigate factors that might facilitate the development of deeper
understanding during retrieval practice, thus increasing transfer to
new contexts. One factor that might improve subsequent transfer is
variability of practice during repeated retrieval. As noted above,
variability during learning yields transfer (i.e., generalization) in
many other domains of learning, but this factor has received little
attention with respect to retrieval practice. In most retrieval prac-
tice studies that incorporate multitrial learning, each trial almost
always consists of an identical repetition of a cue–target pair (e.g.,
Karpicke & Roediger, 2008; Pyc & Rawson, 2009).

A better understanding of how variability during repeated re-
trieval practice affects learning can inform theories that attempt to
explain the testing effect. Although none of these theories directly
consider the effects of variability across repeated retrieval at-
tempts, the concept of variability is a core aspect for many of them.
A primary example is encoding variability theory, which is one
account that has been proposed to explain the testing effect (e.g.,
McDaniel & Masson, 1985). Theories of encoding variability (e.g.,
Bower, 1972; Glenberg, 1979; Martin, 1968) posit that the infor-
mation that is encoded into memory varies from trial to trial during
repeated exposure to the same material because of changes in
perception (e.g., presentation modality), processing (e.g., experi-
mental task), internal context (e.g., neuronal activity), and/or ex-
ternal environment (e.g., location); greater variation in the infor-
mation encoded increases the number of potential retrieval routes,
which thereby increases the likelihood that the information will be
retrieved with whatever cue is presented in the future. With respect

to the testing effect, the idea is that studying and then taking a
practice test introduces greater variability than studying and then
restudying the same material.

Other theoretical accounts that focus specifically on explaining
the testing effect also incorporate the concept of variability. The
episodic context account (Karpicke, Lehman, & Aue, 2014; Leh-
man, Smith, & Karpicke, 2014) assumes that the temporal context
in which events occur shifts over time, leading to different con-
textual elements being present at any given time. When people
retrieve recently learned information from memory, they reinstate
the prior context in which they learned that information and
integrate new elements from the present context into the represen-
tation. When information is restudied, context reinstatement does
not occur to the same degree and thus there is less variability in the
contextual elements that are integrated into the representation.
Similarly, the elaborative retrieval account (Carpenter, 2009, 2011;
Carpenter & DeLosh, 2006; Glover, 1989) also suggests that
retrieval produces greater variability in the elements that are inte-
grated into the updated representation of an event relative to
restudying, but the new elements are drawn from semantic knowl-
edge rather than temporal context. This theory posits that the
process of searching memory for target information produces
spreading activation of related semantic knowledge, and these
semantic elements are integrated into the representation of the
event, thereby elaborating it. Finally, the retrieval effort account
(Bjork, 1975; Bjork & Bjork, 1992) is another theoretical idea that
can be interpreted in terms of the variability introduced by taking
a test relative to restudying. In essence, the concept of retrieval
effort captures the phenomenological experience that corresponds
to the processing that occurs during retrieval and how it differs
from restudying; greater effort presumably indicates a greater
degree or complexity of processing, which should produce greater
variability in the elements integrated into the updated representa-
tion.

As the description of these theories suggests, there are many
ways in which variability can be introduced during repeated re-
trieval, and yet only a few studies have explored this topic (Butler,
2010; Glass, 2009; Goode, Geraci, & Roediger, 2008; Smith &
Handy, 2014, 2016). Glass (2009) had students in a psychology
course answer multiple-choice inference questions about facts
(e.g., the definition of semantic priming). For each fact, they either
answered the same question repeatedly or different versions of the
question that had the same sentence frame but different details
(e.g., “Cow will be read fastest when preceded by,” “Tulip is read
fastest if preceded by,” “The word cobra will be read fastest if it
is preceded by the word”). When students engaged in variable
retrieval practice, they performed better on a new version of the
question relative to when they practiced with the same question
repeatedly. Smith and Handy (2014, 2016) had participants prac-
tice retrieving face–name pairs that were presented in front of an
unrelated video background context. During repeated retrieval
practice of each face–name pair, the video either stayed the same
or changed. Practice with different video contexts led to better
recall of the name on the final test in which the face was presented
in front of novel video context. Goode et al. (2008) showed that
practice with solving different arrangements of an anagram (e.g.,
“dolof,” “folod,” and “oofld” for the word “flood”) led to better
subsequent performance on a new arrangement of that anagram
(“ldoof”) relative to repeated practice with the same arrangement.
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Finally, Butler (2010, Experiment 1b) manipulated whether or not
a question was rephrased on successive retrieval attempts during
initial learning, but the correct response was always the same.
Performance on a subsequent transfer test with new inference
questions showed no benefit of practice with rephrased questions
during learning.

Taken as a whole, this handful of studies provides preliminary
evidence to support the conclusion that variability during retrieval
practice improves transfer of learning. However, it is important to
note that these studies have all focused on variability in the
information provided by the cue, while keeping constant both
the target information that must be retrieved and the way in which
the cue and target information are processed. The present set of
experiments was designed to build upon these initial studies by
focusing on variability in how the cue and target information are
processed to answer a question. To accomplish this objective,
retrieval practice consisted of application questions that presented
participants with a new example and required them to make an
inference based on recently learned information (see Appendix for
sample materials). Thus, answering each application question in-
volved more than just accessing information in memory in re-
sponse to a new cue; rather, it required retrieving and the using that
information to produce a novel inference.

Experiment 1

The goal of Experiment 1 was to investigate how variability of
practice during repeated retrieval affects transfer of learning. Par-
ticipants watched video clips from a lecture about geological
science that covered the topics of volcanoes and earthquakes. After
each video, they answered application questions about concepts
covered in the clip (e.g., convection cell systems). For a given
concept, they either answered the same application question three
times or three different application questions. Each application
question had a different correct answer, but required retrieving and
using the same concept to make an inference. Two days later,
participants took a final test that consisted of new application
questions. Table 1 provides a schematic of this basic paradigm that
was used across the four experiments.

Method

Participants. Thirty-two undergraduate students participated for
payment. One additional participant who did not return for the

second session was excluded. Sample size was determined before
the experiment. The stopping rule was selected by heuristic with
32 participants representing exactly four times the number of
counterbalance versions of the experiment (see Materials and
Counterbalancing). A power analysis was not conducted because
the novelty of the question being asked in the experiment meant
that there was no prior research that could be used to provide an
accurate estimate of the expected effect size.

Design. A single factor (Practice Type: same, variable) was
manipulated within participants, between materials.

Materials and counterbalancing. Materials consisted of five
video clips about geological science and associated questions (see
Appendix for sample materials). The clips were taken from a
course entitled “Nature of Earth: An Introduction to Geology”
produced by The Great Courses. Each clip was approximately
eight minutes long and contained two or three concepts for a total
of 12 concepts. A concept was operationally defined as a piece of
information that must be abstracted from multiple sentences. Four
application questions in short-answer format were created for each
concept. Answering these questions required participants to re-
trieve and apply their knowledge of a concept to a new example.
The experiment was counterbalanced in two ways. Each concept
was assigned equally often to the same and variable learning
conditions across participants by creating two versions of the
experiment. The odd numbered concepts were assigned to the
same practice condition and the even numbered concepts were
assigned to the variable practice condition, or vice versa. Addi-
tionally, the four questions related to each concept were counter-
balanced such that they appeared equally often in initial learning
tests and the final transfer test. The counterbalancing of questions
was accomplished by rotating the questions through the four
possible order positions (i.e., first practice, second practice, third
practice, final test) to create four versions of the experiment.
Crossing these two counterbalancing methods yielded eight ver-
sions of the experiment in total.

Procedure. The experiment consisted of two sessions spaced
two days apart. All tasks were completed on a computer. Session
1 was separated into five blocks. In each block, participants
watched one of the five video clips and then answered three
questions per concept covered in that clip. The three questions
consisted of either the same question three times or three different
questions, depending on the type of practice to which a given
concept was assigned. Due to the method of assigning concepts to
condition, each block contained at least one concept from each
condition. Within each block, the questions were presented one at
a time in a random order and participants were instructed to
generate a response to each question. If they did not know the
correct answer, they were told to make a plausible guess. They
were also informed that some questions would be repeated and that
they should answer them again. Feedback was provided immedi-
ately after each question regardless of whether the response was
correct or incorrect. Feedback consisted of a representation of the
question and an idealized correct answer. Both responding and
feedback viewing were self-paced. In Session 2, participants re-
turned two days later to take a final test that consisted of 12 new
application questions. The procedure and instructions for answer-
ing the final test questions was the same as for Session 1 except
that participants did not receive feedback after each question.
Participants were also prompted to rate their confidence in their

Table 1
A Schematic Representation of the Paradigm Used in
Experiments 1–4

Condition Learning block Final test

Retrieval: Same V RA RA RA RD

Retrieval: Variable V RA RB RC RD

Study: Same V SA SA SA RD

Study: Variable V SA SB SC RD

Note. The schematic illustrates the relationship between the activities in
a single learning block and the final test. V � video; R � retrieval; S �
study. The letters in subscript denote the specific question or example
given to participants to practice retrieval or study, respectively. Experi-
ments 1 and 2 did not include the two repeated study conditions repre-
sented in bottom half of the schematic. Participants had five learning
blocks during Session 1 and the final test during Session 2.

T
hi

s
do

cu
m

en
t

is
co

py
ri

gh
te

d
by

th
e

A
m

er
ic

an
Ps

yc
ho

lo
gi

ca
l

A
ss

oc
ia

tio
n

or
on

e
of

its
al

lie
d

pu
bl

is
he

rs
.

T
hi

s
ar

tic
le

is
in

te
nd

ed
so

le
ly

fo
r

th
e

pe
rs

on
al

us
e

of
th

e
in

di
vi

du
al

us
er

an
d

is
no

t
to

be
di

ss
em

in
at

ed
br

oa
dl

y.

435VARIABILITY DURING RETRIEVAL PRACTICE



answer after each question on a 5-point scale (1 � no confidence,
5 � high confidence); however, the analyses for these data will not
be reported for any of the four experiments because none of the
manipulations produced a significant difference in confidence.

Results

Eta-squared and Cohen’s d are the measures of effect size
reported in the analysis of variance (ANOVA) and t test analyses,
respectively. A Geisser–Greenhouse correction was used for any
violations of the sphericity assumption of ANOVA.

Coding. All responses were independently scored by two cod-
ers. Each response was marked as either correct or incorrect. The
interrater reliability between the two coders was high (� � .85)
and the discrepancies were resolved by discussion.

Initial test performance. Table 2 contains the proportion of
correct responses on the initial tests as a function of practice type
and question order. As expected, performance on the first question
did not differ significantly by practice type because the manipu-
lation had not yet been implemented at this point, t(31) � 1.11,
standard error of the mean � .04, p � .28, d � .20. Performance
improved markedly from the first to second question and remained
high in the same practice condition, whereas it remained relatively
constant across the three questions in the variable practice condi-
tion. A 3 (Question Order) � 2 (Practice Type) repeated-measures
ANOVA confirmed this observation by revealing significant main
effects of practice type, F(1, 31) � 36.55, MSE � .03, p � .0001,
�2 � .20, and question order, F(2, 52) � 29.45, MSE � .03, p �
.0001, �2 � .14, which were qualified by a significant interaction,
F(2, 62) � 18.80, MSE � .03, p � .0001, �2 � .12.

Final test performance. Participants performed better on fi-
nal test questions about concepts that they had learned through
variable practice with different questions relative to same practice
with a single question that was repeated three times (.64 versus
.52), t(31) � 2.77, standard error of the mean � .04, p � .009, d �
.49.

Discussion

Experiment 1 clearly showed that introducing variability during
retrieval practice substantially benefited performance on the final

test. Through the process of retrieving and applying knowledge of
the concept to a variety of examples, participants gained deeper
understanding of the concept that enabled them to transfer this
knowledge to a new example when tested again two days later.
Interestingly, this benefit emerged despite the fact that variability
hindered gains in performance during initial learning. Whereas
participants quickly reached ceiling performance by learning from
feedback in the same practice condition, they struggled to apply
the concepts to new examples in the variable practice condition.

Why was there relatively little improvement in performance
across questions during variable retrieval practice? This finding is
somewhat puzzling given that other studies investigating variabil-
ity during retrieval practice have found substantial improvement in
performance across different questions, even though the degree of
improvement was less than repeated practice with the same ques-
tion (Butler, 2010; Glass, 2009; Goode et al., 2008; Smith &
Handy, 2014). One potential explanation for the lack of improve-
ment during variable practice in Experiment 1 is that, as intended,
the present study is asking a fundamentally different question
about the effects of variability during learning. That is, whereas
prior studies have focused on the retrieval of the same target
information in response to different cues, participants in Experi-
ment 1 had to process the cue and target information differently in
order answer each application question. The process of transferring
knowledge of a concept to a new example is difficult, and people
often fail if given just a single opportunity (i.e., compared to three
opportunities in the same practice condition).

Another possible explanation for the lack of improvement is that
participants did not recognize that the questions in the variable
practice condition were related, and thus they did not draw upon
what they had learned from prior questions. This possibility seems
unlikely given that every question related to a particular concept
included a few key terms to help participants recognize the concept
that needed to be applied (see Appendix). Nevertheless, partici-
pants in Experiment 1 were never explicitly instructed to pay
attention to the relationship among different questions about the
same concept. Research in many different literatures (e.g., concept
learning, analogical reasoning, etc.) has demonstrated the impor-
tance of connecting subsequent events to prior events in learning
from repeated presentations of material (e.g., Madigan, 1969; for a
review, see Benjamin & Ross, 2010).

Experiment 2

The main goal of Experiment 2 was to examine the hypothesis
that participants often failed to recognize the relationship among
the three questions during variable practice. We manipulated the
presence of a concept label above each question to draw partici-
pants’ attention to the relationship among questions about the same
concept. The concept label did not present any information that
was not already given in the question, but it clearly signaled the
relationship of the question to other questions and the accompa-
nying instructions directed participants to attend to these relation-
ships. A secondary goal was to replicate the novel finding in
Experiment 1 that variable retrieval practice produced superior
transfer on a final test with new application questions.

Table 2
Proportion Correct on the Initial Test in Experiments 1, 2, and
3 as a Function of Practice Type, Question Order, and Concept
Labeling (Only Manipulated in Experiment 2)

Experiment
Concept
labeling

Practice
type

Question order

First Second Third

Experiment 1 Unlabeled Same .58 .92 .95
Variable .62 .68 .66

Experiment 2 Unlabeled Same .46 .81 .85
Variable .51 .64 .66

Labeled Same .57 .86 .92
Variable .57 .69 .65

Experiment 3 Unlabeled Same .58 .88 .93
Variable .57 .68 .65

Experiment 4 Unlabeled Same .51 .86 .92
Variable .53 .57 .60
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Method

Participants. Forty-eight undergraduate students participated
for payment. Eight additional participants were excluded because
they did not return for the second session. As in Experiment 1,
sample size of was determined by heuristic before the experiment
with 48 participants representing exactly six times the number of
counterbalance versions of the experiment. The sample size was
increased relative to Experiment 1 because of the addition of a
second independent variable.

Design. The experiment had a 2 (Practice Type: same, vari-
able) � 2 (Concept Labeling: labeled, unlabeled) mixed-factorial
design. Concept labeling was manipulated between participants
and practice type was manipulated within participants, between
materials.

Materials and counterbalancing. The materials from Exper-
iment 1 were used again. In addition, a short label was created for
each concept. The label did not contain any new information and
it did not provide any hints about the answer to the question. The
experiment was counterbalanced in the same manner as Experi-
ment 1 except for the question order. Instead of randomizing the
order of presentation of the questions in the initial learning session,
the four questions related to each concept were rotated through
each position (first, second, third, and final test) such that they
appeared equally often in each position across participants.

Procedure. The procedure was the same as Experiment 1
except for the following changes. In Session 1, participants were
randomly assigned to one of the two concept labeling conditions.
In the labeled condition, the concept label always appeared above
each question and its corresponding feedback message. Partici-
pants were instructed to pay attention to the concept label above
each question because there would be multiple questions related to
the same concept.

Results

Coding. Responses were coded in the same manner as Exper-
iment 1. The interrater reliability was high (� � .84) and the
discrepancies were resolved by discussion.

Initial test performance. Table 2 shows the proportion of
correct responses on the initial tests as a function of practice type,
question order, and concept labeling condition. Performance on the
first question was approximately equal across the four conditions
with a small numerical advantage for the labeled relative to the
unlabeled condition. A 2 (Practice Type) � 2 (Concept Labeling)
repeated-measures ANOVA showed no main effect of practice
type (F � 1) or concept labeling, F(1, 46) � 2.89, MSE � .06, p �
.096, �2 � .06, and no interaction (F � 1).

Overall, performance on the initial test questions replicated the
findings of Experiment 1. The proportion of correct responses
increased substantially from the first question to the second and
third questions in the same practice condition, while it increased
only slightly across the three questions in the variable practice
condition. Concept labeling did not appear to affect the pattern of
performance. A 3 (Question Order) � 2 (Practice Type) � 2
(Concept Labeling) repeated-measures ANOVA revealed main
effects of question order, F(2, 92) � 66.99, MSE � .03, p � .0001,
�2 � .29, and practice type, F(1, 46) � 27.45, MSE � .04, p �
.0001, �2 � .09, but not concept labeling, F(1, 46) � 2.09, MSE �
.11, p � .155, �2 � .04. The interaction between practice type and

question order was also significant, F(2, 92) � 22.19, MSE � .02,
p � .0001, �2 � .07, but none of the other interactions were
significant (all Fs � 1).

Final test performance. Figure 1 shows the proportion of
correct responses on the final test as a function of practice type and
concept labeling. Replicating the findings of Experiment 1, vari-
able practice produced superior performance relative to same prac-
tice. Labeling the questions produced slightly better final test
performance in the variable practice conditions, but concept label-
ing did not affect performance in the same practice conditions.
Confirming these observations, a 2 (Practice Type) � 2 (Concept
Labeling) repeated-measures ANOVA showed a significant main
effect of practice type, F(1, 46) � 9.96, MSE � .03, p � .003,
�2 � .18. Neither the main effect of concept labeling nor the
interaction was significant (Fs � 1).

Discussion

Replicating the results of Experiment 1, Experiment 2 showed
that variable practice produced superior transfer to new application
questions relative to same practice. However, concept labeling did
not have a significant effect on initial or final test performance,
which suggests that participants often recognized the relationship
among the three different questions in the variable practice con-
dition even in the absence of a concept label and instructions to
attend to the relationship among questions. Nevertheless, it is
important to consider that the related questions were presented in
close succession with only one or two unrelated questions in
between. A clear signal of the relationship among the questions
may become increasingly important with greater spacing among
questions.

Experiment 3

In Experiment 3, we sought to compare the relative effects of
introducing variability during repeated retrieval practice and re-
peated study of information, a common control activity in testing

Figure 1. Proportion of correct responses to new application questions on
the final test as a function of practice type and concept labeling in
Experiment 2. Error bars represent 95% confidence intervals.
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effect research (e.g., Glover, 1989; see Roediger & Butler, 2011;
Roediger & Karpicke, 2006). The effects of introducing variability
during repeated study have been extensively investigated within
the literature on encoding variability (Bower, 1972; Estes, 1955;
Martin, 1968; Glenberg, 1979). As described above, theories of
encoding variability posit that variability across exposures to the
same material results in the integration of new elements into the
representation in memory, which increases the probability of a
match with a subsequent retrieval cue. Although some studies have
produced results that support encoding variability ideas (e.g., Mc-
Daniel & Masson, 1985; McFarland, Rhodes, & Frey, 1979), other
studies have found that variability during study has no effect or a
negative effect on retention (e.g., Maskarinec & Thompson, 1976;
Postman & Knecht, 1983). Although the findings have been
mixed, it is important to note that the vast majority of the research
on encoding variability during repeated study has used basic
materials (e.g., lists of words) and assessed retention by using cues
that were highly similar or identical to the material present during
initial learning. That is, no research has looked at how variability
during repeated study affects understanding of the type of complex
concepts used in the present experiments.

To compare the effects of variability on repeated retrieval prac-
tice and repeated study, we manipulated both learning activity and
practice type within the same experiment (i.e., the two factors were
crossed; see Table 1). In the two repeated study conditions (i.e.,
same study and variable study), participants studied the exact same
material that appeared in the application questions given in the two
retrieval practice conditions (i.e., same retrieval practice or vari-
able retrieval practice). The material from each application ques-
tion and corresponding feedback was edited into paragraph form
so that it could be studied as an example. Participants in the
repeated study condition either studied the same example three
times or three different examples about the same concept. We also
manipulated practice type between participants to see whether the
findings from Experiments 1 and 2 would generalize from a
within-participants design.

Method

Participants. Forty-eight undergraduate students participated
for payment. One additional participant was excluded for failing to
follow instructions. The sample size of 48 participants was deter-
mined before the experiment based on the sample size of Exper-
iment 2.

Design. The experiment had a 2 (Practice Type: same, vari-
able) � 2 (Learning Activity: study, retrieval practice) mixed-
factorial design. Practice type was manipulated between partici-
pants and learning activity was manipulated within participants,
between materials.

Materials and counterbalancing. The materials from Exper-
iment 1 were used again. In addition, each question and correct
answer was edited into a paragraph to create materials for the study
condition (see Appendix for sample materials). Thus, participants
in the retrieval practice and study conditions were exposed to the
exact same information. The experiment was counterbalanced in
the same general manner as Experiment 2 with each concept also
assigned equally often to the study and retrieval practice condi-
tions across participants.

Procedure. The procedure was the same as Experiment 1
except for the following changes. In Session 1, participants were
randomly assigned to either the same or variable practice condi-
tion. Regardless of practice type, six of the concepts were repeat-
edly studied and the other six concepts were assigned to repeated
retrieval practice. In the study condition, participants were re-
quired to study each example for a minimum of 30 s, but could
continue to study for as long as they wanted.

Results

Coding. Responses were coded in the same manner as Exper-
iments 1 and 2. The interrater reliability was high (� � .82) and the
discrepancies were resolved through discussion.

Initial test performance. Table 2 shows the proportion of
correct responses on the initial tests as a function of question order
and practice type. Performance on the first question was nearly
equivalent in the same and variable retrieval practice conditions
(t � 1). The overall pattern of performance replicated Experiments
1 and 2. The proportion of correct responses increased greatly from
the first question to the second and third questions in the same
retrieval practice condition, but only increased slightly in the
variable retrieval practice condition. A 3 (Question Order) � 2
(Practice Type) repeated-measures ANOVA revealed significant
main effects of question order, F(2, 78) � 26.64, MSE � .03, p �
.0001, �2 � .33, and practice type, F(1, 46) � 10.32, MSE � .10,
p � .002, �2 � .18, as well as a significant interaction, F(2, 92) �
8.94, MSE � .03, p � .0002, �2 � .11.

Final test performance. Figure 2 depicts the proportion of
correct responses on the final test as a function of practice type and
learning activity. Clearly, both factors affected participants’ ability
to transfer their learning on the final test. Repeated retrieval during
initial learning led to superior performance relative to repeated
studying, and variable practice produced better performance than
same practice. A 2 (Practice Type) � 2 (Learning Activity)
repeated-measures ANOVA showed main effects of practice type,

Figure 2. Proportion of correct responses to new application questions on
the final test as a function of practice type and learning activity in
Experiment 3. Error bars represent 95% confidence intervals.
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F(1, 46) � 6.14, MSE � .10, p � .017, �2 � .12, and learning
activity F(1, 46) � 20.10, MSE � .03, p � .0001, �2 � .30. The
interaction was not significant (F � 1).

Discussion

Experiment 3 showed that retrieval practice with different ques-
tions produced superior transfer to new application questions on
the final test relative to repeated retrieval practice with the same
question. This result replicates the findings from Experiments 1
and 2 and demonstrates that it generalizes to a between-subjects
design. Collapsing across practice type, repeated retrieval practice
also produced superior transfer relative to repeated study, a testing
effect that is consistent with the findings of most other studies on
retrieval practice and transfer (e.g., Butler, 2010; see Carpenter,
2012). Interestingly, the effects of learning activity and practice
type were additive but not superadditive, which suggests that there
is no special synergy that results from combining retrieval practice
with variable practice.

Another novel result from Experiment 3 was that introducing
variability during repeated study produced superior transfer to new
application questions on the final test. Studying three different
examples allowed learners to develop a deeper understanding of
the complex concepts presented in the videos relative to studying
the same example three times. This finding is important given that
most studies on encoding variability use basic materials and focus
on retention as the primary outcome measure. Given the mixed
findings in the encoding variability literature, the results of Exper-
iment 3 suggest that it may be more fruitful to explore the effects
of encoding variability with more complex materials and transfer
as the outcome measure.

Experiment 4

The purpose of Experiment 4 was to replicate the findings from
Experiment 3 and further investigate the mechanism(s) by which
variable practice and retrieval practice promote superior transfer of
knowledge. Transfer can be conceptualized as a three-step process
(see Barnett & Ceci, 2002) in which the learner needs to (a)
recognize that knowledge acquired in prior context is relevant to a
new context, (b) recall that knowledge, and (c) apply that knowl-
edge to the new context. Retention of knowledge drives the first
two steps in this process (i.e., recognizing and recalling), whereas
understanding enables the third step. Thus, in this conceptualiza-
tion, retention is a necessary but not sufficient condition for
transfer to occur. Retention is obviously critical, especially when
the ability to transfer knowledge is assessed after a delay, such as
in the present set of experiments; however, transfer will not occur
without sufficient understanding to enable the application of
knowledge to the new context.

In Experiment 4, we wanted to investigate whether variable
practice and retrieval practice, respectively, produce better reten-
tion, deeper understanding, or both. Recognition was unlikely to
have been a problem for participants in any of the experiments
because they were instructed that the questions on the final test
were about material from the videos, and thus they were aware that
they needed to recall and apply the knowledge that they had
acquired during the initial learning session. However, the differ-
ences that emerged on the final test used in Experiments 1–3 could

be due to improved ability to recall knowledge (i.e., retention), to
apply knowledge (i.e., understanding), or both. Thus, we adopted
a two-phase final test procedure that has been used in prior
research to isolate the unique contributions of retention and un-
derstanding to successful transfer (Butler, Godbole, & Marsh,
2013).

Experiment 4 used the same design and procedure as Experi-
ment 3 except for the addition of a second phase to the final test in
which participants reanswered the new application questions with
a description of the relevant concept present (see Appendix for
sample materials). The purpose of this second phase was to sep-
arate the recall and application steps in the transfer process. On the
first phase, which was the same as the final test in Experiments
1–3, differences in performance on the new application questions
could be due to participants’ ability to recall their knowledge of the
concepts, apply this knowledge, or both. However, presenting a
description of the concept during the second reanswer phase elim-
inates the need to recall this knowledge; as a result, any differences
in performance in the second phase should reflect participants’
ability to apply their knowledge. Table 3 explains the logic of this
approach for examining how variable retrieval practice and same
retrieval practice affect the three steps of the transfer process
(recognition, recall, and application); however, the same logic
applies to any comparisons that can be made among the four
conditions.

Method

Participants. Sixty undergraduate students participated for
course credit. Four additional participants were excluded: one who
did not return for the second session and three who did not follow
instructions. The sample size was determined by heuristic before
the experiment with 60 participants representing exactly 10 times
the six counterbalance versions of the experiment. The sample size
was increased relative to Experiments 3 and 4 because of the
addition of the second phase of the final test.

Design. The design was the same as Experiment 3.
Materials and counterbalancing. The materials from Exper-

iment 3 were used again. The counterbalancing was the same as

Table 3
The Logic Behind the Two-Phase Final Test Used in Experiment 4

Step in the
transfer process

Final test phase

Initial answer to new
application question

Reanswer after concept
represented

Recognition Variable RP � Same RP Variable RP � Same RP
Recall Variable RP � Same RP Variable RP � Same RP
Application Variable RP � Same RP Variable RP � Same RP

Note. RP � retrieval practice. When initially answering the new appli-
cation questions, there should be no difference between the same and
variable retrieval practice conditions with respect to the recognition com-
ponent of the feedback process; however, the variable retrieval practice
condition could lead to better recall and/or application. In the reanswer
phase, both recognition and recall are equated between the same and
variable retrieval practice conditions by presenting the concept description;
thus, a superiority of variable retrieval practice over same retrieval practice
must be due to the application component. The same logic can be applied
to compare the two practice types within the repeated study condition, and
also to compare repeated retrieval practice and repeated study.
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Experiment 3 with one exception. To avoid the possibility of
ceiling effects on the second phase of the final test, the most
difficult question for each concept was identified by looking at the
data from Experiments 1–3 and then assigned to be presented on
the final test. That is, out of the four questions related to each
concept, the question that yielded the lowest proportion correct
was reserved for the final test, while the other three questions were
rotated through each position during initial learning (first, second,
third).

Procedure. The procedure was the same as Experiment 3
except for the addition of a second phase to the final test. After
participants completed the final test by answering all 12 of the new
application questions, they were unexpectedly asked to reanswer
each question in the presence of a description of the relevant
concept (see Appendix for example). The description of the con-
cept was presented at the top of the screen with the question
directly below. Participants were instructed that they could provide
the same answer as they did in the first phase or change their
answer based on the information in description.

Results

Coding. Responses were coded in the same manner as the
other experiments. The interrater reliability was high (� � .90) and
the discrepancies were resolved through discussion.

Initial test performance. Table 2 shows the proportion of
correct responses on the initial tests as a function of question order
and practice type. As expected, performance on the first question
was approximately equal in the same and variable test conditions
(t � 1). Just as in Experiments 1–3, performance increased sub-
stantially across the three questions in the same retrieval practice
condition, but only increased slightly in the variable retrieval
practice condition. A 3 (Question Order) � 2 (Practice Type)
repeated-measures ANOVA revealed significant main effects of
question order, F(2, 116) � 42.13, MSE � .02, p � .00001, �2 �
.42, and practice type, F(1, 58) � 14.29, MSE � .12, p � .0003,
�2 � .20, as well as a significant interaction, F(2, 116) � 23.95,
MSE � .02, p � .00001, �2 � .29.

Final test performance: Phase 1. The left side of Figure 3
depicts the proportion of correct responses on the initial answer
phase of the final test as a function of practice type and learning
activity. The pattern of performance replicated the results of Ex-
periment 3. Variable produced superior transfer relative to same
practice for both repeated retrieval practice and repeated study. In
addition, repeated retrieval practice led to better transfer than
repeated study. A 2 (Practice Type) � 2 (Learning Activity)
repeated-measures ANOVA showed significant main effects of
practice type, F(1, 58) � 4.61, MSE � .10, p � .036, �2 � .07,
and learning activity, F(1, 58) � 12.39, MSE � .03, p � .001,
�2 � .18. The interaction was not significant (F � 1).

Final test performance: Phase 2. The right side of Figure 3
depicts the proportion of correct responses on the reanswer phase
of the final test as a function of practice type and learning activity.
As expected, overall performance increased substantially from
Phase 1 to Phase 2 because participants could use the concept
descriptions when reanswering the application questions. In addi-
tion, the pattern of performance across the four conditions changed
substantially. Performance was approximately equivalent in the
variable retrieval practice, same retrieval practice, and variable

study conditions, whereas performance in the same study condition
was slightly lower. Despite this numerical difference, a 2 (Practice
Type) � 2 (Learning Activity) repeated-measures ANOVA
showed no main effects of practice type (F � 1) and learning
activity, F(1, 58) � 2.21, MSE � .03, p � .14, �2 � .04, and the
interaction was not significant (F � 1). A follow-up paired sam-
ples t test revealed no significant difference between performance
in the variable study and same study conditions (.73 vs. .67),
t(58) � .935, standard error of the difference (SED) � .07, p �
.35, d � .24.

To compare Phase 1 to Phase 2, a 2 (Practice Type) � 2
(Learning Activity) � 2 (Phase) repeated-measures ANOVA was
conducted. This analysis revealed main effects of learning activity,
F(1, 58) � 8.03, MSE � .05, p � .006, �2 � .12, and phase, F(1,
58) � 116.84, MSE � .03, p � .0001, �2 � .67, but no main effect
of practice type, F(1, 58) � 2.37, MSE � .19, p � .13, �2 � .04.
However, these main effects were qualified by significant interac-
tions between phase and practice type, F(1, 58) � 4.58, MSE �
.03, p � .037, �2 � .07, as well as a phase and learning activity,
F(1, 58) � 4.38, MSE � .04, p � .013, �2 � .07. The three-way
interaction was not significant, F(1, 58) � 1.28, MSE � .01, p �
.262, �2 � .02.

Discussion

Experiment 4 replicated all of the main findings from Experi-
ment 3. The novel question being asked was why do variable
practice and retrieval practice produce superior transfer of learn-
ing—is it the result of better retention, deeper understanding, or
both? The key to answering this question was to observe any
potential changes in the pattern of performance across the four
conditions from the initial answer phase to the reanswer phase of
the final test. As expected, the initial answer phase yielded the
same pattern of performance as in Experiment 3 with both variable
practice and retrieval practice producing better transfer to the new
application questions. However, this pattern largely disappeared
on the second reanswer phase, as evidenced by the significant

Figure 3. Proportion of correct responses to new application questions on
the initial answer (left side) and reanswer (right side) phases of the final
test as a function of practice type and learning activity in Experiment 4.
Error bars represent 95% confidence intervals.

T
hi

s
do

cu
m

en
t

is
co

py
ri

gh
te

d
by

th
e

A
m

er
ic

an
Ps

yc
ho

lo
gi

ca
l

A
ss

oc
ia

tio
n

or
on

e
of

its
al

lie
d

pu
bl

is
he

rs
.

T
hi

s
ar

tic
le

is
in

te
nd

ed
so

le
ly

fo
r

th
e

pe
rs

on
al

us
e

of
th

e
in

di
vi

du
al

us
er

an
d

is
no

t
to

be
di

ss
em

in
at

ed
br

oa
dl

y.

440 BUTLER, BLACK-MAIER, RALEY, AND MARSH



interactions between phase and both independent variables. Nu-
merically, the same study condition produced the lower perfor-
mance than three of the other conditions, which were all approx-
imately equal. However, none of the effects were significant when
performance in Phase 2 was analyzed in isolation.

The change in the pattern of performance across the two phases
of the final test suggests that variable practice and retrieval prac-
tice produce superior transfer mainly because they improve the
retention of knowledge. This interpretation corresponds well to the
literatures on both of these factors. As described in the introduc-
tion, numerous studies have found that variability increases reten-
tion when introduced during repeated retrieval or repeated study
(e.g., McDaniel & Masson, 1985; McFarland et al., 1979). Like-
wise, there is a wealth of research that demonstrates the power of
repeated retrieval practice to promote long-term retention relative
to repeated study (e.g., Karpicke & Roediger, 2008; see Roediger
& Butler, 2011). Nevertheless, the fact that the same study con-
dition produced the lowest performance on the second phase of the
final test leaves open the possibility that both variable practice and
retrieval practice promote deeper understanding as well. Any con-
tribution by these two factors to the development of deeper un-
derstanding would seem to be redundant (i.e., not additive), so a
fruitful next step might be to further investigate this question with
each factor independently. In addition, it is possible that the pattern
of performance in the second phase of the final test was the result
of performance reaching functional ceiling. If so, it is possible that
a slight change in the methodology, such as a between-subjects
manipulation of the two phases or introducing a delay between the
phases, would reduce overall performance across the various con-
ditions and thereby produce a clearer answer to this question of
interest.

General Discussion

Taken as a whole, the findings of these four experiments provide
solid evidence that both variable practice and retrieval practice
yield superior transfer of knowledge to new examples. Each ex-
periment showed that repeated retrieval practice with different
application questions produced superior performance on new ap-
plications questions relative to repeated retrieval practice with the
same application question. Indeed, this finding seems to be quite
robust—the average effect size for the advantage of variable over
same retrieval practice was .51, Experiment 1 � .49; Experiment
2 (label) � .61; Experiment 2 (no label) � .32; Experiment 3 �
.61; Experiment 4 � .53. Interestingly, this benefit was obtained
despite the fact that variability of practice hindered performance
during initial learning. Experiments 3 and 4 also demonstrated that
the beneficial effects of variable practice on subsequent transfer
extend to the repeated study of complex materials (i.e., an encod-
ing variability effect). The final two experiments also showed that
repeated retrieval practice produced superior transfer relative to
repeated study.

Why did introducing variability during repeated retrieval prac-
tice produce superior transfer of knowledge to new examples? One
possibility is that variability of practice may enable learners to
differentiate the core elements of a complex concept from the
superficial elements that are unique to each instantiation of that
concept. Although memory for superficial elements can play an
important role in the transfer process (e.g., recognizing that prior

learning is relevant; Holyoak & Koh, 1987), it is the core elements
that are critical to the successful application of knowledge. This
distinction between core and superficial elements is common to
many other learning literatures, including analogical reasoning
(Kimball & Holyoak, 2000), speech perception (Miller & Eimas,
1995), motor skills (Schmidt, 1975), and categorization (Nosofsky,
Clark, & Shin, 1989). Indeed, much research in these literatures
shows that variability during learning promotes transfer to novel
situations (i.e., generalization; e.g., Barcroft & Sommers, 2005;
Bassok & Holyoak, 1989; Dukes & Bevan, 1967; Gick & Holyoak,
1983; Logan et al., 1991; Shapiro & Schmidt, 1982; Shea & Kohl,
1990; Wahlheim et al., 2012).

Of course, the differentiation of core elements from superficial
elements is not necessarily unique to retrieval practice. Indeed, we
found benefits of variability for repeated study as well, suggesting
that studying different examples facilitates this process as well.
This finding is important given that previous research on encoding
variability has yielded mixed results. Of course, almost all of the
previous studies on encoding variability have focused on assessing
retention of simple materials (e.g., homographs, word pairs) with
standard memory tests, such as recognition, cued recall, and free
recall (e.g., Dellarosa & Bourne, 1985; Postman & Knecht, 1983;
Slamecka & Barlow, 1979). Based on our results and the evidence
that variability during learning promotes generalization in other
domains, future research on encoding variability should utilize
materials of greater complexity and criterial tests that require
transfer of knowledge to new contexts.

Our findings also have direct implications for theories that
attempt to explain the mnemonic benefits of retrieval practice. The
present research was not designed to test any particular theory
because none of the existing theories specifically address the
concepts of variability during repeated retrieval practice or transfer
of knowledge. Nevertheless, as discussed in the introduction, sev-
eral theoretical explanations for the testing effect include variabil-
ity as a mechanism. Encoding variability (e.g., Bower, 1972;
Glenberg, 1979; Martin, 1968) and retrieval effort (Bjork, 1975;
Bjork & Bjork, 1992) accounts treat variability broadly, whereas
the episodic context (Karpicke et al., 2014; Lehman, Smith, &
Karpicke, 2014) and elaborative retrieval (Carpenter, 2009, 2011;
Carpenter & DeLosh, 2006; Glover, 1989) accounts posit specific
types of variability (see Introduction). Our findings suggest the
need for a broad conceptualization of variability that incorporate
many types of variability (e.g., perception, processing, internal
context, external environment, etc.). An important goal within
such a framework would be to specify the nature of the new
elements that are integrated into representations of an event as a
result of reprocessing during retrieval. Depending on the nature of
retrieval task, variability could produce a change in what is acti-
vated in general knowledge, integration of new temporal elements
from the present context, or a host of other possibilities.

Indeed, the idea that retrieval practice tasks can differ in terms
of the processing that they induce (and hence the new elements
that are integrated into representations in memory) is implicit in
some testing effect theories. For example, the retrieval effort
account assumes that retrieval effort varies across retrieval tasks
(Bjork, 1975; Bjork & Bjork, 1992), which suggests that different
tasks can promote qualitatively different types of processing (e.g.,
Whitten, 1978). The present research provides further support for
this view of retrieval practice. If retrieval practice always induced
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a single way of processing information, then a greater number of
successful retrievals should always produce better subsequent per-
formance. Using the data from all four experiments, we performed
a conditional analysis to assess how performance during the initial
learning affected transfer to the new application questions on the
final test. Table 4 shows performance on the final test as a function
of the number of correct responses during initial learning and
practice type. When participants answered the same application
question repeatedly during initial learning, final test performance
improved as the number of correct responses during initial learning
increased. A similar pattern of improvement was observed when
participants answered three different application questions, but the
relative improvement was substantially greater. Importantly, an-
swering two different application questions correctly (while get-
ting the third incorrect) yielded a similar level of transfer to
answering the same application question correctly three times (.63
vs. .62).

Given this view about the multitude of different ways in which
retrieval practice can induce people to process information, one
broader conclusion is that the effects of variability are contextual,
like many other phenomena in human memory and learning (Roe-
diger, 2008). Introducing variability during repeated practice rep-
resents a “desirable difficulty” in learning in that it slows the
acquisition of knowledge, but enhances subsequent use of that
knowledge (Bjork, 1994; Schmidt & Bjork, 1992). However, the
desirability of any difficulty depends on the context (see McDaniel
& Butler, 2010), and accordingly variability during retrieval prac-
tice may not always be desirable if the new elements integrated
into the representation of the event do not confer an advantage for
the subsequent retrieval and use of that knowledge.

Conclusion

In closing, we would be remiss not to discuss the implications of
our findings for educational practice. Experiments 3 and 4 dem-
onstrate the potential of retrieval practice and variability as mech-
anisms for fostering learning that promotes subsequent transfer to
new examples. Repeatedly retrieving and applying knowledge to

different questions during initial learning improved subsequent
performance on new application questions on the final test by the
equivalent of about one letter grade relative to repeatedly studying
the same example (Experiment 3 � .68 vs. .38, d � 1.34; Exper-
iment 4 � .59 vs. 35, d � .91). We think that this comparison
highlights the difference between what commonly occurs and what
is possible in education. Students often repeatedly study the same
examples, such as when they use the common learning strategy of
reading a textbook, highlighting it, and the rereading the text that
they highlighted (e.g., Karpicke, Butler, & Roediger, 2009). Our
findings suggest that engaging this type of learning activity has
limited benefits—repeatedly retrieving and applying knowledge to
different examples represents a much better way to acquire knowl-
edge that will transfer to a variety of new contexts. Of course, this
advice depends upon the educator having access to additional
questions and examples; simply rewording existing materials may
not introduce enough variability (see Butler, 2010).

That said, when considering the generalizability of these find-
ings to authentic educational contexts, it is important to consider
some the potential constraints on these effects and the follow-up
questions that need to be investigated. For example, one potential
factor that bears further scrutiny is the provision of feedback after
each retrieval attempt. Although feedback is routinely provided in
the classroom and other educational contexts, there may be cir-
cumstances under which giving learners feedback is undesirable or
impossible. Prior research suggests that the mnemonic benefits of
retrieval practice are robust even in the absence of feedback
(Roediger & Butler, 2011), but only when learners succeed in
retrieving the information from memory (e.g., Kang, McDermott,
& Roediger, 2007). Thus, a more important constraint is likely to
be the level of performance during retrieval practice, especially
when variability is introduced. If learners fail to successfully
retrieve and apply their knowledge, then they will not benefit from
such practice without feedback. Relatedly, another factor that
requires further research is the lag between practice opportunities.
Greater lags may reduce the magnitude of the benefit of variable
practice relative to same practice because of the increased vari-
ability in other contextual elements when same practice is spaced
over time and/or the failure to connect variable practice opportu-
nities when longer lags intervene (see discussion of Experiment 2).
Finally, yet another factor that needs to be considered is the time
interval over which the effects observed in the present research can
be expected to persist. The benefits of retrieval practice often
increase over time (Roediger & Butler, 2011; Rowland, 2014), but
there is presumably a point where forgetting will eliminate the
effects produced in the present research. The solution to improving
the durability of these effects may be found in modifying the way
in which retrieval practice is structured—that is, increasing the
number and spacing of the opportunities to practice retrieval
(Rawson & Dunlosky, 2011). Despite the fact that many questions
remain to be answered, the findings produced by the present
research suggest that repeatedly retrieving and applying knowl-
edge to different examples is a highly beneficial learning activity.
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Appendix

Sample Materials Used in Experiments 1-4

Concept Label

“Earth’s structure”

Concept Description

Traditionally, the Earth is divided into three major layers: the
core, the mantle, and the crust. These layers vary in density—the
core is the densest, the mantle is slightly less dense, and the crust
is the least dense. As a result of the varying densities, the upper
layers “float” on the lower layers because they are less dense.

Application Questions Used for Retrieval Practice

Question 1: In an article about the Earth’s structure, a major
U.S. newspaper reports the following densities for its three
major layers: the core (2.2 g/cm3), the mantle (4.4 g/cm3), and
the crust (11.5 g/cm3). What is wrong with this characteriza-
tion of the Earth’s structure?

Answer 1: The article reports that the core is the least dense
and the crust is the densest. However, the core should be the
densest, the mantle should be slightly less dense, and the crust
should be the least dense. Earth’s structure results from the
upper layers “floating” on the lower layers because they are
less dense.

Question 2: In 1692, Edmund Halley theorized that the Earth
had a hollow center. However, his theory was considered
logically impossible once the average density of the Earth (5.5
g/cm3) was calculated and the density of rock near the surface
(2.2 g/cm3) was measured. Why did these findings make the
“hollow earth” theory logically impossible?

Answer 2: If the rock near the surface (2.2 g/cm3) is less dense
than the average density of the Earth (5.5 g/cm3), then the
center must be denser than the average density of the Earth
and thus cannot be hollow. Indeed, the Earth’s core is the
densest layer, and the upper layers “float” on the lower layers
because of a difference in density.

Question 3: One theory suggests that planets form after the
collapse of a nebula (an interstellar cloud of dust). The dust
particles accumulate mass through gravitational attraction to
form ever-larger bodies, and these concentrations differentiate

by density to form the interior of a planet. How does the
Earth’s structure provide support for this theory?

Answer 3: The Earth’s structure provides support for this
theory because it is consistent with the planetary structure that
would be produced through such a process of formation. Earth
is composed of three major layers that vary in density with
less dense upper layers “floating” on more dense lower layers.

Question 4: A new planet is discovered that is composed of
following elements: silica dust (2.2 g/cm3), carbon dioxide
(.0018 g/cm3), hermatite (4.5 g/cm3), iron and nickel mixture
(7.6 g/cm3), water (.98 g/cm3), and amphibolite (2.9 g/cm3).
What does your knowledge of the Earth’s structure tell us
about the structure of this new planet?

Answer 4: Based on Earth’s structure, the densest materials
(iron and nickel) are probably at the core and then the other
elements are layered on top in decreasing densities: hematite,
amphibolite, silica dust, water, and carbon dioxide.

Examples Used for Study

Study 1: In an article about the Earth’s structure, a major U.S.
newspaper reports the following densities for its three major
layers: the core (2.2 g/cm3), the mantle (4.4 g/cm3), and the
crust (11.5 g/cm3). This characterization of the Earth’s struc-
ture is wrong because it states that the core is the least dense
and the crust is the densest. However, the core should be the
densest, the mantle should be slightly less dense, and the crust
should be the least dense. Earth’s structure results from the
upper layers “floating” on the lower layers because they are
less dense.

Study 2: In 1692, Edmund Halley theorized that the Earth had
a hollow center. However, his theory was considered logically
impossible once the average density of the Earth (5.5 g/cm3)
was calculated and the density of rock near the surface (2.2
g/cm3) was measured. These findings made the “hollow earth”
theory logically impossible because if the rock near the sur-
face (2.2 g/cm3) is less dense than the average density of the
Earth (5.5 g/cm3), then the center must be denser than the
average density of the Earth and thus cannot be hollow.
Indeed, the Earth’s core is the densest layer, and the upper
layers “float” on the lower layers because of a difference in
density.

(Appendix continues)
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Study 3: One theory suggests that planets form after the
collapse of a nebula (an interstellar cloud of dust). The dust
particles accumulate mass through gravitational attraction to
form ever-larger bodies, and these concentrations differentiate
by density to form the interior of a planet. The Earth’s struc-
ture provides support for this theory because it is consistent
with the planetary structure that would be produced through
such a process of formation. Earth is composed of three major
layers that vary in density with less dense upper layers “float-
ing” on more dense lower layers.

Study 4: A new planet is discovered that is composed of
following elements: silica dust (2.2 g/cm3), carbon dioxide
(.0018 g/cm3), hematite (4.5 g/cm3), iron and nickel mixture

(7.6 g/cm3), water (.98 g/cm3), and amphibolite (2.9 g/cm3).
Our knowledge of the Earth’s structure tells us about the
structure of this new planet. Based on Earth’s structure, the
densest materials (iron and nickel) are probably at the core and
then the other elements are layered on top in decreasing
densities: hematite, amphibolite, silica dust, water, and carbon
dioxide.

Note. Each question and answer pair (e.g., Question 1 and Answer 1)
corresponds to the study example with the same number (e.g., Study 1).
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