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Interleaving examples of to-be-learned categories, rather than blocking examples by category, can enhance learning.
We examine the reliability of the interleaving effect between- (Experiments 1 and 2) and within-participants (Ex-
periment 3). As a between-participant effect, we examined a broad spectrum of working memory by both measuring
individual capacity and manipulating the task demand. Findings reveal a robust interleaving effect across the spe-
ctrum, eliminated only at the lowest and highest ends, but never reversed. In Experiment 3, we used an empirically
defined source of potential heterogeneity by examining whether the size of the interleaving benefit a participant
experiences on one set of stimuli predicts the size of the interleaving benefit that same participant experiences on two
other sets of stimuli. It did not, with only a very small correlation between the two more similar stimuli sets. Taken
together, these results add to the burgeoning literature on the robustness of the interleaving benefit.
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General Audience Summary

The interleaving effect is the counterintuitive finding that studying or practicing multiple concepts in a mixed-
up order leads to better learning than does focusing on one concept at a time. This interleaving benefit has been
shown to apply to a wide range of learning tasks, from learning motor skills to more cognitive concepts such as
recognizing the painting styles of different artists or solving mathematics problems. However, because most
studies focus on average effects, less is known about how the interleaving effect varies between individuals.
Individual differences are practically important—as a teacher, you would not want to apply interleaving broadly
if it would help only some students and put others at a disadvantage. In fact, in the motor skills literature, there
is some evidence that incorporating interleaved practice is not as effective for complex skills or for novice
learners—that initial blocked practice is required before incorporating interleaved practice. We mimic low-
and high-complexity by varying the task demands, and then examine how learners with low and high working
memory capacity benefit from interleaving. We did not find a reversal where blocking was more effective.
Finally, we ask if there is a subset of learners for whom interleaving is reliably not beneficial across multiple
sets of learning materials. There was not. These findings together provide deeper insight into the generalizabil-
ity and robustness of the interleaving effect. It adds to the literature, showing that interleaving does not just
promote learning across different materials, but also across different learners.

Open up almost any textbook or examine almost any lesson  discrete blocks. In commonly adopted seventh-grade mathe-
plan, and you will notice that concepts are most often taught in matics textbooks, for example, Rohrer, Dedrick and Hartwig

* Correspondence concerning this article should be addressed to Veronica X. Yan, The University of Texas at Austin, Austin, TX, USA. Contact:
veronicayan@austin.utexas.edu (V.X.Y.).
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(2020) found that 91% of practice problems were structured in
such a blocked manner. This observation sounds obvious and
trite—it makes sense that concepts are taught and practiced
one at a time before we move onto the next. The alternative
option—to mix up, or “interleave” the study of different con-
cepts—would surely feel disorganized and confusing to learn-
ers. And yet, a surprising number of empirical studies have
shown that interleaving practice of different concepts can lead
to better learning than studying one concept at a time (see
Brunmair & Richter, 2019 for a recent meta-analysis).

Generalizability of the Interleaving Effect

The interleaving benefit has been demonstrated across many
different types of concepts and age groups. For example, inter-
leaved study or practice has been demonstrated to benefit the
learning of perceptual categories, such as artists’ painting styles
(Kang & Pashler, 2012; Kornell & Bjork, 2008), butterfly spe-
cies (Birnbaum et al., 2013), and chest radiographic patterns
(Rozenshtein et al., 2016). Interleaved study has also been
shown to benefit the learning of cognitive concepts, such as
mathematics formulae (Rohrer, 2012; Taylor & Rohrer,
2010), the application of non-parametric statistics to different
research designs (Sana et al., 2017), the diagnosing of clinical
disorders in case patients (Zulkiply et al., 2012), and the clas-
sification of organic chemistry compounds (Eglington & Kang,
2017). Finally, there is also a large body of motor skills
research demonstrating the benefit of interleaving with skills
ranging from simple sequences (Simon & Bjork, 2001) to
large, complex movements in sports (e.g., badminton, Goode
& Magill, 1986; volleyball, Jones & French, 2007; baseball,
Hall et al., 1994; golf; Brady, 2016), to fine movements such
as playing musical instruments (Abushanab & Bishara, 2013)
and tying knots (Ollis et al., 2005).

The benefit of interleaving has also been shown across dif-
ferent age groups. While most of the research has been con-
ducted with college students, and young- and middle-aged
adults, interleaving has also been shown to benefit learning
for children (Nemeth et al., 2019; Taylor & Rohrer, 2010;
Vlach et al., 2008), and for older adults (Kornell et al., 2010;
Lin et al., 2012, 2016).

Boundary Conditions: When is Interleaving Not Better
than Blocking?

Characteristics of learning tasks. One of the key theories
as to why interleaving may benefit category learning is that an
interleaved schedule juxtaposes examples from different cate-
gories and draws learners’ attention to the features that discrim-
inate between categories while blocking by categories draws
learners’ attention to the features that are shared within a cate-
gory (sequential-attention theory, Carvalho & Goldstone, 2017;
discriminative-contrast theory, Kang & Pashler, 2012). Follow-
ing this line of logic, multiple studies have shown that inserting

other tasks between examples to disrupt learners’ ability to
easily identify discriminating features between categories can
attenuate or even eliminate the interleaving benefit
(Birnbaum et al., 2013; Sana et al., 2017).

Under this sequential-attention theory, the implication is
that if categories are already highly discriminable, it may be
more important to direct learners’ attention to the within-
category similarities. If so, then blocking benefits should be
obtained. Indeed, Carvalho and Goldstone (2014) show that
when categories are highly similar (i.e., high need for discrim-
ination), interleaving is more beneficial, but when categories
are dissimilar, blocking is more beneficial (cf. Foster et al.,
2019).

Characteristics of individual learners. Another key theory
as to why interleaving may benefit category learning is that
interleaving inherently involves spacing (i.e., distributed learn-
ing). In the motor skills literature, researchers have found that
interleaving does not always benefit learning when difficulty
level is high, either because the skill is complex or because
the learners are novices (Magill & Hall, 1990; Porter &
Magill, 2010; Shea et al., 1990; Wulf & Shea, 2002). For
example, in studies comparing blocked and interleaved practice
of tennis and golf strokes, the interleaving effect was larger for
experts than it was for novices (Guadagnoli et al., 1999; Hebert
et al., 1996).

Unlike in motor literature, where prior skill set and task dif-
ficulty are potential moderators of the interleaving benefit, in
cognitive literature, “individual difference” has mostly been
operationalized as working memory capacity'. Four published
studies have examined the interaction between working mem-
ory capacity and the interleaving effect. It may be hypothesized
that interleaved schedules increase working memory demands
due to the cognitive load required to hold the features of several
different categories (versus focusing on just the features of one
category) in working memory at the same time. Hence the
interleaving effect may be attenuated or even eliminated for
individuals with lower working memory capacity. However,
studies have not found this effect (Guzman-Munoz, 2017;
Sana et al. 2017; Sana et al., 2018; Wang et al., 2020).

While Guzman-Munoz (2017) and Sana et al. (2017, 2018)
examined only individual’s working memory capacities, Wang
et al. (2020) also manipulated working memory load, by com-
paring the interleaving benefit under single and dual-task con-
ditions. In studies that examined working memory capacity, the
category-learning task load may not have been sufficient to
adversely affect learners with low working memory capacity.
Moreover, the samples from these studies were drawn from
relatively homogenous and high-performing populations
(college-students), which alone may be insufficient to examine
the interleaving effect across the broader range. In the study
that also manipulated working memory load of the task
(Wang et al., 2020), the dual-task manipulation involved a
numerical Stroop task in which participants were shown two

! Two studies (Kirk-Johnson, Galla, & Fraundorf, 2019; Yan, 2014) have also examined individual difference in terms of intelligence mindsets (cf. Dweck, 2006).
Neither found that a learner’s belief about the malleability of intelligence is related to the interleaving effect.
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numbers of differing physical size and numeric value before
each painting, and then asked to report the side on which the
number had the larger size of value after each painting. This
dual-task manipulation lowered overall performance but did
not interact with schedule. This specific manipulation, how-
ever, also served to disrupt the juxtaposition between consecu-
tive paintings, possibly changing the nature of the task (see
Bimbaum et al., 2013; Kang & Pashler, 2012; Sana et al.,
2017). In the present studies, we address these issues.

The Present Studies

A majority of the studies so far have typically reported the
average effects of interleaving. In the present study, we ask
whether there is heterogeneity in sequencing effects, even with
stimuli that typically show interleaving benefits on average.
Given a set of material that a teacher knows usually benefits
from interleaving, should the teacher be worried that it inter-
leaving might lead to a rich-gets-richer effect and leave strug-
gling students behind? In Experiments 1 and 2, we measured
working memory capacity as an individual difference, and
we experimentally manipulated the working memory load of
the category-learning task. Hence, even if participants them-
selves are relatively homogeneous, there would be a wide
range of cognitive task load. This design allows us to explore
the interleaving effect along a broader spectrum of working
memory than only using working memory capacity as a covari-
ate or only manipulating task cognitive load.

In Experiment 3, we took a different approach to examine
the heterogeneity of the interleaving effect. When a study
shows an overall interleaving benefit, there may be a subset
of participants for whom the blocked learned categories are bet-
ter classified on the final test. Within-participant stability of the
interleaving benefit is important because if there are individual
differences in who learns better through blocking, then organiz-
ing everything in an interleaved manner would put some learn-
ers at a particular disadvantage. One possible way of
identifying individual differences is to test covariates such as
working memory load (as in Experiments 1 and 2), learners’
prior knowledge (Hebert et al., 1996), learners’ categorizing
strategies (e.g., McDaniel et al., 2014), learners’ beliefs
(Kirk-Johnson et al., 2019; Yan, 2014), and so on. However,
this approach is very tedious, requiring that experimenters
somehow hit on just the right covariate and calibrate the design
well enough to sample an appropriate range. Another possible
way of looking for individual differences is to present partici-
pants with varying stimuli sets of blocked and interleaved study
schedules to examine whether there is a stable subset of partic-
ipants for whom interleaving is not beneficial. Hence, in Exper-
iment 3, we presented participants with three study-test cycles
to examine how consistent, within-participants, the efficacy is
of the blocked and interleaved study schedules. This design
allowed us to test whether the advantage (or lack thereof) of
interleaving when learning one set of stimuli is related to the
advantage (or lack thereof) of interleaving when learning the
other two sets of stimuli. The open data for all three of the
experiments can be found at http://osf.i0/9tn2j/.

Experiment 1

In Experiment 1, we explored working memory (WM) as a
moderator of the interleaving benefit in two ways: as an individ-
ual difference using a WM span task as our indicator of
between-participant differences, and as an experimentally
manipulated variable using a dual-task paradigm. In real life,
these are important ways of looking at the effect—examining
individual WM capacity can tell us about whether interleaving
works across participants; examining conditions with and with-
out a WM load can tell us whether interleaving is likely to work
across different contexts in which learners are under more or
less load (e.g., test anxiety, distracting environments). But more
importantly, such a design would yield a dataset in which we
could better capture a broader range of working memory load
(with near floor, for those with lower working memory capacity
in the high load condition, and near ceiling effects, for those
with higher working memory capacity in the low load condi-
tion). In turn, this range would allow us to examine the robust-
ness of the interleaving benefit across the WM load spectrum.

We not only expected to replicate prior findings on the inter-
leaving effect, but also sought to manipulate WM load in a way
that does not disrupt a key mechanism of the interleaving
effect, namely discriminative contrast. In our design, partici-
pants maintained a series of digits in their WM for a longer per-
iod of time—the duration of six sequentially presented
paintings versus the duration of one painting presentation as
in Wang et al. (2020). This did not only increase the WM load,
but also minimized the disruption of compare and contrast pro-
cesses between consecutive paintings.

Method

Participants and design. A total of 143 undergraduate stu-
dents (103 females; Mean age = 18.66, SD = 1.62, range 18—
31) participated in exchange for course credit. Presentation
schedule (blocked vs. interleaved) was manipulated within-
subjects and the working memory load (low load vs. high load)
was manipulated between-subjects. Participants were randomly
assigned to either the low WM load condition (z = 68) or to the
high WM load condition (n = 75).

Materials. The stimuli, taken from Kornell and Bjork
(2008), were landscapes or skyscapes by 12 artists: Georges
Braque, Henri-Edmond Cross, Judy Hawkins, Philip Juras,
Ryan Lewis, YieMei, Marilyn Mylrea, Bruno Pessani, Ron
Schlorff, Georges Seurat, Ciprian Stratulat, and George Wex-
ler. See the first row of Figure 1 for examples.

Because WM capacity measures differ widely across stud-
ies, we chose a complex span task to assess WM in the present
study in line with other studies assessing the relation between
WM and higher-order cognition (e.g., Conway et al., 2005).
Complex span tasks represent WM as a multi-faceted system
that captures variance from different processes subsumed under
WM, such as attentional control and controlled search from
long-term memory (Unsworth & Engle, 2007). In this study,
therefore, participants performed an automated version of the
operation span task (OSPAN; Kane et al., 2004; Unsworth
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Figure 1. Examples of stimuli across the three experiments. The first row illustrates artists’ painting styles (Experiments 1 and 3), the second row illustrates butterfly
species (Experiment 3), and the third row illustrates cartoon fish (Experiments 2 and 3).

et al., 2005). Briefly, the OSPAN required participants to solve
a series of math problems while trying to remember a sequence
of unrelated letters, ranging from three to seven letters in
length”. At the completion of the task, five scores were calcu-
lated. The OSPAN score—the measure used herein and the
most common one used to index WM capacity (see Conway
et al., 2005)—is the sum of all letters from the letter sets that
were recalled completely in the correct order. Full details of
task structure and timing can be found in Unsworth et al.
(2005).

Procedure. Participants were told that they would be work-
ing on two tasks: a digit memory task and a paintings task. For
the digit memory task, they were told that they would be shown
three or four two-digit numbers to memorize, and then be asked
to recall them. Each sequence would only be tested only once,
and hence could be forgotten as soon as that recall trial hap-
pened. For the paintings task, they would be shown paintings
by 12 different artists and their task was to learn to recognize
their painting styles, such that they would be able to identify
(from a list of names) the artist responsible for new, never-
before-studied paintings on the final test.

Demonstration. To give participants a concrete understand-
ing of what these two tasks involved, we first gave them a brief
demonstration. In the low WM load (i.e., control) condition,
participants were presented with three two-digit numbers
(e.g., 84, 52, 19) for four seconds. They were then given 10
seconds to recall the three numbers. Next, they studied six
paintings for three seconds each. They studied two paintings
by each of three well-known artists: Salvador Dali, Vincent
Van Gogh, and Pablo Picasso. The two paintings by a given
artist were always presented consecutively in the demonstration

phase. The artist’s surname was presented underneath each
painting. In the high WM load condition, the demonstration
procedure was similar, but with one difference: Instead of
being asked to recall the three numbers immediately after
study, they were only asked to recall the numbers after study-
ing the six paintings.

Name pre-training. To eliminate any differential effects that
name learning might have on participants, they were first famil-
iarized with the artists’ names before they began studying the
paintings. In the familiarization phase, participants were given
45 s to study the 12 names, and then they engaged in three
cycles of two-letter-stem cued recall tests (with immediate
feedback). By the third cycle, all participants could recall the
12 artists’ names with high accuracy (allowing for spelling
errors).

Study phase. During the study phase, six paintings by each
artist (for a total of 72) were presented sequentially for 3 s each,
with the artist’s name presented below each painting. For each
individual, the twelve artists were randomly divided into the
blocked and interleaved conditions. The paintings were pre-
sented in the following sequence: BIIB B I1B B I1 B, where
each “B” refers to a blocked set of six paintings and where
each “I” refers to an interleaved set of six paintings. Each
blocked set consisted of six paintings by the same artist. Each
interleaved set consisted of one painting by each of the six
interleaved artists.

In between each set of six paintings, participants were asked
to complete a digit memory and recall task. Participants were
shown either three or four two-digit numbers (e.g., 15, 85,
19, 80) and allowed to study the digit sequence for four sec-
onds. Participants were randomly assigned into the low WM

2 We chose the OSPAN because unlike other complex span tasks, such as the Reading span task, the OSPAN task was specifically designed to tap into domain-
general abilities instead of domain-specific abilities, and therefore is less sensitive to influences of reading or language ability (e.g., Turner & Engle, 1989).
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load or the high WM load conditions. In the low WM load con-
dition, they were asked immediately to recall the numbers
before moving onto studying the next set of six paintings. Par-
ticipants were allotted 10 seconds to recall the digits before the
program moved on. In the high WM load condition, however,
they were not asked to recall the numbers until the next set of
six paintings had been studied. Hence, they had to hold them in
mind during the study of the paintings. Once they recalled the
previous sequence of numbers, they were immediately given
their next sequence of numbers to memorize before studying
the next set of six paintings. For both control (i.e., low WM
load condition) and digit rehearsal condition, the first set of
numbers was always given to participants before the first set
of six paintings; hence, everyone studied and recalled a total
of 12 sequences of numbers.

Test phase. After completion of the study phase and a 90-s
distraction period of playing Tetris, the final test was adminis-
tered. Participants were shown four new paintings by each
artist and asked to select, from a list of names, the artist respon-
sible for each painting (for a total of 48 test items). The test
images were presented sequentially in four sets, with each set
containing one new painting by each of the 12 artists, randomly
ordered. As soon as participants made their choice by clicking
on an artist’s name, the next painting was presented. The test
was self-paced and included no feedback.

Post-test. Following the test, the two different schedules
were described to participants, and they were asked which
schedule they thought would be more effective for the learning
of the artists’ painting styles (interleaved, blocked, or equally
effective). Finally, participants performed the OSPAN task.

Results and Discussion

Manipulation checks. We first checked whether our WM
load was meaningfully experienced by participants. First, we
examined the accuracy on the interspersed digit memory task.
Participants in the high load condition (M = 46.57, SD = 0.25)
performed significantly worse than those in the control condi-
tion (M = 64.82, SD = 17.34), #(131.22) = 5.05, p < .001,
d = 0.84. At the end of the classification task, participants in
the high load condition were less likely to report than they tried
to verbalize distinguishing features between the artists
(M = 2.28, SD = 1.00) than those in the low load condition
(M =293, SD = 1.00), #(139.06) = 3.83, p < .001, d = 0.64.
Participants in the high load condition also rated that it was
more difficult to come up with rules that helped them distin-
guish between artists (M = 2.68, SD = 0.94) than participants
in the low load condition (M = 3.00, SD = 0.83),
#(138.57) = 2.11, p = .036, d = 0.35.

Table 1
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As the OSPAN task was administered at the end of the
study, we also checked the possibility that participants in the
high load condition might have performed more poorly if they
were more fatigued than the participants in the low load condi-
tion. However, an independent 7-test revealed that there was not
a significant difference in the OSPAN scores of those in the
low load condition (M = 49.24, SD = 17.00) and those in the
high load condition (M = 4837, SD = 20.81), ¢
(139.53) = 0.27, p = .79, d = 0.05. The mean OSPAN score
was 48.78 (SD = 19.03, median = 50), with a range of 3-96.

Classification test performance. The average final classifi-
cation test scores by schedule and WM load condition are pre-
sented in Table 1. The top panel of Figure 2 shows the
distribution of individuals’ interleaved and blocked score dif-
ferences (averaged across stimulus types) in Experiment 1.

We conducted a linear mixed effects model, predicting
accurate classification on the final test from WM load condi-
tion, schedule condition, participants’ individual OPSAN score
(standardized) and the interaction between the three predictors.
The artist category and the individual ID were also entered as
random effects. The summary statistics of this regression anal-
ysis are presented in Table 2.

Results revealed three main effects: Participants with higher
WM spans scored higher than those with lower WM spans;
participants in the low WM load (control) condition scored
higher than those in the high WM load condition; and the
artists whose paintings had been studied interleaved were more
likely to be correctly classified than those whose painting had
been studied blocked. In other words, we replicate patterns
from prior studies showing that WM matters, and that there
is an interleaving benefit.

There were also significant interactions. There was a signif-
icant OSPAN X schedule interaction—interleaving was partic-
ularly likely to benefit the learning of those with low WM
capacity. This two-way interaction, however, is qualified by a
significant three-way interaction between individual WM
capacity, WM load of the task, and schedule. The three-way
interaction is illustrated in Figure 3. One way to interpret this
three-way interaction is that under conditions of low WM load
(right panel), interleaving may be particularly beneficial for
those with lower WM capacity (it eliminated the difference
between low and high WM capacity); however, under high
WM load (left panel), interleaving may be particularly benefi-
cial for those with higher WM capacity.

However, we believe that Figure 3 indicates a subtly differ-
ent interpretation. Note that interleaving benefits are generally
obtained unless performance is very low (low WM capacity,
high load) or very high (high WM capacity, low load). More-
over, under the low load condition, there is no difference

Classification Test Performance by Working Memory Load and Schedule Condition in Experiments 1 and 2

Experiment WM load condition Blocked mean (SD) Interleaved mean (SD) Cohen’s d (95% CI)

1 High load 0.25 (0.17) 0.41 (0.22) 0.78 (0.44, 1.11)
Low load 0.42 (0.21) 0.58 (0.23) 0.72 (0.37, 1.06)

2 High load 0.38 (0.28) 0.52 (0.33) 0.45 (0.13, 0.77)
Low load 0.43 (0.31) 0.61 (0.31) 0.58 (0.24, 0.91)
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Figure 2. Histogram of interleaving benefits in Experiments 1-3. The x-axis
represents the difference between the averaged interleaved score and the
averaged blocked score. Values greater than zero on the x-axis (indicated by the
dashed line) represent an overall interleaving benefit.

between those with low and high WM capacity. We hence
believe that the lowest accuracies reflect a floor effect, while
the highest accuracies reflect a functional ceiling effect, given
this particular task context (of course, performance could likely
get closer to 100% if, for example, participants were given
more examples, more time, more repetitions, and so on). In

other words, we believe that our data capture the broad range
of possible performance in this task and rather than overinter-
preting the interactions, the data seem to indicate an interleav-
ing benefit across the majority of this range.

Metacognitive judgment. Following the final classification
test, the different schedules were described to participants, and
they were asked which schedule they thought would be more
effective for the learning of the artists’ painting styles (inter-
leaved, blocked, or equally effective). The responses are shown
in Table 3. Participants overwhelmingly thought that blocking
was more effective for their own learning.

Experiment 2

In Experiment 1, the stimuli were artists’ paintings. Across
the spectrum of WM load (except for when the data were sub-
ject to floor and ceiling effects), we found interleaving benefits.
In Experiment 2, we replicate the design of Experiment 1, but
used different categories—artificially created cartoon fish. We
chose these rule-based fish because with stimuli that have
clearly defined rules, a ceiling effect in the range of 60-70%
(as we think we may have with the artist stimuli) is much less
likely.

Method

Participants and design. One-hundred and fifty undergrad-
uates (mean age = 19.32, SD = 1.74, range 18-30 years; 122
female, 27 male, 1 declined to disclose) were recruited and
compensated with partial course credit. Presentation schedule
(blocked vs. interleaved) was manipulated within-subjects
and the WM load (low load vs. high load) was manipulated
between-subjects. Participants were randomly assigned to
either the low load condition (» = 72) or to the high load con-
dition (n = 78).

Materials. The fish stimuli were a subset of those used in
Yan et al. (2014, poster). See the third row of Figure 1 for
examples of these materials. Participants studied six categories.
The total stimuli set consisted of 16 examples per fish category.
For each individual, a randomly selected set of 12 examples
were used in the study phase and the remaining four examples
were used in the test phase. Each fish image was comprised of
seven binary features: body shape (long vs. tall), color (orange
vs. green), pattern (solid vs. striped), eye shape (small vs.
large), mouth (smile vs. frown), bottom fin (present vs. absent),
and red cheek dot (present vs. absent). Each category was

Table 2

Regression Summary Statistics, Predicting Classification Test Accuracy in Experiment 1

Predictor b SE df t P
Intercept 0.42 0.04 24.49 11.76 <0.001
OSPAN (z-scored) 0.06 0.02 184.87 2.55 0.01
Schedule 0.16 0.02 6710.16 10.39 <0.001
WM-load —0.16 0.03 184.80 —5.52 <0.001
OSPAN x Schedule —0.06 0.02 6709.70 -3.50 <0.001
OSPAN x WM-load —0.05 0.03 184.90 —1.56 0.12
WM-load x Schedule —0.01 0.02 6709.21 —0.63 0.53
OSPAN x Schedule x WM-load 0.12 0.02 6710.00 5.33 <0.001

Note. The reference level for schedule is blocked; the reference level for WM-load is low-load. Marginal R? = 0.064; 6864 observations, 143 participants, 12 artists.
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Figure 3. Results of regression analysis for Experiment 1, predicting classification test performance from schedule, WM load condition, and WM capacity.
Individual and category were entered as random effects. The shading around the lines reflect 95% confidence intervals.

defined by a particular combination of body shape, color, and
pattern; the other features varied randomly. The same OSPAN
task as that used in Experiment 1 was used to measure individ-
uals” WM capacity.

Procedure. The procedure was similar to that of Experi-
ment 1. Participants were told that they would be working on
two tasks: a digit memory task and a task involving recogniz-
ing different cartoon fish “species.” The digit memory task was
the same as that of Experiment 1.

Demonstration and name pre-training. The demonstration
and name pre-training procedure was very similar to that of
Experiment 1. There were only two differences. First, in the
demonstration, instead of seeing paintings by famous artists,
they were simply shown a message that said, “[Image will
appear here]” in the center of the screen with one of six of
the fish category names (e.g., Bay Fish) below the message.
They saw each fish category name once, in a random order.
Second, in the name pretraining stage, when participants were
first allowed to study all six fish category names, they were
given 30 s (instead of 45 s).

Study phase. Participants studied 12 examples of each of
the six fish categories; examples were presented sequentially

Table 3
Participants’ Metacognitive Judgments of Most Effective Schedule in Exper-
iments 1 and 2

Metacognitive judgment Experiment 1 Experiment 2

Interleaved 16 (11%) 26 (17%)
Blocked 124 (87%) 106 (71%)
Equally effective 2 (1%) 18 (12%)

for 3 s each, with the fish category name presented below each
example. For each individual, the six fish were randomly
assigned into the blocked and interleaved conditions; the 72
stimuli were assigned to six sets: three blocked sets (12 exam-
ples of one fish category per set) and three interleaved sets
(four examples of each of three fish categories per set). The
order of the six sets was randomized for each individual. Every
six examples, participants were asked to complete a digit mem-
ory and recall task; this was the same as in Experiment 1.

Test phase. After completion of the study phase and a 90-s
distraction period of playing Tetris, the final test was adminis-
tered. Participants were shown four new examples of each fish
category and asked to select, from a list of names, the category
to which each example belonged (for a total of 24 test items).
The test images were randomly ordered. As soon as partici-
pants made their choice by clicking on a fish category name,
the next example was presented. The test was self-paced and
included no feedback.

Post-test. Following the test, the two different schedules
were described to participants, and they were asked which
schedule they thought would be more effective for the learning
of the fish species (interleaved, blocked, or equally effective).
Finally, participants completed the OSPAN task.

Results and Discussion

Manipulation checks. We first checked whether our work-
ing memory load was meaningfully experienced by partici-
pants. First, we examined the accuracy on the interspersed
digit memory task. Participants in the high load condition
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(M = 28.50, SD = 15.92) performed significantly worse than
those in the control condition (M = 84.76, SD = 12.24), ¢
(143.42) = 24.37, p <.001, d = 3.96. At the end of the classi-
fication task, participants in the high load condition were less
likely to report that they tried to verbalize distinguishing fea-
tures between the fish categories (M = 3.50, SD = 1.91) than
those in the low load condition (M = 4.19, SD = 1.98), ¢
(146.12) = 2.18, p = .031, d = 0.36; but they did not rate it
as more difficult to come up with the rules that helped them
distinguish between the categories (M = 3.74, SD = 1.38) than
participants in the low load condition (M = 3.94, SD = 1.57), t
(141.78) = 0.83, p = .41, d = 0.14. There was also no difference
in the number of correct rules (out of a total of seven, one for
each feature) identified between the participants in the low load
condition (M = 5.79, SD = 1.27) and participants in the high
load condition (M = 5.55, SD = 1.22), #146.07) = 1.18,
p=.24,d=0.19.

As the OSPAN task was administered at the end of the
study, we also checked the possibility that participants in the
high load condition might have performed more poorly if they
were more fatigued than the participants in the low load condi-
tion. However, an independent t-test revealed that there was no
significant difference in the OSPAN scores of those in the low
load condition (M = 48.06, SD = 16.40) and those in the high
load condition (M = 47.73, SD = 18.28), #147.89) = 0.11,
p = 91, d = 0.02. The mean OSPAN score was 47.89
(SD = 17.35, median = 49), with a range of 0-75.

Classification test performance. The average final classifi-
cation test scores by schedule and WM load condition are pre-
sented in Table 1. The middle panel of Figure 2 shows the
distribution of individuals’ interleaved and blocked score dif-
ferences (averaged across stimulus types) in Experiment 2.

We conducted a linear mixed effects model, predicting
accurate classification on the final test from WM load condi-
tion, schedule condition, participants’ individual OSPAN score
(standardized) and the interaction between the three predictors.
The fish category and the individual ID were also entered as
random effects. The summary statistics of this regression anal-
ysis are presented in Table 4. Results revealed only one signif-
icant predictor of classification accuracy: those categories that
were studied interleaved were significantly more likely to be
correctly classified than those categories that were studied
blocked. Individual WM capacity was a marginally significant
predictor, and WM load was not a significant predictor.

There were also no significant interactions; nevertheless, to
aid comparison with the results of Experiment 1, we present the
three-way interaction (or lack thereof) visually in Figure 4.
This figure shows that, similar to the results of Experiment 1,
when test accuracy is at its lowest (low WM capacity, high
WM load), there appears to be no benefit of interleaving, but
this likely reflects a floor effect. Unlike the artists’ paintings
stimuli, however, test accuracy at the high end (high WM
capacity, low WM load) does not appear to have hit a func-
tional ceiling; this difference is likely the reason why we did
not find the same statistical interactions as we did in Experi-
ment 1. Despite the surface differences in significant (or not)
interactions, we believe the take-away is the same: the inter-
leaving effect is robust across the majority of the range.

Metacognitive judgment. Following the final classification
test, the different schedules were described to participants, and
they were asked which schedule they thought would be more
effective for the learning of the artists’ painting styles (inter-
leaved, blocked, or equally effective). The responses are shown
in Table 3. Participants overwhelmingly thought that blocking
was more effective for their own learning.

Experiment 3

In Experiments 1 and 2, we measured individual differences
in WM capacity and experimentally manipulated WM load
during the category-learning task. Our results indicated a robust
interleaving benefit across a large range of task difficulty (span-
ning from performance at floor to ceiling or near-ceiling). In
Experiment 3, rather than identifying a specific type of individ-
ual difference, we used an empirically defined source of hetero-
geneity: the size of the interleaving benefit on an initial study-
test cycle. In prior studies that have manipulated blocked and
interleaved practice within-subjects, there are often a minority
of participants whose final classification test performance
scores do not reveal an interleaving benefit. Do these partici-
pants represent random noise or a special subset of the popula-
tion for whom blocking might in fact be more effective than
interleaving? That is, what is the test-retest reliability of this
blocking benefit or this interleaving benefit? To examine this
question, in Experiment 3, we presented participants with three
study-test cycles and examined the consistency, within-
participants, of the efficacy of the blocked and interleaved
schedules.

Table 4

Regression Summary Statistics, Predicting Classification Test Accuracy in Experiment 2

Predictor b SE df t P
Intercept 0.407 0.03 40.06 13.70 <0.001
OSPAN (z-scored) 0.049 0.03 264.2 1.94 0.054
Schedule 0.160 0.02 3458 7.84 <0.001
WM-load —0.002 0.02 3472 —0.08 0.934
OSPAN x Schedule 0.011 0.02 3459 0.53 0.597
OSPAN x WM-load 0.011 0.02 3473 0.56 0.577
WM-load x Schedule —0.005 0.03 3466 —0.16 0.870
OSPAN x Schedule x WM-load 0.004 0.03 3471 0.12 0.901

Note. The reference level for schedule is blocked; the reference level for WM-load is low-load. Marginal R? = 0.040; 3600 observations, 150 participants, 6 fish

categories.



ROBUSTNESS OF INTERLEAVING 597

High Load

Classification Accuracy
y§

2 1 1

VOSPAN (standardized)

Low Load

Schedule
= Blocked

===+ |nterleaved

Figure 4. Results of regression analysis for Experiment 2, predicting classification test performance from schedule, WM load condition, and WM capacity.
Individual and category were entered as random effects. The shading around the lines reflect 95% confidence intervals.

Method

Participants and design. One hundred and seventy-four
participants (Mean age = 20.61, SD = 2.15, range 18-34) were
recruited from the undergraduate psychology participant pool
in exchange for course credit. Participants engaged in three
study-test cycles, with the order of the category types (artists,
butterflies, and fish) counterbalanced. Participants were
randomly assigned to one of the counterbalancing conditions.
Presentation schedule (blocked vs. interleaved) was manipu-
lated within participants. For each individual, specific cate-
gories were randomly assigned to either blocked or
interleaved condition, with the exception of the fish. Half of
the fish categories had long trout-like bodies; the other half
had triangular angelfish-like bodies. Instead of randomly
assigning fish to blocked and interleaved categories, fish of
the same body were always assigned to the same scheduling
condition. The body-schedule pairing was counterbalanced
across individuals.

Materials. We created three sets of to-be-learned material:
artists’ paintings, butterflies, and cartoon fish. Each set con-
sisted of eight examples for each of eight categories (i.e., total
of 64 examples). The artists materials consisted of landscape
paintings by the following eight artists: Toni Grote, Judy Haw-
kins, Philip Juras, Lori McNamara, Marilyn Mylrea, Bruno
Pessani, Ciprian Stratulat, and George Wexler. The butterflies
included those used by Birnbaum et al. (2013) (additional
examples had to be created to ensure there were enough for

our design). The fish stimuli were taken from those used by
Yan et al. (2014, poster). See Figure 1 for examples of these
materials.

Procedure. Participants were informed that they would be
completing three cycles of learning and testing, and that in each
cycle, they would be learning something different. They were
informed of what they were to learn in each cycle, and that
the tests within each cycle would involve being shown new
images and picking the appropriate category label from a list
of names.

Demonstration and name pre-training. Before each study
cycle began, they were introduced to what they were supposed
to learn in that cycle. For example, if they were beginning a
cycle of learning artists’ paintings, they were told, “You will
be shown paintings by 8 different artists (8 paintings by each
a total of 64 paintings). Your goal is to learn their painting
styles. On a later test, you will be shown NEW paintings by
the 8 artists and will have to identify, from a list of names,
which artist painted that painting.”

Study phase. Within each study phase, participants were
shown one example at a time for 5 seconds each, with the name
presented underneath the image. Four of the categories within
each cycle were randomly assigned to the blocked condition;
the remaining four were assigned to the interleaved condition.
These examples were presentedina BIBIB I B I order oran I
B I B 1B I B order, where each “B” represents eight examples
of the same category, and each “I” represents two different
examples from each of four categories (randomized).
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Table 5

Classification Test Performance by Schedule in Experiment 3

Blocked score (SD)

Interleaved score (SD) Cohen’s d (95% CI)

Artists 0.49 (0.28)
Butterflies 0.57 (0.31)
Fish 0.49 (0.32)
Overall 0.52 (0.30)

0.60 (0.28) 0.45 (0.24, 0.66)
0.66 (0.33) 0.37 (0.17, 59)

0.63 (0.34) 0.53 (0.30, 0.73)
0.63 (0.32) 0.45 (0.24, 0.66)

Test phase. The test phase of a given study-test cycle was
separated from the study phase by a 2-minute game of Tetris.
Three new examples from each category were shown in the test
phase, one example at a time. The order of the test examples
were block randomized—that is, there were three test cycles,
in which each cycle consisted of one example from each of
the eight categories in a random order. The example was pre-
sented in the center of the screen with the category names pre-
sented as buttons underneath, arranged in two rows of four.
The test phase was self-paced and participants clicked on a
name to indicate their answer and move onto the next test
image. They were not given feedback. After the final test
image, the participants were informed that they had reached
the end of the cycle, and would be starting on the next cycle.
This procedure was repeated until they had completed all three
study-test cycles.

Post-test. At the conclusion of the three study-test cycles,
the participants then answered a question about their own use
of interleaving (1 = Never or rarely; 6 = Almost always): In
your own studies, how often do you mix up your studying
(vs. focusing on one thing for an extended period at a time)?
In general, participants reported low to moderate use of inter-
leaving (M = 3.14; SD = 1.38), with only 25 (14%) of partic-
ipants responding with a 5 or 6 (see Supplemental Online
Materials Figure S1 for the histogram). They also responded
to three motivation-related belief scales: growth mindset,
difficult-as-importance, and difficulty-as-impossibility (see the
Supplemental Online Materials Table S1 for the full list of
these belief items and the descriptive statistics).

Results and Discussion

Replication of the interleaving effect. First, we replicated
the now-robust interleaving effect. We conducted a linear
mixed effects regression, predicting classification accuracy
from schedule. Individual ID and categories nested within stim-
uli sets were included as crossed random effects. Interleaving
(M =0.62, SD = 0.28) led to significantly better classification
test performance than did blocking (M = 0.51, SD = 0.24),
b=0.11, SE = 0.01, p <.001.

Next, to examine whether the interleaving effect varied
across stimuli, we conducted a 2 (schedule) x 3 (stimuli set)
ANOVA. There was no schedule x stimuli interaction, F(2,
346) = 2.14, MSE = 0.06, p = .119, ng = .01.° The marginal
means and the Cohen’s d effect size of the difference between

the blocked and interleaved conditions for each stimuli set are
described in Table 5.

Variation within individuals. As shown in Table 5, on
average, participants’ interleaved classification score was 11
percentage points higher than their blocked classification score.
There was substantial variation within participants however—
the standard deviation of the difference score was 16 percent-
age points. The bottom panel of Figure 2 shows the distribution
of individuals’ interleaved and blocked score differences (aver-
aged across stimulus types) in Experiment 3. Although the
majority of participants (n = 124 or 70%) displayed an overall
interleaving benefit, a substantial minority of participants
(30%) did not display an interleaving benefit. Note that for
each participant, categories are randomly assigned to blocked
and interleaved conditions; it is unclear whether this 30% rep-
resents people for whom interleaving is not better, or whether
this reflects natural variations in item difficulty (e.g., easier cat-
egories being assigned to the blocked condition). Nevertheless,
it raises the possibility that there is a subset of participants for
whom interleaving is not better.

Our central research question was to examine how consis-
tent the schedule benefits were within-subjects. Each partici-
pant engaged in three study-test cycles, each cycle with a
different stimulus type. We examined within-participant con-
sistency in two ways. First, we did a simple frequency count
of how many times out of the three categories that participants
experienced a blocking benefit. There was substantial variabil-
ity. Out of 174 participants, 77 (44%) never experienced a
blocking benefit, 61 (35%) experienced a blocking benefit on
just one of the stimulus types, 31 (18%) experienced a blocking
benefit on two of the stimulus types, and only five (3%) partic-
ipants experienced blocking benefit on all three stimulus types.
Conversely, only 15 (9%) never experienced an interleaving
benefit, 49 (28%) experienced the interleaving benefit on just
one of the stimulus types, 67 (39%) experienced an interleav-
ing benefit on two stimulus types, and 43 (25%) experienced
an interleaving benefit on all three stimulus types. These results
sustain the possibility that there might be a small subset of par-
ticipants who may benefit from blocked study over interleaved
study.

Hence, the second way in which we examined within-
participant consistency was to examine whether experiencing
the size of a blocked or interleaved benefit on one set of stim-
ulus types was related to the size of a blocked or interleaved
benefit on either of the other two stimulus types. To test this,

3 As expected, there was a main effect of schedule, F(2, 173) = 93.40, MSE = 3.41, p < .001, npz =.35. There was also a main effect of stimuli type, F(2, 346) =
7.73, MSE =0.42, p = .001, npz =.04: classification performance of the butterflies (M = 0.61, SD = 0.32) was higher than classification performance of the artists (M
=0.55,8D=0.28, #(173) =4.48, p <.001, d = 0.32) or the fish (M = 0.56, SD = 0.33, #(173) = 2.73, p = .007, d = 0.20); classification performance of the artists and

the fish were not significantly different from each other, #173) = 0.66, p = .52.
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we first calculated for each individual, the size of the interleav-
ing benefit for each stimuli type by calculating the difference
between their score on the interleaved categories and their
score on the blocked categories. We then examined the corre-
lation of the interleaving benefit between each pair of stimuli
types. Neither the benefit in the artists stimuli nor the benefit
in the butterflies stimuli were related to the benefit in the fish
stimuli, #(172) = —.01, p = .895 and (172) = .09, p = .250,
respectively. There was a very weak correlation in interleaving
benefit between the artists and butterflies stimuli, 7(172) = .19,
p = .014. Though significant, this correlation represents that
only 3.6% of the variance in interleaving benefit between the
two stimuli sets is shared. Moreover, a comparison of the three
correlation coefficients (Lenhard & Lenhard, 2014) reveals that
they are not statistically different from each other, z = 1.03,
p = .15. We interpret this as evidence that there is unlikely
to be a subset of participants for whom blocking is consistently
better.

Overall, we see a robust interleaving effect across each of
the three stimuli types, across categories within each of the
three stimuli types, and within-individuals. Although there
were a small handful of participants who showed an overall
blocking benefit, further analysis showed that whether one ben-
efited from blocking in one stimulus set was generally unre-
lated to what would be a better schedule for a different
stimulus set.

Other sources of variation. We also examined other
sources of variation. In terms of individual differences, we also
collected participant responses to three motivation-related
belief scales (growth mindset, difficulty-as-impossibility,
difficulty-as-importance) as well as information about whether
participants use interleaving in their own study. We examined
whether any of these variables interacted with schedule, as that
would indicate the benefit of interleaving varies across individ-
uals on these variables. None of the variables significantly
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interacted with schedule, ps > .37; with one exception
(difficulty-as-importance, p .046). These analyses are
reported in the Supplemental Online Materials (Tables S2
and S3).

We also examined variation from the studied categories
themselves, which may differ in terms of difficulty or distinc-
tiveness. Figure 5 illustrates the average classification test
performance following blocked and interleaved study for each
of the 24 categories and reveals the impressive replicability of
the interleaving effect. The motor skills literature on interleav-
ing has shown that more difficult skills often do not show an
interleaving benefit (Wulf & Shea, 2002). To examine whether
the interleaving benefit was moderated by overall category
difficulty, we conducted a linear mixed effect model predicting
classification accuracy from schedule, overall category diffi-
culty (operationalized as the likelihood of correct classification
across all participants and both schedule conditions) and the
interaction between the two variables, allowing individual
participant’s intercepts to vary. Again, there was a robust inter-
leaving benefit, b = 0.11, SE = 0.01, #3999) = 11.34, p < .001
and no interaction, b = 0.01, SE = 0.01, #(4020) = 0.65, p = .52.

General Discussion

Prior studies have typically examined the average effects of
interleaving, ignoring the potential for heterogeneity. Across all
three experiments, we were able to repeatedly replicate the
interleaving benefit across different stimuli types. These results
are consistent with those reported by previous studies. Unlike
prior studies, we delved beyond average effects, examining
several potential sources of heterogeneity, from the task
demands (categories of varying difficulty, working memory
task demands) and from the participants themselves (reliability
across multiple study-test cycles, working memory capacities).

In Experiments 1 and 2, the combination of individual WM
load and manipulation of task demands on WM, we obtained a
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Figure 5. Classification performance by schedule and by category in Experiment 3. Error bars represent one standard error of the mean.
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broad range of final test performance accuracy, ranging from
floor to near-ceiling. These numbers indicate that we likely
captured (nearly) the full spectrum of working memory load
(either from the task demand or from capacity of the individ-
ual), and results show that across almost this entire spectrum,
interleaved study yields better performance than blocked study.

In Experiment 3, we showed that although for any given
study-test cycle, there is typically a subset of participants for
whom interleaving is not better than blocking, participants
who experience a blocked benefit under one stimuli type do
not reliably experience a blocked benefit under the other stim-
uli types. Rather, heterogeneity may be more related to random
noise than to anything intrinsic to the individual. Moreover, the
design of Experiment 3—eight categories in each of three stim-
uli sets, for a total of 24 stimuli—allowed us to examine the
robustness of the interleaving effect across categories of vary-
ing difficulty. We did not manipulate difficulty, but rather
relied on the natural variations from the stimuli. We found that
the interleaving benefit was not moderated by the difficulty of
the categories—there was a remarkably consistent interleaving
benefit across the 24 categories (eight per stimuli type).

These dimensions, of course, do not represent an exhaustive
list of ways in which to examine the robustness of the interleav-
ing effect. For example, in the current paper we focused only
on visual categories. Brunmair and Richter (2019) in their
meta-analysis reported finding that benefit of interleaving was
more robust for visual categories but weaker for expository
texts; in part, this may be a result of the visual categories being
relatively “process-pure” in terms of category learning. That is,
category-learning with visual categories is less likely to be
affected by reading ability (e.g., comprehension, phonetic
awareness, reading fluency) or to rely on multiple processes
(e.g., solving mathematics problems involves not only being
able to categorize a problem, but to accurately recall and imple-
ment the procedure or formula). While Brunmair and Richter
have identified stimuli type as a boundary condition, more
research is needed to understand how the underlying processes
give rise to these heterogeneous effects.

Other studies have examined other dimensions of robustness
too, such as robustness of the interleaving benefit after a delay
(e.g., Carvalho & Goldstone, 2014b; Zulkiply & Burt, 2013).
And while the majority of studies are conducted on young
adults, other studies have shown that the interleaving benefit
is robust across different ages, from elementary children learn-
ing handwriting skills (6 years of age; Ste-Marie et al., 2004)
and mathematics (8—10 years of age; Nemeth et al., 2019) to
older adults learning artists’ painting styles (average age = 77
years; Kornell et al., 2010). In our present studies, we collected
data only from university students; many studies nowadays are
collected using online participant pools (e.g., Amazon Mechan-
ical Turk, Prolific Academic) and we would recommend exam-
ining age as a moderator. Prior studies have shown that older
adults have poorer associative memory performance compared
to younger adults (e.g., Naveh-Benjamin, 2000); to the extent
that the category learning requires associative memory (e.g.,
associating the relevant features with the correct category
label), age could moderate interleaving effects.

Across the three experiments, another robust effect was that
participants tended not to appreciate the benefits of interleav-
ing. In Experiments 1 and 2, the majority of participants
reported believing that blocking was better for their own learn-
ing even after most of them had just experienced an interleav-
ing benefit; in Experiment 3, participants generally reported
low to moderate use of interleaving in their own studying.
Indeed, other research demonstrates that it is likely not just
learners (see also McCabe, 2011; Yan et al., 2016) who fall
prey to this metacognitive illusion that blocking is better than
interleaving. In a survey of over 600 teachers, Yan and
Oyserman (2017, poster) show that only a slight majority
59% of teachers thought that their students would learn more
from interleaved practice than from blocked practice. In their
examination of six popularly adopted seventh-grade math text-
books, Rohrer and colleagues (2020) found that only 9.7% of
the 13,505 practice problems in the textbook were interleaved.
In other words, despite research on interleaving, educational
practices have not changed; the standard format in assignments
and textbooks remains blocked. One possible reason for hesi-
tancy of adopting interleaved practice methods, at least on
the part of the educator, is the lack of sufficient research on
the generalizability of the interleaving effect for all their stu-
dents. We provide empirical evidence that demonstrates the
benefit of interleaved practice within and across learners.
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