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Abstract
Spaced retrieval practice consists of repetitions of the same retrieval event distributed
through time. This learning strategy combines two “desirable difficulties”: retrieval
practice and spacing effects. We carried out meta-analyses on 29 studies investigating
the benefit of spacing out retrieval practice episodes on final retention. The total dataset
was divided into two subsets to investigate two main questions: (1) Does spaced retrieval
practice induce better memory retention than massed retrieval practice? (subset 1); (2) Is
the expanding spacing schedule superior to the uniform spacing schedule when learning
with retrieval practice? (subset 2). Using meta-regression with robust variance estimation,
39 effect sizes were aggregated in subset 1 and 54 in subset 2. Results from subset 1
indicated a strong benefit of spaced retrieval practice in comparison with massed retrieval
practice (g = 0.74). Results from subset 2 indicated no significant difference between
expanding and uniform spacing schedules of retrieval practice (g = 0.034). Moderator
analyses on this subset showed that the number of exposures of an item during retrieval
practice explains inconsistencies between studies: the more learners are tested, the more
beneficial the expanding schedule is compared with the uniform one. Overall, these
results support the advantage of spacing out the retrieval practice episodes on the same
content, but do not support the widely held belief that inter-retrieval intervals should be
progressively increased until a retention test.
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Introduction

Research on learning practices typically consists in studying the effects of a study phase on
performance in a test phase. During the study phase, participants are exposed to learning
contents, and review it under various modalities and on various time scales. Then, in a test
phase occurring after a certain retention interval, they are tested for the retention of the initial
learning contents. Such research has led to the demonstration of at least two major results: the
benefits of retrieval practice and spacing learning (Bjork & Bjork, 2011; Brown et al., 2014).

The Benefits of Using Retrieval Practice

Numerous studies have shown that retrieval practice enhances long-term retention, compared
with re-reading or re-exposure to the material (e.g., Roediger & Butler, 2011; Roediger &
Karpicke, 2006). Retrieval practice refers to any activity that requires the learner to retrieve
previously learnt information from memory. This may include free or cued recall, multiple
choice questions, or application exercises.

Two recent meta-analyses have summarized the benefits of retrieval practice. They
have shown a strong and positive mean effect of using retrieval practice during learning
compared with re-studying. Rowland (2014) found a mean effect size of g = 0.50 [0.42,
0.58] from 159 effect sizes comparing retrieval practice with reading; Adesope et al.
(2017) found a mean effect size of g = 0.61 [0.58, 0.65] in a comparison of retrieval
practice with all other practices (restudying/re-reading, filler, no activity, or a combina-
tion). The retrieval practice effect is well established for both simple and complex
materials (i.e., single word lists and prose passages; for a review see Karpicke & Aue,
2015), and in laboratory as well as in classroom settings (Bangert-Drowns et al., 1991;
Karpicke & Grimaldi, 2012; McDaniel et al., 2011). Moreover, this learning strategy
seems to provide knowledge transfer to untested but related information under certain
circumstances (Chan et al., 2006; McDaniel et al., 2013a; Pan & Rickard, 2018).

The meta-analyses cited above have investigated the influence of several moderators on
the magnitude of the retrieval practice effect. Rowland (2014) reported that it was stronger
when the learning contents were more complex, when the type of retrieval practice was
more effortful, and when feedback was given during practice. Adesope et al.’s main results
(2017) suggested that the population of secondary students benefited more from retrieval
practice than younger and older student populations, and that classroom experiments
showed similar benefits as laboratory ones. They also reported that a mixture of different
types of training tests (i.e., multiple choices + short answers or free recall) yielded the
strongest retrieval practice effect. Finally, the two quantitative reviews agreed that one
retrieval event is enough to elicit better retention than no testing at all, and that the benefit
of using retrieval seems to be stronger for certain retention intervals before a final
assessment (i.e., between 1 day and 1 month).

The Benefits of Using Distributed Learning

Distributed learning or spacing refers to the deliberate insertion of lags between learning
episodes on the same content. Inserting time intervals between study episodes promotes better
retention than massed practice (i.e., study episodes occurring in one single session without
inter-study intervals) and optimally counteract forgetting by improving the consolidation of
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newly learned information (Cepeda et al., 2009; McDaniel et al., 2013b). This benefit has been
demonstrated in experiments where learners typically had to restudy or retrieve the same
information repeatedly according to a massed or a spaced schedule; then participants’ memory
was assessed with one or more final tests (Bahrick, 1979; see for a recent review Wiseheart
et al., 2019, pp. 550–583). The lag between two repetitions can be defined either in terms of
intervening items or in terms of time between two study episodes for a given item (“item-
based” versus “time-based” spacing). Only two meta-analyses of the spacing effect yielded
estimates of effect sizes. The first one focused on motor learning (Lee & Genovese, 1989). The
authors found that spacing the learning trials in time improved both the acquisition of new
skills during the learning phase and their retention at the final assessment (an effect size of d =
0.96 was computed; Hattie, 2008). The second one concluded that spaced practice conditions
led to increased performance (d = 0.46 overall) relative to massed practice conditions in
various learning contexts (e.g., discrete motor skills, Stroop task, video games, or music
memorization; Donovan & Radosevich, 1999). These two meta-analyses encompassed a wide
array of learning tasks, with a predominance of motor/performance tasks, and relatively few
verbal learning tasks. Since then, a large literature on retrieval practice of verbal/educational
content has emerged. Hattie (2008) conducted a synthesis of these meta-analyses and reported
a large mean effect size of d = 0.71 for the spacing effect. An influential meta-analysis for
verbal learning by Cepeda et al. (2006) focused more on spaced re-studying than on retrieval
practice, and their main interest was the optimal interval between a first study event and a
second one. Moreover, these authors did not estimate the mean effect size of the spacing effect
itself. Recently, Wiseheart et al. (2019) gathered the meta-analytic data from Cepeda et al.
(2006) and Moss (1996) and found an effect size of d = 0.85 for the benefit of spaced learning
with verbal contents.

As hinted above, the spacing effect has been shown in different domains and population
(Cecilio-Fernandes et al., 2018; Dail & Christina, 2004; Mumford et al., 1994). In verbal
learning contexts, spacing has been shown to enhance the retention of both simple (e.g., word
pairs) and more complex materials such as abstract science concepts (Gluckman et al., 2014;
Vlach & Sandhofer, 2012). Spacing effects also occur across age groups, from children to
healthy aging and individuals with memory impairments (Balota et al., 2006; Fritz et al., 2007;
Kalenberg, 2017). Moreover, spaced learning also provides substantial improvements in long-
term memory for learners in real educational settings (Carpenter et al., 2012; Karpicke et al.,
2016; Larsen, 2018; Mettler et al., 2016; Seabrook et al., 2005; Sobel et al., 2011). Finally,
spacing effects have been shown from very short inter-study intervals such as a few seconds to
much longer intervals such as days or weeks (e.g., Dobson et al., 2016;Whitten &Bjork, 1977).

Donovan and Radosevich (1999) suggested that increasing the lag between learning
episodes produced a greater spacing effect on both free recall and cued recall tasks. Later,
Janiszewski et al. (2003) found that longer inter-study intervals between study episodes led to
larger spacing effect sizes. Interestingly, Donovan and Radosevich (1999) and Cepeda et al.
(2006) found that the spacing effect was not modulated by retention interval. Indeed, it seems
that spaced conditions always lead to better retention than massed conditions, regardless of the
retention interval between the learning and the final test phases (Benjamin & Tullis, 2010;
Emilie Gerbier et al., 2015; Godbole et al., 2014; Kapler et al., 2015). However, recent work
has shown that spaced learning might produce better retention on delayed assessments than
massed practice does, while this latter practice might promote better retention on immediate
assessments (Greving & Richter, 2018; Roediger III & Karpicke, 2011; Rohrer & Taylor,
2006). Overall, there is a relationship between the optimal spacing interval and the retention
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interval. Specifically, the longer the retention interval, the longer the spacing interval associ-
ated with optimal performance on a final test (Cepeda et al., 2009).

Effects of the Type of Spacing Schedule

Relative spacing refers to how the repeated episodes are spaced relative to one another, i.e.,
how spacing is scheduled in time (Wiseheart et al., 2019, p 555). Two schedules of review
have frequently been compared: the expanding spacing schedule versus the uniform spacing
schedule (also called “equal” or “fixed” schedule). In the uniform spacing schedule, spacing
intervals are kept constant throughout the study phase while in the expanding spacing
schedule, spacing intervals increase after every re-exposure to an item. Similarly, one may
also define a contracting schedule, whereby spacing intervals decrease with every repetition.
Nevertheless, the contracting schedule has been investigated in relatively few studies and has
been abandoned in more recent experiments because this schedule seems to be the least
favorable to promote long-term retention, although it has shown benefits on short-term
retention (Küpper-Tetzel et al., 2014; Mozer et al., 2009; Tsai, 1927).

Comparisons between expanding and uniform spacing schedules have been conducted in
the context of repeated readings or presentations of the same material. Overall, results do not
seem very consistent: the expanding schedule led to better final performance than the other two
schedules in some cases (Gerbier & Koenig, 2012, experiment 1; Toppino et al., 2018), but not
in others (Gerbier & Koenig, 2012, experiment 2; Gerbier et al., 2015). Results might depend
on the retention interval. For example, using a categorization learning task with 3-year-old
children, Vlach & Sandhofer (2012) found a superiority of the expanding schedule spaced
presentation over the uniform one only at delayed but not at immediate final tests (i.e.,
expanding and uniform schedules were equivalent in term of final performances). Cepeda
et al. (2006) meta-analyzed the comparison between expanding and uniform schedules (22
comparisons of retention performances and 8 effect size comparisons). They found that
expanding intervals led to better performance than uniform ones. However, this result is
difficult to interpret because large standard errors indicated a large between-study variability.

These two schedules have also been compared in the context of learning with retrieval
practice, with diverse results. Several laboratory experiments did find a superiority of the
expanding schedule (Cull et al., 1996; Kang et al., 2014; Maddox et al., 2011; Storm et al.,
2010), but other studies found the opposite result (Cull, 2000; Karpicke&Roediger, 2007; Logan
& Balota, 2008; Toppino et al., 2018 in the high-level initial training condition).

In addition, a non-negligible part of the literature reports no difference between the two
schedules (Carpenter & DeLosh, 2005; Cull, 2000; Cull et al., 1996; Karpicke &
Bauernschmidt, 2011; Karpicke & Roediger, 2010; Logan & Balota, 2008; Pyc & Rawson,
2007; Storm et al., 2010; Terenyi et al., 2018).

Thus, the remote date of the last meta-analysis and the many recent conflicting findings
concur to suggest that a new meta-analysis of spacing schedules of retrieval practice is
necessary.

The Present Study

Given their consistent benefits for long-term retention, retrieval practice and spaced
learning are more and more cited as efficient learning strategies to apply in the classroom
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(Brown et al., 2014; Dunlosky et al., 2013; Moreira et al., 2019; Rosenshine, 2010;
Weinstein et al., 2018). We identified two gaps in the preceding literature review that
we aimed to fill in. First, a non-negligible literature focused on the benefits of spacing out
the learning sessions in the context of learning with repeated retrieval practice. Thus, the
present meta-analytic review focused on the value of spaced retrieval practice relative to
massed retrieval practice (subset 1). Second, and related to the same literature, we aimed at
estimating the relative benefits of expanding versus uniform spacing schedules of repeated
retrieval practice (subset 2). In order to be maximally relevant for educational research, we
focus on semantic and verbal stimuli learning (including mathematics problems). Thus,
studies on perceptual and motor learning were excluded. Depending on the degree of
heterogeneity, we investigated possible moderator effects to measure whether various
features of spaced retrieval practice have an effect on final performance, and to understand
to what extent effect sizes are moderated by contextual and methodological features of the
research.

Methods

Search Strategy and Inclusion Criteria

Electronic searches of scientific publication databases (ERIC, Web of Science, Scopus) were
conducted using combinations of the following terms: spaced, distributed, retrieval, practice,
testing ((spaced OR distributed OR retrieval) AND (practice OR testing)). Citation searches
were also performed for existing review articles (Balota et al., 2007; Roediger III & Karpicke,
2011) to identify additional studies not captured by database searches as well as a regular
update of the literature on spaced retrieval practice using Google Scholar alerts.

Thus, we tried to include as many references as possible by conducting the literature search
until September 2017 to answer our two research questions (Kalenberg, 2017 was the last
included reference in the final analyses).

Following these strategies, our searches generated a total of 3948 results. After removing
duplicates, we applied a first screening based on titles and abstracts to select eligible studies.
We eliminated off-topic references (i.e., those that did not investigate spaced or retrieval
practice), those with patient populations only, literature reviews, and studies investigating
perceptual and motor learning tasks only. We included laboratory as well as classroom
experiments.

At the end of this initial stage, 42 articles were selected for the next screening stage (Fig. 1,
Screening). Then, the second stage of screening was based on full-text reading, with the six
following inclusion criteria for eligibility: (1) the population of interest was a neurotypical
population with no age limit and no specific education level; (2) the experimental set-up
included a training phase followed by an assessment phase of the memory retention; (3) the
training phase included repeated retrieval practice attempts over time (at least two retrieval
attempts for the same item); (4) the design included a control condition that consists in massed
repeated retrieval practice. Learning is considered to be massed when the retrieval events for a
given item are not separated by the retrieval events for other items AND/OR the design
included an experimental manipulation of the type of spacing schedule where expanding and
uniform were contrasted. Finally, (5) the participants had to be randomized into the experi-
mental conditions and (6) all necessary information for effect size calculations must have been
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reported or derivable from other available data (i.e., sample sizes, means, SDs, and standard
errors) either in as or in figures. When necessary and when available, graphs were digitized
using the WebPlotDigitizer software1 to recover missing relevant statistical information per
condition (e.g., means, SDs and standard errors). Ultimately, 4 comparisons were excluded
from final analyses because required data could not be obtained in any way (Fig. 1). We
included unpublished references (i.e., dissertations) as long as they satisfied all inclusion
criteria.

Thus, a total of 42 full-text articles were assessed for eligibility, 29 satisfied all criteria,
including 97 comparisons in total (Fig. 1, Eligibility). During this stage, we gathered relevant
information on each reference such as the outcome, the experimental set-up, and the main
results, but we also coded all necessary information that were relevant for the moderator
analyses for each comparison. The coding process was determined a priori and was completed
by the first author for all studies included in the meta-analysis.

To answer our two main research questions, we separated the data into two subsets. Subset
1 included 39 comparisons between spaced and massed retrieval practice and subset 2 included
54 comparisons between an expanding and a uniform spacing schedule (Fig. 1, Included in the
meta-analysis). Several comparisons could derive from the same study. This was the case for

1 https://automeris.io/WebPlotDigitizer/.

Fig. 1 PRISMA group flow diagram depicting study inclusion criteria (Moher et al., 2009). For each stage, we
provide the number of included and excluded references, and the reason we excluded some of them
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the majority of the included studies in which multiple experiments were described. Moreover,
one reference could be included in both subsets if the two main research questions were raised
in the different experiments of this given reference.

Candidate Effect Size Moderators

When performing the full-text screening, all information relevant for the moderator analysis
were extracted. These moderators were defined a priori apart from the moderator “Time of the
first retrieval event” that was defined after reading the full text (subset 2). The categories for
each of the categorical moderators were created a posteriori, based on observed distributions.
We thus identified 11 different moderators.

Setting Setting type was coded as a categorical variable with two levels: laboratory versus
classroom.

Education Level This moderator was coded as a categorical variable with two levels: less than
12 years (including preschool and elementary school) versus 12 years and more (including
high school and undergraduates).

Type of Material (Stimuli) Due to the low number of comparisons available in any given
subcategory, stimulus type was coded as a categorical variable with two levels: pairs (whatever
the type—face–name pairs, translated word pairs…) versus others (including prose passages,
word lists, classroom lectures, and maths problems).

Design Study design was coded as a categorical variable with two levels: between and within
participant, referring to the spaced versus massed manipulation or expanding versus uniform
schedule manipulation.

Test Type Used for the Training Phase The format of the retrieval practice used to learn was
coded as binary categorical variable. We included cued recall, multiple choice tests, quizzes,
and fill in the blanks in the first category (cued recall), and free recall in the second one
(including short answers).

Final Test Type The same categories for the training test type were used to code this variable:
cued recall (including fill in the blanks, multiple choices test, and quizzes) and free recall
(including short answers).

Feedback The presence of feedback (corrective as well as elaborative) after the retrieval
events (i.e., after each item or at the end of the training phase) was coded as a categorical
variable with two levels: yes and no.

Retention Interval The duration between the end of the training phase (the last retrieval
event) and the beginning of the final memory assessments was coded a continuous moderator
in minutes and was then subjected to a logarithmic transformation.

Total Number of Exposures for a Given Item After a first exposure phase (initial study
phase), several retrievals and restudy events were repeated over time for each item included in
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the material. The total number of exposures for a given item was defined as the first
presentation to the item and the number of retrieval events. It was first coded as a continuous
variable, but we had to convert it into a categorical variable because the total number did not
vary much from one study to another. For subset 1, we coded the variable as between two and
four exposures versus more than four exposures. For subset 2, we coded the variable as four
exposures versus more than four exposures.

Type of Spacing Schedule (Specific to Subset 1) In relation to the first research question,
another moderator was coded: the type of spacing schedule compared with the massed
schedule. It was coded as a categorical variable: expanding versus uniform.

Timing of the First Retrieval Event (Specific to Subset 2) Depending on the study, the first
retrieval attempt occurred either immediately after the content exposure or after a given delay
(e.g., number of intervening items). The timing of this retrieval attempt could be either the same
whatever the spacing schedule or different (in most of the studies, the first retrieval attempt in the
expanding schedule was immediate). We coded this moderator as a categorical variable: same
versus different timing.

Analyses

Effect Size Calculations

In the present meta-analysis, each effect size indicates the standardized difference in perfor-
mance in the final assessment between spaced and massed retrieval conditions for subset 1,
and between expanding and uniform schedule conditions for subset 2. When effect sizes were
not directly provided in the results section of the studies, we used available data to calculate
each effect size as well as the standard error of the effect size following these formulas:

1 When only standard error se was available, SD s was calculated as

s ¼ se*
ffiffiffi
n

p

2 Cohen’s d was computed as

d ¼ M1−M2

S

where the pooled SD for a within-subject design was

S ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s12 þ s22

2

s

and the pooled SD for a between-subject design was

S ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n1−1ð Þ s1ð Þ2 þ n2−1ð Þ s2ð Þ2

n1þ n2−2

s
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3. The standard error of the effect size for a within-subject design was computed with

d:se ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2 1−rð Þ

n

� �
þ d2

2n

vuuut

and the standard error of the effect size for a between-subject design was computed with

d:se ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n1þ n2
n1*n2

þ d2

2 n1þ n2ð Þ

s

M is the mean proportion correct for a given condition, n is the sample size for a condition, s is
the SD for a condition, and se is the standard error for a condition. Moreover, r is the within-
subject correlation between condition 1 scores (spaced retrieval or expanding schedule
depending on the subset) and condition 2 scores (massed retrieval or uniform schedule
depending on the subset). This correlation is rarely reported in most studies. Thus, a correlation
of 0.5 was assumed for studies using a within-participant design as Rowland (2014) did in his
own meta-analysis.

For small samples, Cohen’s d might produce on overestimate of true effect size. Thus, we
calculated Hedges’ g for each of the included effect sizes in order to correct for this bias,
following this formula (Hedges & Olkin, 1985):

g ¼ d
�
1−

3

4N−9

where N is the total number of participants for within as well as between-subject designs.

Computation of Weighted Mean Effect Sizes

The R software (package robumeta; Fisher & Tipton, 2015) was used to conduct the meta-
analysis. Each subset of comparisons was analyzed separately. We reported all analyses
using effect sizes as measured by Hedges’ g. The method we used to synthesize effect
sizes was highly similar to the method used by Klingbeil et al. (2017) in their own meta-
analysis using robust variance estimation (RVE). Effect size estimates were synthesized
using RVE methods to address the problem that most studies contributed multiple and
non-independent effect size estimates (Hedges et al., 2010). It is not generally reasonable
to assume that effect size estimates based on a common sample are independent, which
precludes the use of standard random effects models for meta-analysis. RVE method has
several advantages to overcome this issue of non-independent effect sizes and gives a
more accurate estimate of the standard errors of the effects of interest thus leading to
smaller confidence intervals of the weighted mean effect sizes (Hedges et al., 2010). This
approach also requires the specification of the correlation between within-study effects
(Tipton & Pustejovsky, 2015). By default, the package robumeta set the correlation
between effect sizes at ρ = 0.80; thus, we used this value. As the value of ρ might affect
the value of the mean effect size and of the estimated between-study heterogeneity T2, we
conducted sensitivity analysis for each subset (Tanner-Smith & Tipton, 2014). This
consists in varying the assumed within-study effect size correlation using values between
ρ = 0.0 and ρ = 1.
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For each subset of studies, analyses reported the weighted mean effect size and 95%
confidence interval and the estimated between-study standard error (SE). In addition, we
reported the estimated between-study heterogeneity T2 that provides an estimate of the
variance in the true effect sizes (Borenstein et al., 2009), and the magnitude of the heteroge-
neity I2 (in %) among studies (as for the random effects model; Higgins et al., 2003). Given the
relatively small number of included samples, small-sample adjustments for hypothesis tests
and confidence intervals (CIs; Tipton & Pustejovsky, 2015) were used for our analyses. Due to
the small number of comparisons yielding relatively few degrees of freedom, each moderator
was analyzed separately. Finally, we reported publication bias analysis on the basis of using a
funnel plot inspection and using Egger’s regression test (Egger et al., 1997).

Results2

General Study Characteristics

Subset 1: Spaced versus Massed Repeated Retrieval Practice

We identified n = 11 studies involving k = 39 effect sizes for this comparison (Table 1). The
great majority of the studies were in laboratory settings (n = 9), whereas a few were in
classroom settings (n = 4). Studies mostly included a population of undergraduate students
(more than 12 years of studies). About half of the studies involved learning of pairs (n = 6),
while the other half used other types of materials (text passages, exercises, lists) (n = 5).
Within-subject designs (n = 7) were used more frequently than between-subject designs (n =
4), and cued-recall tests (n = 8) were used more often than free recall tests (n = 3) during the
training phase as well as for the final assessments (making the two moderators quite redun-
dant). Half the comparisons measured final performance immediately after the end of the
learning phase (k = 23), while the other half used longer retention intervals (k = 15, from 1 day
to more than 1 month). Apart from Hopkins’ study (2016), the studies included more than two
exposures to a given item (4 exposures being the majority with 22 comparisons). Feedback
was usually given during the training phase (k = 20), and two studies used the presence of
feedback as an independent variable (Balota et al., 2006; Karpicke & Roediger, 2007). Finally,
the spaced retrieval practice condition was most often implemented using a uniform schedule
(k = 23), but also using an expanding or a contracting schedule.

Thus, the typical study comparing spaced versus massed retrieval practice is a laboratory
study on adults, using a cued-recall task. Retention is assessed with the same test type, and the
spaced retrieval condition is scheduled according to a uniform distribution with four retrieval
attempts for a given item.

Subset 2: Expanding versus Uniform Spacing Schedule

We identified 16 studies involving 54 effect sizes for this comparison (Table 2). The great
majority of the studies were in laboratory settings (n = 13), whereas a few were classroom
settings (n = 3). Only one study included a child population, while the other studies included

2 All data from included studies (subsets 1 and 2) and R script for analyses with robumeta package are available
on OSF with the following link: https://osf.io/jbmq4/?view_only=a7678c23980c4914baefe2466c026632.
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adults (more than 12 years of education). The most common design was a within-subject
design (k = 31), using pairs as learning material (k = 36). A cued-recall task was most often
used during the training phase as well as the final assessments (k = 40), and feedback was often
not given (k = 33) after the retrieval practice event. Studies in subset 2 used longer retention
intervals than studies in subset 1 (usually 1 week or more), and the total number of exposures
for a given item was four or more. For more than half the comparisons (k = 34), the first
retrieval attempt did not occur at the same time for the two spacing schedules: it usually
occurred immediately after the initial exposure in the expanding schedule, whereas it was
delayed in the uniform schedule. Thus, the typical study comparing two spacing schedules is a
laboratory study with adult participants who learn pairs using cued recall, following a schedule
of at least four repetitions for each item, and with long-term retention assessed using the same
test type at relative long delays.

Effect Size Analyses

Subset 1: spaced retrieval practice versus massed retrieval practice.

Weighted Mean Effect Size - The dataset included 39 effect size estimates from 11 unique
studies, with between one and eight effect sizes per study (min = 1, median = 3, max = 8). The
overall weighted mean effect size across all 39 effect size estimates was g = 1.01 (95% CI
[0.68, 1.34], p < 0.0001) with an estimated between-study SE of 0.15 (Table 3). Varying the
assumed within-study effect size correlation (ρ) had no impact on g, ranging from 1.009 to
1.011 (Appendix 1). There was a minimal impact on the estimated between study-variance
(T2), which ranged from 0.204 when ρ = 0 to 0.215 when ρ = 1. Heterogeneity was moderate
(Higgins’ I2 = 49.09%).

Publication Bias Analysis - We estimated publication bias for this subset using a funnel plot
and Egger’s regression test. The significant Egger’s regression test (t = 4.41, d.f. = 37,
p < 0.0001) confirmed that the funnel plot was asymmetrical (Fig. 2a). This makes it likely
that publication bias has occurred: some studies with negative or non-significant findings were
probably not published and therefore were not included in this meta-analysis. Thus, the mean
effect size may be overestimated. To estimate the mean effect size by taking in account the
publication bias, we used the trim-and-fill method (Table 3 and Fig. 2b). The overall weighted
mean effect size was reduced to g = 0.74 (95% CI [0.55, 0.91], p < 0.0001), with a moderate
heterogeneity (I2 = 46.62%) too.

Table 3 Summary of the weighted mean effect sizes for subset 1 (including the trim-and-fill correction) and
subset 2

Subset (k = number of effect sizes) g SE d.f. p 95% CI

Subset 1: spaced retrieval practice vs.
massed retrieval practice (k = 39)

1.01 0.15 9.72 < 0.01*** [0.68, 1.34]

Subset 1: trim-and-fill correction (k = 49) 0.74 0.09 19.4 < 0.01*** [0.55, 0.91]
Subset 2: expanding vs. uniform

retrieval practice schedule (k = 54)
0.034 0.06 13.7 0.62 [− 0.10, 0.17]

Note.Weighted mean effect size in terms of Hedges’ g; SE: between-study standard error; d.f.: adjusted degrees
of freedom; CI: confidence interval. Results are not reliable when d.f. < 4. Significance codes: < 0.01*** <
0.05** < 0.10*
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Fig. 2 Funnel plot for subset 1 (a) and trim-and-fill funnel plot (b) for the same subset. For publication bias
correction, each point represents the effect size of one included comparison. For the trim-and-fill funnel plot,
white dots are effect sizes from the included comparisons, while black dots are those added by the trim-and-fill
procedure (10 new effect sizes). The x-axis represents Hedges’ g for each comparison, and the y-axis is the
corresponding standard error. Red solid line: mean effect size; black solid lines: CI for mean effect size; dashed
lines: lower-limit and upper-limit values for the 95% CI and 99% CI regions
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Subset 2: Expanding versus Uniform Retrieval Practice Schedule

Weighted Mean Effect Size The dataset included 54 effect size estimates from 16 unique
studies, with between one and eight effect sizes per study (min = 1, median = 3, max = 8). The
overall weighted mean effect size across all 54 effect size estimates was g = 0.034 (95%
CI = [− 0.10, 0.17], p = 0.59) with an estimated between-study SE of 0.063 (Table 3). Varying
the assumed correlation between within-study conditions had no impact at all on the mean
effect size and no impact on the estimated between study variance (T2) too (Appendix 1).
Higgins test suggested no heterogeneity (I2 = 0%).

Publication Bias Analysis We estimated publication bias for this subset with a funnel plot
representation (Fig. 3). Egger’s regression test was not significant, suggesting that the
funnel plot was symmetrical and therefore that there was no publication bias (t = − 0.44,
d.f. = 52, p = 0.66).

Potential Moderator Effects

We carried out moderator analyses for the two subsets (Table 4). For two of the moderators
(settings and educational level), one category was largely predominant (laboratory settings,
and more than 12 years of education), so we did not include it in the moderator analyses. In

Fig. 3 Funnel plots for subset 2. Each point represents the effect size of one included comparison. The x-axis
represents Hedges’ g for each comparison, and the y-axis is the corresponding standard error. Red solid line:
mean effect size; black solid lines: CI for mean effect size; dashed lines: lower-limit and upper-limit values for the
95% CI and 99% CI regions
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addition, we computed univariate analyses only because degrees of freedom were insufficient
for multivariate analyses.

For subset 1, no moderator came close to statistical significance at α = 0.1. This analysis
was limited by the degrees of freedom available for many moderators (at least 4 d.f.’s are
necessary for a reliable analysis; Fisher & Tipton, 2015). For those with d.f.’s > 4, it is
uncertain whether the lack of significance indicates a true lack of difference or insufficient
power to detect an effect.

For subset 2, comparisons including more than four exposures for each item to learn (n =
25) were associated with increased effect sizes compared with those including four exposures
(n = 26) (p = 0.09). This suggests that more than four exposures might be needed to differen-
tiate expanding from uniform schedules. Indeed, when each item was presented more than four
times during the training phase (initial exposure + retrieval practice episodes), g = 0.2 (95% CI
[− 0.07, 0.47], p = 0.12) compared with g = − 0.04 (95% CI [− 0.17, 0.094], p = 0.54) when it
was presented four times or less. No other moderator was statistically significant at α = 0.1.
This analysis was also limited by the degrees of freedom available for many moderators.

Discussion

Our analysis of subset 1 (11 studies, 39 comparisons) using RVE indicated a large
advantage of spaced retrieval practice over massed retrieval practice (g = 1.01, 95% CI

Table 4 Moderator analyses for each subset of comparisons

Moderators k β SE 95% CI d.f. p

LL UL

Subset 1
Retention interval (log minutes) 36 0.02 0.06 − 0.12 0.16 5.33 0.78
Design (between vs. within subjects) 39 0.36 0.49 − 1.54 2.27 2.26 0.53
Feedback (no vs. yes) 35 0.37 0.23 − 0.20 0.94 5.47 0.16
Stimuli (pairs vs. others) 39 − 0.32 0.23 − 0.94 0.31 4.13 0.24
Number of exposures for a given item
(2–4 vs. more than 4)

36 − 0.40 0.16 − 1.05 0.24 2.20 0.12

Training test type (cued-recall vs. free recall) 39 − 0.15 0.34 − 1.30 1.01 2.65 0.70
Spacing schedule (expanding vs. uniform) 39 − 0.05 0.11 − 0.38 0.28 3.19 0.66
Subset 2
Retention interval (log minutes) 54 0.03 0.04 − 0.07 0.13 7.43 0.53
Design (between vs. within subjects) 54 0.11 0.17 − 0.29 0.50 8.06 0.54
Feedback (no vs. yes) 50 − 0.13 0.10 − 0.35 0.10 8.22 0.23
Stimuli (pairs vs. others) 54 0.24 0.17 − 0.23 0.71 4.28 0.23
Number of exposures for a given item
(4 exposures vs. more than 4)

49 0.22 0.11 − 0.04 0.48 8.50 0.09 *

Training test type (cued recall vs. free recall) 53 − 0.09 0.10 − 0.43 0.24 2.93 0.44
Final assessment type (cued recall vs. free recall) 54 − 0.17 0.10 − 0.47 0.14 3.14 0.18
Placement of the first retrieval attempt
(different vs. same)

54 0.25 0.23 − 0.43 0.93 3.51 0.35

Notes. For discrete moderators, categories are indicated in brackets with the reference that is in normal type. k:
number of comparisons included in the meta-regression; β: meta-regression coefficient; SE: standard error; CI:
confidence interval; LL: lower limit for the interval of confidence; UL: upper limit for the interval of confidence;
d.f.: adjusted degrees of freedom. Results are not reliable when d.f. < 4. Significance codes: < 0.01*** < 0.05 **
< 0.10*
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[0.68, 1.34]). There was evidence for publication bias, but even after correction with the
trim-and-fill method, the effect remained substantial (g = 0.74, 95% CI [0.55, 0.91]). The
width of the confidence interval does not overlap zero and the lower limit is far above
zero; this informs us about how consistent is the benefit of the spaced retrieval practice
(Valentine et al., 2010). This overall mean effect size is consistent with previous meta-
analyses of spaced versus massed learning (Donovan & Radosevich, 1999; Hattie, 2008;
Janiszewski et al., 2003). Furthermore, there was evidence for significant heterogeneity
between studies, with effect sizes ranging from g = 0.29 to g = 2.16. However, moderator
analyses failed to illuminate this heterogeneity.

Various if possible theories have been proposed to account for the benefits of spaced
learning and could be considered to explain the robustness and consistency of the present
result on subset 1 (Wiseheart et al., 2019). Several theories stated that a repetition of an
item will remind the learners of the previous occurrence for this item, and that the
repetition should be spaced out to increase the cognitive effort to retrieve the item
(Küpper-Tetzel et al., 2014; Smolen et al., 2016; Toppino & Gerbier, 2014). Indeed,
spacing makes retrieval more effortful, and as a consequence, this strengthens the trace
in long-term memory. This is not the case with massed retrieval practice because the trace
does not have to be reactivated since this is always present in working memory. Following
this explanation, study-phase retrieval theory suggests that increasing the effort to retrieve
an item at the second retrieval episode (i.e., increasing the difficulty in re-accessing the
item) will improve the likelihood of remembering this item on a retention test (Braun &
Rubin, 1998; Delaney et al., 2010). One parameter is important for the study-phase
retrieval to take place: the interval between two retrieval episodes should be long enough
to make retrieval effortful but not too long for the retrieval to be successful. The optimal
interval might depend on the type of learning contents and timeline of the learning process,
but also on the characteristics of the learner such as prior knowledge. Another interesting
explanation on the benefit of spacing is the amplitude of the fluctuation of the learning
context between two retrieval episodes (Glenberg, 1979). The elements of the learning
context (e.g., mental states, environment, mental images) fluctuate over time and spacing
helps to increase this variability. Thus, the greater the spacing between two retrieval
episodes, the more diverse and numerous these contextual elements will be to increase
the chances of retrieving the target item (Bjork & Allen, 1970; Gerbier, 2011). In relation
with the Search of Associative Memory model, Raaijmakers (2003) proposed that the
probability of correctly retrieving an item from long-term memory depends on the strength
of association between the contextual cues and the information contained in the trace of
the item, and this strength of association itself depends both on the inter-study interval and
on the retention time. All three theories are consistent with the results of our meta-analysis.
However, our moderator analyses did not allow us to distinguish these different explan-
atory hypotheses.

We also might have expected the number of exposures for a given item to signifi-
cantly modulate the spacing effect. In their recent meta-analysis on the frequency effect
in incidental vocabulary learning, Uchihara et al. (2019) found that massed learning
conditions (i.e., sessions were completed within a single day) benefited more of the
frequency effect than spaced learning conditions (i.e., treatment sessions lasted for more
than 2 days). In other words, their result suggests that there is a smaller frequency effect
in spaced learning conditions and that increasing the number of exposures for a given
item affect less the learning outcome in spacing conditions. In the present study, we did
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not find this effect. But the moderator analysis was not reliable, so we cannot conclude
on this point.

A tentative compilation of subset 1 meta-analysis with previous estimates of both retrieval
practice and spacing effects is shown in Fig. 4. Overall, this summary illustrates the well-
established effects of retrieval practice in the context of a massed schedule and of spacing in
the context of learning with reading only. This summary suggests that the spacing effect (g =
0.71) may be larger than the retrieval practice effect (g = 0.5 to 0.61 depending on the meta-
analysis) and is consistent with the hypothesis that their effects are simply additive. However,
the available data collected for the present review do not allow us to test directly the hypothesis
of an interaction between retrieval practice and spaced learning. To do so, a compilation of
studies including a comparison between massed reading and spaced retrieval practice would be
necessary.

Our analysis of subset 2 (16 studies, 54 comparisons) indicated a non-significant advantage
of the expanding over the uniform spacing schedule (g = 0.034, 95% CI [− 0.10, 0.17]). Effect
sizes ranged from g = − 0.53 to g = 1.02, and 55% of effect sizes were positive (i.e., expanding
schedule superiority), 43% were negative (i.e., equal-uniform schedule superiority), and one
was equal to zero. The absence of publication bias and the narrow width of the confidence
interval enhanced the reliability of this result. Moreover, the confidence interval includes zero
which is consistent with the fact that we cannot conclude for a superiority of the expanding
schedule over the uniform one. Thus, if the effect existed, it would small anyway. Overall,
contrary to the apparent consensus in the literature, the expanding schedule did not seem
consistently superior to the uniform schedule.

The moderator analysis suggested that the number of exposures to learning contents
(initial exposures + training exposures) might have an effect on the difference between the
two schedules (p = 0.09). Indeed, there was an advantage of the expanding over the
uniform schedule when there were many exposures to each item (more than four),

Fig. 4 Synthesis of present and previous meta-analyses with the comparison between four learning strategies.
The y-axis is expressed in terms of mean effect size (Hedges’ g), with an arbitrary value for the massed reading
strategy (g = 0.3). “RP” is for retrieval practice
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compared with when there were fewer, leading to a disadvantage of the uniform schedule
at four exposures. Several models postulate that the optimal repetition schedule of a to-be-
learned item depends on the memory strength of that item after initial encoding (Mozer
et al., 2009; Pavlik & Anderson, 2005, 2008; Raaijmakers, 2003). If the memory strength
is relatively high, the interval between the repetitions should be longer than when the
memory strength is relatively low, in which case an immediate repetition is better. This
model is relevant to explain the tendency for a superiority of the expanding schedule over
the uniform one when participants have had more than four exposures during practice: the
memory strength after the last occurrence was likely relatively high. However, the
advantage of the expanding schedule at high repetition rates (g = 0.2, 95% CI [− 0.07,
0.47]) being non-significant, this conclusion remains tentative.

Other potential moderators of the spacing schedule effect have been proposed.
Lindsey et al. (2009) compared the ACT-R model of Pavlik and Anderson (2005) to
the MCM model of Mozer et al. (2009). Their study aimed at comparing the prediction
made by the two models on the benefits of different spacing schedules (i.e., contracting,
expanding, uniform). Each to-be-learned item was presented for three occurrences and
was then tested after a retention interval varying between 10 s and 300 days.
Interestingly, the two models made different predictions. The prediction made with the
model of Mozer et al. (2009) suggested that the greater the retention interval, the more
advantageous the expanding schedule for retention. This result was also demonstrated by
empirical studies (Kang et al., 2014; Karpicke & Roediger, 2007; Storm et al., 2010).
However, this hypothesis was not supported by our analysis of retention interval as a
moderator (β = 0.03, 95% CI [− 0.07, 0.13]).

Toppino et al. (2018) suggested that the expanding schedule superiority might depend
on how effortful the learning task is. Indeed, their results revealed an expanding-schedule
superiority following spaced reading but not spaced retrieval practice. Since our subset 2
meta-analysis covered only spaced retrieval practice schedules, we were unable to
evaluate this hypothesis. Thus, more studies comparing learning schedules will be
necessary to conclude on the potential differences between them and on the conditions
under which the expanding schedule might induce better retention than the uniform one.
In the studies showing a superiority of the expanding schedule over other schedules,
results suggested that the superiority of the expanding schedule seems to come from the
rate of success from the first retrieval attempt rather than a higher retrieval difficulty
across tests (Karpicke & Bauernschmidt, 2011; Roediger III & Karpicke, 2011). These
results are directly linked to the study-phase retrieval account for the spacing effect.
However, we were unable to test the assumption with the available moderators. It could
also be argued that the best learning schedule is an adaptive one, taking into account each
learner’s performance on each item as well as learner’s rates of forgetting across time and
knowledge domains, thus making comparisons between generic uniform versus
expanding schedules less relevant (Lindsey et al., 2014; Sense et al., 2016; Tabibian
et al., 2019).

The present results of the two meta-analyses are complementary to those that were
reported in previously published meta-analyses. Indeed, the intervals between
the retrieval episodes were not taken into account, even as a moderator, in previous
meta-analyses of the retrieval practice effect. Similarly, previous meta-analyses of the
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spacing effect did not distinguish between repetitions of restudying and of retrieval
practice. We did not find enough studies to perform a direct comparison between the
two opposite learning strategies, namely, massed reading and spaced retrieval practice, to
test a potential interaction between retrieval practice and spacing effects. Nevertheless, at
this stage, our results are consistent with the idea that spacing and retrieval practice
should have additive effects and that spaced reading shows a small advantage over
massed retrieval practice (g difference between 0.1 and 0.2; see Fig. 4), but further
research is needed to test this hypothesis.

The results from subset 2 highlight how crucial it is to conduct systematic, quantitative
reviews taking into account all the studies comparing expanding versus uniform schedules.
Indeed, in this case, our conclusion differs from those of qualitative literature reviews,
which may be more at risk of neglecting studies reporting null results or results opposing
the current consensus (Balota et al., 2007; Roediger III & Karpicke, 2011). As suggested
by Karpicke and Roediger (2007), the placement of the first retrieval attempt might be
more important than the specific schedule of subsequent retrieval attempts in maximizing
long-term retention. Thus, equal-interval practice should be superior to expanding practice
at longer retention intervals because the first retrieval attempt is more challenging or
effortful (i.e., occurring after some delay rather than immediately after the initial presen-
tation of the item).

Limitations

Obviously, our conclusions are limited by a number of factors. First, we did not make
systematic efforts to uncover unpublished studies beyond dissertations registered in ERIC.
There are both advantages and drawbacks associated with the inclusion of unpublished studies.
The most obvious drawback is for the analysis to be biased by selective publication of positive
effects. However, we evaluated that possibility. Indeed, we found a publication bias in favor of
positive and significant effect sizes in subset 1. Nevertheless, we were able to calculate an
effect size estimate adjusting for publication bias, using the trim-and-fill method. Second, there
was significant heterogeneity between studies in subset 1, which our moderator analyses failed
to explain. This could be explained by the insufficient number of effect sizes to test them all,
and the ones that are tested show nothing. Tests of moderators using categorical models can
have low statistical power. The consequence is that we cannot ensure that an effect is not
significant due to a true lack of effect or a lack of power (Hempel et al., 2013). With low
power, we should not conclude that there is no relationship between the moderator and the
variability in the subset. We can only conclude that more studies would enhance the reliability
(Harrer et al., 2019).

Concerning subset 2, our finding of no difference between spacing schedules is unlikely to
result from a publication bias since this would probably have favored the expanding schedule.
Furthermore, and this might explain the null results on moderator analysis for subset 1, the
diversity of experimental settings (particular stimuli, test types, population) was limited,
making it impossible to fully address the moderating effects of these factors. Ultimately,
meta-analyses cannot make new results emerge that have not been sufficiently investigated in
the experimental literature.
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Practical Implications and Directions for Future Research

In 2007, the US Department of Education published a summary report with several
recommendations for improving teaching to reinforce learning (Pashler et al., 2007).
One of them was to Space learning over time (“We recommend that teachers arrange for
students to be exposed to key course concepts on at least two occasions—separated by a
period of several weeks to several months”). A second strong recommendation was to Use
quizzes to re-expose students to key content (“Use quizzing with active retrieval of
information at all phases of the learning process to exploit the ability of retrieval directly
to facilitate long-lasting memory traces”). The level of evidence associated with these
recommendations was indicated to be moderate and strong, respectively. The present
meta-analyses confirm the evidence in support of both retrieval practice and spacing and
suggests that they are best used combined with each other. Thus, strong recommendations
to teachers and students in favor of spaced retrieval practice are warranted (Horvath et al.,
2016; Kang, 2016; Weinstein et al., 2018), especially for mastering fact learning
(Wiseheart et al., 2019, p. 571 for recommendations to implement spaced learning in
classroom). In contrast, this report refrained from making recommendations regarding
training schedules, and our results suggest that it did well. Our meta-analyses also
highlight the need for more studies addressing the interaction between spacing and
retrieval practice effects. For instance, a crossed design with retrieval practice (testing,
reading) and spacing (massed, spaced) as factors would allow one to test whether spacing
and retrieval practice are additive or not, and would provide more evidence on the
potential interest of combining both practices. This would also allow one to quantify the
effects whose estimation was impossible in the present meta-analysis (i.e., spaced reading
vs. massed practice), thus providing a more direct comparison between the two practices
(in case one has to choose). Finally, we call for new studies comparing different spacing
schedules, both in restudying and in retrieval practice conditions, since the currently
available evidence seems inconclusive.
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Appendix 1

Sensitivity analysis for subset 1 and subset 2. This consists in varying the assumed within-
study effect size correlation (ρ) and observing the impact on the mean effect size (Hedges’ g)
and on the estimated between-study variance (Tau2)

Subset 1 ρ = 0 ρ = 0.2 ρ = 0.4 ρ = 0.6 ρ = 0.8 ρ = 1
Mean effect size 1.009 1.009 1.010 1.010 1.010 1.011
Standard error 0.148 0.148 0.148 0.149 0.149 0.149
Tau2 0.204 0.206 0.208 0.211 0.213 0.215

Subset 2 ρ = 0 ρ = 0.2 ρ = 0.4 ρ = 0.6 ρ = 0.8 ρ = 1
Mean effect size 0.0343 0.0343 0.0343 0.0343 0.0343 0.0343
Standard error 0.0626 0.0626 0.0626 0.0626 0.0626 0.0626
Tau2 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
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